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Abstract Alginate is a natural biopolymer composed of mannuronic and guluronic acid
monomers. It is produced by algae and some species of Azofobacter and Pseudomonas. This
study aims to investigate the effect of dissolved oxygen tension (DOT) and growth medium
substrate and calcium concentrations on the monomeric composition of alginate produced by
Azotobacter vinelandii ATCC® 9046 in a fermenter. Results showed that alginate production
increased with increasing DOT from 1 to 5 %. The highest alginate production was
obtained as 4.51 g/L under 20 g/L of sucrose and 50 mg/L of calcium at 5 % DOT. At
these conditions, alginate was rich in mannuronic acid (up to 61 %) and it was particularly
high at low calcium concentration. On the other hand, at extreme conditions such as high DOT
level (10 % DOT) and low sucrose concentration (10 g/L), guluronic acid was dominant
(ranging between 65 and 100 %).

Keywords Alginate - Calcium concentration - Dissolved oxygen tension - Monomer
distribution - Sucrose concentration

Introduction

Alginate is a polysaccharide composed of variable proportions of 3-D-mannuronic acid (M)
and its C-5 epimer, &-L-guluronic acid (G). The arrangement of monomeric units of alginate
can lead to the homopolymeric (MM or GG) or heteropolymeric (MG) regions in the polymer
structure. At present, most of the commercial alginate is produced by farmed brown algae
(primarily Laminaria hyperborean and Macrocystis pyrifera) [1]. Alginates are also produced
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by bacteria mainly by Pseudomonas and Azotobacter species. In view of the commercial
exploitation of alginate, the viscosity and gel-forming capacities are the most important
characteristics. While the former primarily depends on the molecular weight of the polymer,
the latter is determined by the GG block content [2].

Azotobacter vinelandii cells produce alginate as a protective barrier against attacks and
adverse environmental conditions depending on their needs under specific situations. Dis-
solved oxygen tension (DOT) is one of the key parameters affecting alginate formation
particularly under nitrogen fixing conditions since nitrogenase enzyme complex, catalyzing
the reduction of dinitrogen to ammonia, is highly sensitive to oxygen [2]. Alginate production
may have a function in handling high oxygen tension and regulating the activity of nitroge-
nases; thus, alginate production helps in growth of 4. vinelandii [3]. The effect of DOT on
alginate production by A. vinelandii was generally investigated under microaerophilic condi-
tions, i.e., conditions having lower oxygen concentration (2 to 10 %) than air saturation.
Optimum conditions for the formation of alginate was observed at dissolved oxygen values
between 2 and 5 % of air saturation independent of the dilution rate studied (D=0.08 and 0.2/h)
[4]. Therefore, it is important to control DOT delicately.

A. vinelandii can utilize a wide range of carbon sources for the production of alginate with
the widest use of simple carbohydrates such as sucrose and glucose [5—8]. The dose of carbon
source with which the 4. vinelandii was grown was found to influence the amount of alginate.
For example, the effect of specific growth rate was investigated when sucrose served as the
carbon source [9]. Alginate yield increased by decreasing the carbon concentration available to
the microorganisms, reaching a maximum as 2.6 g alginate/g biomass and 1.74 g alginate/g
sucrose at 1 of 0.03/h. Another study was performed at two different sucrose concentrations, 5
and 20 g/L [10]. It was observed that alginate production was not affected by the changes in
dilution rate at 20 g/L. of sucrose concentration, while alginate concentration increased by
decreasing dilution rate from 0.08 to 0.05/h at 5 g/L of sucrose.

Alginate is known to be first synthesized as mannuronic acid. It is then epimerized to
guluronic acid by mannuronan C-5-epimerases like AlgG, and AIgE1-AlIgE7. Except AlgG,
these epimerases are extracellular and they strongly depend on Ca”* for their activity [11].
Earlier studies showed that high GG-block alginates were observed when calcium concentra-
tion was high [12]. On the other hand, both calcium and alginate concentrations were
important for the efficient epimerization of alginate [13]. However, none of these studies were
conducted under controlled environmental conditions such as DOT and/or pH. There were other
studies interested in post-epimerization of alginate samples. The optimum concentration of
calcium ion for the activities of AlgE1 [14], AlgE2 [15], and AlgE4 [16] on epimerization of
different alginate samples was found to be in the range of 0.8 to 3.3 mM depending on the enzyme.

The monomer distribution determines a number of industrially important characteristics of
alginates. For example, the use of alginate in food or pharmaceutical industries mostly depends
on the gel formation ability of the monomeric blocks with cations. Some products require
softer and more elastic gels, such as the ones formed with MM blocks, and others require more
rigid gels, as the ones formed with GG blocks and calcium. Despite the well-known impor-
tance of monomer distribution in determining the potential use of the polymer, to our
knowledge, there is no study examining the effect of substrate concentration on monomer
distribution of alginates. Furthermore, three studies which examined the monomer distribution
of alginate by A. vinelandii, were conducted with no DOT control. Therefore, this study aims
to investigate the influence of DOT in the range of 1 to 10 %, sucrose in the range of 10 to
40 g/L and calcium in the range of 25 to 100 mg/L on the monomeric block distribution of
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alginate produced by A. vinelandii ATCC® 9046 under well-controlled/defined conditions.
Together with monomer distribution, alginate production, bacterial mass, and sucrose concen-
tration were also monitored during the course of fermentation.

Materials and Methods
Microorganism and Cultivation Medium

The strain used in this study was 4. vinelandii ATCC® 9046; the stock of which was stored at
—20 °C in 20 % of glycerol solution during the study. For alginate production, a modified
Burk’s medium was used. Details of the medium composition and sterilization conditions are
described elsewhere [17].

Inoculum Preparation

For the preparation of preculture, 1 mL of the stock culture was added to 250-mL Erlenmeyer
flask having 60 mL of Burk’s medium [17]. This culture was grown at 30 °C temperature by
shaking at 200 rpm for 48 h and used to inoculate the fermenter.

Alginate Production in the Fermenter

The fermenter used in the study (BIOSTAT® A plus, Sartorious BBI Systems, Germany) had
2 L of working volume. DOT which was measured by an oxygen probe (Hamilton, Switzer-
land) was adjusted to four different values as 1, 3, 5, and 10+1 % with respect to air saturation
in each set. A controller system together with the oxygen probe maintained a constant DOT in
the fermenter. In this system, the output of the pO, controller triggers the set point input of the
servo controller. Air or oxygen and nitrogen gas mixture was fed into the fermenter via a
pulsed control valve depending on the oxygen demand of the bacteria. For optimum adaptation
of'the control system, the proportional-integral-derivative (PID) parameters for servo controller
were adjusted accordingly. Since 5 % DOT was found to provide the best results in terms of
alginate quantity and monomeric composition, investigations of medium component effect
were conducted at 5 % DOT. The effect of sucrose (10, 20, and 40 g/L) and calcium (25, 50,
and 100 mg/L) concentrations were studied in two separate sets. The vessel was equipped with
six-bladed disk impellers with a stirrer diameter of 53 mm which supplied a constant agitation
speed of 400 rpm. pH was maintained by a built-in probe (Hamilton, Switzerland) at 7.2 by the
addition of 1 N NaOH or HCI. Preculture, 1.6 g/L, was inoculated into the fermenter at 3 %
(60 mL/2000 mL) concentration. All experiments were conducted at 30 °C temperature for
72 h of culture time. A total of 50 mL of sample was taken at each predetermined sampling
time for the measurement of the parameters including bacterial and alginate mass, sucrose
concentration, and monomer distribution. All measurements were performed in duplicate, and
the results presented are the averages from the duplicate measurements. At the beginning of the
study, experiments were conducted three times at 5 % DOT under the same operational
conditions. Since duplicate sampling was performed, there were six different measurements
for each sampling time conducted at 5 % DOT. Very reproducible results were obtained with
the percent standard deviation varying between 5 to 12 %. Therefore, the experiments at 1, 3,
and 10 % DOT were continued with single batch reactor.
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Determination of Bacterial Mass, Alginate, and Sucrose Concentration

Bacteria concentration was measured gravimetrically. Alginate recovered from culture broth
by ethanol precipitation was measured gravimetrically. Sucrose was measured by DNS method
[18] after acid degradation of the samples. Details of these analytical measurements are
described elsewhere [17].

Determination of Monomer Distribution of Alginate

Alginate samples were subjected to 'H-NMR analysis in order to determine the monomer
distribution. Prior to 'H-NMR analysis, the samples were degraded by partial acid hydrolysis
to obtain well resolved signals. For this purpose, 0.1 g of solid alginate sample was added into
100 mL of distilled water and pH of the solution was adjusted to 5.6 (using 1 or 0.1 M HCI).
Then, the samples were heated at 100 °C for 1 h, the pH was decreased further to 3.8 with HCI,
and the alginate sample was heated at 100 °C for an additional 30 min. After cooling, the
mixture was neutralized to pH 7-8 (using 1 M or 0.1 M NaOH) and freeze-dried. For the
analysis, a 10 mg of sample was dissolved in 0.5 mL of D,0, together with a 10 pL of 0.3 M
EDTA in an NMR tube. EDTA aims to eliminate the interaction of divalent cations such as
calcium with alginate during the analysis [19]. ASTM F 2259-03 method was used as a guide,
and the "H-NMR signals of alginate monomers were detected [20].

Results and Discussion
Effect of DOT on Alginate Quantity and Quality

Alginate production by 4. vinelandii ATCC® 9046 was studied in a laboratory fermenter under
controlled environmental conditions by varying DOT from 1 to 10 % of air saturation for 72 h
of fermentation period. Samples were collected at predetermined time intervals from the
fermentation vessel. Changes in bacterial mass at different DOT values with respect to culture
time are shown in Fig. la. It seems from the figure that there was a short lag period for cell
growth since bacterial concentration was very low at the end of 6 h. After 6 h, biomass
concentration started to increase rapidly until 24 to 32 h (as a function of DOT). Then, the
biomass concentration showed a general decrease till the end of the culture time. The highest
cell concentrations were achieved as 8.7 and 9.29 g/l at 5 and 10 % DOT, respectively.
Specific growth rate which was calculated as 0.253/h by exponential model was observed
when DOT was 10 %. Similarly, it was observed that the higher the DOT (in the range of 0.5 to
5 %), the higher the growth rate [21]. They observed the highest growth rate as 0.20/h at 5 %
DOT and the lowest growth rate as 0.07/h at 0.5 % DOT at 300 rpm.

As it is illustrated in Fig. 1b, alginate formation started with a similar delay of 6 h. The
increase in alginate concentration was rapid after 6 h. Except for 10 % DOT, alginate
production kept increasing almost until the end of culture period. Alginate production is
believed to be partially growth associated. This judgment is due to the observation that about
70 % of total production of alginate corresponds to the actively growing phase at 1 and 3 %
DOT. This finding is believed to be closely related to the oxygen profile in the production
medium. Earlier, it was claimed that alginate production was partially or completely growth
associated in DO controlled laboratory fermenters. On the other hand, most of the alginate
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formation was observed during stationary growth phase in shake flask studies, in which high
aeration conditions that delay alginate production particularly in early cultivation times were
prevailing [21]. In this work, 1 and 3 % DOT followed similar alginate production patterns and
yielded the highest productions around the end of the fermentation process as 3.18 and 3.35 g/L,
respectively. On the other hand, alginate production increased when the DOT was raised from 3
to 5 %. However, further increase to 10 % DOT resulted in very low alginate synthesis. It was
observed only 0.78 g/L production at 32 h. This value was about four times lower than those
obtained at 1 and 3 % DOT. The possible reason might be the wastage of carbon source by
channeling it to respiration to reduce the high oxygen concentration around the cells. Production
of alginate and biomass during cultivation creates an environment which yields a decrease in
oxygen transport rate from the gas phase to the aqueous phase and from the bulk liquid to the
cell surface. The highest alginate concentration was found at 5 % DOT as 4.51 g/L at 72 h of
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fermentation, which corresponded to a yield of 1.015 g alginate/g biomass. In addition to this
study, it was observed that formation of alginate increased with increasing dissolved oxygen
levels between 2 and 5 % of air saturation [3, 22]. Therefore, it can be suggested that oxygen
tension in the fermenter is one of the primarily important parameters controlling alginate
production.

In this part of the study, sucrose was used as the carbon source to produce alginate by
A. vinelandii ATCC® 9046 at a concentration of 20 g/L (Fig. 1c¢). Utilization of sucrose was
observed to be faster only during early fermentation phase especially at 6 h. In this phase,
remaining sucrose concentration was lower with the increase of DOT from 1 to 10 %. After
that, sucrose consumption rate slowed down. Up to 24 h, sucrose seems to be consumed
mostly for cellular growth and partly for alginate production. After exponential growth phase,
sucrose appears to be utilized by bacteria mainly for the production of alginate except for the
case observed at the highest DOT since both alginate production and cell growth ceased at 24 h
in the case of 10 % DOT. Almost all sucrose was used up during the course of fermentation
process leading to over 90 % of consumption at all DOT values. When the relationship of
alginate with sucrose consumption was examined, the maximum yield based on sucrose
utilization was found to be almost the same at 1 and 3 % DOT as 0.18 g alginate/g sucrose.
This trend is expected since biomass and alginate production rates are also similar at these
DOT levels. The yield increased up to 0.246 g alginate/g sucrose at 5 % DOT, while it
decreased considerably at 10 % DOT to 0.05 g alginate/g sucrose. At 5 and 10 % DOT, only
biomass production rates are similar, while alginate production patterns are completely
different. Since alginate production is very low at 10 % DOT, it seems that this DOT is highly
stressful to bacteria. The difference in sucrose uptake between 5 and 10 % DOT may be related
with very high respiration requirement of bacteria at 10 % DOT since both alginate and
bacterial mass are very little at 6 h.

One of the major contributions of this study is the measurement of monomer block
distribution of the alginates produced under a number of well-controlled conditions. Generally,
the presence of G residues in alginates introduces the potential for gel formation in the
presence of divalent cations such as Ca>*, but harder and denser gel formation can only take
place if the G residues are found as consecutive stretches. Therefore, it becomes important to
determine the amount of GG blocks in the polymer chain rather than G/M ratio. Although
some similar work on the influence of DOT on alginate production was conducted previously,
the main focus of these studies was to determine the effect of DOT on the polymerization of
alginate produced, which was investigated by viscosity and/or molecular weight determina-
tion. None of these work focused on the monomer distribution of alginate. The few studies
investigating monomer distribution of alginate either only considered G/M ratio of the polymer
or were performed without DOT control. This work is the first study investigating the effect of
DOT on monomer distribution, in terms of MM, MG, and GG blocks, under constant agitation.
Thus, our study makes the evaluation of the effect of DOT on the epimerization of alginates
possible.

The effect of various DOT values on monomer distribution of alginate is shown in Fig. 2.
For the tested conditions, alginate produced by A. vinelandii ATCC® 9046 was found to be
almost homopolymeric in nature that is either contain MM or GG blocks with very little
amount of MG blocks. It is known that Azotobacter first produces MM blocks, which are then
epimerized into MG or GG blocks. Together with a periplasmic mannuronan C5-epimerase
(AlgG), Azotobacter modifies alginate by seven extracellular epimerases (AlgE1-7). Each of
these seven enzymes introduces a different characteristic sequence distribution of G residues in
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Fig. 2 Changes in monomer block distribution at different DOT levels

the polymannuronate substrate in vitro [23]. For instance, AlgE2 and AIgE5 seem to predom-
inantly epimerize M residues located next to a preexisting G residue, generating GG blocks,
while AlgE4 does not do this, rather it forms alternating sequences, MG blocks [11]. As it is
seen from Fig. 2, at 1 % DOT, MM block content decreased from 44 to 14 % between 24 and
72 h while GG block content increased from about 57 to 84 %. So, epimerization of MM
blocks to GG blocks happened as the fermentation time proceeded with very small amount of
MG block production. Epimerization of MM blocks into GG blocks was even faster at 10 %
DOT, such that all alginate produced at 48 h had only GG blocks. On the other hand, at 3 %
DOT, maximum GG block content was obtained as 71 % at the end of fermenter operation,
which was lower than at 1 % DOT. Furthermore, at 5 % DOT, the value that maximizes the
alginate production, alginate was almost equally composed of MM and GG blocks showing a
maximum of 61 % GG blocks at 56 h.

From our results, it can be assessed that under the cultivation conditions used in this study,
the enzymes forming mainly GG blocks were favored (Fig. 2). Epimerization of mannuronic
acid to guluronic acid is a reaction that seems to depend on both the conditions that the bacteria
are exposed to and the amount of alginate synthesized. Results showed that all of the
mannuronic acid was epimerized to guluronic acid at 10 % DOT after 48 h, which was
possibly due to the stress caused by high oxygen level around the cells. Azotobacter species
are known for their sensitivity to high oxygen concentrations. To protect themselves from this
unfavorable condition, bacteria may require stiffer coating which could only be obtained with
alginates having high GG block content as observed at 10 % DOT. Due to the high respiration
activity at this DOT, alginate concentration was also considerably lower compared to the other
DOT values. Between the DOT values of 1 and 5 %, the conditions were more suitable for
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alginate production, and alginate concentration was significantly higher than that at 10 % DOT
(Fig. 2). Alginate productions were very close at 1 and 3 % and somewhat higher at 5 % DOT.
All the alginate cultured between 1 and 5 % DOT had initially 40-50 % MM blocks in the
polymer (the remaining being mainly GG blocks). As the fermenter operation time increased,
composition of the polymer started to change differently under different conditions, indicating
that the epimerization trends are different. In the case of 1 % DOT, a rather fast epimerization
proceeded and the MM block content decreased quickly down to approximately 15 % at the
end of the culture period. On the other hand, at 3 and 5 % DOT values, approximately 25 to
40 % of the MM blocks remained unepimerized at the end of fermenter operation. Also, the
epimerization happened much slower. This is believed to be due to the presence of the
favorable conditions for bacteria, in which no stress is imposed to yield GG blocks and a
balance between MM and GG blocks is kept. On the other hand, when the stress caused by
environmental conditions on bacteria is increased as in the case of low DOT at 1 %,
epimerization of alginate was favored leading to the production of highly protective GG
blocks. This finding is also supported by the data obtained from fermenter operations at other
extreme conditions [24]. Data showed that at extreme conditions of substrate concentration
and mixing speed and especially when the alginate production was low, bacteria preferred to
quickly epimerize MM blocks to produce more protective GG blocks.

Further evaluation of the data can be done by calculating the quantities of different block
types in extracted polymer. For this reason, the concentrations of different block types in
extracted polymer are calculated by multiplying the alginate concentrations measured and the
block percentages analyzed by the "H-NMR spectroscopy. This approach takes into account the
alginate mass produced and converts it to the mass of each block formed under various
conditions. These results are presented in Table 1. From this table, it can be seen that monomeric
block concentrations vary widely with time and changing DOT values. For example, at 1 %
DOT value, MM block concentration decreased with time of fermentation; however, at 3 %
DOT, it first increased until 56 h, then started to decrease. At 5 % DOT, at which the maximum
amount of MM block was observed (at 72 h), the MM blocks’ presence fluctuated. On the other
hand, at 10 % DOT, there were almost no MM blocks except for the early phases of fermen-
tation. Besides, the values remain minimal. MG block presence was considerably much smaller
all throughout the fermentation times, regardless of the DOT values as mentioned above. The
condition that maximized the mass of MG blocks was 3 % DOT at 32 h of fermentation. From
the data in Table 1, the dominance of GG blocks for all the DOT values, through the entire
fermentation period can be seen. The general trend is that the GG block concentration increases

Table 1 Determination of block concentrations at various DOT values

Time (h) Block concentrations at different DOT values (g/L)

1 % 3% 5% 10 %

MM MG GG MM MG GG MM MG GG MM MG GG

24 0852 0 1.084 0.651 0 0.765 0928 0.053 0.821 0242 0.007 0.463
32 0.579 0 1.648 0.832 0245 1371 1.849 0 1453 0.149 0 0.634
48 0.543 0.086 2229 1.034 0 1.761 1.700 0.119 2.135 0 0 0.571
56 0.541 0.064 2578 1.075 0 2.086 1235 0225 2283 0 0 0.510
72 0412 0.059 2471 0974 0 2385 1983 0 2524 0 0 0.337
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with increasing time for all the DOT values examined except for a few minor cases. This is
consistent with the expected flow of epimerization reactions discussed above. The condition that
maximizes the GG block production in terms of its mass is 1 % DOT as can be seen from the
table. Very similar magnitude of values is obtained for 5 % DOT as well. Therefore 1 and 5 % of
DOT seem to be the conditions maximizing the GG block concentration, which are closely
followed by 3 % DOT. Even though the GG block percentage is very high, 10 % DOT value
ends up producing significantly lower GG block mass due to the low total alginate production
compared to the other DOT values. If maximizing the overall alginate production is critical,
rather than the block type and concentration, the condition to be chosen is 5 % DOT.

Effect of Sucrose Concentration on Alginate Quantity and Quality

Sucrose at different concentrations was used as the carbon source in order to produce alginate
by A. vinelandii ATCC® 9046 under controlled environmental conditions. DOT was main-
tained constant at 5 % of air saturation, and calcium concentration was 50 mg/L during these
tests. Effects of the sucrose dose (10, 20, and 40 g/L) on bacteria concentration, alginate
production, and sucrose utilization are shown in Fig. 3. For all sucrose levels, a lag phase was
observed during the first 6 h for bacterial growth. Both at low and high doses of sucrose, some
fluctuations in bacteria concentration were observed. On the other hand, bacterial concentra-
tion increased smoothly up to 24 h indicating the exponential growth at medium sucrose
concentration. Generally, higher sucrose concentrations applied caused higher biomass con-
centrations even though the relationship was not a direct proportionality. Similarly, it was
observed that although the sucrose concentration in the feed medium was increased from 5 to
20 g/L, a proportional increase in the cell concentration was not obtained [25]. The results
showed that at 10 g/L of sucrose, the maximum bacteria concentration observed was 7.17 g/L,
while it was 9.49 g/L at 40 g/L of sucrose. At 20 g/L of sucrose, the maximum bacteria
concentration was 8.70 g/L and this value was reached at an early stage of fermentation.

As it is seen from Fig. 3b, minimum amount of alginate was produced at 10 g/L of sucrose
concentration. It was obvious that this condition was not supporting alginate production. The
carbon amount was low, and the bacteria possibly were not able to direct this low amount of
carbon into alginate production. This lowest concentration of sucrose resulted in only 1.63 g/L
of maximum alginate synthesis. When the sucrose dose was increased to 20 g/L, the alginate
concentration increased by about three times, reaching the highest amount as 4.51 g/L. When
sucrose concentration was 40 g/L, the alginate quantity remained lower than at 20 g/L for most
of the samples collected. The highest concentration reached was 4.79 g alginate/L at 72 h of
fermentation. Results showed that the maximum alginate concentrations obtained at 20 and
40 g/L of sucrose were close to each other. It was obtained that the same alginate amount
(3.5 g/L) at 2 and 4 % concentrations of carbon source and 240 rpm mixing in a shake
flask [26]. The maximum yields were as 0.15 and 0.246 g alginate/g sucrose utilized at
40 and 20 g/L of sucrose concentrations, respectively. These numbers indicated that the
most efficient conversion of sucrose into alginate was obtained at the dose of 20 g/L of
sucrose. The explanation that can be suggested for the lower alginate yield at the highest
sucrose dose is that at this dose, most of the sucrose is utilized by respiration rather than
synthesis of alginate or biomass.

As seen in Fig. 3c, the rate of sucrose utilization was faster during early fermentation
periods due to the growth of bacteria which caused about the half of the sucrose consumption.
After that, sucrose concentration continued to decrease slowly particularly due to alginate
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production and cell synthesis till the end of the fermentation period. In the cases of 10 and
20 g/L of sucrose, final sucrose concentration was 0.8 and 1.65 g/L, respectively, at 72 h. This
showed that almost all of the sucrose was used during the fermenter operation period.
However, at the highest sucrose dose of 40 g/L, 9 g/L of sucrose remained in the medium
when fermentation finished. Although the rate of sucrose utilization slowed down after 32 h, it
still continued throughout the remaining fermentation period.

The block distribution of alginate was measured during 72 h of fermentation at different
sucrose concentrations. Results showed that low sucrose concentration, 10 g/L, resulted in
alginates having high guluronic acid content (Fig. 4). The GG block content increased up
to 89 % at 48 h of fermentation. At this lowest dose of sucrose, no alternating sequence
(MG block) production was observed, whereas the MM block content remained mostly around
20 %. On the other hand, at the other sucrose concentrations, alginate was synthesized mainly as
equal amounts of mannuronic and guluronic acids. For these sucrose doses too, most of the
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alginate was composed of homopolymeric regions with very little amount of MG blocks. This
might be due to the conditions favoring the production of enzymes mainly responsible for GG
block synthesis. Maximum amount of GG block was observed as 61 % at 56 h in the case of
20 g/L of sucrose. The MG block content was obtained at the highest sucrose dose which
increased up to 23 % after 48 h of fermentation. Sucrose doses of 20 and 40 g/L resulted in
higher amount of alginate with about equal distribution of monomers at most of the times
during experiments. On the other hand, at 10 g/L of sucrose, the dominance of GG block and the
lowest production of alginate were obvious. One can think that under this condition, bacteria
produced alginate with a more protective nature since this lower sucrose dose did not yield high
quantity of alginate.

Table 2 summarizes the calculated block concentrations of the harvested alginates at
different sucrose concentrations. This table too was obtained by multiplying the alginate
concentrations with the block percentages similar to those in Table 1. From these results also,
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Table 2 Determination of block concentrations at various sucrose concentrations

Time (h) Block concentrations at different sucrose concentrations (g/L)

10 g/L 20 g/L 40 g/L

MM MG GG MM MG GG MM MG GG
24 0.173 0 0.692 0.928 0.053 0.821 0.388 0 0.66
32 0.143 0 0.651 1.849 0 1.453 1.363 0.124 0.991
48 0.09 0 0.727 1.700 0.119 2.135 1.262 0.708 1.108
56 0.088 0 0.642 1.235 0.225 2.283
72 0.26 0 1.369 1.983 0 2.524 1.77 043 2.585

it is clear that at the studied sucrose doses, it is not possible to produce high concentrations of
MG blocks. On the other hand, MM blocks can be produced at both 20 and 40 g/L of sucrose
concentrations, for which 20 g/L seems to favor the production a bit further. A similar
argument is applicable for GG blocks. The sucrose concentration that maximizes the GG
block concentration is uniquely 20 g/L, especially after 32 h of fermentation time. The absence
of MG blocks in most of the fermentation conditions can be explained by the fact that these
being intermediate blocks between the syntheses of GG blocks from MM blocks. In most
cases, a quick synthesis of GG happened and most of the MG blocks were epimerized into GG
blocks.

Effect of Calcium Concentration on Alginate Quantity and Quality

Variations in bacterial mass, alginate, and sucrose concentration are presented for three calcium
concentrations (25, 50, and 100 mg/L) studied at 5 % of air saturation in Fig. 5. During these
experiments, the sucrose concentration was kept constant at 20 g/L. For all calcium levels, a
lag phase was observed during the first 6 h for bacterial growth, after which cell mass started to
increase exponentially up to 24 h reaching the maximum values at 24 h for 25 and 50 mg/L of
calcium. The biomass increase continued until 32 h at 100 mg/L of calcium. After the peak
value was observed, the biomass concentration started to decrease which continued till the end
of fermentation. Bacteria concentration was not much affected by the changes in calcium
concentration. The highest cell concentrations were obtained as 8.5, 8.7, and 8.4 g/L at 25, 50,
and 100 mg/L of calcium, respectively. Likewise, specific growth rates were close to each
other and the maximum values were calculated as 0.222, 0.239, and 0.226/h for 25, 50, and
100 mg/L of calcium ion concentration.

Alginate biosynthesis was examined during 72 h and plotted in Fig. 5b. Alginate production
increased continuously throughout the 72 h of fermentation process at 50 mg/L of calcium. At
the other doses of calcium, most of the alginate was produced during the exponential phase of
growth. The highest amount of alginate, 4.51 g/L, was produced at 50 mg/L of calcium
concentration. On the other hand, the highest calcium dose (100 mg/L) yielded the lowest,
amount of polymer which was 2.5 times lower compared to that produced at 50 mg/L of
calcium concentration. Furthermore, at the lowest calcium dose (25 mg/L), maximum alginate
concentration was obtained as 2.65 g/L. Additionally, the highest alginate yield was found at
50 mg/L of calcium as 1.015 g alginate/g bacteria. The maximum yields at the other doses
were found to be almost the same and approximately equal to 0.3 g alginate/g bacteria.
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Fig. 5 Variations in bacterial mass 10
(a), alginate concentration (b), and
sucrose utilization (¢) during algi-
nate production at different calci-
um concentration

(a)

—e— 25 mg/L
—o— 50 mg/L
—v— 100 mg/L

Biomass concentration, g/L

0 10 20 30 40 50 60 70 80
Time, hours

%1 (b)
o
2 4
c
L
®
s 3
(=
[
g
o 2
o
g
£ 11
k=
<

Oe—¢— . . . - . . y

0 10 20 30 40 50 60 70 80

Time, hours
209

15

10

Sucrose concentration, g/L

0 10 20 30 40 50 60 70 80
Time, hours

Sucrose consumption rate was observed to be faster during the early fermentation period
and slower after 32 h (Fig. S5c). Change in calcium concentration did not lead to a substantial
difference in sucrose consumption. In all reactors, most of the carbon source appeared to be
used for alginate and cell synthesis. At the end of experiments, only around 10 % of sucrose
remained in the medium. The yield of alginate based on sucrose consumption was 0.246 g
alginate/g sucrose when calcium was 50 mg/L, whereas it was 0.13 g alginate/g sucrose for
100 mg/L of calcium and 0.20 g alginate/g sucrose for 25 mg/L of calcium.

Figure 6 illustrates the variations of monomer distribution of alginates observed at different
calcium ion concentrations. Results showed the higher presence of MM block indicating that the
epimerization of mannuronic acid was not favored at the lowest calcium dose, 25 mg/L. Maximum
MM block content at 25 mg/L of calcium was 73 % at 24 h. The amount of MG blocks increased
up to 28 % at the end of fermentation process due to the continuous conversion of MM blocks. This
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Fig. 6 Changes in monomer 100
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value was the highest level achieved during the whole experiments. On the other hand, GG block
content decreased from 21 to 12 % at 25 mg/L of calcium from the beginning till the end of the
fermentation period. When calcium ion concentration was increased to 50 mg/L, GG block content
increased greatly to 61 % at 56 h, while the amount of alternating sequences, MG blocks, remained
very low. With further doubling of calcium ion in the medium (at 100 mg/L of Ca2+), the GG block
content was affected minimally. These results are in agreement with literature. For example, M/G
ratio was found to decrease from 8 to 0.3 by increasing calcium ion concentration in the range of
0.068 to 0.68 mM [27]. The reason for lower epimerization degree at 25 mg/L of Ca®" could be the
dependency of the enzymes responsible for epimerization of alginate on calcium ion for their
activity. The optimum calcium ion concentration with respect to the GG block dominance seems to
be 50 mg/L of calcium since further increase in calcium ion concentration did not enhance the
epimerization of mannuronic acid into guluronic acid blocks.
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Table 3 shows the block concentrations at different calcium ion doses. These values provide
the combined result of alginate concentration and the block percentages. So, it is possible to
find out the condition which maximizes the mass of a specific block at different times of
fermentation at various calcium concentrations. One can see from Table 3 that at lower
fermentation times at 25 mg/L of calcium, it is possible to maximize the mass of MM block
produced. On the other hand at 50 mg/L of calcium, it is possible to produce highest amount of
GG block especially at higher fermentation times. It is also possible to produce relatively high
and fairly uniform amount of MM blocks at 50 mg/L calcium dose.

Implications of the Study

Alginate production by 4. vinelandii ATCC® 9046, as well as the quality of the polymer
produced, is known to be a function of growth conditions of bacteria. The effects of DOT,
carbon source dose, and calcium ion concentration have been studied previously and were
shown to affect the alginate production. However, some of these studies were not conducted
under well-controlled fermentation conditions. Besides, none of these studies investigated the
monomeric composition with a quantitative technique like "H-NMR, despite the well-
recognized importance of monomeric composition on polymer’s physicochemical properties.
This study has aimed to fill this present gap in the literature. Findings show that at a number of
operation conditions, it is possible to maximize alginate production. Besides, it is possible to
produce different quality alginate under various fermentation conditions. However, if there is a
target monomer composition such as high quantity of GG block production, then the condi-
tions favoring this may not necessarily correspond to those that produce high quantity alginate.
Results show that the DOT should be controlled carefully since it determines the utilization of
the carbon source as well as the produced alginate quality and quantity. When it is possible to
maximize alginate quantity at 5 % DOT, it is possible to produce highest quantity GG blocks at
1 or 5 % DOT. It is also observed that alginate production is not automatically increased by
increasing initial sucrose concentration. Therefore, if the main concern is to produce high
amount of alginate, optimum conditions are 20 g/L sucrose concentration, 50 mg/L of calcium
dose and 5 % DOT.

Depending on the intended use of alginate, distribution of the monomers may be very much
important. For example the use of alginate in food or pharmaceutical industries mostly
depends on the gel formation ability of the monomeric blocks with cations. Some products

Table 3 Determination of block concentrations at various calcium ion values

Time (h) Block concentrations at different calcium concentrations (g/L)

25 mg/L 50 mg/L 100 mg/L

MM MG GG MM MG GG MM MG GG
24 1.931 0.159 0.556 0.928 0.053 0.821 0.402 0 0.685
32 1.321 0.52 0.325 1.849 0 1.453 0.708 0 1.018
48 1.501 0.446 0.399 1.700 0.119 2.135 0.663 0 1.083
56 1.479 0.596 0.31 1.235 0.225 2.283 0.619 0 1.149
72 0.954 0.445 0.191 1.983 0 2.524 0.511 0 1.087
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require softer and more elastic gels, such as the ones formed with MM blocks, and others
require more rigid gels, as the ones formed with GG blocks and calcium. Alginate recovered at
the optimum conditions giving the highest production yield (20 g/L sucrose concentration,
50 mg/L of calcium dose and 5 % DOT) has almost equal amount of mannuronic and
guluronic acid. Extreme conditions such as low sucrose application and low and high DOT
result in higher levels of epimerization with high GG block containing polymer. Such an
alginate should be selected if the polymer is intended to be used as gelling agent. Among the
studied conditions, 20 g/L sucrose concentration and 50 mg/L of calcium dose at 1 % DOT
appear to the best choice for the high GG block content. On the other hand, alginates with
higher mannuronic acid content are observed to be synthesized at low calcium ion concentra-
tion, 25 mg/L, during early fermentation times.
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