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Abstract

Background and Objective: Hyaluronic acid is extensively used in pharmaceutical, cosmetic,
and oral supplementation and nutricosmetic products and has also recently been a candidate
for flavor enhancer in the food industry. In this study, Corynebacterium glutamicum ATCC
13032 strain was used for the heterologous production of food-grade hyaluronic acid, and the
culture medium and feeding strategy were optimized.

Material and Methods: The propagation of recombinant plasmids was conducted using
chemically competent Escherichia coli DHS5a, and the extracted plasmids were then
transformed into electrocompetent Corynebacterium glutamicum ATCC 13032. A single
colony was then transferred into 5 mL of fresh modified CGXII medium supplemented with
50 pg mL™* kanamycin and incubated for 16-18 h at 30°C. One factor at a time (OFAT) and
Taguchi methods were applied to determine the optimal pH and to optimize medium
components. Batch, fed-batch, and oxygen-limited fermentation were performed. Hyaluronic
acid production was measured using the carbazole and CTAB methods.

Results and Conclusion: The recombinant strain transformed with the two constructs
expressing hasA and hasC genes produced the highest amount of hyaluronic acid. The Taguchi
L-27 orthogonal array was selected to optimize eleven factors, each at three levels. The results
showed that the yield coefficient increased to 71%, and hyaluronic acid production reached
2300 mg L% The urea concentration and induction time were considered as significant factors.
To enhance hyaluronic acid production, the glucose feeding and oxygen limitation strategies
were performed in a bioreactor with a working volume of 4 L. After 48 h, the feeding strategies
resulted in a significant increase in the hyaluronic acid yield, reaching roughly 5700 mg L.
Our results demonstrated that the recombinant Corynebacterium glutamicum containing two
main genes of the hyaluronic acid metabolic pathway has a good potential for producing food-
grade hyaluronic acid in fed-batch fermentation.
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1. Introduction

In 1934, a type of polysaccharide was discovered, which
was later named "halos." This biopolymer consists of N-
acetylglucosamine and D-glucuronic acid disaccharide units
that are connected alternately by -1, 3 and -1, 4 glycoside

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

linkages to form a high-molecular-weight polysaccha-
ride.[1, 2] The molecular weight of this unbranched poly-
saccharide is highly variable, ranging from 10* to 4x107
Da.[3]Hyaluronic acid (HA) has some excellent physio-
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chemical properties such as nontoxicity, nonimmuno-
genicity, biocompatibility, and high water absorption
capacity, making it an attractive biomolecule for various
industrial and biomedical applications.[4]HA has a variety
of applications in ophthalmological surgery, cosmetics,
regeneration and reconstruction of soft tissues, arthritis
rheumatoid and most recently it is introduced as an a drug
delivery agent and also use of this polysaccharide have been
noticed in food industry such as flavor enhancer which can
reduce use of salt up to 10% without affecting saltiness or
uses as anti-aging oral supplementation for improving skin
physiology, joint health and even muscle strengthening in
special cases. Therefore, recently these products such as
food-grade  HA  have  been  categorized as
“nutricosmetics”.[5, 6] Generally, HA with varying mole-
cular weights (Mw) serves different purposes. High-
molecular-weight HA (HMW-HA, >1x10° Da) is ideal for
joint injections and cartilage repair due to its viscoelasticity
and lubrication. Low-molecular-weight HA (LMW-HA,
1x10*-1x10° Da) is widely used in cosmetics and products
such as juices, jellies, and other food items. Therefore, the
demand for hyaluronic acid will grow continuously.[7]

According to a report published in 2024, the global
market size for HA was 10.04 billion USD in 2023. With a
compound annual growth rate (CAGR) of 7.7%, it is
estimated that the market size of HA will reach 16.75 billion
USD in 2030.[8]

In the past, HA was produced by extraction from animal
sources such as rooster combs and umbilical cords. This
method has some disadvantages, including degradation of
HA by hyaluronidases, expensive purification methods, and
the possibility of viral contamination, which could be
considered a serious concern.[9] Therefore, alternative
methods such as microbial fermentation are suggested for
the production of HA. Microbial fermentation is a process
in which the HA is secreted into the culture medium by
some bacteria; therefore, the purification costs will
significantly decrease. The Streptococcus strains were the
first microorganisms used for HA production in
bioreactors,[10, 11] However, some concerns, such as
endotoxin contaminations, limit their application for
medical purposes.[12, 13] Recently, some bacteria such as
E. coli, Lactococcus lactis, Bacillus subtilis and Strepto-
coccus thermophilus were used for the heterologous
production of the HA. These bacteria are categorized as
Generally Regarded as Safe (GRAS) microorganisms and
are free from any pathogenicity factors and endotoxins.[14]
HA is produced by Hyaluronan synthases (HAS) in
mammalian and amphibian tissues as well as the cell walls
of algae and bacteria.[15, 16] The mammalian genome has
three different HAS, and two classes of HAS have been
identified in bacteria. HAS, an enzyme typically encoded by
the gene named hasA, is a membrane protein that

polymerizes HA chains using only Mg?* and two sugar-
UDP substrates (UDP-glucuronic acid and UDP-N-
acetylglucosamine).[17] The genes involved in HA
synthesis are located within the HA operon and consist of
hasA, hasB, and hasC genes. Heterologous HA synthesis
can be achieved by inserting genes involved in HA
production into the genomes of other microorganisms. In
some bacteria, hasA is the only essential gene required for
HA synthesis.

C. glutamicum is a GRAS and hyaluronidase-negative
bacterium, making it an ideal candidate for the commercial
production of HA [18-20] the genetic engineering tools have
facilitated manipulation and insertion of desired genes into
C. glutamicum. In this bacterium, other genes, such as
glmU, are also involved in the metabolic pathway
responsible for HA synthesis. In one branch of this pathway,
the expression of hasB and hasC leads to the production of
UDP-glucuronic acid. In another branch, glmU encodes a
bifunctional enzyme that catalyzes two sequential reactions:
first, an acetyltransferase activity that converts
glucosamine-1-phosphate into  N-acetylglucosamine-1-
phosphate, and second, a uridyltransferase activity that
converts N-acetylglucosamine-1-phosphate into UDP-N-
acetylglucosamine.  Finally, hasA, which encodes
hyaluronan synthase, serves as the intersection point of
these two branches and polymerizes HA from UDP-N-
acetylglucosamine and UDP-glucuronic acid. HA synthesis
by C. glutamicum was first reported in 2014 with a yield of
1241 mg L™t after 120h of fermentation.[19] In a
subsequent study, various genetic engineering approaches
and strategies were employed, including the use of strong
promoters, different plasmid constructs, and the evaluation
of wvarious induction times, to enhance high-titer
biosynthesis of HA in C. glutamicum. The findings revealed
that the strain harboring the artificial ssehasA gene derived
from Streptococcus equisimilis with C. glutamicum codon
preference and the hasB gene, utilizing the Ptac inducible
promoter, produced HA within the range of 1.77 to 2.23 g
L™t Under optimal conditions, the production reached 5.25
g L™ while under non-pH control HA titer increased
significantly and reached an impressive 8.3 g L™ at 48h
fermentation.[21] The study on this strain continued as
engineered C. glutamicum achieved high-titer HA
production. A genome-scale metabolic model was utilized
to identify genetic interventions through flux balance
analysis. The focus was enhancing the HA biosynthesis
pathway while attenuating the glycolysis pathway and
knocking out competing pathways. Various genetic
strategies resulted in a surprisingly high HA titer of 28.7 g
L™ in the engineered C. glutamicum.[22] This outcome
demonstrates the power of molecular approaches compared
to traditional fermentation strategies. Another novel strategy
for enhancing HA production in C. glutamicum focuses on
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cell morphology through a well-designed dual-valve
regulation system. This system comprises two modules: a
transporter module featuring a strong constitutive promoter
(Ptuf) and an arabinose transport protein, and a morphology-
tuning module with an arabinose-inducible weak promoter
(Psap) and a cell-division-related gene. This approach
enables fine-tuning of cell morphology, increasing cell
length by 1.87-fold and cell membrane size by 2.08-fold,
ultimately achieving an HA titer of 16.0 g L™. This
represents a 1.6-fold improvement in yield compared to
previous studies on morphology-engineered strains,
underscoring the potential of this strategy for enhancing HA
production [23].

In this study, four recombinant expression plasmids were
introduced into C. glutamicum, and hyaluronic acid (HA)
production was analyzed for individual plasmids and their
combinations to identify the most effective expression
vectors for maximizing HA production. The goal of this
research is to enhance HA titer by developing an optimized
culture medium and refining the medium and fermentation
conditions. To achieve this, the Taguchi design of
experiments was employed to optimize a chemically defined
medium for HA synthesis in flasks. Ultimately, HA
production in the optimized medium was evaluated under
controlled conditions, including oxygen limitation and
glucose feeding, in a 5-liter fermenter.

2. Materials and Methods

2.1 Microorganisms and plasmids

Escherichia coli DH5a was used for propagation of
recombinant plasmids. Corynebacterium glutamicum
ATCC 13032 and recombinant plasmids were Kkindly
donated by Josef Altenbuchner from The University of
Stuttgart, Germany, and were used for HA production. The
recombinant plasmids containing the genes involved in the
HA production named pAC (harboring hasA and hasC),
pACB (harboring hasA, hasC and hasB in order in operon),
pA (harboring just hasA) and pAGC (harboring hasA, gimU
and hasC in order).[19]

2.2 Media and Cultivation

E. coli was cultivated in Luria-Bertani (LB) medium
containing 10 g L™t tryptone, 10 g L™ NaCl, and 5g L™
yeast extract supplemented with 50 pg ml™* kanamycin. For
LB-agar preparation, 15 g L™ agar was added. Recombinant
C. glutamicum was cultivated in a modified CGXII medium
for HA production as follows. Solutions were prepared
separately and then mixed. The first solution was prepared
by dissolving 5 g urea, 5 g (NH4)2S04, 1 g KoHPO4, and 1 g
KH2PO, in 800 ml distilled water. To prepare the second
solution, 250 mg MgSQO, and 10 mg CaCl; dissolved in 50

ml distilled water. The third solution was prepared by
dissolving 10 g of glucose in 50 ml distilled water. All the
solutions were autoclaved after preparation, except for the
glucose solution, which was sterilized by filtration. After
cooling, the solutions were mixed. The trace element
solution was prepared and sterilized, and 1 ml was added to
the medium as mentioned above. A vitamin solution
containing 1mg/ml biotin was prepared, the filter was
sterilized, and 0.2 ml was added to the primary medium. The
final volume was adjusted to 1 liter with sterile distilled
water [19, 24].

2.3 Competent cells preparation and transformation

E. coli competent cells were prepared using a chemical
method using CaCl, and transformed by a heat shock
procedure at 42°C.[25] For electrocompetent cell
preparation, a single colony of C. glutamicum was
transferred into 5 ml brain-heart infusion (BHI) broth
medium and incubated for 18 hours at 30°C and 180 rpm.
Then, 2 ml of bacterial suspension was inoculated into a 100
ml electroporation medium containing 37 g I-1 BHI, 0.1%
viv tween 80, 25 g I-1 glycine, and cultivated at 30 °C and
180 rpm to reach ODgp=0.8. The bacteria were then
centrifuged at 3000 xg for 15 min at 4°C, and the precipitate
was washed with 20% v/v glycerol. The centrifugation and
glycerol washing steps were repeated three times. Finally,
the pellet was resuspended in 1 ml of 15% (v/v) glycerol and
stored at -70°C. [26]

Electroporation was carried out using Gene Pulser Il
(Bio-Rad) as follows: first, 100 ng of supercoiled plasmid
DNA was mixed gently with 100 pl electrocompetent cells
and transferred into a 0.2 cm (2 mm) cuvette. The
electroporator was set to 2.5 kV, 25 pF, and 200 Q.
Immediately after the pulse,1 ml BHI medium was added to
the bacteria and incubated for 6 min at 46°C followed by 1
h incubation at 30°C. Finally, the bacteria were plated on
solidified medium supplemented with 50 mL™
kanamycin.[19, 26]

2.4 Fermentation condition in shake flask

For pre-culture preparation, a single colony was
transferred into 5 mL fresh modified CGXII medium
supplemented with 50 pg mL* kanamycin and incubated for
16-18 h at 30°C and 180 rpm. One mL of overnight culture
was inoculated into 25 mL fresh medium supplemented with
50 pug mlt kanamycin. The induction of the bacteria was
carried out using 1 mM IPTG (Isopropyl p-D-1-
thiogalactopyranoside) at different ODsgo initiating from
ODegoo= 0.5. IPTG is used as a molecular mimic of
allolactose to induce the expression of our genes, which are
under the control of the lac promoter. All flasks were
incubated for 24-120 h at 30°C and 180 rpm. The pH,

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Tabasi, et al

Appl Food Biotechnol, Vol. 12, No. 1 e6 (2025)

glucose consumption, HA, ODsgo, and biomass production
were measured at different time intervals. In some cases, if
necessary, 4% glucose was also added after 48 h.

2.5 Hyaluronic acid quantification

HA production was measured using carbazole and CTAB
methods.[27, 28] For this purpose, the bacterial suspension
was centrifuged and the supernatant was used for HA assay.
In the carbazole method, 1 ml of supernatant was mixed
with 2 ml of absolute ethanol and incubated at -20°C
overnight. The samples were then centrifuged for 30 min at
3500 g for HA precipitation. After that, the pellet was
dissolved in 1 ml deionized water, and carbazole assay was
performed as follows: 50 pl sample was added to a 96 well
plate and 200 pl solution A (25 mM L™ sodium tetraborate
in sulfuric acid) was added to it. The mixture was incubated
for 15 minutes in boiling water and 10 minutes on ice. Then
50 ul solution B (0.125% carbazole in absolute ethanol
(v/w)) was added to each well and incubated in boiling water
for 10 min. Finally, the absorbance was read at OD540 nm
by an ELISA reader.[27] The calibration curve was prepared
using different HA concentrations (25, 50, 250, 500, 750,
and 1000 mg L™ ) and a linear equation was used for the
calculation of the HA amount.

The CTAB method added 50 pl HA samples to a 96-well
plate. Then 50 pl acetate buffer (0.2 M sodium acetate, 0.15
M sodium chloride, pH 6) was added to each well and
incubated at 37°C for 10 min. After that, 100 ul CTAB
solution (25 g L™t CTAB dissolved in 2% NaOH) was added
to the well, and the absorption was read at 600 nm after 10
min by an ELISA reader.[28]

2.6 Glucose assay

Glucose concentration was determined using an
enzymatic kit (Pars Azmoon Co). The calibration curve was
prepared for seven different concentrations (0.25, 0.5, 1, 2,
2.5,3.5,and 4.5 g L™) of glucose, and a linear equation was
used to calculate the amounts.

2.7 Cell growth measurement
Cell growth was monitored by measuring optical density
at 600 nm and cell dry weight.

2.8 Statistical methods

One factor at a time (OFAT) method was applied to find
the best pH (6, 7, and 8). Taguchi method was carried out
for optimization of medium components (phosphate buffer
(KzHPO4, KH2P04), Ca (NO3)2, (NH4)2SO4, MgSOQO4, soy
protein acid hydrolysate, biotin, trace elements, glucose,
citric acid, urea) and induction time (Table 1). L-27
orthogonal array with eleven factors in three levels was
selected to design experiment (Table 2). Experiment design
and analysis were performed by Qualitek-4 (version 4.82.0)
software.

Table 1. Factors and their levels for Taguchi experimental design

Factors Level 1 Level2  Level 3
(A) Phosphate buffer

(/L) 0.5 1 1.5
(B) (NH4)2S04 (g/L) 1 4 7
(C) Ca (NOs)2 (mg/L) 0 50 100
(D) Protein lysate (g/L) 0 1 2
(E) Vitamin (ml/L) 1 5 10
(F) Trace elements (ml/L) 0.2 1.1 2.2
(G) Glucose (g/L) 20 35 50
(H) Citric acid (g/L) 0 0.4 0.8
(I) MgSO4 (mg/L) 100 200 300
(J) Induction time (h) 0 12 24
(K) Urea (g/L) 0 2.5 5

2.9 Batch, fed-batch, and oxygen-limited fermentation in
a 5L fermenter

A loop from the fresh plate was picked up, transferred
into the 20 ml modified CGX Il medium, and incubated at
30 °C overnight. Then, 400 ml modified CGX Il medium
was inoculated with 20 ml overnight culture and incubated
for 10 h to reach ODgoonm= 4 to 5. The overnight culture was
then applied for vessel inoculation. The optimized medium
was prepared in 4-L volume and batch, fed-batch, and
oxygen-limited was performed at 30 °C, pH controlled at 7,
and initial ODeoonm adjusted at 0.4-0.5. Batch fermentation
was performed for 24 h with 200-600 rpm agitation rate and
20-40 percent dissolved oxygen. Oxygen-limited
fermentation was performed for 24 h with a 200 rpm
agitation rate, while dissolved oxygen was controlled
between 0-5 percent.[21]

Fed-batch fermentation was performed for 48 h with 200-
600 rpm agitation rate and dissolved oxygen was controlled
between 20-40 percent. After 18 h, 400 ml feeding solution
containing glucose 60%, (NH4).SO4 1.5 g L™, MgSO, 5¢g
L1, yeast extract 20 g L%, IPTG 1 mM, kanamycin 50 mg
L™ and trace elements 1ml L™t was prepared and added to
the vessel. The feeding rate was adjusted to 15 ml h™.

3. Results and Discussion

3.1 Effect of different genes involving metabolic pathway
of HA

The yield of HA production by four constructed vectors
was pAC > pACB> pA > pAGC. The yield of HA produced
by the pA construct harboring hasA gene, showed that the
hasA was the most important gene in this process (Fig. 1 and
2). The comparison of the HA production by C. glutamicum
transformed with the pA construct and the wild-type strain
demonstrated that the HA synthase expression was required
for high yield of HA production. In fact, the limiting step in
HA production by C. glutamicum was HA synthase. Our
results concur with previous studies on HA synthesis by
gram-negative and positive bacteria.[12, 13, 29, 30]
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Table 2. L27 orthogonal array (the levels of eleven different factors and the results)

results S/N ratio
(db) for
StdOrder A B C D E F G H I j k Run 1 Run 2 Run 3 pH Glucose HA
HA HA HA after  consumption  production
(mg/L) (mg/L) (mg/L) 24 h percentage

1 ! 1 1 1 1 1 1 1 1 11 51.796 44316 35.024 591 5 32.474
2 1 r 1 1 2 2 2 2 2 2 2 5612 655.001 408.02 5.6 71 53.946
3 1 11 1 3 3 3 3 3 3 3 470166 546427 531.752 5.57 100 54.198
4 1 2 2 2 1 1 1 2 2 2 3 679201 581.433  520.854 8.12 100 55.32
5 1 2 2 2 2 2 2 3 3 3 1 107518 127.864 93.843 4.93 20 40.601
6 1 2 2 2 3 3 3 1 1 1 2 845204 750.692 819.579  4.96 30 58.084
7 1 3 3 3 1 1 1 3 3 3 2 107518 79.164 142.894  4.86 80 40.072
8 1 3 3 3 2 2 2 1 1 1 3 583387 523195 542.027 5.14 63 54.773
9 1 3 3 3 3 3 3 2 2 2 1 48276 34.408 45.548 43 8 32.326
10 2 1 2 3 1 2 3 1 2 3 1 38.702 25.801 55.897 4.29 4 30.809
11 2 1 2 3 2 3 1 2 3 1 2 592363 759475  622.652 7.81 100 56.22
12 2 1 2 3 3 1 2 3 1 2 3 168502 225755 254.108 5.26 100 46.299
13 2 2 3 1 1 2 3 2 3 1 3 594334 537.627  580.096 5.24 40 55.103
14 2 2 3 1 2 3 1 3 1 21 57.657 91.66 79.763 4.76 25 37.159
15 2 2 3 1 3 1 2 1 2 3 2 154827 180.84 140.747  4.82 43 43.88
16 2 3 1 2 1 2 3 3 1 2 2 232654 204.3 221.9 5.03 64 46.795
17 2 3 1 2 2 3 1 1 2 3 3 817203 925372 762.52 7.67 100 58.351
18 2 3 1 2 3 1 2 2 3 1 1 525712 433.048 457.107 4.9 5 53.392
19 31 3 2 1 3 2 1 3 21 64.504 47.308 83.864 4.38 5 35.583
20 3 1 3 2 2 1 3 2 1 3 2 615736 502.11 524.04 4.83 24 54.665
21 3 1 3 2 3 2 1 3 2 1 3 1722582 1806446 1756.585  7.38 100 64.914
22 3 2 1 3 1 3 2 2 1 3 3 193353 168.326  198.633 5.09 77 45.356
23 3 2 1 3 2 1 3 3 2 1 1 672552 626419 544315 5.13 6 55.667
24 3 2 1 3 3 2 1 1 3 2 2 161673 179.062  218.363 5.24 100 45.208
25 33 2 1 1 3 2 3 2 1 2 973614 868.894 926.816 5.47 43 59.276
26 3 3 2 1 2 1 3 1 3 2 3 325512 301.083 262.363 4.92 50 49.33
27 3 3 2 1 3 2 1 2 1 3 1 41.025 35.763 46.516 4.89 15 32.127

*S/N ratio(dB) is signal-to-noise ratio
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Figure 1. Comparison of HA production by wild-type and four
recombinant C. glutamicum, with and without IPTG induction.

The Comparison of the HA production by pA and pAC
recombinant constructs (containing hasA and hasC genes,
respectively) revealed that the hasC gene had only a minor
impact on enhancing the HA yield. The presence of the hasC
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gene resulted in a 12% increase in HA production (Fig. 1
and 2). This result confirmed the previous findings that C.
glutamicum contains a pool of precursors for HA
synthesis.[31]

Overexpression of glmU gene decreased the HA yield
and the cell concentration by 3.5 and 18-fold, respectively
(Figures 1 and 2). The glmU gene encodes for a
uridyltransferase enzyme that produces UDP-GIcNAc. It
seems that increased precursor concentrations inhibit
bacterial growth; therefore, a high level of UDP-GICNAc
results in a reduction in the cell concentration and HA
synthesis.[29] To compare our results from C. glutamicum
with another alternative host for HA production, we can
look at findings reported by Zichao Mao and his colleagues,
who worked with Escherichia coli, a gram-negative
bacterium. They transformed several genes, including
uridine diphosphate-glucose dehydrogenase from E. coli K5
and pmHAS from Pasteurella multocida, which are key
genes for HA production in E. coli. Their results showed a
yield of 0.5 g L™t in shaking flasks and approximately 2.0—
3.7gL™tin 1L fed-batch fermenters[30].
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Figure 2. HA productions and growth curves with and without IPTG induction in transformed bacteria by: A) pA, B) pACG, C) pAC,

and D) pACB constructs.
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Based on these results, we can conclude that C.
glutamicum is a better option than E. coli, as it requires only
one gene to produce HA and does not contain endotoxins in
the final product. Additionally, the minimum yield of HA
production in C. glutamicum is higher than that of E. coli.
In another study, Naoki Izawa and his colleagues attempted
to produce HA in Streptococcus thermophilus. They
reported a maximum titer of 1.2 g L™* with the co-expression
of hasA and hasB, which is similar to the minimum yield in
C. glutamicum. Furthermore, Lactococcus lactis was chosen
for HA production due to its status as a food-grade
bacterium. The researchers claimed that HA produced by L.
lactis has significant potential for applications in the food
and biomedical industries[29]. However, the maximum titer
reported in their study was only 0.65 g L™, which is again
lower than the minimum HA production obtained from C.
glutamicum. Another alternative host for HA production is
Bacillus subtilis. Bill Widner and his colleagues
transformed several genes, including hasA, tauD, and gcaD,
reporting yields of over 1 g L™ [13]. Although C.
glutamicum has a higher titer compared to the results from
this study, B. subtilis has shown great potential, and many
researchers are conducting studies on it. Today, some
manufacturers are using B. subtilis as an alternative host for
industrial HA production. We believe that C. glutamicum,
along with Bacillus subtilis, represents the best options for
producing hyaluronic acid. Our results, along with other
studies, indicate that C. glutamicum is one of the bacteria
with a high titer of HA production, slightly lower than the
native HA producer, Streptococcus zooepidemicus.

In industrial production, an important challenge arises
when working with plasmids and recombinant strains:
plasmid instability. This issue occurs when recombinant
strains lose the plasmid or experience a decrease in copy
number over generations, leading to unstable expression and
a reduction in the titer of products like HA. C. glutamicum
is no exception to this problem. One approach to address this
challenge is developing and using integrative plasmids,
which integrate the gene of interest into the genome of C.
glutamicum. This method resolves most stability issues.
Additionally, some studies on C. glutamicum have
identified a gene named cgR_0322, which is involved in the
response to plasmid introduction and plasmid structural
instability. Disrupting this gene may enhance plasmid
retention and expression of harbored genes, thereby
broadening the bacterium’s suitability as an industrial
production host.[32]

3.2 Effects of initial pH on HA production

A one-factor-at-a-time method was applied to find the
best pH for HA production in the culture medium. As
expected, neutral pH was the best pH for HA
production.[18] The high pH causes sedimentation and
turbidity in the medium due to the reduced solubility of
some components, such as phosphate salts and proteins. On
the other hand, low pH inhibits bacterial growth and HA
production by causing cellular stress and disrupting
bacterial membrane integrity. Additionally, the growth of C.
glutamicum is typically accompanied by the secretion of
acidic byproducts into the medium. Therefore, starting with
a pH around neutral is better to avoid extreme decreases in
pH during fermentation. For these reasons, a neutral pH was
chosen.

3.4. Optimization of the HA production by Taguchi
method, data analysis by Qualitek-4 software

The ANOVA table was generated using Qualitek-4
software based on the data obtained. According to the
analysis, urea concentration (F-ratio = 31.658) emerged as
the most significant factor influencing hyaluronic acid (HA)
production. Induction time also demonstrated substantial
importance, further validating its role as a critical parameter.
The ANOVA table summarizes the detailed effects of each
factor on HA production (Table 3).

The results highlight urea (F = 31.66, 43.1%
contribution) and induction time (F = 16.60, 22.0%
contribution) as the dominant factors, collectively
accounting for over 65% of the total variance. Their high F-
values, which are well above the significance threshold,
underscore their statistical and practical relevance. Soy
protein acid hydrolysate (F = 6.67, 8.0%) and vitamin
complex (F = 5.66, 6.6%) exhibited moderate influence,
likely by supporting microbial growth and precursor
synthesis. MgSO, (F = 3.45, 3.4%) and citric acid (F = 2.39,
2.0%) showed minor but measurable effects. Remaining
factors, such as phosphate buffer, glucose, and trace
elements, contributed negligibly (F < 1, % < 1%), indicating
minimal impact under the tested conditions. These findings
prioritize urea concentration and induction timing as key
variables for optimizing HA yield, while deemphasizing
non-significant factors. The model explained approximately
85% of the total variability (14.7% unexplained error). The
impacts of various factors on the response values were
analyzed using signal-to-noise ratio and the plots were
drawn for each factor (Fig. 3). The graphs display the
maximum and minimum responses for each level,
suggesting the best level for each factor as well as optimum
condition.
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Table 3. ANOVA analysis of S/N ratio

Factors DOF Sums Of Squares Variance F-Ratio Pure Sum Percent
Phosphate buffer 2 24.130 12.065 0.684 0.000 0.000
(NH4)2S04 2 5.871 2.935 0.166 0.000 0.000
Ca (NO3)2 2 41.339 20.669 1.172 6.078 0.242
Soy protein acid 2 235.365 117.682 6.674 200.104 7.983
hydrolysate
Vitamin complex 2 199.487 99.743 5.657 164.227 6.552
Trace elements 2 8.409 4.204 0.238 0.000 0.000
Glucose 2 13.737 6.868 0.389 0.000 0.000
Citric acid 2 84.138 42.069 2.386 48.878 1.950
MgSO4 2 121.603 60.801 3.448 86.342 3.444
Induction time 2 585.496 292.748 16.604 550.235 21.953
Urea 2 1,116.308 558.154 31.658 1,081.047 43.131
Other/Error 4 70.521 17.630 14.745
Total 26 2.506.410 100.000
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Figure 3. level average response graphs by S/N ratio
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3.4 The effects of phosphate buffer, ammonium sulfate
and trace elements

The concentration of phosphate buffer components had
no significant impact on HA production (Fig. 3-a). Under all
conditions, the pH of the medium dropped within the first 8
hours. Furthermore, increasing the buffer concentration also
had no major effects (Table 4). Similarly, ammonium
sulfate, as a mineral source of nitrogen, had no significant
impact on HA production; however, the second level of
ammonium sulfate was more effective for HA production
(Fig. 3-b). Our results also demonstrated that trace elements
had no major effects on HA production (Fig. 3-f).

3.5 The effect of calcium nitrate

As shown in Fig. 3-c, increasing the amount of calcium
nitrate as a source of calcium ion marginally decreased the
HA production.

3.6 The effects of soy protein lysate

In this study, soy protein lysate was used as a source of
amino acids and organic nitrogen. The maximum amount of
HA was produced in the second level, while the HA
production in the first and third levels was lower than the
second level (Fig 3-d). As can be deduced from Table 4,
using soy protein acid hydrolysate in the highest amounts
had deleterious impacts on the HA yield.

3.7 The effect of biotin

Biotin was added to the culture medium in a form of the
B complex vitamin batch. As shown in Fig. 3-e, increasing
the biotin concentration from the first level to the second
level increased the HA production, whereas increasing the
biotin concentration from the second level to the third level
decreased the production.
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Table 4. Average effect response for signal-to-noise ratio

Factors Level 1 Level 2 Level 3 Maximum Effect = Rank of factor
Phosphate buffer 46.866 47.556 49.125 2.259 8
(NH4)2S04 47.679 48.486 47.382 -1.104 11
Ca (NOs), 49.487 47.563 46.497 -2.99 7
Protein lysate 46.388 51.967 45.192 -6.775

Vitamin complex 44.532 51.19 47.825 6.658 4
Trace elements 479 47.142 48.506 1.364 10
Glucose 46.872 48.123 48.553 1.681 9
Citric acid 45.388 48.717 49.442 4.054 6
MgSO4 45.304 50.499 47.745 5.195 5
Induction time 54.434 44.663 44.451 -9.983 2
Urea 38.904 50.905 53.738 14.834 1

3.8 The effects of initial glucose concentration

UDP-GIcNAc and D-glucuronic acid, derived from
glucose and produced in the carbon pathways, are the major
components for the HA backbone synthesis. In this study,
the glucose concentrations were considered high, while the
bacterial concentration had no limitation. When the initial
glucose concentration in the first level was considered high,
the further increase in the glucose concentration slightly
affected the HA yield. When the glucose concentration in
the first level was considered low, the increase in the
glucose concentration had stronger impacts on the HA
synthesis (Fig. 3-g). In low glucose condition, a slight
increase in the glucose concentration increased the HA
production, whereas in high initial glucose concentrations,
the bacteria had unrestricted access to the carbon source, so
a further increase in glucose concentration had no effects.
Also, according to the results of Table 4, it can be concluded
that the impact of initial glucose concentration on HA
synthesis could be significant at low initial glucose
concentrations.
3.9 The effect of citric acid

The effects of citrate on the growth of C. glutamicum
were also investigated. The presence of citrate in the culture
medium increased the expression levels of certain enzymes
involved in TCA cycle and regulation of the central
metabolism in C. glutamicum.[33] Fig. 3-h results can also
confirm that increasing the citrate concentration boosted
precursor synthesis and HA production.

3.10 The effect of MgSOa4

Magnesium sulfate is the fifth important cofactor for
Hyaluronan synthase. The maximum amount of HA was
achieved at 200 mg L™ concentration of MgSO..
Subsequent increase in MgSO. concentration decreased the
HA production. It seems that MgSQ, at high quantities

blocks enzymes involved in the carbon cycle and HA
precursor synthesis, such as phosphoenolpyruvate
carboxykinase and pyruvate carboxylase that use Mn?* as
cofactor.[34] Actually, Mg?* has a similar atomic radius to
Mn2+, so at high concentrations, it can bind to the enzymes
instead of Mn2+ and reduce their activities.[35] The results
of Fig. 3-i can be interpreted as the presence of high
quantities of MgSO4 in the culture media might disrupt
enzymes involved in the carbon cycle and HA precursor
synthesis that use Mn?* as a cofactor, such as
phosphoenolpyruvate  carboxykinase and  pyruvate
carboxylase.

3.11 The effects of induction time

This experiment demonstrated that adding an inducer at
different time points had major effects on HA production.
The addition of IPTG as an inducer at the low optical density
of bacteria induced HA production and decreased bacterial
growth (Fig. 2). The reduction in bacterial growth could be
due to the competition between HA production and cell wall
synthesis.[16, 36] On the other hand, the induction of
bacteria at higher OD had no effects on HA production (Fig.
3-j). Actually, when bacteria are growing, the precursors for
cell wall synthesis are present in the cells, and the addition
of IPTG at this time results in the production of HA. On the
contrary, when the cells are in the late stages of growth or
the last log phase, there are no precursors for HA
production; therefore, adding IPTG does not affect the HA
synthesis. Furthermore, in the late stages of bacterial
growth, the metabolic pathways switch to biomass
production and adding IPTG cannot change the pathways
for HA production.

3.12 The effects of urea
The urea concentration was another variable that was
subjected to the optimization process. The results in Table 2

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

10


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Medium optimization and fed-batch fermentation of heterologous HA

Appl Food Biotechnol, Vol. 12, No. 1.e6 (2025)

revealed that glucose was consumed entirely in some
conditions in which the pH of the culture media was
between 6-7. In other runs, the pH of the culture media was
acidic between 4-5. It seems glucose depletion leads to urea
hydrolysis and NH3+ production, raising pH to neutral level
and stimulating HA synthesis (Fig. 3-k). In some runs
shown in Table 2, glucose was not fully consumed (runs 9,
10, 18, and 19), urea hydrolysis was suppressed, and pH
remained in the acidic range. A possible known mechanism
for the effect of urea on HA production is supported by
research identifying the urea uptake system (urtABCDE
operon) and urease genes (ureABCEFGD), which are
regulated by the global nitrogen regulator AmtR under
nitrogen-limiting conditions. Studies have shown that under
nitrogen limitation, the synthesis of urease subunits
increases, making urea utilization critical for nitrogen
supply.[37]This confirms the impact of urea on metabolic
flux and potentially glucose uptake, aligning with our
observations. Urea hydrolysis produces ammonia, which is
assimilated into nitrogen metabolism via glutamine
synthetase (GInA).[38] GInA converts ammonia into
glutamine, which then donates an amino group for the
formation of glucosamine-6-phosphate. This compound
serves as a precursor in the metabolic pathway leading to
UDP-N-acetylglucosamine  (UDP-GICNAc)  synthesis.
UDP-GIcNACc is one of the two sugar-UDP substrates
required for HA polymerization

3.13 Verification test

The optimum levels of the factors should be
experimentally confirmed. The qualiteg-4 software
predicted the maximum HA concentration in the range of
1299 to 3798 mg L™t with a 95% confidence interval. The
verification test indicated that the HA concentration reached
2300 mg L1, which was in line with the predicted range.
HA production remarkably increased by the Taguchi
experimental design, and it can be concluded that the
statistical approach was efficient.

3.14 Fermentation conditions

The optimal condition was tested in a 5-L fermenter and
showed similar results. The HA production reached 1.8 g
L™t after 18 h (Fig. 4). At pH 7, glucose was consumed
entirely, and the production decreased. On the other hand,
in the acidic pH of the culture media, the bacteria could not
consume glucose, and HA production decreased. The results
indicated glucose depletion was a critical limiting step in
HA synthesis. Actually, at neutral pH, the HA was produced
when glucose was not totally consumed.

In our study, glucose feeding had a major impact on HA
synthesis. The feeding was started when the initial glucose
was completely consumed. After 48 h, the HA production

reached 5.3 g L™ (Fig. 5). Glucose feeding maintained
bacterial growth; therefore, there were no limitations for HA
production. When bacteria are in the growth phase, the
precursors necessary for HA production are available and
promote both HA production and cell division.[36]

In the fermentation process for the production of HA, an
important challenge to consider is oxygen transfer
limitation. HA, a large polysaccharide and water absorber,
increases the viscosity of the medium. This increased
viscosity reduces oxygen availability and dissolved oxygen
levels, which negatively affects cell growth and HA
production. While higher aeration may partially address the
issue, research on Streptococcus zooepidemicus indicates
that the controlled use of the hyaluronidase enzyme, which
converts high molecular weight HA into lower molecular
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Figure 4. Glucose consumption, HA production and growth curves
in a 5-L fermenter in optimized medium
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Figure 5. HA production and growth curves in a 5-L fermenter by
applying feeding strategies
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weight forms, can enhance oxygen transfer and improve
dissolved oxygen levels.[39] This approach helps mitigate
the oxygen limitation problem and enhances the oxygen
transfer rate, leading to an increase in the titer of HA
production, although the final HA product will have a lower
molecular weight. This approach could likely be effective
for C. glutamicum as well, and using it could resolve this
issue for industrial production.

4. Conclusion

The results demonstrated that the hasA gene is crucial for
recombinant HA production in C. glutamicum. While some
bacteria produce HA precursors like N-acetylglucosamine
and D-glucuronic acid, they cannot assemble HA without
the hasA gene. Introducing hasA enables HA production,
though genes like gimU may negatively impact HA yield by
disrupting metabolic pathways. Medium optimization using
the Taguchi method and ANOVA in this study, identified
urea concentration and induction time as significant factors
for HA production with an F-ratio more than the F critical
value (6.9443). Urea, as an organic nitrogen source, adjusts
pH and enhances glucose uptake, leading to higher HA
production when glucose is fully consumed. Higher urea
concentrations prevent pH decline by producing
ammonium, maintaining pH at 6.5-7.5, which is optimal for
glucose consumption and HA production. Conversely, low
pH reduces glucose uptake and HA yield.

Induction time also significantly influenced HA
production. Early induction By IPTG (at low bacterial
concentration) directed precursors toward HA synthesis,
while late induction (at high OD) inhibited HA production
due to competition between bacterial growth and HA
synthesis. Since HA production is growth-associated,
maintaining bacteria in the log phase increased HA vyield.
Glucose feeding and pH adjustment in the fermenter further
enhanced HA production by preventing entry into the
stationary phase and maintaining pH around 7. In
conclusion, C. glutamicum with the hasA gene can produce
high HA vyields when grown in urea-enriched medium,
induced early, and fed glucose to sustain growth and pH.
Therefore, it could be a candidate as an alternative host for
industrial HA production.
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