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Abstract Hyaluronic acid (HA), linear high-molecular-
weight glycosaminoglycan produced from Streptococcus
sp., has raised interest in the medical and cosmetics indus-
tries because of the various biological functions of HA. In
this paper, we report on the optimization of medium com-
ponents for HA production in Streptococcus sp. 1ID9102
(KCTC 11935BP) by two-step optimization (one-factor-at-
a-time and taguchi orthogonal array design). In the first
step, medium components, such as carbon, nitrogen, phos-
phate, and mineral sources, were selected for HA produc-
tion in Streptococcus sp. ID9102 (KCTC 11935BP) using
the one-factor-at-a-time method. In the second step, the
concentration of the selected medium components was
optimized using taguchi orthogonal array design. The
design for medium optimization was developed and ana-
lyzed using MINITAB 14 software. In addition, the effect
of amino acid and organic acid, such as glutamine, gluta-
mate, and oxalic acid, was studied for HA production in
Streptococcus sp. 1D9102 (KCTC 11935BP). Through
these processes, the optimum medium comprising 4% glu-
cose, 0.75% yeast extract, 1.0% casein peptone, 0.25%
K,HPO,, 0.05% MgCl,, 0.5% NaCl, 0.04% glutamine,
0.06% glutamate, and 0.02% oxalic acid was determined.
We were able to produce HA with a molecular weight of
5.9 x 10° at a productivity of 6.94 g/l on pilot scale
fermentation.
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Introduction

Hyaluronic acid (HA) is a uniformly repetitive, linear,
high-molecular-weight glycosaminoglycan composed of
2,000-25,000 disaccharides of glucuronic acid and
N-acetylglucosamine joined alternately by f-1-3 and f-1-4
glycosidic bonds [4]. Owing to its variety of biological
functions, HA has a wide range of applications in the fields
of medicine and cosmetics, including osteoarthritis treat-
ment, ophthalmic surgery, plastic surgery, drug delivery,
skin moisturizers, and wound healing [4, 12, 20].

It is well known that HA can be obtained commercially
through three routes: human umbilical cords, rooster
combs, and strains of group C Streptococcus. However, the
first two routes have some disadvantages, such as relatively
low yields, contamination, and risk of cross-species viral
injections. Hence, strains of Streptococcus sp. have been
used to produce HA industrially. Much work, such as
improving the fermentation process [1, 3, 10, 13-16, 18,
19, 22], adding lysozyme [18, 24], the alkaline-stress strat-
egy [21], adding hydrogen peroxide and ascorbate [23], and
changing the medium composition [27, 30], has been done
to increase the production yield of hyaluronic acid in
Streptococcus sp. Although many studies have been per-
formed on HA production, there are very few reports on
general medium optimization for high-molecular-weight
HA production and on economically efficient conditions for
HA production.

In this study, we carried out optimization of medium
components to produce high-molecular-weight HA in
Streptococcus sp. 1ID9102 (KCTC 11935BP) that lacked
hemolytic activity and hyaluronidase industrially. In the
first step, the effects of medium components, such as carbon
sources, nitrogen sources, phosphate sources, and mineral
sources, on HA production were investigated by the
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one-factor-at-a-time method. In the second step, the concen-
tration of selected medium components was optimized using
taguchi orthogonal array design. In addition, the effects of
various amino acids and organic acids were studied in order
to improve the productivity and molecular weight of HA.
The optimized medium was applied in a 75-1 jar fermenter
to produce high-molecular-weight HA on a pilot scale.

Materials and methods
Organism

Streptococcus sp. ID9102 designed as a nonhemolytic and
hyaluronidase-negative mutant strain by N-methyl-N’-
nitro-N-nitroso-guanidine (NTG) was used as the HA pro-
ducer in this study. This strain was deposited with the
Korean Collection for Type Cultures (KCTC) with the
accession number KCTC 1139BP.

Inoculum, culture media, and conditions

The stock culture preserved in 20% glycerol solution at
—72°C was plated in brain heart infusion (BHI, Difco)
medium containing 1.5% agar and incubated at 37°C for
24 h. A loopful of cells from the agar slant was transferred
to 40 ml of sterilized Todd Hewitt broth (THB, Difco)
medium in a 250-ml Erlenmeyer flask as seed culture and
incubated at 37°C on a rotary shaker at 120 rpm for 6 h.
This was used as the inoculum for flask culture. For the
production of HA, the flask culture was placed in 250-ml
Erlenmeyer flasks, each containing 40 ml of HA production
medium. The HA production medium was aseptically inoc-
ulated with 2 ml of 6-h-old seed culture. The inoculated
flasks were incubated on a rotary shaker at 37°C and
120 rpm for 24 h. In order to produce HA and optimize
medium components, the basal medium comprised 4.0%
glucose, 0.5% yeast extract, 0.25% K,HPO,, 0.07%
MgSO,, and 0.5% NaCl. The pH of the medium was
adjusted to 7.0 using 0.1 N NaOH or HCI before steriliza-
tion. The medium was sterilized in an autoclave for 20 min
at 121°C, except glucose. Glucose solution was sterilized
by autoclave separately. All flask cultures were carried out
in triplicate.

Batch fermentation in a 75-1 jar fermenter

A total of 80 ml of the first seed culture was inoculated into
a 2-1 jar fermenter containing 1.8 1 of THB medium. This
was used as the second seed culture for the 75-1 jar fermen-
tation. The second seed culture was inoculated into the 75-1
jar fermenter containing 45 1 of production medium. The
temperature was maintained at 36°C, and the aeration rate

@ Springer

was 0.5 vvm. The agitation was provided by two six-bladed
disk turbine impellers. The diameters of the impeller and
vessel were 120 mm and 350 mm, respectively. The pH
was controlled automatically at 7.0 by adding 10 N NaOH
solution. Batch fermentation was performed for 24 h in a
75-1 jar fermenter (Bioengineering, Switzerland) with a
working volume of 45 1.

Statistical analysis

Taguchi orthogonal array design was carried out for optimi-
zation of selected medium components (yeast extract,
casein peptone, MgCl,, and K,HPO,) on HA production by
the strain Streptococcus sp. 1D9102 (KCTC 11935BP).
Four medium factors and four different levels were
designed as a L,s-orthogonal array. The design was devel-
oped and analyzed using MINITAB 14 software. Table 1
shows the cultivation conditions and the L,c-orthogonal
array design used in this study.

Analytical methods

Cell growth was observed by measuring the optical density
of the culture broth at 600 nm using a spectrophotometer.
The glucose concentration was determined using the glu-
cose assay kit (Sigma). HA concentration in the culture
broth was determined by the turbidimetric method [5, 11].
Broth samples were digested by an equal volume of 0.1%
(w/v) sodium dodecyl sulfate (SDS) and incubated at room
temperature for 10 min to release the capsular HA [5]. The

Table 1 L,s-orthogonal array design for HA production

Run Factors Medium components (%) HA
A B C D A B C D @
1 1 1 1 1 025 0.25 0.15 0.03 1.123
2 1 2 2 2 025 0.5 0.25 0.05 1.934
3 1 3 3 3 025 0.75 0.35 0.07 1.724
4 1 4 4 4 025 1.0 0.45 0.09 1.232
5 2 1 2 3 05 0.25 0.25 0.07 1.345
6 2 2 1 4 05 0.5 0.15 0.09 1.616
7 2 3 4 1 05 0.75 0.45 0.03 1.447
8 2 4 3 2 05 1.0 0.35 0.05 2.428
9 31 3 4 075 0.25 0.35 0.09 1.567
10 3 2 4 3 075 0.5 0.45 0.07 1.835
11 3 3 1 2 075 0.75 0.15 0.05 2.092
12 3 4 2 1 075 1.0 0.25 0.03 2.246
13 4 1 4 2 10 0.25 0.45 0.05 1.970
14 4 2 3 1 10 0.5 0.35 0.03 1.728
15 4 3 2 4 10 0.75 0.25 0.09 2.067
16 4 4 1 3 10 1.0 0.15 0.07 1.562

A Yeast extract, B casein peptone, C K,HPO,, D MgCl,
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samples were centrifuged at 14,000 rpm for 10 min. Of the
cell-free supernatant, 200 pl was mixed with 200 pul of
0.2 M acetate buffer. The mixture was incubated at 37°C for
10 min, and then CTAB (cetyltrimethyl-ammonium bro-
mide) buffer was added to the mixture sample. The finished
mixture was measured at OD,. HA concentration was cal-
culated by standard curve prepared at different concentra-
tions of HA standard (Sigma). The viscosity of culture broth
was measured using a viscometer (Brookfield, Middleboro,
MA). The molecular weight of HA was determined by
high-performance liquid chromatography (Spectra AS3000,
Thermo Separation Products, Piscataway, NJ) equipped
with a refractive index detector (RI-71, Shodex, Japan) and
a gel permeation chromatography program. A column of
TSK G6000 PW (Toyo Soda, Japan) was used. Polyethylene
oxide (Sigma) was used as a reference standard for measur-
ing the molecular weight of hyaluronic acid.

Results

Selection of medium components using the
one-factor-at-a-time method

To study the effects of carbon sources on HA production,
glucose in the basal medium was replaced with nine other
carbon sources, such as fructose, galactose, mannose, lac-
tose, maltose, sucrose, xylose, dextrin, and soluble starch.
All carbon sources were used at 4% concentration. Figure 1
indicates the effect of carbon sources on HA production.
The highest HA productivity (1.58 g/l) was achieved using
glucose as a carbon source (Fig. 1). Hence, glucose in basal
medium was maintained as the carbon source for HA pro-
duction in Streptococcus sp. ID9102 (KCTC 11935BP).

To study the effects of nitrogen sources on HA produc-
tion, yeast extract was replaced with other organic nitrogen
sources, such as peptone, casein peptone, skim milk, casein,
soytone, dry yeast, and soybean meal, and with inorganic
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Fig. 1 Effect of different carbon sources on HA production by
Streptococcus sp. 1D9102 (KCTC 11935BP). Each of the carbon
sources was added at 4% concentration, respectively, in basal medium.
Cultivation was accomplished on a rotary shaker at 37°C and 120 rpm
for 24 h

nitrogen sources, such as ammonium sulfate, ammonium
citrate, ammonium chloride, urea, glycine, potassium
nitrate, and sodium nitrate at 0.5% concentration. The
organic nitrogen sources in basal medium containing glu-
cose resulted in an abundant growth and high yield of HA.
However, Streptococcus sp. 1ID9102 (KCTC 11935BP)
strain was not grown in all media containing inorganic
nitrogen sources (data not shown). Figure 2 shows the
effect of different organic nitrogen sources on HA produc-
tion in Streptococcus sp. ID9102 (KCTC 11935BP). The
highest HA production was achieved using yeast extract
and casein peptone among the various organic nitrogen
sources (Fig. 2). Yields of yeast extract and casein peptone
were 1.65 and 1.64 g/1, respectively. The effect of the above
two nitrogen sources was similar. Therefore, both of them
were added in medium at 0.5% concentration, respectively.
Addition of both of them enhanced HA productivity in
Streptococcus sp. 1D9102 (KCTC 11935BP) (Fig. 2). In
this case, the yield of HA was 1.92 g/1. Both were selected
as nitrogen sources for HA production in Streptococcus sp.
ID9102 (KCTC 11935BP).

To study the effects of phosphate sources on HA produc-
tion, K,HPO, was replaced with other phosphate sources,
such as (NH,),HPO,, Na,HPO,, NaH,PO,, Na,;PO,, and
KH,PO, at 0.25% concentration. All test cultures were car-
ried out in medium containing 4% glucose, 0.5% yeast
extract, 0.5% casein peptone, 0.05% MgSO,, and 0.5%
NaCl. Of the different phosphate sources tested, K,HPO,
was the most effective for HA production in Streptococcus
sp. ID9102 (KCTC 11935BP), and its yield was 1.94 g/l
(Fig. 3). Glucose was used as the carbon source. Yeast
extract and casein peptone were used as the nitrogen
source. At this time the C/N ratio was 13.3. KH,PO, was
also effective for HA production, but not as effective as
K,HPO,.

To study the effects of mineral sources on HA produc-
tion, MgSO, was replaced with 13 other mineral sources,
MgCl,, CaCl,, KCl, FeCl,, FeSO,, MnSO,, BaCl,, CuCl,,
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Fig. 2 Effect of different nitrogen sources on HA production by
Streptococcus sp. 1D9102 (KCTC 11935BP). Each of the nitrogen
sources was added at 0.5% concentration, respectively, in basal medi-
um. Y + C means adding both yeast extract and casein peptone at 0.5%
concentration, respectively. Cultivation was accomplished on a rotary
shaker at 37°C and 120 rpm for 24 h
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Fig. 3 Effect of different phosphate sources on HA production by
Streptococcus sp. ID9102 (KCTC 11935BP). Each of the phosphate
sources was added at 0.25% concentration, respectively, in medium
containing 4% glucose, 0.5% yeast extract, 0.5% casein peptone 0.05%
MgSO,, and 0.5% NaCl. Cultivation was accomplished on a rotary
shaker at 37°C and 120 rpm for 24 h

CuSO,, CoSO,4, ZnCl, ZnSO,, and NaF, at different concentra-
tions (0.01% and 0.05%). All test cultures were carried out in
medium containing 4% glucose, 0.5% yeast extract, 0.5%
casein peptone, 0.25% K,HPO,, and 0.5% NaCl. Among the
various mineral sources used, only MgSO, and MgCl, were
found to be useful at 0.05% (data not shown). MnSO, was a
bit effective, and the others were not entirely effective. The
Mg?* source was necessary for HA production. MgCl, sup-
ported the highest yield of 1.98 g/l HA, and MgSO, resulted in
a yield of 1.89 g/l HA at the end of 24 h. Accordingly, MgCl,
was determined as an optimum mineral source.

Optimization of selected medium components
using taguchi orthogonal array

Taguchi orthogonal array design can plan the minimal
number of experiments and supply outright information for
all the factors. According to the results obtained, glucose,
yeast extract, casein peptone, K,HPO,, and MgCl, were
finally selected as the best nutrient components. Among
them, yeast extract, casein peptone, K,HPO,, and MgCl,
were optimized using L,s-orthogonal array design. Glucose
and NaCl were maintained in all media at 4 and 0.5%,
respectively. The results are shown in Table 1. The data
were analyzed using MINITAB. The response table for
means (large is better) and S/N (signal-to-noise) ratio are
summarized in Table 2. Rank and delta values shown in the
last two rows in the tables assist in estimating the effect of
factors. Delta measures the extent of the effect by calculat-
ing the difference between the highest and lowest data mean
for a factor. The higher the delta value, the greater the sug-
gested effect of that component. Rank arranges the factors
to form the greatest effect to the least effect on the basis
of the delta values. As presented in Table 2, the factors
are ordered as follows: MgCl, > yeast extract > casein
peptone > K,HPO,. MgCl, had the greatest effect and
K,HPO, the least effect on HA production by Streptococ-
cus sp. ID9102 (KCTC 11935BP).
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Table 2 Response table for means and S/N ratio

Levels A B C D
Mean S/N  Mean S/N Mean S/N Mean S/N

1 1.483 3.203 1.493 3.281 1.592 3.818 1.529 3.949
2 1.706 4.4 1.77 4943 1.887 5.357 2.096 6.388
3 1.932 5.639 1.827 5.135 1.852 5.225 1.609 4.073
4 1.831 5.203 1.863 5.085 1.621 4.044 1.618 4.034
Delta 045 2437 037 1.854 0.295 1.539 0.487 2.439
Rank 2 3 4 1

Figure 4 shows the main effect plot for the mean and for
the S/N ratio. MINITAB creates the main effect plot by plot-
ting the data mean for each factor level. These means are the
same as those shown in Table 2. Lines connect the point for
each factor. There is no main effect present when the line is
flat. However, when the line is not flat, then there is a main
effect present. In the present study, the main effect of each of
the four factors (yeast extract, casein peptone, K,HPO,, and
MgCl,) was at level 3, level 4, level 2, and level 2, respec-
tively. Experiments were carried out in optimum medium in
order to confirm the results obtained by taguchi orthogonal
array design. HA production of final optimized medium was
2.51 g/l as compared with 2.56 g/l predicted using MINITAB
for the same composition. Moreover, the final optimized
medium produced 2.51 g/l HA at the end of 24 h as com-
pared with 1.98 g/l before optimization. Hence, the optimum
medium for HA production was determined as follows: 4%
glucose, 0.75% yeast extract, 1.0% casein peptone, 0.25%
K,HPO,, 0.05% MgCl,, and 0.5% NaCl.

Effect of amino acids and organic acids added
on HA production

To study the effects of amino acids added on HA produc-
tion, each of the 17 amino acids was added at different con-
centrations (0.02, 0.04, and 0.06%) in medium optimized
by taguchi orthogonal array design. Among the various
amino acids used, glutamine and glutamate enhanced more
HA yield than the other amino acids (data not shown). Glu-
tamine obtained maximum HA yield (2.65 g/l) at 0.04%,
and glutamate obtained maximum HA yield (2.67 g/) at
0.06% (Fig. 5). Both glutamine and glutamate were added
in optimized medium at 0.04% and 0.06%, respectively.
The yield of HA in the medium containing both glutamine
(0.04%) and glutamate (0.06%) was higher at 2.76 g/l than
the yield of a medium containing either glutamine (2.65 g/1)
or glutamate (2.67 g/1) (Fig. 5).

To study the effects of organic acids added to HA pro-
duction, each of the 23 organic acids was added at 0.05% in
optimized medium by taguchi orthogonal array design.
Figure 6 shows the effects of organic acids on HA production.
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Control Glutamine Glutamate Gin + Glu

The highest HA yield (2.68 g/l) was obtained when oxalic
acid was contained in the medium (Fig. 6). To determine
the optimal concentration of oxalic acid, oxalic acid at
different concentrations (0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.6,
0.8, and 1.0%) was added to the above-mentioned medium.
The optimal oxalic acid concentration for HA production
was 0.02% to give a maximum yield of HA (2.75 g/l).

Glutamine, glutamate, and oxalic acid were added to the
above-mentioned medium at 0.04, 0.06, and 0.02%, respec-
tively. The yield of HA in the medium containing 0.04% glu-
tamine, 0.06% glutamate, and 0.02% oxalic acid was higher at
2.96 g/l. At this time, the optimum C:N ratio was 7.5. From
these results, it can be suggested that the addition of gluta-
mine, glutamate, and oxalic acid enhances HA production.
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Large-scale production of HA in a 75-1 jar fermenter

Large-scale production of HA was carried out in a 75-1 jar
fermenter with 45 1 of working volume. Bach fermentation
was performed at 36°C, 0.5 vvm, and 400 rpm for 24 h.
The pH was maintained at 7.0 by adding 10 N NaOH solu-
tion. Three-type media (basal medium, optimized medium
without glutamine, glutamate, and oxalic acid and opti-
mized medium with them) were used for HA production in
a 75-1 jar fermenter. Figure 7 shows the time course of HA
production by Streptococcus sp. ID9102 (KCTC 11935BP)
in a 75-1 jar fermenter containing each medium. Through
medium optimization using the taguchi orthogonal array
design, the HA yield was increased from 3.27 g/l to 5.88 g/
1, and the molecular weight of HA was also increased from
1.5 x 10° Da to 3.6 x 10° Da at the end of 24 h. The yield
of HA in the medium with 0.04% glutamine, 0.06% gluta-
mate, and 0.02% oxalic acid was higher at 6.94 g/l than that
(5.88 g/l) of a medium without them, and the molecular
weight of HA also increased from 3.6 x 10°Da to
5.9 x 10° Da. Also, HA in the medium with 0.04% gluta-
mine, 0.06% glutamate, and 0.02% oxalic acid was pro-
duced earlier than the others. Through large-scale
production of HA in a 75-1 jar fermenter, we confirmed that
medium optimized by taguchi orthogonal array design
increased HA production, and the addition of amino acids
and organic acids, including glutamine, glutamate, and
oxalic acid, increased and stimulated the productivity and
molecular weight of HA.

Discussion

We carried out optimization of medium components for
HA production in Streptococcus sp. 1ID9102 (KCTC
11935BP). In the first step, carbon, nitrogen, phosphate,
and mineral sources for HA production were selected by
the one-factor-at-a-time method. Sugar sources were
used primarily as carbon sources. Since the precursors,
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Organic acids

UDP-glucuronic acid (UDP-GIcUA) and UDP-N-acetyl
glucosamine (UDP-GIcNAc), are side reactions of the gly-
colytic pathway beginning from glucose-6-phosphate to
fructose-6-phosphate, respectively [25], especially, glucose
was used frequently for HA fermentation by Streptococcus
sp. [1, 7, 14, 16, 18, 26, 29]. In our study, glucose was also
determined to be the best carbon source for HA production
by Streptococcus sp. ID9102 (KCTC 11935BP). Sucrose
was used as the carbon source for HA fermentation [21, 22,
27]. It was reported that the HA production rate of maltose
was higher than that of glucose, because the polymer con-
version efficiency of maltose was higher than that of glu-
cose [6]. Zhang et al. [30] used soluble starch as the carbon
source for HA production by a S. zooepidemicus mutant
designed by recursive generation. These reports suggest
that Streptococcus sp. appears to favor simple sugars for
HA production. Streptococcus sp. possesses fastidious
nutrient requirements with respect to organic nitrogen [2, 9,
17, 25]. The high HA production was obtained in the media
containing yeast extract, peptone, or casein peptone
(Fig. 2). Figure 2 also shows that using a combination of
two organic nitrogen sources (yeast extract and casein pep-
tone) achieved higher HA production than using one
organic nitrogen source. MgCl, and K,HPO, were selected
as the best mineral source and phosphate source. Especially
Mg?* sources were used as cofactors to polymerize UDP-
GIcUA and UDP-GIcNAc [8].

The nutrient sources selected by the one-factor-at-a-time
method were optimized using taguchi orthogonal array
design. HA yield and molecular weight in medium opti-
mized by taguchi orthogonal array design were increased
about 80 and 140%, respectively, compared to those in
basal medium in a 75-1 jar fermenter. In addition, gluta-
mine, glutamate, and organic acid were added to medium
optimized by taguchi orthogonal array design. Addition of
glutamine affects HA production positively because of its
use as the amido donor in amino sugar synthesis. We stud-
ied the effect of organic acids on HA production. Hence, we
found oxalic acid. Oxalic acid was mentioned first for HA
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Fig. 7 Time course of cell growth (a), glucose concentration (b), HA
concentration (¢), and molecular weight of HA (d) during HA fermen-
tation by Streptococcus sp. ID9102 (KCTC 11935BP) in a 75-1 jar
fermenter. The 75-1 jar fermentation was carried out at 36°C, agitation

production. HA yield and molecular weight in the opti-
mized medium with glutamine, glutamate, and organic acid
were enhanced about 20% and 64% compared to those of
the optimized medium without them. Although the
enhancement of the HA yield was not high, the enhance-
ment of the average molecular weight was high. These
results suggest that the addition of amino/organic acid
might affect the molecular weight of HA more than the
yield of HA. In a previous report, tryptophan was used for
enhancing the molecular weight (6.3 x 10° Da) of HA [28];
however, the HA yield was merely 0.8 g/l, which is very
low. There have been several reports about increasing HA
yield. Zhang et al. [30] obtained an HA yield of 6.7 g/l
using medium optimization, and Liu et al. [21, 23] obtained
an HA yield of 6.7 g/l and 6.5 g/l using the alkaline-stress
strategy and the addition of hydrogen peroxide and ascor-
bate. However, these reports did not mention the molecular
weight of HA or gaining a low-molecular-weight HA. Ran-
gaswamy and Jain [27] obtained an HA yield of 6 g/l with a
molecular weight of 4.0 x 10°. We obtained an HA yield of
6.94 g/l with a molecular weight of 5.9 x 10°. This sug-
gested that we optimized medium components for high
production of high-molecular-weight HA.

We supplied medium optimized by two-step processes
(the one-factor-at-a-time method and taguchi orthogonal
array design) and the addition of two amino acids (gluta-
mine and glutamate) and one organic acid (oxalic acid) to
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speed of 400 rpm, and aeration rate of 0.5 vvm for 24 h. Symbols:
Filled circle, basal medium; filled square, optimized medium without
glutamine, glutamate, and oxalic acid; filled triangle, optimized medi-
um with glutamine, glutamate, and oxalic acid

produce high-molecular-weight HA in Streptococcus sp.
ID9102 (KCTC 11935BP). A high yield of 6.94 g/l was
produced in a 75-1 jar fermenter containing optimum
medium and was about 112% higher than the HA yield of
the initial medium. Also, the average molecular weight of
HA rose from 1.5 x 10° Da to 5.9 x 10° Da. These results
indicated that our optimum medium can be applied for
high-molecular-weight HA production on an industrial
scale.
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