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ABSTRACT

Acetylation of bacterial alginate by Pseudomonas syringae subsp.
phaseolicola ATCC 19304 was independent of alginate biosynthesis. This
allowed the development of a process for acetylating seaweed alginate using
immobilized P. syringae ATCC 19304 cells. About 50% of the mannuronic acid
residues of seaweed alginate were acetylated by carbon immobilized P. syringae
cells in a fluidized bed, up-flow reactor system fed continuously with seaweed
alginate and gluconic acid. O-Acetylation by this process was found to be
specific for the C-2 and/or C-3 position(s) of mannuronate residues. Acetylated
seaweed alginate showed altered properties including increased viscosity and
changed affinities for some cations.

INTRODUCTION

Seaweed alginate is one of the more widely used polysaccharides. It is
used as an emulsifier, a stabilizer, and a thickener in both the food and chemical
industries. The major sources of seaweed alginate are the marine algae of the
genera;

Ascophyllum,

Ecklonia,

Fusarium,

Laminaria,

and

Macrocystis.

Seaweed alginates are typically block copolymers of (3-D-mannuronic acid and
its C-5 epimer, a-L-guluronic acid. The D-mannuronate/L-guluronate (M/G)
ratios of commercial alginates vary with the source of algal species, the location
of polymer in the plant, and the regional climate of the plant. The M/G ratio
indicates the gelling properties of the polymers. Alginates with low M/G ratios
produce strong and brittle gels, whereas alginates with high M/G ratios form
elastic gels. Organic derivatives of alginate have been synthesized. Among them
is a chemically acetylated seaweed alginate, by acetic anhydride in pyridine
(136, 148, 164). Acetylated seaweed alginates showed altered properties which
include increased viscosity, enhanced swelling ability, and decreased affinity for
calcium ions.
Alginate-like exopolysaccharides, "bacterial alginates", are produced by
some procaryotes, specifically Azotobacter vinelandii (91, 124) and several
species of Pseudomonads including Pseudomonas syringae (49). The most
conspicuous difference between seaweed alginates and bacterial alginates is
that the mannuronate residues of bacterial alginates are generally acetylated.
Acetylation occurs at the C-2 and/or C-3 position (30, 141, 147). The structure of
bacterial alginates, as well as the position of acetylation, has been studied using
both 1H- and 13C-NMR spectroscopy. Unlike the alginates isolated from the
marine

brown

algae

and

from

A.

vinelandii,

alginates

isolated

from

Pseudomonads do not have polyguluronate blocks. This type of alginate, i.e. no
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polyguluronate block, O-acetylated, and with a high M/G ratio produces relatively
bulky gels with a high degree of water retention (57). The final steps in the
alginate biosynthetic mechanism, including the O-acetylation steps, are still not
well understood. The probable source for the acetyl is acetyl CoA, but the
precursors and mechanism of bacterial O-acetylation have not been extensively
studied. An alginate modification gene, algF, coding for a 28 kDa polypeptide,
which controls the addition of acetyl groups to alginate in P. aeruginosa has
been sequenced. The algF gene product was not essential for alginate
biosynthesis, but was required for acetylation of bacterial alginate (143). The role
of acetyl groups in bacterial polysaccharides, such as xanthan, is normally
stabilization of the ordered conformation (138, 139, 140). Acetylation affects the
strength of the resultant gels and alters the ability of the polymer to gel. In the A.
vinelandii alginate O-acetylation

protects the mannuronate

residues from

epimerization and inhibits depolymerization by alginate lyases.
Chemical acetylation of seaweed alginate is neither safe, economic, nor
convenient. There is no reported microbial method for acetylation of this
polymer. The objectives of this study were to develop and optimize a microbial
system for acetylating seaweed alginate. One goal of this work was to define the
relation between alginate biosynthesis and acetylation of bacterial alginate.

REVIEW OF LITERATURE

I. Seaweed Alginate
1. Overview
Alginate, a major component of seaweed, was first described by British
chemist E. E. C. Stanford. Pure alginic acid was prepared in 1896 by A. Krefting
(25).

In

nature,

alginate

is

found

mainly

in

the

marine

brown

algae

(Phaecophyta). Alginate exists in the brown algae as the most abundant
polysaccharide, comprising up to 40% of the dry matter (Table 1). It is located in
the intercellular matrix as a gel containing sodium, calcium, magnesium,
strontium and barium ions (78). Its main function is believed to be skeletal,
producing both strength and flexibility to the algal tissue.
Alginates are unbranched, block copolymers of (3-D-mannuronic acid and
its epimer, a-L-guluronic acid (Fig. 1). They have widely varying composition and
sequential structures (96, 119, 150). The proportions of mannuronate/guluronate
(M/G ratios) of these polymers are dependent on the algal species as well as the
location of the polymer in the plant (74, 75). The M/G ratio ranges between 0.45
and 1.85 (Table 2). X-Ray fiber diffraction studies of alginates containing high
proportions of mannuronate residues show that they adopt flat ribbon-like 2-fold
chain conformations in the solid state, similar to those found

in (3-1,4

diequatorially linked polymers such as cellulose (7, 129, 130), whereas alginates
rich in polyguluronate, which is 1,4 diaxially linked, adopt a buckled 2-fold chain
conformation (8) (Fig. 2).
Alginates are widely used industrially as stabilizers, emulsifiers, and
gelling agent because of their ability to retain water, viscosifying, and stabilizing
properties. The M/G ratios indicate the properties of the resulting gels. Alginates
with low M/G ratios produce strong and brittle gels, whereas alginates with high
3

4

Table 1. Alginic acid content of some brown algae3.

Algal species

Alginic acid content (%)

Macrocystis pyrifera

1 3 - 14

Ascophyllum nodosum

2 0 -3 0

Laminaria digita

15 - 40

Fronds

1 4.5 -2 6 .5

Stipes

27-33

Laminaria hyperborea

14-24

Fronds

8. 9- 19

Stipes

18. 5-23. 5

Ecklonia maxima

a. Data from Standford and Baird (152).

29.6 - 38

0-D-Mannuronate

OH
OH

HO

a-L-Guluronate

Fig. 1. Structure of the uronic acids present in seaweed alginate.
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Table 2. Composition of alginic acid in some brown algaea .

Algal species

Mannuronate (%)

Guluronate (%)

M/G ratio

Macrocystis pyrifera

61

39

1.56

Ascophyllum nodosum

65

35

1.85

Laminaria digita

59

41

1.45

Laminaria hyperborea

31

69

0.45

Ecklonia cava

62

38

1.60

Eisena bicyclis

62

38

1.60

a. Data from Standford and Baird (152).
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Fig. 2. The block structures of seaweed alginate. (A) Poly-p-D-Mannuronate. (B)
Poly-a-L-Guluronate. (C) Alternative sequence of p-D-Mannuronate and
a-L-Guluronate (132).
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M/G ratios form elastic gels (119). Gels with low M/G ratios exhibit high porosity,
low shrinkage during gel formation, and do not swell after drying. Gels with high
M/G ratios shrink more and have low porosity after gel formation. The
mechanism

of gel formation

is believed to proceed

by dimerization

of

polyguluronate sequences with divalent cations, such as Ca2+, chelated
between the chain, the so-called 'Egg-box' model (108, 109, 115, 129, 130) (Fig.
3). From various lines of evidence, it seems that poly-L-guluronate sequences
are of prime importance in the calcium-mediated gelation of alginate. When the
various block sequences are isolated from intact alginate by partial acid
hydrolysis, poly-L-guluronate shows an enhanced binding of calcium above a
chain length of 20 residues (77). This threshold for strong calcium binding
suggests a cooperative mechanism in which binding sites exist in an ordered
array and binding of an ion facilitates binding of the next. Similar effects were not
observed for poly-D-mannuronate or alternating chain sequences (86). Seaweed
alginate gels become mechanically stronger, and more stable in the presence of
anti-gelling ions (Na+ or Mg2+) and calcium sequesters by increasing the
content of guluronate residues. Increasing the content of mannuronate residues
makes the gels softer and more elastic.
The affinity of seaweed alginate for divalent ions has been studied since
the discovery that the addition of calcium ions to a solution of seaweed alginate
caused gel formation and precipitation (73). The minimum amount of divalent
metal that starts precipitation of alginates isolated from L. Hyperborea stipe and
A. nodosum increased in following order (76): Pb, Cu < Ca < Ni, Co, Zn < Mn.
Smaller amounts of Pb and Ca were required to precipitate alginate from L.
Hyperborea stipes than from A. nodosum (rich in mannuronate residues). The
ability for ion-exchange between divalent metals and sodium alginates, prepared
from

different

raw

materials

decreases

in

the

following

order

(112):

9

Fig. 3. "Egg box" model for Ca2+-induced dimerization of poly-a-L-guluronate
(130).
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L. digitata

: Cu > Ba > Zn > Ca

L. hyperborea stipes: Cu > Ba > Ca > Zn > Mn
Macrocystis pyrifera:Cu > Ca > Ba, Zn

Seaweed alginates show differential affinities for metal ions. The affinity of
alginate prepared from L. digitata (rich in mannuronate residues) for divalent
metals was different from that of alginate prepared from L. hyperborea stipes
(rich in guluronate residues) (73):

L. digitata

: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn, Mn > Mg

L. hyperborea stipes: Pb > Cu > Ba > Sr > Cd > Ca > Co, Ni, Zn, Mn > Mg

It is apparent that the relative affinity of seaweed alginates for metal ions is
related to their M/G ratios.
Polyuronates and pectic substances are natural ion-exchangers due to
their structural and conformational characteristics and linear charge density (86).
Nonliving biomass of A. nodosum is capable of accumulating cobalt from
aqueous solution to the level of 160 mg Co2+/ g. Successful desorption of cobalt
from the biomass by acidic CaCl2 solution showed the mechanism of cobalt
biosorption was reversible, implying physical sorption of cobalt (90). Biomass of
dried A. nodosum, used as a source of seaweed alginate, accumulated
concentrations of cadmium exceeding 100 mg Cd2+/ g. A. nodosum biomass
reinforced by formaldehyde cross-linking possessed such favorable mechanical
properties that desorption of deposited cadmium with 0.1 - 0.5 M HCI resulted in
no change of the metal uptake capacity through five subsequent adsorption/
desorption cycles (81). Calcium-alginate (Ca-alginate) gel beads have been

11

used to accumulate Cu2+- The diffusion coefficient of Cu2+ using a linear
absorption model (LAM) has been calculated (20). The diffusion coefficient
ranged from 1.19 x10"9 to 1.48 x 10‘ 2 m2s"1, as the concentration of Caalginate in the beads varied between 2% and 5%. This means that the diffusion
coefficient of Cu2+ was independent on the concentration of Ca-alginate gel and
the diffusion coefficient of small species in Ca-alginate was close to those in
water.
Alginate is found in the brown seaweed (Phaeophyceae), but only a few
species are used for commercial production of alginate (25). The most important
are Marcrocystis pyrifera (Pacific coast of America), Ascophyllum nodosum
(Europe), Laminaria species (Europe and Japan), and Ecklonia species (South
Africa). The principal producing countries are the United States, Britain, France,
Norway, and Japan.
Alginate is used in foods and for general industrial applications because
of its unique colloidal behavior, its ability to thicken, stabilize, emulsify, suspend,
and produce gels, and the high safety level of alginates in foods. The key
properties of alginates on which their widespread uses are based are: (a) the
formation of viscous solutions at relatively low concentration; (b) their behaviour
as polyelectrolytes in solution; (c) the formation of gels by chemical reaction; (d)
The formation of films on surfaces; (e) the formation of films and fiber; and (f)
base exchange properties (120).
Ammonium alginate, calcium alginate, potassium alginate, and sodium
alginate are used as food stabilizers. The primary food products in which
alginates are used are frozen foods, pastry filling, syrups, bakery icing, and dry
mixes, due to the water holding property. Alginates are also used in instant
puddings, pie and pastry fillings, and cooked puddings due to the gelling
property. Alginate is an excellent emulsifier and stabilizer for salad dressing,
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beer, fruit juice, sauces and gravies. In ice cream, alginate ensures a smooth
texture by regulating the formation of ice crystals. There are also many
examples of industrial application. They include paper coatings, adhesives,
textile printings, air fresheners, explosives, antiforms, latexes, ceramics, and
cleaners (25, 120).
Beside food and industrial applications, seaweed alginate is also used in
the fields of biomedicine and biotechnology as a immobilizing material for a
range of different cells including bacteria, algae, fungi, yeast, plant and animal
cells (46, 47). The solid medium for plant tissue culture based on gellation of
alginate was proposed as an alternative agar based media (39). An alginate with
a high

molecular weight and a low mannuronic/guluronic acid

ratio

is

recommended for the cultivation of immobilized anchorage-dependent cells
(142). Alginate-immobilized cells are used in industrial processes ranging from
ethanol production to the production of monoclonal antibodies. Alginate gels also
have potential as an implantation material for hormone-producing cells in bio
artificial endocrine pancreas (95) because of their low content of toxic, pyrogenic
and immunogenic materials, and defined pore sizes and mechanical stability.
Recently, alginates rich in mannuronate residues have been reported to have
chemotactic activity for macrophages and antitumor activity (54).
Since commercial production of seaweed alginates as a stabilizer for ice
cream began in 1934, a number of derivatives of alginates have been developed
and introduced. Commercially available, water-soluble alginates include the
sodium, potassium, ammonium, calcium, and mixed ammonium-calcium salts of
alginic acid, propylene glycol alginate, and alginic acid itself. The propylene
glycol ester is the only commercial, organic derivative of alginate, due to its
improved acid stability and resistance to precipitation by calcium and other
polyvalent metal ions (25).
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2. Biosynthesis of Seaweed Alginate
Studies on the biosynthesis of seaweed alginates began with the efforts of
Bidwell and his coworkers (13). Seaweed alginate was found to be the major
insoluble product of marine photosynthesis in the presence of CO 2 . Biosynthetic
route for alginate was first established in the brown alga F. gardneri silva after
the detection of GDP-D-mannuronic acid and GDP-L-guluronic acid. A mixture of
3 mmoles of the two uronic acid nucleotides was isolated from 14 kg of F.
gardneri silva. This suggested that this alga synthesizes these nucleotide-linked
uronic acids. About 80% of the uronic acid mixture was identified as GDP-Dmannuronate and the minor uronate component was characterized as GDP-Lguluronate (96, 97). Some of the enzymes involved in the biosynthesis of
alginate were extracted from F. gardneri silva. They included hexokinase,
phosphomannomutase,
guanosine

D-mannose

diphosphate-D-mannose

1-phosphate

dehydrogenase,

guanylyltransferase,
and

mannuronic

acid

transferase. The proposed biosynthetic sequence was initiated from mannose 1phosphate, which is probably derived from the sugar phosphate pool of the
photosynthetic cycle. The mannose is then phosphorylated by hexokinase and
becomes a-D-mannose-6-phosphate.

Phosphomannomutase

converts a-D-

mannose-6-phosphate to cc-D-mannose-1-phosphate. By a sequential reaction of
a guanyltransferase, GDP-D-mannose and pyrophosphate are produced from ccD-mannose-1 -phosphate and GTP. This reaction is universal in bacteria (41),
yeast (111), and animal tissue (16). GDP-D-mannose is oxidized to GDP-Dmannuronic acid by a NAD+ specific dehydrogenase. A 5-epimerase was
proposed to epimerize the GDP-D-mannuronic acid to GDP-D-guluronic acid
(97). These two activated uronic acids form the p-1,4-linked polyuronic acid. A
polymannuronic acid C-5-epimerase was discovered in the brown algae (79).
This implies that epimerization of mannuronic acid units occurs at the polymer
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level. The C-5 epimerization at the polymer level was finally confirmed by other
investigators (Fig. 4) (101).

3. Acetylated Seaweed Alginate
Acetylation is a method for altering properties of polysaccharides. There
have been various attempts to acetylate seaweed alginate using acetic
anhydride or acetic acid, with or without catalysts, for example, pyridine or acids
(164). Acetylation of alginic acid with ketene introduced approximately one acetyl
group into each repeating unit of the polymer. A diacetate of alginic acid was
produced using a water swollen alginic acid fiber (18). After water was displaced
with glacial acetic acid, alginic acid was acetylated by reaction with benzene,
acetic anhydride, and sulphuric acid. But degradation of acetylated polymers
during the acetylation process was severe. Acetylation of alginate with acetic
anhydride and catalytic amounts of perchloric acid has been tried (136). Partially
acetylated products were obtained by removing samples during the reaction. In
order to keep the alginate in an activated form, 10 - 20% of water had to be
retained in the fiber. Chemical acetylation by treatment of non-aqueous spherical
beads of calcium alginate, or alginic acid gel, with acetic anhydride in pyridine
was recently described (148). Alginates with high degrees of acetylation were
predominant, which meant a proportion of the guluronate residues, as well as
the mannuronate residues were substituted.
Acetylation of seaweed alginate increased the viscosity of resulting
polymer and decreased its affinity for calcium ions. It enhanced the swelling
ability of calcium gels made from these polymers (149). The altered properties
may be explained by both the increase in the total molecular weight of the
resulting polymer (150) and the reduction of the net negative charge. The pKa of
the polysaccharide is dependent on its overall degree of ionization. At a low
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Fig. 4. Biosynthetic pathway of seaweed alginate in the marine brown alga,
Fucus gardneri silva (97).
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degree of ionization, the ratio of mannuronate to guluronate is the primary factor
affecting the pKa value. But, at a high degree of ionization the O-acetyl groups
influence the pKa. Therefore, the presence of O-acetyl groups in bacterial
alginate is believed to modify the ionization properties of the polysaccharide (35).
The alteration of the pKa can produce conformational changes in seaweed
alginate.
The influence of the acetyl substituent on the interaction of xanthan with
three different plant polysaccharides-locust beam gum, guar gum, and konjac
mannan has been studied. A range of xanthans (Na+ salt form) with varying
levels of acetyl and pyruvic acid substitution were prepared by cultivation of
different strains of Xanthomonas campestris and by chemical deacetylation and
depyruvylation. Oscillatory-shear measurements were used to characterize the
interaction between these polymers and three different plant polysaccharide.
The majority of the polymers interacted to form strong thermoreversible-gel
networks. The strength of the gels was shown to be heavily dependent on the
level of acetyl substitution (58, 138, 139).
The C-5 epimerase from A. vinelandii can epimerize bacterial and algal
alginate having a wide range in monomer composition and sequential structure.
But acetylated mannuronate units in A. vinelandii can not be epimerized to
guluronate units by the C-5 epimerase (146). The O-acetyl groups are also
reported to also protect alginates from enzymatic depolymerization (99).

II. Bacterial Alginate
1. Overview
Microbial exopolysaccharides (EPS) are produced by most pathogenic
and non-pathogenic bacteria as well as yeasts and fungi (154). Although
different organisms produce different extracellular polysaccharides (Table 3), the
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Table 3. The structures of some bacterial polysaccharides3.

Species

Polysaccharide

Basic structure

Leuconostoc mesenteroides

Dextran

(1-6 glucose)n

Acetobacter xylinum

Cellulose

(1-4 glucose)n

Alcaligenes faecalis var. myxogenes

Curdlan

(1-3 glucose)n

Streptococcus mutans

Mutan

(1-3 glucose)n

Streptococcus salivarius

Levan

(2-6 fructose)n

Streptococcus pneumoniae (Type III)

(-3GlcA1-4Glc1-)n

Azotobcater vinelandii

Alginate

1-4 linked ManA and GulA

Pseudomonas aeruginosa

Alginate

1-4 linked ManA and GulA

Streptococci (Haemolytic Group A)

Hyaluronan

(2Gal1-3Man1-2Man1-2Glc1-)n

Klebsiella pneumoniae (Type 28)
Xanthomomas campestris

a. Data from Powell (125).

(-3GlcNAc1-4GlcA1-)n

Xanthan

(-4Glc1-4Glc1-4Glc1-)n
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biological

functioning

of

these

polymers

is

not

well

defined

(57).

Exopolysaccharides have roles in adherence to surfaces, protection against
antibacterial compounds, concentration of charged molecules, and mediation of
biofilm and microcolony formation (24). Microbial exopolysaccharides can be
divided into four categories: 1) dextrans and levans; 2) homo-polysaccharides
other than dextrans and levans; 3) hetero-polysaccharides with regular repeating
units; and 4) hetero-polysaccharides of irregular structure. The most common
hexoses found in extracellular polysaccharides are D-glucose, D-galactose and
D-mannose (125). D-Gluconic acid is the most common charged sugar, but Dgalacturonic acid, D-mannuronic acid, and L-guluronic acid are also found some
in bacterial extracellular polymers. Biosynthesis of most exopolysaccharides
requires not only activated forms of the monosaccharide, but also precursors for
the other groups present in the EPS, specifically, acetate, pyruvate, succinate,
and/or phosphate (35, 49). Acetate was expected to be derived from acetyl CoA
and this has recently been confirmed for the synthesis of O-acetyl groups of
xanthan (84). Similarly, the precursor of pyruvate is phosphophenolpyruvate.
Although there are no reports on cell-free systems for producing succinylated
polymers, it seems likely that the succinyl groups are provided from succinylCoA (156).

2. Bacterial Alginates
Alginate-like exopolysaccharides, "bacterial alginates", are produced by
some bacteria, specially Azotobacter vinelandii (91, 124) and several species of
Pseudomonas (70, 98) including Pseudomonas aeruginosa (10, 55) and
Pseudomonas

syrnigae

(49).

Alginate-producing

(mucoid)

strains

of

P.

aeruginosa have been isolated from nonmucoid strains, after treatment with
mutagens, repeated culturing in the presence of certain antibiotics (36, 63) or by
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selection of mutants resistant to bacteriophage (103). Many Pseudomonads are
capable of producing alginate but the genes involved in alginate biosynthesis are
not normally expressed. The alginate genes are distributed throughout the
Pseudomonas group I, -Azotobacter, -Azomonas lineage in superfamily B
procayotes, and some alginate genes are retained in Pseudomonas group V
(Xanthomonas) and enteric lineages (50).
The basic structure of bacterial alginates is similar to that of seaweed
alginates in that they are (1-4)-linked copolymers of p-D-mannuronic acid and aL-guluronic acid (146). The most conspicuous difference between seaweed and
bacterial alginates is that the bacterial polymer is acetylated on the mannuronic
acid residues (30). The structure as well as the position of acetylation in bacterial
alginates has been studied using 1H- and 13C-NMR spectroscopy (66, 67, 114,
141, 146). Analysis of bacterial alginates by the gel permeation chromatography,
after treatment with polyguluronate lyase (EC. 4. 2. 2. 3) and polymannuronate
lyase (EC. 4. 2. 2. 3), showed that O-acetyl groups were associated exclusively
with the D-mannuronic acid residues. Most of the D-mannuronic acid residues
were mono-O-acetylated and the ratio of O-acetyl distribution between C-2 and
C-3 was 3:2. Some residues were 2,3-di-O-acetylated (30, 141, 147). The
degree of acetylation expressed as acetyl groups per monomer unit ranged from
0.1 to 1.0.
The other major difference between seaweed and bacterial alginates is in
the mannuronate/guluronate (M/G) ratios. Alginates isolated from Macrocystis
pyrifera contain 60% 4-linked mannuronate and 40% 4-linked guluronate
residues, whereas alginates produced by P. aeruginosa contain 80% 4-linked
mannuronate and 20% 4-linked guluronate residues (168). Alginates isolated
from P. aeruginosa do not have polyguluronate blocks, unlike the seaweed
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alginates isolated from marine brown algae and bacterial alginate isolated from
A. vinelandii (56, 91, 147).
Bacterial alginates form gels in the presence of approximately 3 mM
calcium ions (129). Alginate, with small amounts of polyguluronate residues, i.e.
a high M/G ratio, and O-acetyl groups produce relatively bulky gels with a high
degree of water retention (58). The resulting gel provides the cell with hydrophilic
capsules which protects them from other microorganisms, chemicals, antibiotics,
and desiccation (134). It is also thought to play an important role in pathogenicity
of plant-pathogenic bacteria (159). Bacterial alginates from plant-pathogenic
bacteria have been reported to be associated with increased virulence as a
result of adhesion on host leaf surfaces (40, 156).

3. Biosynthesis of Bacterial Alginate
The biosynthetic pathway for bacterial alginate is believed to be similar to
that for seaweed alginate in the marine brown alga Fucus gardneri (124). All the
enzymes necessary for the biosynthesis of bacterial alginate are found in cell
extracts of A. vinelandii, except for the epimerase and O-acetyl transferase (or
O-acetylase).
The starting material for biosynthesis of bacterial alginate in P. aeruginosa
was found to be fructose-6-phosphate (Fig. 5) (130). The primary route of
glucose catabolism in Pseudomonads is via the Entner-Doudoroff pathway which
produces glyceraldehyde 3-phosphate and pyruvate. The C-6 of glucose is
incorporated into bacterial alginate (17). This means that carbon atoms 1, 2, and
3 of glucose becomes carbon dioxide, and acetyl CoA via pyruvate by the 2keto-3-deoxy-phosphogluconate aldolase, whilst carbon atoms 4, 5, and 6 go to
glyceraldehyde 3-phosphate. The glyceraldehyde 3-phosphate condenses with
dihydroxyacetone

phosphate to

produce fructose

6-phosphate

or

enters
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Fructose 6-phosphate
Phosphomannose isomerase
i
Mannose 6-phosphate
Phosphomannomutase

f
Mannose 1-phosphate
GDP-mannose pyrophosphorylase
t
GDP-mannose
GDP-mannose dehydrogenase
r
GDP-mannuronate
I

I Polymerase
! Epimerase
Acetyl transferse

I

Bacterial alginate

Fig. 5. Proposed biosynthetic pathways of bacterial alginate in A. vinelandii and
P. aeruginosa: the steps from fructose 6-phosphate to GDP-mannuronic
acid have been identified in both organisms; polymerase and epimerase
have been identified in A. vinelandii only; acetyl transferase is not yet
described in either organisms (57).

22

gluconeogensis

producing

fructose

6-phosphate

(11,

100).

Fructose

6-

phosphate can be isomerized to mannose 6-phosphate by phosphomannose
isomerase.

Transfer of the

phosphate

group to

C-1

by the

phospho

mannomutase results in the formation of mannose 1-phosphate. A GDPmannose pyrophosphorylase catalyzes the formation of GDP-mannose from
mannose 1-phosphate and GTP. GDP-Mannuronic acid is made by the
sequential oxidation of GDP-mannose by the GDP-mannose dehydrogenase.
The polymerization of GDP-mannuronic acid by certain polymerases is assumed
to produce polymannuronic acid which is secreted from the bacterial cell.
The transport mechanism of bacterial alginate across the membrane has
been suggested to be similar to that of the bacterial cell wall polymers via an
isoprenoid lipid carrier. The final step in biosynthesis of bacterial alginate is
epimerization of the mannuronate residues to the guluronate by an extracellular
epimerase. There is indirect evidence, based on studies of the epimerase from
brown seaweed and A. vinelandii, that the mannuronate residues are converted
to guluronate at the polymer level (124). Although the production of alginate by
P. aeruginosa was identified more than two decades ago (17, 98), the final steps
of bacterial alginate synthesis including O-acetylation are still unclear. AcetylCoA is the probable source of acetyl in bacterial alginates (155). It has been
confirmed that acetyl CoA is the source of O-acetyl groups on the mannosyl
residues of xanthan, another bacterial polymer, the polysaccharide from
Xanthomonas campestris (84). But the precursor and mechanism of bacterial Oacetylation in their products are not well studied.
The genetics of the process have been the subject of much investigation,
what is known is summarized below.
The algA gene -The algA gene in P. aeruginosa encodes a single protein
with a molecular weight of 56,000 (59), but this protein has two separate catalytic
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activities;

that

of

phosphomannose

isomerase

and

GDP-mannose

pyrophosphorylase (142). Phosphomannose isomerase is responsible for the
conversion of fructose 6-phosphate to mannose 6-phosphate. GDP-mannose
pyrophosphorylase catalyses the formation of the activated sugar GDPmannose, from mannose 1-phosphate and GTP (123).
The algB gene - The algB gene product is not directly involved in the
pathway leading to alginate biosynthesis, but is apparently involved in the highlevel production of alginate by P. aeruginosa (61). The algB gene product
belongs to a class of proteins that control gene transcription in response to
environmental stimuli (166). The algB mutants produce between 1 to 16% of
wild-type levels of alginate in most growth media. The alginate produced by algB
mutants resembles wild type alginate in molecular weight, acetylation, and
proportion of mannuronate to guluronate in alginates.
The alaC gene - The algC gene in P. aeruginosa encodes phospho
mannomutase. The phosphomannomutase, molecular weight 38,000, catalyses
the conversion of mannose 6-phosphate to mannose 1-phosphate. Phospho
mannomutase activity was detected in the soluble cytoplasmic fraction of both
mucoid and nonmucoid strains of P. aeruginosa (118). The nucleotide sequence
of algC gene in P. aeruginosa has been determined (169). High osmolarity and
high K+, Na+, and Cl" activates the transcription of both the algC and algD
genes in P. aeruginosa (31). Phosphomannomutase absolutely requires glucose
1,6-diphosphate for its activity (132). Induction of the algA gene also increases
the activity of this enzyme by about tenfold.
The algD gene - The algD gene in P. aeruginosa codes GDP-mannose
dehydrogenase. This enzyme, molecular weight 290,000, catalyses the oxidation
of GDP-mannose to GDP-mannuronic acid. The GDP-mannose dehydrogenase
was reported to be essential for biosynthesis of bacterial alginate (127). The
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algD gene has been cloned and shown to be transcriptionally activated in
mucoid, but not in non-mucoid strains of P. aeruginosa (37). Due to the fact that
algD gene is transcriptionally activated in mucoid strains and GDP-mannose
dehydrogenase reaction is irreversible, it has been suggested that GDPmannose dehydrogenase is a key regulatory enzyme in biosynthesis of bacterial
alginate.
The alaF gene - The alginate produced by mucoid strains of P.
aeruginosa

is modified by the addition of O-acetyl groups. The algF gene is

involved in the acetylation of bacterial alginate. The algF gene product modifies
bacterial alginate by addition of O-acetyl groups. P. aeruginosa algF mutants
produce nonacetylated alginate (53). A plasmid containing both the algA and
algF genes complements the defect in algF mutants to produce acetylated
bacterial alginate (143).
The aloG gene - The algG gene encodes a C-5 epimerase. The algG
gene product is necessary for formation or incorporation of guluronate residues
into bacterial alginate. The

algG negative mutants can

not

incorporate

guluronate residues into bacterial alginate (23).
The alaR gene - The regulatory algR gene controls positively transcription
of the algD gene, which codes the GDP-mannose dehydrogenase, an essential
enzyme in the biosynthesis of bacterial alginate (123). DNA sequence analysis
revealed homology of its gene product with environmentally responsive bacterial
regulatory genes, including ompR, phoB, sfrA, ntrC, spoA, dctD, and virG. It
means that the production of bacterial alginate is affected by the environmental
conditions or specific chemical compounds present in the environment.
The algS and aIgT gene - The spontaneous alginate conversion to the
nonmucoid form is due to a genetic alteration at the algS gene. The algS gene is
the genetic switch which controls the expression of algT. DNA rearrangement
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(conversion) of algS results in the activation of algT gene expression and the
algT gene product acts as a regulatory protein in the biosynthesis of bacterial
alginate in P. aeruginosa (52). The algT gene product in turn promotes the
activation of genes responsible for the biosynthesis of bacterial alginate (51).
The DNA-binding and bending protein and the algT gene product are involved in
algB expression (166).
The final steps in the biosynthesis of bacterial alginate are not yet fully
understood. These steps, proposed as a maturation of bacterial alginates,
include polymerization, O-acetylation, export, and epimerization.
Polymerization

-

The

polymerase

in

P.

aeruginosa

has

proved

exceptionally difficult to measure and the enzyme has not been purified. Very
low levels of activity of this enzyme is found in membrane fractions prepared
from cell extracts of mucoid P. aeruginosa (131), but the enzyme has not been
characterized.
Export - Mutants of bacteria, which fail to excrete polymer, although the
biosynthetic pathway is complete, accumulate polysaccharide within the cell and
eventually die. It means there must be mechanisms for polysaccharide secretion.
A protein with a molecular weight of 54 KDa can be isolated from outer
membrane of mucoid P. aeruginosa, but not from nonmucoid strains. The
electrophoretic mobility of this protein is altered by the addition of lipopolysaccharide and alginate isolated from P. aeruginosa prior to electrophoresis.
A possible role of this protein is suggested to be involved in excretion of bacterial
alginate (64).
Acetylation - Recently, an alginate modification gene, algF, coding for a
28 KDa polypeptide which controls the addition of O-acetyl groups to the
mannuronate residues of alginate in P. aeruginosa was sequenced. The algF
gene was reported not to be essential for alginate biosynthesis, but is required
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for acetylation of alginate polymer. The algF mutants fail to produce alginate due
to a polar effect on the down stream algA gene (143).
Epimerization - The existence of an epimerase in P. aeruginosa was
demonstrated with P. aeruginosa mutants which were incapable of incorporating
guluronate residues into alginate. Reaction with a guluronate-specific alginate
lyase and "'H-NMR analysis established that epimerase negative mutants
produced only polymannuronates. Epimerization by this enzyme occurred at
both polymer and monomer levels (24). The epimerase of P. aeruginosa
appears to be different from the enzyme isolated from A. vinelandii. The M/G
ratio of P. aeruginosa alginate is never less than 1.0 and this ratio is unaltered by
changes in growth conditions. But the M/G ratio of bacterial alginate isolated
from A vinelandii alginate may be less than 1.0 and the ratio can be altered by
changing concentrations of Ca2+ in growth medium (91).

4. O-Acetylation in Bacterial Peptidoglycan
The separation of Escherichia coli murein building blocks by high
performance liquid chromatography, after treatment with muramidase from
Chalaropsis spec., revealed about 80 different kinds of muropeptides (60).
Peptidoglycan is a heteropolymer of (3-1,4-linked N-acetylglucosamine and Nacetylmuramic acid residues (145). O-Acetylated peptidoglycan was first found in
Streptococcus faecilis and Micrococcus luteus (1, 15), since then it has been
observed in a total 47 strains of 11 species of both Gram-positive and Gramnegative bacteria including some important pathogenic bacteria (41). The
peptidoglycan in some species of Eubacteria is up to 70% acetylated, conferring
resistance to muramidases (104). O-Acetylation of peptidoglycan occurs at the
C-6 hydroxyl group of N-acetylmuramyl residues producing the corresponding 2,
6-diacetylmuramyl derivative. A spontaneous mutant of Micrococcus luteus
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cultured in the presence of egg-white lysozyme produces a murein with a molar
ratio of N-acetylmuramic acid : O-acetyl of 1 : 1. The basic function of Oacetylation is to confer resistance to the hydrolytic activity of muramidases (15).
O-Acetylation of peptidoglycan takes place outside the cytoplasmic membrane
requiring an acetyltransferase, in addition to an acetyl donor, to be present
external to the cytoplasm (41).
(Acetyl-3H)N-Acetyl-D-glucosamine was used to demonstrate that acetate
is transferred from the N-2 position of either N-acetylglucosaminyl or Nacetylmuramyl residues to the C-6 hydroxyl group of the latter via an N to O
acetyl migration during peptidoglycan turn-over in P. mirabillis (42, 43). This
supports the hypothesis that O-acetylation occurs by N to O acetyl transfer within
the sacculus. The putative enzyme involved in the transacetylation is thought to
be similar to N-arylhydroxamic acid N, O-acetyltransferase (AHAT) (EC 2. 3. 1.
56) (41), which transfers the N-acetyl group of some aromatic acethydroxamates
to the O-position of some aromatic hydroxylamines (151). This type of enzyme is
also thought to be involved in the acetylation of bacterial exopolysaccharides, as
a final step in a maturation.

III. Immobilization
1. Advantages and Disadvantages of Immobilization
Using immobilized microbial cells to carry out enzymatic reactions has
numerous advantages, specially where extracted enzymes are unstable and/or
the process of extraction is not cost effective. Advantages of immobilized
microbial cells are generally as follows (22); 1) Extraction and/or purification are
not necessary. 2) The yield of enzyme activity is high. 3) The reactions generally
have broad ranges of optimal conditions because immobilizing materials can
protect microorganisms from sudden changes in physical conditions or toxic
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compounds. 4) Operation costs are low due to high productivity and intermediate
processes that can be omitted. 5) Applications of multistep enzyme reactions
may be possible. 6) It is possible to reduce the required volume of fermentation
broths to produce a desired compound, in the case of continuous reactions using
immobilized cells, as compared to conventional batch fermentation. Thus, it may
reduce plant pollution problems. 7) And long half-lives are common for
immobilized cells (44). Besides the general advantages described above, many
specific advantages of using immobilized cells have been reported. One of them
is to avoidance of N-limitation to produce final metabolites (19). Free fungal
pellets produced significant levels of ligninase activity (200 U/l) only under Nlimitation (2.2 mM). But polyurethane-immobilized P. chrysosporium produced
340 U/l of ligninase activity under conditions of N-sufficiency (22 mM).
Restriction of cell divisions by the immobilizing material results in an increase of
plasmid copy number and enhanced plasmid stability (135). In continuous
culture with immobilized E. coli cells, an increase was shown in plasmid copy
number and catechol 2,3-dioxygenase activity due to the distribution of growth in
the gel beads.
There are some disadvantages in using immobilized cell systems,
especially the increased difficulty in delivering nutrients, reactants or oxygen to
dense cell preparations. Oxygen often becomes a limiting factor in aerobic
reactions and fermentations with immobilized cells. As cell density increases, the
cells can consume oxygen at a rate faster than that of oxygen diffusion through
the immobilizing matrix. The need to restrict cell growth within a support may, in
some cases, results in changed metabolic patterns. The loss of enzymatic
activity is a frequent feature in non-growing cells. The cell walls and membranes
can act as permeability and diffusion barriers, and the presence of numerous
catalytically active enzymes in the cells may lead unwanted side reactions (44).
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Many immobilization techniques have been applied to cells, but an ideal general
method has not yet been developed. Immobilization of cells by chemical
methods may cause cellular damage because of the toxic character of the
chemicals used (22). To reduce this disadvantage, preparation of immobilized
cells are carried out under conditions which are as mild as possible.

2. Methods of Immobilization
Since the first reports on applications of immobilized cells (110), many
procedures for immobilization of cells have been introduced (44, 121). Most of
techniques for soluble proteins have been found to be suitable for cells and
organelles. In principle, six different types of immobilization methods can be
distinguished (106); 1) covalent coupling, including cross-linking, 2) adsorption,
3) affinity (biospecific) immobilization, 4) entrapment in a three-dimensional
polymer network, 5) confinement in a liquid-liquid emulsion, and 6) capture
behind semipermeable membranes.
Covalent coupling is based on the formation of a covalent bond between
cells or enzymes and support material. Many kinds of materials can be used to
be a immobilizing material for covalent coupling, for example,

agarose

(Sepharose), cellulose, dextran (Sephadex), glass, and polyacrylamide, but in all
cases the material must be activated prior to use. It is essentially a nonreversible process.
Adsorption onto an insoluble matrix such as DEAE-Sephadex is mainly
due to multiple ionic-linkages. Typical water-insoluble support materials used for
covalent coupling are alumina, bentonite, calcium carbonate, carbon, cellulose,
clay, collagen, porous glass, hydroxyapatite, silica gel, etc. Immobilized cells or
enzymes can be separated from supports by changes in environmental
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conditions such as pH, ionic strength, temperature, and type of solvent. It is
basically a reversible process.
Affinity immobilization is an application of affinity chromatography, where
separation is based on the biospecific recognition of a particular substance for
another, for example, the reaction between the antibodys and antigens, enzyme
and substrate, hormone and receptor, or lectin and specific carbohydrate.
Supports or matrices for this method must have a specific affinity for material to
be immobilized. For example, Concanavalin A-Sepharose is Concanavalin A
coupled to Sepharose 4B by a chemical method. Concanavalin A is a lectin that
binds the mannose, glucose and sterically related residues. It is thus useful for
the purification of glycoproteins containing these sugar (106).
Entrapment is a frequently used method where the cells are free within
the artificial compartments that are made by natural or synthetic polymers and
the pores allow substrate and product to diffuse to and from cells (108). Natural
polymers used as entrapment materials are collagen, agar, agarose, alginate,

k-

carrageenan, and cellulose. Several synthetic polymers have been developed for
the entrapment of cells. The most commonly used synthetic polymers are acryl
polymers or polyurethane is also used.

3. Applications of Immobilized Cells
During the last decade there has been increased interest in the field of
microbial transformations and the biosynthesis of organic compounds on the
using immobilized microbial cells. The high efficiency of immobilized cells
provides a wide range of successful applications in one-stage or multi-enzyme
processes for production of amino acids (159), organic acids (46, 47, 163),
antibiotics (117), enzymes (87), steroids, for remediation of industrial wastes,
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and for accumulation of toxic trace metals (12, 102, 134). Immobilized cell
systems are now common industrial tools in Japan (160).
Co-immobilization systems for aerobic and anaerobic reactions have been
developed (88). In these system, the oxygen concentration profiles in the
matrices must be calculated in order to predict matrix volumes that provide most
efficiently catalysis, for the two organisms. The aerobic microorganism grows on
an oxygen-rich surface while the anaerobic microorganism grows mainly in the
oxygen-deficient central part of the matrix. The two microorganisms act jointly to
produce fermented products such as ethanol and lactic acid from starch through
a combination of aerobic and anaerobic metabolic pathways. Due to the complex
makeup of many waste waters, mixed culture systems are required. Co
immobilization of P. putida P8, which degrades phenol via the "meta" pathway,
and Cryptococcus elinovii H, which uses the "ortho" cleavage pathway, either in
calcium-alginate or in chitosan-alginate, was reported to degrade phenol (165).
The degradation yield in continuous culture reached a maximum of 0.41 g/l-h
phenol, higher than that of single system.
Established animal cell line can produce many important biologicals, for
example vaccines, enzymes, hormones, antibodies, interferons, and nucleic
acids (80). Animal cells can be divided into two types, anchorage-dependent and
anchorage-independent cells depending on the requirement of the isolated cells
for attachment to a solid support. Except for transformed cells, most cells derived
from solid tissue are anchorage-dependent and they must be attached to solid
supports to maintain culture viability. To increase productivity of animal cells, two
immobilizing techniques have been applied. They are microcarrier culture, based
on adhesion and adsorption, and hollow fiber culture based on adsorption and
entrapment (27, 82). These two immobilized systems provide for the large-scale
manufacture of animal cell-derived products. A wide range of animal cells can be
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grown on microcarriers in culture volumes ranging from a few mililiters to several
hundred liters.
Investigations on immobilizing cells extend to plant cell cultures. Higher
plants are a rich source for basic natural products in the food, cosmetic, and
pharmaceutical industries as well as secondary metabolites. Over 90% of all
natural products known are to be found in the plant kingdom (89). Many
commercially important compounds are isolated from whole plants or tissue
material obtained by field cultivation of plants or by collecting wild plants. The
limited supply of certain important raw plant materials is inducement to develop
alternative resources. One is immobilized plant cell culture. There are many
problems yet to be solved in this field, for example, slow growth, cell
aggregation, low yields and genetic instabilities, and cross contamination with
procaryotic cells (122). Application and development of immobilizing techniques
for plant cell cultures helps to overcome these problems. The most convenient
method to immobilize plant cell is by entrapment in a polymeric network.
Alginate, agar, agarose, and polyacrylamide have been used as immobilizing
materials for plants cells (161).

IV. Biotransformation
A best definition of biotransformation may be the statement 'chemical
reactions mediated by microorganisms or their enzyme preparations'. Microbial
transformation or bioconversion can be confined to chemical modification of
organic compounds by microorganisms (69). The reactions which can be
catalyzed by microbial enzymes cover nearly all types of chemical reactions.
1. Methods for Biotransformation
Biotransformations with growing cultures - A concentrated substrate is
added to a fermentation medium at the time of inoculation or during a later
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phase of microbial growth (94). Conversion time is related to the type of reaction,
the concentration of substrate, and microorganism. Oxidation and dehydration
reactions by bacteria are often completed in a few hours.
Biotransformations with resting cells - After a microorganism is cultivated
under

conditions

allowing

optimum

growth,

biomass

is

harvested

by

centrifugation or filtration. The biomass is resuspended in a transformation
medium and then bioconversion occurs. The cell suspension is incubated until
maximum productivity is obtained. The transformation medium may be water or
a buffer solution, with an optimized pH, containing the substrate. The microbial
modification of sucrose to the corresponding 3-keto-derivative was carried out
with resting cells of Agrobacterium tumefaciens (153). The reaction mixture of
this resting cell system was sucrose and cells washed with 0.1 M phosphate
buffer (pH 7.0). To prolong the viability of microorganisms and regenerate
cofactors

for

biotransformation

of the

substrate,

supplements

of easily

metabolizable nutrients, like glucose, are advisable (162).
Biotransformations with immobilized cells - After microorganisms grow in
an

appropriate

medium,

the

cells

are

collected

and

immobilized.

Biotransformation with immobilized cells is attractive, because in general, the
immobilized catalyst shows a higher operational stability (117). Entrapment into
polymerous matrix materials; polyacrylamide, carrageenan, alginate, collagen,
cellulose, and agar, is the most extensively applied method. Then these
immobilized organisms are used for conducting the required biotransformations.
Biotransformations

with

purified

enzymes

-

In

some

cases,

biotransformations are done by purified enzymes, particularly if the membrane of
intact cells prevents proper substrate or product permeation, or product
degradation or undesirable side reactions can take place due to other enzymes
in the cells, or the enzyme is easily purified (21). Depending on the reaction,
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biotransformations have been conducted with preparations of low purity or even
with crude cell extracts. It is possible in some cases to use immobilized enzymes
and run continuous reactors with repeated reuse of the biocatalyst.
Biotransformations with
lipophilic

compounds

is

multiphase

limited

by

systems

their

-

solubility

Biotransformation
in

water

of

because

microorganisms grow in aqueous media and their enzymes act on dissolved
substrates. Biotransformations of substrates with low solubility in water have
been applied to two-liquid phase systems containing water and a poorly water
miscible solvent (5). The microorganism remains in the aqueous phase whereas
the reaction can take place either in the phase where substrate is available or at
the interface between two phases. Organic solvents such as n-alkanes,
cyclohexane, toluene, benzene, carbontetrachloride, chloroform, methylene
chloride, ethyl or butyl acetate, diethyl or dibuthyl ether have been used for
biotransformations with intact cells or enzymes because of high solubility for the
substrate and its product (85).

2. Biotransformation with Immobilized Cells
Immobilized cells are easily removed from reaction mixtures and can be
used repeatedly. Therefore, biotransformations with immobilized cells show a
higher operational stability than free cells. Immobilized cells can be also used in
the biotransformations in which coenzyme(s) are required, because they are
regenerated within the intact cells. It is possible to perform a single enzymatic
reaction as well as complicated mutienzymatic conversions, and even secondary
metabolite production using immobilized cells. Whole cells of Arthrobacter
simplex were immobilized in a living state in calcium alginate gel (117). They
showed steroid dehydrogenase activity and produced predinisolone from
cortisol. The activity of dehydrogenase increased about ten-fold by incubation in
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nutrient media, lndole-3-acetic acid (IAA) was completely converted to hydroxy
derivatives of IAA by immobilized mycelium of Aspergillus niger in calcium
alginate gels (9). The half-life of this immobilized system was 120 h and
transformation continued for 15 days without any decrease in hydroxylation
activity. Cells of Leuconostoc mesenteroides were immobilized within porous,
stainless steel supports and used for production of dextransucrase and dextran
(48). The pore size of the support significantly affected the dextran yields.
Immobilized cells in porous stainless steel produced higher yields of dextran and
fructose than free cells.
The catalytic activity of immobilized cells is generally reduced compared
to the same amount of free cells because of nutrient and oxygen transport
limitations. In order to overcome those problems, natural or artificial materials
such as carbon, celite, zeolite, sintered glass, and stainless steel, and methods
for immobilization have been developed. Rhodococcus equi cells immobilized
onto porous celite beads were active in side chain cleavage of cholesterol (2).
They operated for periods lasting more than 4 weeks.
Magnetic supports, such as activated carbon or zeolite, offer several
advantages compared to non-magnetic systems for separation of supports from
the suspended solids in the process medium. In addition, the use of non-porous
magnetic particles retains a reasonable surface area for immobilization of
biocatalysts (71). Non-porous magnetic particles seems to be more resistant to
diffusion; limitation, attrition, and fouling than porous supports (72). The methods
for immobilization onto non-porous magnetic materials are classified into four
groups: direct use of a coupling agent, adsorption, encapsulation, and formation
of a thin film of polymer. Immobilized Saccharomyces cerevisiae cells on zeolite
or activated carbon were used in batch and continuous alcohol fermentations
(3). Laccase was covalently immobilized to activated carbon (32). The maximum
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protein bound was about 43 mg/g carbon. The carbon immobilized laccase was
stable at pH values from 4.0 to 9.0. Oxidation of 2,6-dimethoxyphenol by
immobilized laccase in a fluidized-bed system was superior to a packed-bed
system. The bacteria immobilized by a bed of granular activated carbon (GAC) in
a continuous-feed recycle bioreactor was used to degrade phenol (26). The
continuous operation for degradation of phenol under anaerobic condition
continued more than 100 days.

V. Goals of This Study
This study was designed to develop a new process for acetylation of
seaweed alginate. It began with an investigation of the relationship between
production

of bacterial

alginates

and

acetylation

of those

Pseudomonas syringae. Based on the knowledge of this

polymers

in

biotransformation, a

process for acetylation of seaweed alginate was constructed and optimum
conditions were determined. An immobilized cell reactor was designed and
operated for the acetylation of seaweed alginate. The product was characterized
as to location of acetylation and simple changes in physical properties of the
polymer.

MATERIALS AND METHODS

I. Organisms and Growth Conditions
Pseudomonas syringae subsp. phaseolicola ATCC 19304 was obtained
from the American Type Culture Collection, Rockville, MD. It was selected for
this research because it produces a highly acetylated bacterial alginate.
Cultures were maintained at 4°C on a modified Dworkin and Foster (DF)
agar (45). This medium contained 4 g/l of potassium phosphate (monobasic), 6
g/l of sodium phosphate (dibasic), 0.2 g/l of magnesium sulfate 7-hydrate, 0.5 g/l
of ammonium sulfate, 0.4 g/l of sodium chloride, 9.1 g/l of potassium nitrate, 20
g/l of gluconic acid, and 15 g/l of agar. Gluconic acid was separately sterilized
and added to the basal medium under aseptic condition. The pH of the medium
was between 6.7 and 6.9 prior to sterilization. After growth for at 30°C for 3 - 5
days, slants were stored at 4°C. Cultures transferred every 4 weeks. Broth
starter cultures were prepared by inoculating P. syringae ATCC 19304 from agar
slants to 50 ml of modified DF liquid medium in 250 ml Erlenmeyer flasks.
Cultures were incubated for 30 - 35 h at 30°C and 180 rpm on a NBS Model
G25-KC rotary shaker (New Brunswick Scientific Co., Inc., Edison, NJ), prior to
use.

II. Mutation and Isolation of Mutants
Early stationary phase P. syringae ATCC 19304 cells (absorbance at 650
nm: 1.8 - 2.0) were harvested by centrifugation (7,000 x g for 30 min) and then
washed with 0.03 M phosphate buffer (pH 6.8). Cell suspensions (approximately
1 x 10^ C. F. U./ml) were exposed to 130 pW/cm2 of U. V. light (short
wavelength) for between 0 and 30 min at room temperature. Irradiated cell
suspension (0.5 ml) was then added to 5 ml of 0.01 M phosphate buffer (pH 6.8)
37
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supplemented with 0.1% (w/v) yeast extract (Difco Lab., Detroit, Mich.). The cell
suspension was diluted with the same solution and plated onto nutrient agar
supplemented with 2% (w/v) gluconic acid. All operations were conducted in the
dark to avoid photoreactivation. After incubation at 30°C for 3 days in the dark,
colonies were transferred using the sterile toothpicks to plates of nutrient agar
(Difco Lab. Detroit, Mich.), nutrient agar supplemented with 2% gluconic acid,
modified DF agar, and modified DF agar supplemented with 0.1% yeast extract.
After incubation at 30°C for 3 - 5 days in the dark, based on morphology, colony
size, height, brightness of colony, and amount of mucoid materials produced on
agar media, non-mucoid colonies were selected for further study.

III. Characterization of Mutants in Growth and Alginate Production
P. syringae ATCC 19304 mutants were tested for their growth and ability
to produce bacterial alginate. Each mutant was inoculated from cultures on
nutrient agar supplemented with 2% gluconic acid to 50 ml of modified DF liquid
medium in 250 ml Erlenmeyer flasks. Cultures were incubated for 30 - 35 h at
30°C and 180 rpm on a NBS Model G25-KC rotary shaker, prior to use for
starter cultures. Each mutant from the starter culture was inoculated to both
modified DF liquid medium and same medium supplemented with 0.1% yeast
extract. After inoculation (1%, v/v), P. syringae mutants were incubated at 30°C
and 180 rpm on a NBS Model G25-KC rotary shaker. Culture broths were
analyzed by chemical assay after 3 and 5 days for production of bacterial
alginate. Dry cell weight was directly measured according to the method
described later. The specific yield of alginate and acetyl in bacterial alginate
were calculated as the concentration of alginate (pg/ml) and acetyl (pg/ml) over
the dry cell mass (mg/ml). All samples for analysis of alginate and acetyl were
desalted by dialysis for 48 h against distilled water at room temperature or by
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passing through a Sephadex G-25M gel filtration column (Pharmacia LKB,
Uppsala, Sweden).

IV. Bacterial Alginate Production
P. syringae ATCC 19304 was tested for its ability to produce and
acetylate bacterial alginate when grown on different carbon sources. The carbon
sources tested were fructose, gluconic acid, glucose, glycerol, mannitol, and
sucrose. Each stock solution of test carbon source was separately sterilized by
autoclaving and then added to DF medium. The concentration of stock solution
was 20% (w/v or v/v). Each carbon source replaced the glycerol in DF medium at
a concentration of 2% (w/v or v/v). After inoculation (1%, v/v) from starter
cultures, P. syringae was incubated at 30°C and 180 rpm on a NBS Model G25KC rotary shaker. Culture broth was analyzed after 5 days for alginate
productivity and the degree of alginate acetylation by chemical assay.

V. Purification of Bacterial Alginate
Purification of bacterial alginate produced by P. syringae ATCC 19304
was by the following procedure. Bacterial alginate was separated from cells by
centrifugation (7,000 x g for 30 min). Two volume of ethanol were added to one
volume of clarified culture broth to precipitate the polysaccharide. This solution
was gently mixed for

1

h and then centrifuged at 8,000 x g for 1 h. The

precipitate was washed with acetone and redissolved in distilled water. It was
then dialyzed against distilled water and finally concentrated in a Buchi Model
R110 rotary evaporator (Buchi Lab., Flawil, Switzerland). After concentration, it
was stored in a freeze-dried state. Purity of bacterial alginate was determined by
the chemical assay. A standard curve for alginate was prepared from sodium
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alginate (Sigma Chemical Co., St. Louis, MO). Purity of bacterial alginate
produced by P. syringae ATCC 19304 was more than 95 % (w/w).

VI. Inhibition of Bacterial Alginate Production by Seaweed Alginate
P. syringae ATCC 19304 was cultured in modified DF liquid medium
supplemented with concentrations of gluconic acid ranging from

0

to

2%

(w/v) to

investigate the effect of gluconic acid on the bacterial alginate production in the
presence of seaweed alginate. Seaweed alginate was added into modified DF
liquid medium at beginning of cultivation. The final concentration of seaweed
alginate was 800 pg/ml. Culture broths were analyzed after 5 days for alginate
production and the degree of alginate acetylation as described previously.

VII. Deacetylation of Bacterial Alginate
P. syringae ATCC 19304 bacterial alginate was deacetylated for
comparison

with

seaweed

alginate

and

acetylated

seaweed

alginate.

Deacetylated bacterial alginate, purified as described above, was dissolved in
distilled water at a concentration of approximately 1 mg/ml. Three volumes of
this solution were mixed with one volume of 1 N sodium hydroxide solution. After
incubation for

20

min at room temperature with gentle agitation, one volume of

1

N hydrochloric acid was added to neutralize the solution (final pH was about
7.0.) and stop the reaction. The deacetylated alginate was extensively dialyzed
against distilled water. Effectiveness of deacetylation was determined from
concentrations of acetyl in the preparation.

VIII. Optimization of Acetylation of Seaweed Alginate by Resting Cells
P. syringae ATCC 19304 was cultured in modified DF liquid medium
supplemented with

2%

(w/v) gluconic acid and then harvested by centrifugation
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(7,000 x g for 30 min) when the culture reached a cell dry weight of 1.3 - 1.5
mg/ml. The cells were washed twice with 0.01 M phosphate buffer (pH

6 .8 )

and

then resuspended in the same buffer. Unless otherwise described, 10 mg/ml wet
weight of bacterial cells were incubated at 25°C for 1 0 h with

1 .5

g/l of seaweed

alginate from Macrocystis pyrifera (Sigma Chemical Co., St. Louis, MO) with
1.0% (w/v) gluconic acid in 0.01 M phosphate buffer (pH
volume was

20

6 .8 ).

The working

ml. Samples were withdrawn with time from the reaction mixture

and analyzed. The resting cell suspensions for optimization were prepared by
this procedure. The specific yield of acetyl in seaweed alginate were calculated
as the concentration of acetyl (pg/ml) over the dry cell mass (mg/ml). All
experiments were done in triplicate.
1. Aeration
In order to determine the aeration requirement for the acetylation of
seaweed alginate by P. syringae ATCC 19304 resting cells, filtered air was
passed through a

6

inch glass wool-packed tube and a sterile Whatman Hepa-

vent filter (Whatman Inc., Clifton, NJ) into the resting cell reaction mixture
through a sparger. The air flow was regulated with an in-line flow meter and
aerateion requirement were determined across a range from 0 to 0.20 SLPM.

2.

Temperature, pH, and Concentration of Substrates
Effect of temperature on the acetylation of seaweed alginate was

investigated by measuring the amount of acetyl found in seaweed alginate after
10 h at temperatures of 15, 20, 25, 30, 35, 40, and 45°C. Phosphate buffer (0.01
M) was used to maintain the pH

6 .8

of the resting cell system.

Effect of pH on the acetylation of seaweed alginate was investigated by
measuring the amount of acetyl found in seaweed alginate after 10 h at pH of
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5.2, 5.6, 6.0, 6.4,

6 .8 ,

7.2, and 7.6. At each pH, phosphate buffer (0.01 M) was

used to maintain the pH of the resting cell system.
Gluconic acid requirement for acetylation of seaweed alginate was
investigated by measuring the amount of acetyl found in seaweed alginate after
10 h at concentration of 0, 0.2, 1.0, 1.5, and 2.0% (w/v). The concentration of
gluconic acid stock solution was 20% (w/v). This stock solution was separately
sterilized and added to the reaction mixture.
Effect of alginate concentration on the acetylation of seaweed alginate
was investigated by measuring the amount of acetyl found in seaweed alginate
after 10 h at concentration of 0, 500, 1,000, 2,000, and 3,000 pg/ml alginate.
Seaweed alginate used in this study was from Macrocystis pyrifera and was
obtained from the Sigma Chemical Co., St. Louis, MO.

3. Cell Density
Effect of cell concentration on the acetylation of seaweed alginate was
investigated by measuring the amount of acetyl found in seaweed alginate after
10 h at concentration of 0, 5, 10, 20, 30, and 50 mg/ml of cells. P. syringae
ATCC

19304 was cultured and harvested as described previously. The

concentration of stock cell suspension was adjusted to
with 0.01 M phosphate buffer (pH

100

mg/ml wet weight

6 .8 ).

4. Culture Age
To investigate the effect of culture age on the acetylation of seaweed
alginate, P. syringae ATCC 19304 was cultured in modified DF liquid medium
supplemented with 2% (w/v) gluconic acid. The growth curve was determined
from a plot of time versus the absorbance of culture broths at 650 nm, using a
Gilford Response II spectrophotometer (Gilford Instrument Lab., Oberlin, Ohio).
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The growth phases of culture were classified on the basis of time and the
absorbance at 650 nm as Lag, Early log, Mid-log, Late log, Early stationary, and
Stationary phases. The absorbances for Lag, Early log, Mid-log, Late log, Early
stationary, and Stationary phase were 0.35, 0.82, 1.26, 1.83, 1.97, and 2.20,
respectively. Cells from each growth phase were harvested by centrifugation
(7,000 x g for 30 min) and then washed twice with 0.01 M phosphate buffer (pH
6 .8 ).

These cells were used for this investigation.

IX. Immobilization of P. syringae Cells on Carbon
Stationary phase P. syringae ATCC 19304 cells were harvested and
washed twice with sterile distilled water. Ten g wet weight, of cells were
resuspended in 500 ml of sterile 0.01 M phosphate buffer (pH 6.0) containing 25
g activated carbon (mesh size, 12 x 40; American Norit Co., FL), which had been
prepared by washing twice with the same phosphate buffer to remove fines and
sterilized by autoclaving. The mixture was incubated with gentle mixing for 12 h
at 4°C to allow for cell adhesion. The carbon particles were then allowed to
settle. The supernatant was discarded and the carbon particles were used as the
immobilized cell catalyst.

X. Acetylation of Seaweed Alginate by Carbon Immobilized P. syringae in a
Fluidized Bed, Up-flow Reactor
A continuously fed bioreactor containing carbon immobilized P. syringae
cells was used for the continuous acetylation of seaweed alginates. The feed
was 1.5 g/l of seaweed alginate from Macrocystis pyrifera and 1.0 (w/v) gluconic
acid in 0.01 M phosphate buffer (pH 6.0). The feed was made by addition of
gluconic acid stock solution (2 0 %, w/v) separately sterilized by autoclaving, to
seaweed alginate solution. The feed rate was 0.02 h '1. Temperature was

44

maintained at 25°C and aeration was 0.4 SLPM. Air was filtered through a

6

inch

glass wool-packed tube and a sterile Whatman Hepa-vent filter (Whatman Inc.,
Clifton, NJ). The air flow was regulated with an in-line flow meter. The reactor
was a 700 ml Kontes Airlift Bioreactor (Kontes Life Sciences Products, Vineland,
NJ) containing 25 g of carbon catalyst and working volume of 500 ml. Samples
were withdrawn with time throughout operation and acetylated alginate was
quantified by chemical assay.

XI. Scanning Electron Micrographs
In order to confirm adhesion of P. syringae ATCC 19304 cells on the
surface of carbon, Scanning Electron Microscopic observations were made.
Samples were prepared by washing with 0.1 M cacodylate buffer (pH 7.2), and
fixing for 1 h with 2% (v/v) glutaraldehyde in 0.1 M cacodylate buffer at room
temperature. Fixed samples were washed three times with same buffer, and
post-fixed for 1 h with 0.8% (v/v) osmium tetraoxide. After washing with distilled
water, they were treated 0.5% (w/v) with uranium acetate. Samples were
washed again with distilled water, and then dehydrated with a graded series of
ethanol washes. Dehydrated samples were finally dried in a Denton DCP-1
Critical Drying Apparatus (Denton Vacuum Inc., Cherry Hill, NJ) and coated with
P2 O 5 using a Edward S150 Sputter Coater (Edward Vacuum Inc., Wilmington,
Mass). The samples were visualized in a Cambridge S-260 scanning electron
microscope (Leica Co., Deerfield, IL).

XII. Purification of Acetylated Seaweed Alginate by Alcoholic Precipitation
Acetylated seaweed alginate produced in the immobilized cell reactor was
mixed with an equivalent volume of iso-propanol. This mixture was incubated for
12 h at room temperature and centrifuged at 8,000 x g for 40 min in a Sorval
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Superspeed Model RC-5B centrifuge (Du Pont Co., Wilmington, DE). The
precipitate was washed with iso-propanol and redissolved in distilled water. It
was dialyzed against 500 volumes of distilled water for 48 h to remove all low
molecular weight compounds and then concentrated in a Buchi Model R110
rotary evaporator (Buchi Lab., Fiawil, Switzerland). After concentration, it was
stored in a freeze-dried state.

XIII. NMR Spectra of Alginates
In order to confirm acetylation of seaweed alginate and to characterize the
position of acetylation, the NMR spectra of seaweed alginate, acetylated
seaweed alginate, bacterial alginate, and deacetylated bacterial alginate were
obtained and compared. Seaweed alginate from Macrocystis pyrifera was
obtained from the Sigma Chemical Co., St. Louis, MO. Acetylated seaweed
alginate, which had been acetylated by carbon immobilized P. syringae ATCC
19304 cells in a fluidized bed, up-flow reactor, and bacterial alginate produced
by P. syringae ATCC 19304 were purified as described previously. Deacetylated
bacterial alginate was made by sodium hydroxide treatment of bacterial alginate
as described previously.

All samples for NMR spectra were deuterated three

times by evaporation under reduced pressure with 0.5 ml of
Chemical Co., St. Louis, MO).

1 H-

and

1 3C-NMR

D2 O (Sigma

spectra of each sample were

obtained on a Bruker WM-400 NMR spectrometer (Bruker Instrument Co.,
Germany) operating in the Fourier transform mode. The volume of sample for
both 1H- and

1 3c-NM R

spectra was 0.5 ml. The concentrations of seaweed

alginates, acetylated seaweed alginate, and deacetylated bacterial alginate were
60 mg/ml. The concentration of bacterial alginate was 40 mg/ml. The operation
temperature was 700c. Each

1 H-NMR

spectra was scanned about 1 h. Each
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1 3 C-NMR
2

spectra was scanned about 32,000 times and the time for a scan was

s.

XIV. Properties of Acetylated Seaweed Alginate
1. Viscosity
Viscosities of seaweed alginates and acetylated seaweed alginates were
determined by the method described by Allison and Mattews (4) using a simple
U-tube capillary viscometer designed for small volume samples. The time taken
for the adjusted concentration of samples to fall a fixed distance under gravity at
a fixed temperature was expressed as a measure of relative viscosity. The
concentration of both seaweed alginate and acetylated seaweed alginate was
400 |ig/ml. The volume of each sample was 2.5 ml. Measurements were
repeated 5 times at each temperature.

2. Precipitation by Metal Ions
The relative precipitation of seaweed alginate and acetylated seaweed
alginate by metal ions were compared. The purified seaweed alginate and
acetylated seaweed alginate were dissolved with distilled water and their
concentration were adjusted to 400 (ig/ml. Metal salts were dissolved with
distilled water to prepare for the solutions with concentrations of 0 to 25 or 100
mM. The metal ions tested were Ca2+, C s1+, Co2+, Fe3+, Fe2+, Au3+, Pb2+,
Mg2+, Hg2+, Rb1+, A g1+, Sr2+, and Ur6+. All metal salts were obtained from
the Sigma Chemical Co., St. Louis, MO, except for uranyl acetate (Eastman
Kodak Co., Rochester, NY). Four volumes of seaweed alginate or acetylated
seaweed alginate solution were mixed with one volume of each metal solution,
respectively. The mixture was incubated 12 h at room temperature and
centrifuged (18,000 x g for 60 min) in a Sorval Superspeed Model RC-5B
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centrifuge. The supernatants were separated and the concentration of alginate in
each supernatant was measured. The amounts of alginate separated as a gel
was calculated by difference and these values were used to determine the
relative precipitation of seaweed alginate or acetylated seaweed alginate by
those metal io n s .

3. Saturation of Alginates by Ferric Ions
The apparatus for continuous concentration of ferric ions consisted of
highly compressed nitrogen gas a pressure source and an Amicon stirred cell
system (Amicon Inc., Beverly, MA) with a YM50 Disc membrane containing 150
ml of

2 ,0 0 0

pg/ml seaweed alginate solution or the same concentration of

acetylated seaweed alginate, connected to a RS4 reservoir (Amicon Inc.,
Beverly, MA). Ferric chloride solution flowed from the reservoir to the stirred cell
under a pressure of 20 psi. Ferric ions bound to seaweed alginate or acetylated
seaweed alginate solution and accumulated in the stirred cell, whereas the
filtrate passed through the disc membrane. The concentration of ferric ions in the
filtrate was measured by a Leeman Labs Model PS 3000 Inductively Coupled
Plasma Emission Spectrophotometer (Leeman Lab., Lowell, MA).

XV. Analytical Methods
1. Cell Mass Determination
Dry cell weight for calculation of specific yield of alginate or that of acetyl
was measured directly. Cells from either culture broth or resting cell systems
were centrifuged for 30 min at 7,000 x g. The pellet was washed once with
distilled water. The supernatant was discarded and the pellet was resuspended
in same volume of distilled water. The cell suspension was poured into a pre
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dried, tared aluminum weighing dish. It was dried in a 100°C oven to constant
weight.

2. Alginate Quantitation
Concentrations of alginates were determined according to the method
described by Blumenkrantz and Asboe-Hansen (14). A standard curve for
alginate was prepared from sodium alginate isolated from Macrocystis pyrifera
(Sigma Chemical Co., St. Louis, MO). Prior to assay, all samples were desalted
by dialysis for 48 h against distilled water at room temperature or by passing
through a Sephadex G-25M column (Pharmacia LKB, Uppsala, Sweden).
Samples were appropriately diluted to give color of less than 0.700 at
absorbance of 520 nm. The protocol is as follows:
1)

To 0.2 ml of sample in a tube, 1.2 ml of 12.5 mM tetraborate in

concentrated sulfuric acid was added.
2)

The tubes were chilled in a ice bath.

3) The mixture was shaken in a Vortex mixer and the tubes heated in a
water bath at 100°C for 5 min.
4) After cooling in a water-ice bath, 20 pi of 0.15% (w/v) meta-hydroxydiphenyl in 0.5% (w/v) sodium hydroxide was added to above mixture.
5) The tubes were shaken and, within 5 min, absorbance at 520 nm was
read by a Gilford Response II spectrophotometer (Gilford Instrument
Lab., Oberlin, Ohio). This value compared to standard curve to obtain the
concentration of alginate.

3. Acetyl Quantitation
The concentration of acetyl was determined by the method described by
McComb and McCready (107). A standard curve for acetyl was prepared with
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glucose pentaacetate (Sigma Chemical Co., St. Louis, MO). Prior to assay, all
samples were desalted by dialysis for 48 h against distilled water at room
temperature or by passing through a Sephadex G-25M column. Samples were
appropriately diluted to give color of less than 1.000 at absorbance of 530 nm.
The protocol is as follows:
1)

One volume of 9.4% (w/v) sodium hydroxide was added to one volume

of 3.75% (w/v) hydroxylamine solution.
2) To

2

ml of above mixture, 0.5 ml of the sample solution was added

with agitation.
3) After 5 minutes or longer, 0.5 ml of acid methanol was added with
agitation thoroughly, and then 1.3 ml of the ferric perchlorate solution was
added.
4) After 5 minutes, the precipitated hydroxamic acid and ferric complex
was removed by microcentrifugation at 9,000 rpm for 3 min in a Soval
Microspin 24s Microcentrifuge (Du Pont Co., Wilmington, DE).
5) Determine the intensity of the color at 520 nm by a Gilford Response II
spectrophotometer.
The reagents for acetyl quantitation were prepared as follows:
(1) Acid Methanol Solution
Chilled reagent grade absolute methanol was added to chilled 35.2 ml of
70% perchloric acid to make 500 ml solution. This solution was used as acidic
methanol solution.
(2 ) Ferric Perchlorate Solution
Ferric chloride(1.93 g) was dissolved in 5 ml of 70% perchloric acid and
evaporated almost to dryness. It was then diluted to 100 ml with water for use as
the stock ferric perchlorate. Then 8.3 ml of 70% perchloric acid was added to 60
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ml of the stock ferric perchlorate solution. This solution was cooled in a ice bath
and made to 500 ml with chilled reagent grade absolute methanol.
(3) Glucose Pentaacetate Standard Solution
Pure crystalline p-D-glucose pentaacetate (108.9 mg) was dissolve by
heating with gentle agitation in about 5 ml of ethyl alcohol, and made to 100 ml
with distilled water. Then

2,

4, 5, and 7 ml of this solution were taken and made

to 50 ml with water. These solutions represent 120, 240, 300, and 420 pg/ml of
acetyl.

RESULTS

I. Physiological Studies
1. Production of Bacterial Alginate
Concentrations of both bacterial alginate and acetyl in the alginate
produced by P. syringae ATCC 19304 varied with the carbon source (Table 4).
P. syringae grew on glucose as well as sucrose only after long lag periods. It did
not grow on fructose. Growth was poor on mannitol. P. syringae grown on
sucrose produced a bacterial alginate but it was not highly acetylated. Of the
carbon sources tested, gluconic acid grown cells, followed by glucose grown
cells, produced the most alginate with the highest degree of acetylation.
However, because of long lag periods on glucose ( > 100 h), gluconic acid was
the carbon source of choice for further experimentation.
P. syringae ATCC 19304 produced 480 ± 24 pg/ml of bacterial alginate
containing about 185 ± 20 pg/ml of acetyl after cultivation for 95 h in modified DF
liquid medium when carbon source was 2% (w/v) gluconic acid. Bacterial
alginate production showed a mixed pattern of metabolite production, where
production of the product began with cell growth but it increased rapidly after
growth stopped (Fig.

6 ).

The amount of acetyl in the bacterial alginate paralleled

cell growth. The specific yield of bacterial alginate reached more than

200

pg/mg

of cells (Fig. 7). The concentration of acetyl produced per cell was constant
(about

100

pg/mg of cells) from beginning of cultivation.

2. P. syringae Mutants
Cell suspensions of P. syringae ATCC 19304 were irradiated with short
wavelength of U. V. light (130 pW/cm2) for times based on a survival curve (Fig.
8 ).

Less than 3 min of exposure was required for 99% kill of P. syringae cells.
51
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Table 4. The effect of carbon source on growth and production of acetylated
bacterial alginate.

Yield (|ig/mg of cells)
Carbon source 3

Cell growth (mg/ml)

Acetylation (%)c
Alginate AcetyP

Glucose

1.53

199.1

80.0

121

Sucrose

1.46

82.9

2.4

9

Glycerol

1 .11

105.3

31.9

91

Gluconic acid

1.03

240.2

60.3

75

Mannitol

0 .1 2

148.5

24.2
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Fructose

0

0

0

0

a. Cultured in modified Dworkin and Foster (DF) liquid medium
supplemented with 2% carbon source. Grown for 120 h at 30°C.
b. Acetyl found in bacterial alginate.
c. The ratio in percent of pmoles acetyl to pmoles uronic acid.

Dry cell weight (mg/ml)
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6.

Production of bacterial alginate by P. syringae ATCC 19304 in flask
shake culture at 30°C in modified DF liquid medium supplemented with
2 % gluconic acid.
a. Acetyl found in bacterial alginate.

54

Alginate (pg/mg of cells)
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Fig. 7. Specific yield of bacterial alginate and acetyl by P. syringae ATCC
19304 in flask shake culture at 30°C in modified DF liquid medium
supplemented with 2 % gluconic acid.
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Fig. 8. Survival curve of P. syringae ATCC 19304 cells irradiated with 130
jiW / cm2 of U. V. light.
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The cultures were then screened on the following solid media; nutrient agar,
nutrient agar supplemented with 2.0% (w/v) gluconic acid, modified DF agar, and
modified DF agar supplemented with 0.1% (w/v) yeast extract. Mutants were
selected that produced little or no alginate. Mutant selection was based on visual
observation of size, height, and amount of mucoid material produced on agar
media. Twenty-three strains were selected for further evaluation.
Mutants were characterized by ability to grow in both solid and liquid
media (Table 5) as well as alginate and acetylation production potential. Growth
of P. syringae ATCC 19304 mutants on media varied with strain and medium.
Mutants DDL01 through DDL07 on different solid media showed growth
characteristics similar to the parental strain. Addition of gluconic acid or yeast
extract to nutrient agar or modified DF agar enhanced their growth on solid
media. Mutants DDL09 through DDL14 grew better in the absence of yeast
extract. Mutants DDL15 and DDL18 through DDL24 did not grow on modified DF
agar. Mutants DDL20 through DDL24 did not grow even when the medium was
supplemented with yeast extract, but they grew on both nutrient agar and
nutrient agar supplemented with 2.0% gluconic acid. Growth, based on visual
observation of size and height of each colony, was better on nutrient agar when
2.0% gluconic acid was present. Growth of P. syringae ATCC 19304 and its
mutants were compared in liquid media (Fig. 9). The same strains showed a
different pattern in liquid media than on solid media. A richer nutrient appeared
to enhance growth in liquid medium, the reverse on solid medium. Growth of
mutants DDL09 through DDL14 on modified DF agar were better in absence of
yeast extract. Mutants DDL15, DDL18, DDL19, DDL22, and DDL25 did not grow
on modified DF agar, and mutants DDL20, DDL21, DDL23, and DDL24, did not
grow on modified DF agar or on modified DF agar supplemented with 0.1%

Table 5. Cell growth of P. syringae strains on different solid media. Symbols:
light growth; ++, growth; +++, good growth; ++++, very good growth
a. Nutrient agar.
b. Nutrient agar supplemented with 2% gluconic acid.
c. Modified Dworkin and Foster (DF) agar.
d. Modified Dworkin and Foster (DF) agar supplemented with 0.1%
yeast extract.

Strain

NBa

NB+GluA*3

DFC

DF+YEd

Parental

++

++++

++

+++

DDL01

+

++++

+

+++

DDL02

+

++++

+

+++

DDL03

+

++++

+

+++

DDL04

+

++++

+

+++

DDL05

+

++++

+

+++

DDL06

+

++++

+

+++

DDL07

+

++++

+

+++

DDL08

+

++

+

+

DDL09

+

++

++

+

DDL10

+

++

++

+

DDL11

+

++

++

+

DDL12

+

++

++

+

DDL13

+

++

++

+

DDL14

+

++

++

+

DDL15

+

++

-

+

DDL18

+

++++

-

+++

DDL19

+

++++

-

+

DDL20

+

++++

-

-

DDL21

+

++++

-

-

DDL22

+

++++

-

+++

DDL23

+

++++

-

-

DDL24

+

++++

-

-

DDL25

+

++++

+++

Strains
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DDL25
DDL24
DDL23
DDL22
DDL21
DDL20
DDL19
DDL18
DDL15
DDL14
DDL13
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DDL11
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Fig. 9. Dry cell weight (DCW) of P. syringae strains in liquid shake culture after
5 days at 30°C in modified DF liquid medium, or modified DF liquid
medium supplemented with 0.1% yeast extract (DFY). The carbon source
was 2 % gluconic acid.
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yeast extract. All grew in modified DF liquid media with or without a supplement
of yeast extract.
Specific yields of bacterial alginate and acetyl in this polymer produced by
these P. syringae strains in modified DF liquid media with yeast extract
supplement (0.1% w/v) were compared to those in modified DF liquid media
without yeast extract supplement. The specific yields of bacterial alginate varied
with strain and nutrient (Fig.

1 0 ).

Some strains, including the parental strain,

produced more bacterial alginate when the medium was supplemented with
yeast extract. One half of other strains produced more bacterial alginate when
they were cultured without yeast extract. Mutant DDL12 gave the highest specific
yield of bacterial alginate when cultured without yeast extract, whereas mutant
DDL14 gave the highest specific yield of bacterial alginate when cultured with
yeast extract. There was no common connection apparent for the effect of yeast
extract on the production of bacterial alginates. Specific yield of acetyl in the
bacterial alginate also were compared (Fig.

1 1 ).

The specific yields of acetyl on

bacterial alginates varied with strain. All strains except for mutant DDL14, gave
higher specific yields of acetyl when cultured in modified DF liquid media without
yeast extract. Apparently in some cases nitrogen limitation, enhanced acetylation
of bacterial alginate.
Alginate and acetyl in alginate produced by the P. syringae strains
cultured in modified DF liquid medium were compared (Fig. 12). A comparison of
both showed that the ratio of acetyl groups to monomeric residues in bacterial
alginates produced by P. syringae ATCC 19304 and its mutants was not
constant. Mutant DDL12 showed the highest production of bacterial alginate, but
its degree of acetylation was low. Mutants DDL08 through DDL11 gave a higher
degree of acetylation, but the specific yield of alginate produced by those strains
was low. The ratio of acetyl groups to mannuronate residues in bacterial
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Fig. 10. Specific yields of alginate produced by P. syringae strains in flask shake
culture after 5 days at 30°C in modified DF liquid medium, or modified
DF liquid medium supplemented with 0.1% yeast extract (DFY).
The carbon source was 2% gluconic acid.
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11.

Specific yields of acetyl produced by P. syringae strains in flask shake
culture after 5 days at 30°C in modified DF liquid medium, or modified
DF liquid medium supplemented with 0.1% yeast extract (DFY).
The carbon source was 2 % gluconic acid.
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Fig. 12. Specific yield of alginate and acetyl produced by P. syringae strains in
flask shake culture after 5 days at 30°C in modified DF liquid medium.
The carbon source was 2% gluconic acid.

64

alginates produced by P. syringae ATCC 19304 and its 23 mutants was
calculated on the basis of their productivity (Table

6 ).

The percentage of

mannuronate in bacterial alginate produced by P. syringae was 85% (6 ). The
ratios varied with the strain, cultivation time, and nutrient. The ratio ranged from
0 to more than

6.

A value of 1, means that an acetyl group exists per

mannuronate residue in bacterial alginate. The high ratios detected in some
mutants evoked the existence of at least di-o-acetylated uronic acids on bacterial
alginate. The presence of diacetylated residues in bacterial alginates has been
reported (141, 147). Values greater than two may be due to presence of other
acetylated polysaccharides in these samples as they were not extensively
purified for this screening process. It appears that a fixed ratio of acetyl to
mannuronate residues does not exist in bacterial alginates produced by the P.
syringae ATCC 19304 strains. Plots of the specific yields of bacterial alginate
versus that of acetyl in bacterial alginate were not linear (Fig. 13, 14). No strain
produced high yields of bacterial alginate that correlated with high degrees of
acetylation. This strengthens the point that bacterial alginate production by P.
syringae ATCC 19304 does not parallel alginate acetylation.

3. Inhibition of Bacterial Alginate Production by Seaweed Alginate.
P. syringae ATCC 19304 did not grow in modified DF liquid medium when
seaweed alginate was the sole carbon source. When P. syringae was cultured in
the presence of seaweed alginate (800 pg/ml) with gluconic acid as the carbon
source, there was no significant increase in alginate concentration, but the
concentration of acetyl groups in alginate increased, dependent on the
concentration of gluconic acid (Fig. 15). It appears that P. syringae neither
hydrolyzes seaweed alginate nor produces significant concentrations of bacterial
alginate when seaweed alginate is present. Because of a similar chemical
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Table

6.

The ratio of acetyl to mannuronate residue (acetyl /mannuronate in
pmoles) in bacterial alginates produced by P. syringae ATCC 19394
and its mutants at 30°C for 3 and 5 days in modified DF liquid medium
and modified DF liquid medium supplemented with 0.1% yeast extract
(DFY). The carbon source was 2% gluconic acid.
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DF medium
Strain

DF medium with 0.1% YE

3 days

5 days

3 days

5 days

Parental

1.63

1.54

0.73

0 .6 8

DDL01

2 .8 8

2.41

1.51

1.45

DDL02

2.83

3.29

1.56

1.36

DDL03

1.64

1.67

1 .8 8

1.34

DDL04

4.33

3.58

2 .2 1

1.29

DDL05

2.06

1.80

2 .0 1

1 .0 2

DDL06

0.27

0.54

0.60

0.55

DDL07

0.47

0.79

1.08

0.59

DDL08

2.47

6.78

1.96

3.39

DDL09

3.65

6.31

2.89

3.81

DDL10

2.14

6.24

2.09

1.89

DDL11

5.81

3.89

1.76

2 .1 2

DDL12

0.40

0 .2 1

0.73

0.28

DDL13

0.38

0.32

0.84

0.24

DDL14

0.33

0.14

0.76

0.25

DDL15

0.29

0.29

0.26

0 .2 0

DDL18

2.48

0.15

2 .2 1

0.85

DDL19

2.79

0.54

2.73

0 .6 6

DDL20

2.65

2.47

0.80

1 .0 0

DDL21

2.18

1.81

0.64

0.80

DDL22

2.52

2.25

0

0.74

DDL23

3.31

2.69

1.96

0.96

DDL24

2.89

2.19

0.76

1.04

DDL25

2.98

1.62

2 .0 1

0.98
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Fig. 13. Specific yield of alginate versus specific yield of acetyl produced by P.
syringae strains in flask shake culture after 3 days at 30°C in modified
DF liquid medium, or modified DF liquid medium supplemented with
0.1% yeast extract (DFY). The carbon source was 2% gluconic acid.
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Fig. 14. Specific yield of alginate versus specific yield of acetyl produced by P.
syringae strains in flask shake culture after 5 days at 30°C in modified
DF liquid medium, or modified DF liquid medium supplemented with
0.1% yeast extract (DFY). The carbon source was 2% gluconic acid.
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Fig. 15. Effect of gluconic acid on acetylation and polymer production in the
presence of seaweed alginate. P. syringae ATCC 19304 was cultured
at 30°C in modified DF liquid medium supplemented with various
concentration of gluconic acid and 800 pg/ml of seaweed alginate.
Samples were taken at day 5 of growth.
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composition to bacterial alginate, seaweed alginate may act as a feedback
inhibitor of bacterial alginate biosynthesis. Mannuronate residues of seaweed
alginate from Macrocystis pyrifera is 61% (25) and that of bacterial alginate
produced by P. syringae ATCC 19304 is 80% (6 ).

II. Acetylation of Seaweed Alginate
1. Acetylation of Seaweed Alginate by Resting Cells
To develop a continuous process for the acetylation of seaweed alginate,
resting (non-proliferating) cells of P. syringae ATCC 19304 were used to
investigate factors that can affect the acetylation of seaweed alginate. The
optimum conditions obtained from a resting cell system were used to operate a
continuous process for the acetylation of seaweed alginate.
Aeration was required for the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 (Fig. 16). For a fixed amount of cells the degree
of acetylation in seaweed alginate increased as an aeration rate increased. A
plateau for acetylation was formed at an aeration rate of 0.13 SLPM. Further
optimization was done in aerated systems using an aeration rate of 0.15 SLPM
and a cell concentration of

10

mg/ml of wet weight cells.

The typical time course of the acetylation of seaweed alginate by resting
cells showed that the rate of acetylation was linear for about

12

h after start of

the reaction (Fig. 17). Acetylation of seaweed alginate ceased after 12 h under
these experimental conditions. All further optimization experiments were stopped
after

10

h.

The optimum temperature for the acetylation of seaweed alginate by
resting cells of P. syringae ATCC 19304 was 25°C (Fig. 18). The specific yield of
acetyl increased with temperature to a maximum at 25°C, and then the specific
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Fig. 16. The effect of aeration on the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 at 25°C. Each reaction mixture
contained 1.5 g/l of seaweed alginate, 10mg/ml of P. syringae cells, and
1.0% gluconic acid in 0.01 M phosphate buffer (pH 6 .8 ). Acetylation was
determined after 1 0 h.
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Fig. 17. Time course for the acetylation of seaweed alginate by resting cells of
P. syringae ATCC 19304 at 25°C with 1 .5 g/l of seaweed alginate and
1.0% gluconic acid in 0.01 M phosphate buffer (pH 6 .8 ). The aeration
rate was 0.15 SLPM and the cell concentration was 10 mg/ml.
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Fig. 18. Effect of temperature on the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 at different temperatures with 1.5 g/l of
seaweed alginate and 1.0% gluconic acid in 0.01 M phosphate buffer
(pH 6 .8 ) for 10 h. The aeration rate was 0.15 SLPM and the cell
concentration was 1 0 mg/ml.
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yield of acetyl rapidly decreased. Acetylation of seaweed alginate appeared to
stop above 45 °C.
The optimum pH for the acetylation of seaweed alginate was 6.0 (Fig. 19).
As the pH rose above 6.0, the level of acetylation rapidly decreased. Above pH
7.6 seaweed alginate was not acetylated by resting cells.
The exogenous substrates for acetylation were gluconic acid and
seaweed alginate. The specific yield of acetyl increased non-linearly as the
concentration of gluconic acid increased (Fig. 20). It reached a plateau where
the concentration of gluconic acid was about 1.5 % for 10 h reaction. There
seemed to be no increase in specific yield of acetyl with increased gluconic acid
beyond this value. The specific yield of acetyl increased as the concentration of
seaweed alginate increased (Fig. 21). Acetylation reached its maximum at a
concentration of seaweed alginate of

2 ,0 0 0

pg/ml for

10

h reaction.

The role of cell concentration in resting cell system on the acetylation of
seaweed alginate was also investigated (Fig. 22). Specific acetylation increased
as the concentration of cells increased. It reached a maximum yield of acetyl at
10 mg/ml of wet weight cells under the defined reaction conditions. There was no
further increase in acetyl under these condition, where the concentrations of
gluconic acid and seaweed alginate were 1.0% and 1.5 g/ml, respectively at pH
6 .8 .

Other parameters probably became limiting at this point.
The effect of culture age on cell ability to acetylate seaweed alginate was

also investigated (Fig. 23). The most active cultures for the acetylation of
seaweed alginate were found to be mid-log phase cultures. The same amount of
mid-log phase cells produced more acetyl than any other age culture. Generally
speaking, younger cells did better than older cells in acetylating seaweed
alginate.

75

J2
Q

60-

o

Ho

O)
.E
O)
ai
(D
o

<

40 3[-

20-

5.2

5.6

6.0

6.4

6.8

7.2

pH

Fig. 19. Effect of pH on the acetylation of seaweed alginate by resting cells of
P. syringae ATCC 19304 at 25°C with 1 .5 g/l of seaweed alginate and
1.0% gluconic acid in 0.01 M phosphate buffer for 10 h. The pH of buffer
was 5.2, 5.6, 6.0, 6.4, 7.2, and 7.6. The aeration rate was 0.15 SLPM
and the cell concentration was 1 0 mg/ml.
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Fig. 20. Effect of gluconic acid on the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 at 25°C with 1.5 g/l of seaweed
alginate and various concentration of gluconic acid in 0.01 M phosphate
buffer (pH 6 .8 ) for 10 h. The aeration rate was 0.15 SLPM and the cell
concentration was 1 0 mg/ml.
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Fig. 21. Effect of seaweed alginate on the acetylation of seaweed alginate by
resting cells of P. syringae ATCC 19304 at 25°C with 1 .0% gluconic
acid in 0.01 M phosphate buffer (pH 6 .8 ) for 10 h. The concentration of
seaweed alginate was 0, 500, 1,000, 2,000, and 3,000 pg/ml. The
aeration rate was 0.15 SLPM and the cell concentration was 10 mg/ml.
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Fig. 22. Effect of cell density on the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 at 25°C with 1.5 g/l of seaweed
alginate and 1.0% gluconic acid in 0.01 M phosphate buffer (pH 6 .8 ) for
10 h. The cell density was 0, 5,10, 20, 30, and 50 mg/ml. The aeration
rate was 0.15 SLPM.

79

Stationary Phase

E3 Acetylation (10 hr)
■ Acetylation (5 hr)

Eaely stationary Phase
Late log Phase
Mid-log Phase
Early log Phase

Acetyl (pg/mg of cells)

Fig, 23. Effect of culture age on the acetylation of seaweed alginate by resting
cells of P. syringae ATCC 19304 . Cells were harvested at different
phases of growth and incubated at 25°C with 1 .5 g/l of seaweed
alginate and 1.0% gluconic acid in 0.01 M phosphate buffer (pH 6 .8 ) for
5 and 10 h. The aeration rate was 0.15 SLPM and the cell concentration
was 1 0 mg/ml.
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2. Continuous Acetylation of Seaweed Alginate by Carbon Immobilized Cells
Carbon, when used as a immobilizing material, provides a surface for
growth of bacteria as well as removal of inhibitory compounds (26). P. syringae
ATCC 19304 cells attached and grew well on the surface of activated carbon
(Fig. 24a, b). The charge-charge interactions between P. syringae cells and the
surface of carbon was strong enough for the long term operation of an aerated
reactor. After 5 days of continuous operation at a feed rate of 0.02 h-1, with a
feed stock consisted of 1.0% gluconic acid and 1.5 g/l of seaweed alginate in
0.01 M phosphate buffer (pH 6.0), the surface of carbon contained approximately
2.83 ± 0.28 x 107 cells /cm 2 (mean ± standard deviation) (Fig. 24b). This was an
increase of about 5 fold from the starting cell number.
Seaweed alginate was continuously acetylated using carbon immobilized
P. syringae ATCC 19304 cells. Rate of acetylation of seaweed alginate was at its
highest 3 days post start-up (Fig. 25). The rate of acetylation then decreased
linearly. Acetylation of seaweed alginate continued more than 15 days at a fixed
flow rate. The degree of acetylation ranged between 0 and 100%. The average
degree of acetylation of seaweed alginate was about 30%. It means that the ratio
of acetyl groups to monomeric residue in seaweed alginate was 0.3. The T-j/2 of
this system was 6.5 days at a dilution rate of 0.02 h‘ 1. A constant degree of
acetylation could be maintained by varying the feed rate. Improvements in
reactor design can be expected to extend the T ^ /2 for this system.

III. Characterization of Acetylated Seaweed Alginate
1.

Precipitation of Acetylated Seaweed Alginate
Alcohols were used to precipitate both seaweed alginate and acetylated

seaweed alginate and then their recoveries were compared (Table 7). All the
alcohols tested; methanol, ethanol, n-propanol, and iso-propanol, were good

Fig. 24. Scanning electron micrographs of carbon immobilized P. syringae
ATCC 19304 cells (a) just after immobilization and after 5 days
continuous operation as a catalyst in a fluidized bed reactor (b).
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Fig. 25. Continuous acetylation of seaweed alginate by carbon immobilized P.
syringae ATCC 19304 cells in a fluidized bed, up-flow reactor. The feed
contained 1.5 g/l of seaweed alginate and 1.0% gluconic acid in 0.01
M phosphate buffer (pH 6.0). The feed rate was 0.02 h"1. The operation
temperature was 25°C and the aeration rate was 0.4 SLPM.

83

Table 7. The effect of alcohols on the precipitation of seaweed alginate and
acetylated seaweed alginate.
Recovery (%)
Alcoholic compounds 3
Seaweed alginate Acetylated seaweed alginate

C o n tro l

0

0

Methanol

98

97

100

100

n-Propanol

100

100

iso-Propanol

100

100

Ethanol

a. Final concentration of alcoholic compounds was 50% (v/v).
b. Same amount of distilled water was used as control.
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precipitants of both seaweed alginate and acetylated seaweed alginate. In order
to investigate whether acetylation affects alcohol precipitation, equal amounts of
acetylated and normal seaweed

alginate were precipitated with

various

concentration of iso-propanol. No difference was found in product recovery due
to acetylation (Fig. 26).

2. Position of O-Acetylation
To confirm the acetylation of seaweed alginate by carbon immobilized P.
syringae ATCC 19304 cells as well as to characterize the position of acetylation
on the polymer, NMR studies of seaweed alginate, seaweed alginate acetylated
by carbon immobilized P. syringae ATCC 19304 cells, bacterial alginate
produced by P. syringae ATCC 19304, and deacetylated bacterial alginate were
conducted. Acetylation of seaweed alginate produced a new, distinct signal
between 2.0 and 2.5 PPM in the

1 H-NMR

spectrum (Fig. 27b). This signal was

not found in the 1H-NMR spectrum of seaweed alginate (Fig. 27a). The location
of this signal is characteristic of methyl groups in an acetylated region. The partly
overlapping peaks of acetyl protons suggest the presence of either di-acetylated
units and/or two mono-acetylated units (147). Bacterial alginate produced by P.
syringae ATCC 19304 also showed a distinct signal between 2.0 and 2.5 PPM in
the

1 H-NMR

spectrum, like that of acetylated seaweed alginate (Fig. 27c). This

signal disappeared in the

1 H-NMR

spectrum of deacetylated bacterial alginate

(Fig. 27d). These confirmed that the new signal between 2.0 and 2.5 PPM in the
1H-NMR spectrum of acetylated seaweed alginate came from the acetylation of
seaweed alginate. It is apparent that seaweed alginate was acetylated by P.
syringae ATCC 19304 cells. The signals between 3.5 and 5.5 PPM in 1 H-NMR
spectrum of seaweed alginate were similar to those of acetylated seaweed
alginate,

but they were

different from

those

of bacterial

alginate

and
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Fig. 26. The effect of iso-propanol on the precipitation of seaweed alginate
and acetylated seaweed alginate. Each number indicates the final
concentration of iso-propanol (%. v/v).
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Fig. 27. The 400-MHz-1H-NMR spectra of alginates.
(a) a solution (60 mg/ml) of seaweed alginate (Macrocystis pyrifera),
(b) a solution (40 mg/ml) of seaweed alginate acetylated by carbon
immobilized P. syringae ATCC 19304,
(c) a solution (40 mg/ml) of bacterial alginate isolated from
P. syringae ATCC 19304, and
(d) a solution (40 mg/ml) of deacetylated bacterial alginate in D2 O
(pD 7.0) at 70 °C.
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deacetylated bacterial alginate. The signals between 3.5 and 5.5 PPM in

1 H-

NMR spectra of bacterial alginate were similar to those of deacetylated bacterial
alginate. This may be due to different M/G ratios in the two alginates. The
NMR spectra of four alginates confirmed that seaweed alginate was continuously
acetylated by carbon immobilized P. syringae ATCC 19304 cells in a fluidized
bed, up-flow reactor.
The two longer signals between 72 and 75 PPM in the

1 3 C-NMR

spectrum of seaweed alginate (Fig. 28a) were from the C-2 and C-3 of the
mannuronate residues (6 6 ). Individual signals for the C-2 and C-3 of the
mannuronate residues could not be distinguished. The I^C-NM R spectrum of
acetylated seaweed alginate showed an enhanced signal between 72 and 75
PPM compared to seaweed alginate as well as a change in the relative size of
two signals from the C-2 and C-3 of the mannuronate residues (Fig. 28b). There
were no other differences observed between the 13 C-NMR spectra of seaweed
alginate and acetylated seaweed alginate. It can be concluded from the

1 3 C-

NMR spectra that the position(s) of acetylation in seaweed alginate was C-2
and/or C-3 of the mannuronate residues.

3. Viscosity of Acetylated Seaweed Alginate
The viscosity of a solution normally depends on the molecular weight,
rigidity of solute, and environmental factors, especially temperature. The relative
viscosity of acetylated seaweed alginate was measured and compared to that of
seaweed alginate (Fig. 29). The viscosity of acetylated seaweed alginate was
greater than that of seaweed alginate at the same concentration (400 pg/ml)
over wide range of temperatures. The difference in relative viscosities of
seaweed alginate and acetylated seaweed alginate, expressed in time was

20

to
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Fig. 28. The 400-MHz-13C-NMR spectra of alginates.
(a) a solution (60 mg/ml) of seaweed alginate (Macrocystis pyrifera) and
(b) a solution (40 mg/ml) of seaweed alginate acetylated by carbon
immobilized P. syringae ATCC 19304 in D2 O (pD 7.0) at 70 °C.
The G and M stand for guluronate and mannuronate in seaweed
alginate, respectively. Each number indicates the site of carbon in
guluronate and mannuronate residues.
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(b) Acetylated seaweed alginate
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Fig. 29. Relative viscosity of seaweed alginate and acetylated seaweed alginate
in a Ostwald capillary viscometer. Concentration of alginate solution was
400 |ig/ml. Time expressed in second indicates the time to reach to the
bottom from the top of a capillary viscometer.
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25 sec at constant concentration of alginate (400 pg/ml) over a temperature
range from 1 0 - 2 5 °C.

4. Relative Precipitation of Acetylated seaweed Alginate by Cations
The relative precipitation, measured as gelation, of acetylated seaweed
alginate by a series of divalent cations was measured and compared to that of
seaweed alginate. The concentration of each seaweed alginate and acetylated
seaweed alginate solution was 400 pg/ml. Thirteen metal ions were screened
and classified into four groups, depending on their ability to precipitate seaweed
alginate or acetylated seaweed alginate:

1)

those cations having a relatively high

precipitating ability of both seaweed alginate and acetylated seaweed alginate;
Ur6+, Pb2+, Ca2+, Fe2+, Co2+, and Sr2+, 2) those cations having a relatively
high precipitating ability of seaweed alginate but not acetylated seaweed
alginate; Fe2+ and Au2+, 3) those cations having a relatively low precipitating
ability of seaweed alginate and high precipitating ability of acetylated seaweed
alginate; Ag1+, and 4) those cations having a relatively low precipitating ability of
both seaweed alginate and acetylated seaweed alginate; C s1+, Hg2+, Mg2+,
and Rb1+.
Small amount of uranium ions rapidly precipitated both seaweed alginate
and acetylated seaweed alginate (Fig. 30). More than 90% of these alginates
precipitated with 2 mM of uranium chloride. All (100%) of alginate precipitated
with 5 mM of uranium chloride. There was no significant difference between
seaweed alginate and acetylated seaweed alginate in precipitation by uranium
ions.
The ability of lead ions to precipitate seaweed alginate and acetylated
seaweed alginate both was also high (Fig. 31). Almost 100% of seaweed
alginate and acetylated seaweed alginate precipitated with 10 mM of lead
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Fig. 30. Precipitation of seaweed alginate and acetylated seaweed alginate
by Ur6+ ions. Relative precipitation is expressed as the % alginate
precipitated by Ur6+ ions.
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Fig. 31. Precipitation of seaweed alginate and acetylated seaweed alginate
by Pb2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Pb2+ ions.
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chloride. On the basis of the amount of alginate precipitated by equivalent
concentration of lead, the relative precipitation of seaweed alginate by lead was
slightly higher than that of acetylated seaweed alginate.
A high affinity of calcium ions for polyguluronate residues is the basis for
the current gelling theory of seaweed alginates, "Egg-Box" theory. As might be
expected, the ability of calcium ions to precipitate seaweed alginate was high,
but unexpectedly its ability to precipitate acetylated seaweed alginate was
significantly less (Fig. 32). The amount of acetylated seaweed alginate
precipitated

by calcium

ions increased as the concentration

of calcium

increased, but less than 95% of this polymer precipitated with 50 mM of calcium
ions whereas more than 95% of the seaweed alginate precipitated with less than
5 mM of calcium ions. It was apparent that acetylation decreased the ability of
calcium to precipitate the resulting polymer.
The ability of ferric ions to precipitate both seaweed alginate and
acetylated seaweed alginate was high (Fig. 33). Unlike the effect of acetylation
on the calcium ion precipitation, acetylation of seaweed alginate increased the
ferric ion precipitation of resulting polymer.
Conversely acetylation decreased the ability of cobalt ions to precipitate
alginate (Fig. 34). More than 80% of seaweed alginate precipitated with 20 mM
of cobalt chloride, but only 40% of acetylated seaweed alginate precipitated with
same concentration of cobalt chloride. No more than 50% of acetylated seaweed
alginate would precipitated with cobalt, even though the concentration was 50
mM.
As might be expected by its similarity to calcium, strontium was an
effective precipitate of both seaweed alginate and acetylated seaweed alginate
by ions was high (Fig. 35). As with calcium, strontium had a greater ability to
precipitate seaweed alginate than acetylated seaweed alginate. All the seaweed
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Fig. 32. Precipitation of seaweed alginate and acetylated seaweed alginate
by Ca2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Ca2+ ions.
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Fig. 33. Precipitation of seaweed alginate and acetylated seaweed alginate
by Fe3+ ions. Relative precipitation is expressed as the % alginate
precipitated by Fe3+ ions.

Alginate precipitated (%)

100

80 -

60 -

20

Alginate

-

Acetylated alginate
0

10

20

30

40

50

Cobalt chloride (mM)

Fig. 34. Precipitation of seaweed alginate and acetylated seaweed alginate
by Co2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Co2+ ions.
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Fig. 35. Precipitation of seaweed alginate and acetylated seaweed alginate
by Sr2+ jons. Relative precipitation is expressed as the % alginate
precipitated by Sr2+ ions.
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alginate in solution precipitated with 25 mM of strontium chloride, whereas it
required 50 mM of strontium chloride to precipitate all the acetylated seaweed
alginate. The ability of uranium, lead, calcium, ferric, cobalt, and strontium ions
to precipitate both seaweed alginate and acetylated seaweed alginate was
relatively high, even though there was a little difference in precipitation of the two
forms.
Ferrous

ions precipitated seaweed alginate

better than

acetylated

seaweed alginate (Fig. 36). Almost all seaweed alginate in 400 pg/ml of solution
was precipitated with 25 mM of ferrous sulfate. The amount of acetylated
seaweed alginate precipitated by ferrous ions increased as the concentration of
ferrous ions increased, but no more than 40% of acetylated alginate in solution
precipitated with 25 mM of ferrous sulfate. Gold also precipitated seaweed
alginate than acetylated seaweed alginate (Fig. 37). The concentration of
acetylated seaweed alginate precipitated by gold ions increased as the
concentration of gold ions increased, but no more than 30% of acetylated
seaweed alginate in solution was precipitated with 50 mM of gold chloride. It
appears that acetylation of alginate decreases the precipitation of resulting
polymer by ferrous and gold ions.
Silver was not a good precipitant of alginate, however, more acetylated
seaweed alginate precipitated at equivalent ion concentration than did seaweed
alginate. No more than 10% of seaweed alginate was precipitated with 25 mM of
silver sulfate (Fig. 38). At the same concentration of silver, more than 60% of
acetylated seaweed alginate precipitated. Unlike the effect of acetylation on the
precipitation by uranium, lead, strontium, cobalt, ferrous, gold, and calcium ions,
acetylation increased the precipitation of resulting polymer by silver.
Seaweed alginate and acetylated seaweed alginate did not precipitate
well with cesium, mercury, magnesium, or rubidium ions (Fig. 39, 40, 41, and
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Fig. 36. Precipitation of seaweed alginate and acetylated seaweed alginate
by Fe2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Fe2+ ions.
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Fig. 37. Precipitation of seaweed alginate and acetylated seaweed alginate
by A u3+ ions. Relative precipitation is expressed as the % alginate
precipitated by Au3+ ions.
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Fig. 38. Precipitation of seaweed alginate and acetylated seaweed alginate
by Ag1+ ions. Relative precipitation is expressed as the % alginate
precipitated by Ag1+ ions.
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Fig. 39. Precipitation of seaweed alginate and acetylated seaweed alginate
by Cs2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Cs2+ ions.
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Fig. 40. Precipitation of seaweed alginate and acetylated seaweed alginate
by Hg2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Hg2+ ions.
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Fig. 41. Precipitation of seaweed alginate and acetylated seaweed alginate
by Mg2+ ions. Relative precipitation is expressed as the % alginate
precipitated by Mg2+ ions.
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42). The amount of both seaweed alginate and acetylated seaweed alginate
precipitated did not increase significantly, even though the concentration of metal
ions was between 50 mM and 100 mM.
The relative ability of 13 metal ions to precipitate seaweed alginate and
acetylated seaweed alginate were obtained in this investigation. They were
compared by P-j/ 2 values, which is defined as the concentration of metal ions in
mM required to precipitate 50% of the poymer from a 400 |ig/ml of alginate
solution (Table

8 ).

The relative order of precipitations of seaweed alginate and

acetylated seaweed alginate by these ions are as follows:

Seaweed alginate: Ur6+ > Pb2+ > Ca2+ > Fe3+ > Fe2+ > Co2+ > Sr2+= Au3+ >
Ag1+> Cs1+> Hg2+> Mg2+= Rb 1 +

Acetylated seaweed alginate: Ur®+> Fe3+> Pb2+ > Ca2+ > Sr2+> A g1+> Co2+>
Fe2+ >Au3+ > Cs1+> Hg2+> Mg2+= Rb 1 +

5. Saturation of Acetylated Seaweed Alginate by Ferric Ions
A total 2,700 ml of 1 mM ferric chloride solution was passed from a
reservoir through an Amicon stirred cell system containing 150 ml of alginate
solution (2 ,0 0 0 pg/ml) and the concentrations of ferric ion in the filtrate were
measured. The amount of ferric ions concentrated versus ferric ions discharged
was plotted (Fig. 43). About 134.0 mg of the 150.8 mg of ferric ions bound to 300
mg of seaweed alginate. About 136.8 mg of the 150.8 mg of ferric ions bound to
300 mg of acetylated seaweed alginate. This confirmed the difference in affinities
between the two polymers. It also point out a practical application of acetylated
seaweed alginate to remove some toxic metals for water purification. The
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Table

8 . The

precipitation of seaweed alginate and acetylated seaweed
alginate by metal ions expressed as a P-]/2 a-

Ions

Seaweed alginate

Acetylated seaweed alginate

Ur6 +

0 .6

0 .8

Pb2+

1.5

5.0

Ca2+

2 .0

15.0

Fe2+

6.5

2 .0

Co2+

9.5

50.0

Sr2+

1 0 .0

19.0

Fe2+

7.5

25 <

A u2+

1 0 .0

50 <

Ag1+

25 <

2 2 .0

C s1+

50 <

50 <

Hg2+

50 <

50 <

Mg2+

100

<

100

<

Rb 1 +

100

<

100

<

a. The concentration of ions in mM to precipitate 50% (w/v) alginate
from 400 pg/ml of alginate solution.
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Fig. 42. Precipitation of seaweed alginate and acetylated seaweed alginate
by Rb"*+ ions. Relative precipitation is expressed as the % alginate
precipitated by Rb1+ ions.
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Fig. 43. The concentration of ferric ions by seaweed alginate or acetylated
seawed alginate.
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amount of ferric ions to be removed was dependent on the amount of acetylated
seaweed alginte alginate.

DISCUSSION

Fermentation processes can be classified according to the dependence of
product formation on energy metabolism. Primary metabolites are those which
are essential for life and reproduction of cells. Growth, carbohydrate metabolism,
and production of primary metabolites run almost in parallel. Secondary
metabolites which are produced by a few microorganisms, more commonly fungi
and higher plants, are seemingly not essential for growth and reproduction, but
are normally involved in differentiation and maturation. The production of
secondary metabolites is extremely dependent on environmental conditions.
Production of secondary metabolites usually begins after cell growth stops.
Alginate produced by P. syringae is a metabolite with a mixed production pattern
(33). Alginate production followed cell growth, but then the rate of production
increased rapidly after growth stopped. Alginate production has been inversely
linked to growth rate in P. aeruginosa due to competition between carbon and
energy requirements for growth or alginate biosynthesis (92). Slow growing cells
of P. aeruginosa produce more acetylated alginate (93). The acetyl content of
alginates produced by P. aeruginosa

appears to be related to the maximal

specific growth rate (92). Unlike in P. aeruginosa, acetylation of the alginate in P.
syringae did not parallel alginate production, rather it paralleled cell growth. The
degree of acetylation may reflect acetyl CoA availability. Physiological studies on
P. syringae ATCC 19304 and its mutants showed that there was neither a fixed
degree of acetylation nor a constant ratio of acetyl to uronate residues in this
bacterial polymer. Depending on the strain, nutrient, and culture time different
strains showed different productivities of alginate with different degree of
acetylation of their polymer. This is indirect evidence that, in this strain, the
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enzyme(s) or enzyme system(s) involved in acetylation of this polymer are
separate from those involved in bacterial alginate biosynthesis.
Alginate acetylation in P. aeruginosa has been reported to be only
indirectly linked to alginate production (33). Recently, an alginate modification
gene, algF, coding for a 28 kDa polypeptide which controls the addition of acetyl
groups to alginate in P. aeruginosa, was sequenced (143). The algF strain
produced non-acetylated bacterial alginate, but algF mutation had no effect on
the amount of alginate synthesized. The algF gene product was not essential for
alginate synthesis, but was required for acetylation of the alginate (53). The
composition of bacterial alginate (mannuronate/guluronate ratios and degree of
O-acetylation) changes according to the carbon source in nutrient media (105).
Studies of nutritional and physical influences on the chemical composition of
exopolysaccharide from mucoid and non-mucoid P. aeruginosa (33) showed that
separate systems exist for alginate biosynthesis and acetylation of bacterial
alginate.
The amount of bacterial alginate, as well as the degree of acetylation of
the polymer produced by P. syringae ATCC 19304 varied with carbon source.
Gluconic acid was chosen as the desired carbon source for acetylation of
seaweed alginate because cells grown on it produced highly acetylated bacterial
alginate in a short time. Glucose grown cells also produced high concentrations
of bacterial alginate with high degrees of acetylation, but growth of P. syringae
on glucose or sucrose required long lag periods (more than 100 h). It has been
established that a primary route of glucose catabolism in Pseudomonads is via
the Entner-Doudoroff pathway, producing pyruvate and glyceraldehyde 3phosphate (62). Glucose can be phosphorylated to glucose- 6 -phosphate by a
hexokinase and then converted to

6 -phosphogluconate

by a glucose-6 -

phosphate dehydrogenase (165), or it is converted to gluconate by a glucose
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dehydrogenase and then phosphorylated to

6 -phosphogluconate.

Either way,

glucose requires two enzymes to enter the Entner-Doudoroff pathway as

6-

phosphogluconate. Pseudomonads, i.e., P. aeruginosa, P. fluorescens, and P.
putida, generally convert glucose to gluconate by a glucose dehydrogenase prior
to metabolism (62). The long period required for glucose utilization can be
explained by requirement for induction of two enzymes versus gluconate where
only a single enzyme is required. However, it has been brought to my attention
that induction of a seed culture with glucose and propagation with glucose would
solve this problem, glucose being a much less expensive substrate.
The C - 6 of gluconate (glucose) incorporates into bacterial alginate (17).
Carbon atoms 1, 2, and 3 of gluconate become carbon dioxide and acetyl CoA
via pyruvate, whilst carbon atoms 4, 5, and

6

go to glyceraldehyde 3-phosphate.

Glyceraldehyde 3-phosphate can condense with dihydroxyacetone phosphate to
produce fructose

6 -phosphate

(11, 100). Fructose-6 -phosphate is the starting

material for biosynthesis of bacterial alginate in P. aeruginosa (124, 130). In
Pseudomonads, gluconic acid can be continuously oxidized to acetyl CoA as
well as being a source of fructose

6 -phosphate

(11, 100). Production of acetyl

CoA in living cells requires active metabolism. Acetyl CoA is reported to be the
source

of O-acetyl groups

on the

mannosyl

residues

of xanthan,

the

polysaccharide from Xanthomonas campestris (84). Acetyl CoA is also the
probable source of acetyl in bacterial alginates (155). The high degree of
acetylation of alginates produced by gluconate grown cells in conjunction with an
aeration requirement for acetylation of seaweed alginate, supported the concept
that acetyl CoA is the putative acetyl source for acetylation of alginate.
The mechanism

of alginate acetylation

in bacteria has not been

investigated. The acetylation of bacterial exopolysaccharides is proposed to
occur intracellularly (156). The fact that seaweed alginate is acetylated by P.
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syringae ATCC 19304 cells, and the putative acetyl source is acetyl CoA, lead to
the prospect that a transacetylase may exist in the outer membrane, where
acetyl can be supplied from an acetyl carrier existing in the periplasm ic space.
The acetyl carrier needs to be continuously activated by the acetyl donor from
inside of cells. O-Acetylation in peptidoglycan of both Gram-positive and Gramnegative bacteria including some important pathogenic bacteria occurs at the C6

hydroxyl group of N-acetylmuramyl residues producing the corresponding 2,

6-

diacetylmuramyl derivative (41, 145). O-Acetylated peptidoglycan is resistant to
the hydrolytic activity of many lysozymes. O-Acetylation has been reported to
occur by N to O-acetyl transfer within the peptidoglycan sacculus and outside the
cytoplasm. The enzyme involved in the transacetylation is thought to be similar
to the N-arylhydroxamic acid N, O-acetyltransferase (AHAT) (EC 2. 3. 1. 56) that
is present in a variety of mammalian tissue or the polymorphic arylamine Nacetyltransferase (NAT) (EC 2. 3. 1. 5) (41). NAT is an acetyl CoA dependent
activity that is responsible for the acetylation of numerous arylamine drugs and
other foreign compounds (151). This type of enzyme could also be involved in
the acetylation of alginate in conjunction with a transacetylase and an acetyl
carrier.
Separation

of

alginate

acetylation,

in

P.

syringae,

from

alginate

biosynthesis, allowed the use of these cells for acetylation of similar substrates,
i.e., seaweed alginates. Although the composition of bacterial alginate produced
by this strain is 85% mannuronate and 15% guluronate (6 ) and the proportion of
total mannuronate residues in seaweed alginate from Macrocystis pyrifera is
60% (167), the building blocks of these two polymers are the same. When
seaweed alginate was added at beginning of cultivation of P. syringae, it
appeared to act as a feed-back inhibitor on bacterial alginate biosynthesis. The
similar compositions of seaweed alginate and bacterial alginate are probably the
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best explanation of this, although it is possible that localized changes in viscosity
or osmotic pressure could shut down alginate biosynthesis as it is known to be
under a global control mechanism.
In this study P. syringae cells were treated as an enzyme system and
some of the factors which can affect the acetylation of seaweed alginate, i.e.,
aeration, reaction time, temperature, pH, concentration of cells, culture age, and
the concentration of substrates were characterized. Optimum conditions for
acetylation by resting cells were applied to a reactor for continuously acetylating
seaweed alginate. For acetylated alginate to have a market, a process for mass
production must be developed. Chemically acetylated seaweed alginate is not
commonly prepared because of the toxicity and complexity and the high cost of
this process. Acetic anhydride or acetic acid, with or without catalysts such as
perchloric acid, has been used for chemical acetylation of seaweed alginate
(137, 148, 164). Severe degradation occurs during the acetylation process is
(18). In order to keep the alginate in an activated form, 10 - 20% of water had to
be

retained

(136).

The

continuous

acetylation

of seaweed

alginate

by

immobilized P. syringae ATCC 19304 cells was developed to bypass many of
these problems. This procedure does not require organic solvents, toxic
compounds or catalysts, rather it uses gluconic acid, which is converted to an
acetyl source for acetylation of the seaweed alginate. The degree of acetylation
appeared to be controllable by changing exposure time of the substrate to the
catalyst (cells). The position of O-acetylation by this method was confirmed to be
C-2 and/or C-3 of the mannuronate residues, unlike chemically acetylated
alginates where acetylation was random on both mannuronate and guluronate
residues (149).
This is the first report of acetylation of seaweed alginate by a microbial
method. Compared to natural seaweed alginates, acetylated seaweed alginate

121

showed altered properties, including changes in viscosity, affinity for cations, and
its gel structure. Bacterial alginates are acetylated exclusively on the mannuronic
acid residues (30). Most of the D-mannuronic acid residues are mono-Oacetylated but some of them are 2,3-di-O-acetylated (142, 147). Seaweed
alginate acetylated at C-2 and/or C-3 of only mannuronate residues was similar
to bacterial alginates in the location of the acetyl, but of course the M/G ratios of
the two polymers were different.
The viscosity of the acetylated polymer was higher than seaweed alginate
at equivalent concentrations. The degree of acetylation of seaweed alginate was
30%. This produced a 9.4% increase in molecular weight and an 18% increase
in viscosity. Acetylation of seaweed alginate has been reported to increase the
viscosity of the resulting polymers (149). The observed viscosity increase may
be due to increase in total molecular weight of the seaweed alginate or altered
conformations of the polymer in aqueous solution. Because the acetylated
polymer showed a

2

x increase in viscosity over molecular weight, it is possible

that both factors are operative.
Acetylation of seaweed alginate also altered the affinity of the polymer for
some cations, including calcium. Except for ferric and silver ions, acetylation of
alginate decreased the affinity of resulting polymer for cations, specially calcium
ions. A common rule for determining the affinity of these acetylated polymers for
any given cation was not obvious. Because of its higher viscosity and lower
affinity for calcium ions, acetylated seaweed alginate may substitute for seaweed
alginate as an emulsifier, a stabilizer, and a gelling agent in many industrial
applications. The lower affinity of acetylated seaweed alginate for calcium ions
confers a more soluble state on the polymer in aqueous solution, so acetylated
seaweed alginate becomes a more desirable emulsifier and stabilizer. More
viscous solutions can be made with lower concentrations of acetylated seaweed
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alginate than seaweed alginate reducing the amount of polymer required in a
given application.
Acetylated seaweed alginate also has potential to concentrate some toxic,
heavy, and/or expensive metals. The uptake of metals by microorganisms is
reported to depend on physicochemical adsorption to cell components such as
polysaccharides and proteins, and not to biological activity (113). Cell walls of
bacteria, fungi, and algae have been used to bind and concentrate metal ions
including uranium, copper, manganese, cadmium, molybdenum, gold, and
mercury (29,

68,

83). Nonliving biomass of seaweed the Ascophyllum nodosum

was used to accumulate cobalt and cadmium (82). Acetylated seaweed alginate
has higher affinity for ferric ions than seaweed alginate, and it was used to
continuously concentrate ferric ions. One g of each seaweed alginate and
acetylated seaweed alginate were found to bind and accumulate more than 430
mg and 457 mg of ferric ions, respectively. Acetylated seaweed alginate has
lower affinity for calcium ions than seaweed alginate and so can be used to
concentrate heavy metals from environments containing relatively high level of
calcium, such as seawater. The concentration of calcium in seawater is 0.413
gm/kg of water (28). The amount of valuable metals such as uranium, silver,
cadmium, gold, and platinum in seawater is also not negligible. Unlike seaweed
alginate, acetylated seaweed alginate can be used to concentrate those metals
from seawater because of its low affinity for calcium ions. It may also find
medical application. It may possible to use this polymer to remove toxic metals,
i.e., lead or uranium from the human body.
Calcium induced gel formation of seaweed alginate is explained by the
high affinity of seaweed alginate for calcium ions. The physical binding of
calcium ions to guluronate residues in seaweed alginate is based on the charge
to charge interaction between positive charge from calcium ions and negative
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charge from carboxyl group, and the size of calcium ions that is fit to the space
formed by guluronate residues between intra or inter molecules of seaweed
alginates (109, 110). Calcium ions and polyguluronate residues in alginate are
the basic components of Powell's "Egg-Box" theory. Acetylation of seaweed
alginate only at mannuronate not at guluronate residues, altered many
properties of resulting polymer, specially the affinity for calcium ions. This casts
doubt on

the

principal tenant

of

Powell's

"Egg-Box"

theory;

that only

polyguluronate residues in alginate play a key role in dimerization and gelation of
alginates with calcium ions. Acetylated seaweed alginate appears to break the
basic rules of Powell's "Egg-Box" theory, because the affinity of acetylated
seaweed alginate for calcium ions decreased, but the concentrations of
guluronate were unaffected. The structure of calcium induced acetylated
seaweed alginate gel appeared different than the unmodified polymer. In light of
this, and reports that acetylated bacterial alginates without polyguluronate blocks
also make calcium induced gels (56, 91, 147), it might be wise to reinvestigate
the theory of gelation of this polymer.
In conclusion, seaweed alginate was specifically acetylated by a microbial
process developed during this study. Development of the microbial process for
acetylation of seaweed alginate by carbon immobilized P. syringae ATCC 19304
cells was possible because acetylation of bacterial alginate was separate from
production of bacterial alginate in this strain. The position of acetylation by this
process was found to be specific for C-2 and/or C-3 position(s) of mannuronate
residues. Acetylation of seaweed alginate altered properties of the resulting
polymer. Acetylated seaweed alginate is a new polymer with some of the
properties of seaweed alginate. It can be substituted for seaweed alginate as an
emulsifier, a stabilizer, and a gelling agent in many industrial applications due to
its higher viscosity and lower affinity for calcium ions.
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