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Abstract

Background Hyaluronic acid (HA) is extensively employed in various fields such as medicine, cosmetics, food, etc.
The molecular weight (MW) of HA is crucial for its biological functions. Streptococcus zooepidemicus, a prominent HA
industrial producer, naturally synthetizes HA with high MW. Currently, few effective approaches exist for the direct
and precise regulation of HA MW through a one-step fermentation process, and S. zooepidemicus lacks metabolic
regulatory elements with varying intensities. The ratio of HA's precursors, UDP-N-acetylglucosamine (UDP-GIcNAC)
and UDP-glucuronic acid (UDP-GIcA), is critical for the extension and release of HA. An imbalance in the precursor
proportions for HA synthesis leads to a significant decrease in HA MW, indicating that controlling the precursor ratio
may serve as a potential method for regulating HA MW,

Results In this study, the type and concentration of carbon sources were manipulated to disrupt the balance of
precursor supply. Based on the results, it was speculated that the transcription level of hasE, which may connect

the two HA synthesis precursors, is positively correlated with HA MW. Consequently, an endogenous expression
component library for S. zooepidemicus was constructed, comprising 32 constitutive and 4 inducible expression
elements. The expression of hask was subsequently regulated in strain SEO (S12 AhasE) using two constitutive
promoters of differing strengths. The recombinant strain SE1, in which hasE was controlled by the stronger promoter
PR31, produced HA with a MW of 1.96 MDa. In contrast, SE2, utilizing the weaker promoter PR22, synthesized shorter
HA with a MW of 1.63 MDa, thereby verifying the hypothesis. Finally, to precisely requlate HA MW according to specific
demands, an efficient sucrose-induced expression system was screened and employed to control the transcription
level of hasE, obtaining recombinant strain SE3. When induced with sucrose concentrations of 3, 5-10 g/L, the HA MW
of SE3 reached 0.78 to 1.77 MDa, respectively.

Conclusions Studies on regulating the balance of the HA precursor substances indicate that an oversupply of
either UDP-GIcNAc or UDP-GIcUA can reduce HA MW. The hasE gene serves as a crucial regulator for maintaining
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this balance. Precise regulation of hask transcription was achieved through an efficient inducible expression system,
enabling the customized production of HA with specific MW. The HA MW of strain SE3 can be accurately manipulated
by adjusting sucrose concentration, establishing a novel strategy for customized HA fermentation.

Keywords Streptococcus zooepidemicus, Hyaluronic acid, Precursor supply balance, Sucrose-induced expression

system, Molecular weight regulation, hast gene
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Background
HA is a linear polymer consisting of a repeating disac-
charide of N acetylglucosamine (GlcNAc) and glucuronic
acid (GlcUA), linked by alternating p-1,3 and B-1,4 gly-
cosidic bonds [1]. This biopolymer is abundantly present
in various human and animal tissues, as well as in micro-
bial capsules [2]. The biological activity of HA is closely
related to its molecular weight (MW) [3]. High molecular
weight hyaluronic acid (HMW-HA) finds wide applica-
tions in skin moisturization [4], maintenance of viscoelas-
ticity in ophthalmic surgery [5], intra-articular injections,
cosmetics [6], skin burn healing [7], and postsurgical
anti-adhesion [8]. Low molecular weight hyaluronic acid
(LMW-HA) exhibits anti-inflammatory, angiogenic, and
immunomodulatory effects, with HA oligosaccharides
being employed in cancer treatment [9-11]. Due to its
extensive biological applications, numerous studies have
been conducted on the microbial synthesis of HA.
Streptococcus zooepidemicus is capable of producing
HMW-HA at high yields [12-14]. Its short fermenta-
tion cycle, reduced by-product formation, high purity,
and ease of separation and purification have made S.

zooepidemicus a popular choice for HA manufactur-
ing [15, 16]. Furthermore, the HA synthesis pathway in
S. zooepidemicus has been well characterized, and effec-
tive gene editing tools are available to facilitate metabolic
modifications [17]. However, several limitations remain
in the production of HA through S. zooepidemicus fer-
mentation. The organism naturally produces HA with a
MW of 2.12 MDa, which does not fulfill the industrial
demand for LMW-HA. Various fermentation conditions
such as pH [18], temperature [19], dissolved oxygen [20],
additional materials [21], and carbon/nitrogen ratio [22,
23] have been investigated to modulate the MW of HA.
Nevertheless, the MW range of HA obtained through
these methods is narrow, making fine regulation chal-
lenging. Thus, an alternative approach is required for the
regulation of HA MW. Generally, there has been lim-
ited research on the metabolic engineering of S. zooepi-
demicus for regulating HA MW, and there is a lack of
precisely regulated metabolic modification elements.
Therefore, it is essential to establish a method for the
direct production of HA with specific MWs through
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one-step fermentation, as well as to develop a production
strain capable of fine-tuning HA MW.

Reports indicated that HA is synthesized and trans-
ported outside the cell simultaneously [24]. The competi-
tion between UDP-GIcUA and UDP-GIcNAc influences
the polymerization rate by streptococcal HA synthase
[25, 26]. A nearly 1:1 ratio of UDP-GIcUA to UDP-
GIcNAc is advantageous for extending long HA chains
and forming higher MW HA [12]. It is speculated that
a disruption in the balance of UDP-GIcUA and UDP-
GlcNAc may lead to premature release of HA outside the
cell, resulting in the synthesis of LMW-HA.

D. Rigo et al. reported that in Streptococcus bacterium,
the two precursors for HA synthesis are derived from
glucose-6-phosphate (G-6-P) and fructose-6-phosphate
(F-6-P), respectively [3]. Will the substrate balance be
modified along with the change of carbon source, such as
glucose, fructose or sucrose, thereby affecting the MW of
HA? In order to obtain desirable MW of HA, how to reg-
ulate the balance of G-6-P and F-6-P? In this study, vari-
ous carbon sources were utilized for HA fermentation,

Table 1 Strains and plasmids used in this study
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revealing a positive correlation between hasE transcrip-
tion levels and HA MW. Furthermore, an endogenous
expression component library for S. zooepidemicus was
constructed, and an inducible expression system was
screened and employed to control hasE’s transcription
level, aiming to regulate HA MW.

Methods

Strains and culture conditions

All strains used in this study are listed in Table 1. S.
zooepidemicus ATCC 39,920(S12)and its derivatives were
cultured at 37°C in Todd-Hewitt yeast (THY) medium
[17]. Escherichia coli ]M109 was employed for plasmid
construction and was cultured in LB medium at 37 °C.
Media were supplemented with spectinomycin (50 pg/
mL for E. coli, and 100 pg/mL for S. zooepidemicus)
when required. Bacillus subtilis 168 was cultured in LB
medium at 37 °C, while Lactobacillus lactisCV56 was
cultured in M17 medium at 37 °C. For HA production,
S. zooepidemicus was cultured in HA fermentation (FSB)
medium following our previously reported protocols

Strains or Characteristics Sources

plasmids

E. coli JIM109 host for cloning Gibco BRL

S. zooepidemicus  Wild-type strain ATCC

ATCC39920 39,920

SA hasA mutant [34]

SEO hasE mutant This work

SA1 hasA mutant harboring pLH5001 This work

SA2 hasA mutant harboring pLH5002 This work

SA3 hasA mutant harboring pLH5003 This work

SA4 hasA mutant harboring pLH5004 This work

SE1 hasE mutant harboring pLH5005 This work

SE2 hasE mutant harboring pLH5006 This work

SE3 hasE mutant harboring pLH5007 This work

SPRO-32 S12 harboring pLH5009-pLH5041 This work

Plasmid

pDL278 Spcr, inducible expression vector This work

pLH5001 Spc, inducible expression vector, carrying the PscrA promoter and scrR gene, derivative containing a functional S. This work
zooepidemicus hasA gene

pLH5002 Spcr, inducible expression vector, carrying the PlacA promoter and /acR gene, derivative containing a functional S. This work
zooepidemicus hasA gene

pLH5003 Spcr, inducible expression vector, carrying the PxylA promoter and xyIR gene, derivative containing a functional S. This work
zooepidemicus hasA gene

plLH5004 Spcr, inducible expression vector, carrying the Pnisin promote, derivative containing a functional S. zooepidemicus This work
hasA gene

pLH5005 Spcr, inducible expression vector, carrying the PSesec_00510 promote, derivative containing a functional S. zooepi- This work
demicus hasE gene

pLH5006 Spcr, inducible expression vector, carrying the PpfK promote, derivative containing a functional S. zooepidemicus hast  This work
gene

pLH5007 Spcr, inducible expression vector, carrying the PscrA promoter and scrR gene, derivative containing a functional S. This work
zooepidemicus hast gene

pLH5008 pDL278 carrying rbs:gfpmut2 gene This work

pLH5009-5041 pLH5008 carrying PRO-PR32 expression element This work
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[27]. Unless otherwise specified, the carbon source for
fermentation was supplied as 20 g/L sucrose.

DNA fragment techniques and cloning procedures

DNA involved in hasE, PR1-PR32, sucrose-inducible
expression system and lactose-inducible expression sys-
tem of S. zooepidemicus, the xylose-induced expression
system of B.subtilis 168, nisin-induced expression system
of L. lactis CV56, the gfp gene of pLH1096 (Preserved
in our laboratory) were amplified from the respective
genomes using specific primers (Table. S1) and Platinum
Taq DNA polymerase (Takara, Dalian, China). The PCR
products were purified using the QIAquick PCR puri-
fication kit (Takara, Dalian, China) and subsequently
cloned into the pDL278 vector using standard T4 ligase
(Vazyme, Nanjing, China). Constructs were confirmed by
Sanger DNA sequencing performed by Kim Vickers and
then transformed into S. zooepidemicus using the electro-
poration method as previously described [17].

Construction of an endogenous expression component
library and 4 inducible expression systems for S.
zooepidemicus

To construct an endogenous expression component
library for S. zooepidemicus, a wild-type S. zooepidemicus
(512) mRNA sample was submitted to Majorbio (Shang-
hai, China) for sequencing analysis. The transcription lev-
els of various genes were evaluated by calculating FPKM
(fragments per kilobase of transcript per million mapped
reads) values. By integrating promoter prediction scores
and ribosome binding site (RBS) analysis, 32 combina-
tions of promoters and RBSs (PR) were selected. These
constitutive expression elements were then fused with
the gfp gene for expression, and samples were fermented
in FSB medium for 8 h. Fluorescence levels were detected
using an upright fluorescence microscope (Olympus,
Japan), with an excitation wavelength of 485 nm and
an emission wavelength of 528 nm, to comprehensively
assess the expression intensity of gfp.

The inducible expression systems were transformed
into hasA knockout strain [34], obtaining SA1 (sucrose-
inducible expression system), SA2 (lactose-inducible
expression system), SA3 (xylose-inducible expression
system), and SA4 (nisin-inducible expression system).
The mutant strains SA1, SA2, SA3 and SA4 were streaked
on THY solid plates supplemented with different concen-
trations of sucrose, lactose, xylose, and nisin, respectively,
and incubated statically at 37 °C for 24 h.

gRT-PCR analysis

The total RNA of the target strains cultured in THY
medium for 8 h was extracted using Bacterial RNA Kit
(Omega Bio-tech, Guangzhou, China). The cDNA was
obtained using PrimeScript™ RT reagent Kit with gDNA
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Eraser (Takara, Dalian, China). Transcriptional levels of
the target genes were normalized against the levels of ldh,
which encodes lactate dehydrogenase.

Growth and fermentation

S. zooepidemicus S12 and its mutant strains were fer-
mented under shaking flask conditions [28] and the
production performance of SE3 was evaluated in a 5 L
fermenter. The strain was precultured in THY medium
incubated at 37 °C with shaking at 200 r/min for 12 h to
prepare seed cultures. For flask cultures, 500 mL flasks
containing 100 mL THY medium were inoculated with
4 mL seed culture and incubated at 37 °C with shaking
at 200 r/min. Fed-batch fermentation was performed in
a 5 L fermenter (Parallel, Shanghai, China) containing 3 L
of FSB medium, with an initial concentration of 20 g/L
fructose. A 10% (v/v) inoculum from the 12-hour seed
culture was used. Fermentation was performed at 37 °C
with an aeration rate of 1.5 vvm and the pH was main-
tained at 6.8 by addition of 4 M NaOH. The agitation
speed was set at 200 r/min. Sucrose was exponentially fed
at rates of 3-5 g/L at 8 h. Biomass was analyzed using a
spectrophotometer at 600 nm.

Analytical measurements
HA samples were purified from the broth by mixing 4
mL culture with 4 mL 0.1% w/v SDS and incubating at
room temperature for 10 min. The samples were filtered
through a centrifuge (Beckman Coulter, Avanti J-26 XPI)
at 8000r/min for 15 min at 4 °C, the mixed with 3 vol-
umes of ethanol and laid quietly for 12 h at 4 °C. Then
mixture was centrifuged (8000 r/min for 20 min at 4 °C),
and the pellet was allowed to dry overnight. The dried
HA pellet was resuspended in 0.1 M NaNO; with gentle
rocking overnight at 4 °C. Prior to analysis, samples were
filtered through a 0.22 um filter (Millex-GS MSE).
Purified HA samples were analyzed for their concen-
tration and MW, using the turbidimetric quantification
assay [29] and agarose gel electrophoresis [30], respec-
tively. For gel electrophoresis, samples were separated
with a Sub-Cell GT (Bio-Rad) apparatus and 0.5% agarose
gels. Samples containing 0.5 g/L. HA were electropho-
resed at 35 mA for 1 h, followed by a switch to a constant
current of 80 mA for 3 h at room temperature. The gels
were stained with toluidine blue as previously described
[31], and the samples were then filtered through a syringe
filter (Millex-GS MSE, 0.45 pm) to remove cells. HA MW
was measured by GPC, as described elsewhere [31].

Assay of biofilm

A single colony of S. zooepidemicus was inoculated into
4 mL of THY liquid medium and cultured overnight at
37 °C with agitation at 200 r/min. For crystal violet test,
200 pL of the bacterial solution was added to a 96-well
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plate and incubated at 37 °C for 24 h. The cells were
rinsed three times with PBS. Subsequently, 200 pL of
methanol was added to each well to fix the cells at room
temperature for 30 min and then dried in an oven. Next,
200 pL of 1% crystal violet solution was added to each
well, and the cells were stained for 30 min. The 96-well
plate was rinsed three times with PBS and air-dried.
Finally, ODjy5; was measured after adding 200 uL of 33%
glacial acetic acid solution to each well to dissolve the
adherent bacteria.

For Congo red test, the tested bacterial solution was
dripped to corresponding Congo red plates and marked.
Three repetitions were performed. The plates were then
incubated at a constant temperature of 37 °C for 24 h,
after which the colonies were photographed to observe
their color.

Results and discussion

Effects of carbon source supply on HA MW

Studies have indicated that feeding sucrose in the fer-
mentation medium can increase the MW of HA by
800 kDa compared to using glucose as a carbon source
[32]. The exact mechanism underlying this phenomenon
is unclear. To investigate the effects of varying carbon
sources on HA MW, a fermentation medium supple-
mented with 20 g/L of sucrose, glucose, or fructose,
respectively, was used for HA production. The MW of
HA reached up to 2.12 MDa, 2.06 MDa, and 0.69 MDa
when fermentation with sucrose, glucose, and fructose,
respectively (Fig. 1A and B). Moreover, the HA MW only
showed a slight decrease with the reduction of glucose
concentration, but this difference was not significant.
(Figure 1C and D). However, it was observed that the
lower MW obtained with S. zooepidemicus could be fur-
ther reduced by decreasing the concentration of fructose.
When the fructose concentration was lowered to 5 g/L,
the HA MW reached its lowest level of 0.42 MDa (Fig. 1E
and F).

As we know, the synthesis of HA precursor involves
two metabolic pathways: G-6-P and F-6-P. In the former
pathway, the G-6-P is converted to UDP-GIcUA via the
enzymes PgmA, HasC, and HasB. In the latter pathway,
GImS, GImM, and HasD convert F-6-P to UDP-GIcNAc.
When sucrose or glucose is utilized as the carbon
source, HasE acts as a bridge between F-6-P and G-6-P,
with G-6-P becoming the primary source of F-6-P. Fur-
thermore, fructose can be converted to F-6-P by ScrK,
providing additional carbon sources for UDP-GIcNAc
synthesis. Subsequently, HasA converts UDP-GIcUA
and UDP-GIcNAc to HA. Fructose and F-6-P activates
the EMP metabolic pathway via fruA and pfk, respec-
tively, while UDP-GIcNAc serves as a precursor for cell
wall fabrication. Consequently, the biosynthesis of UDP-
GIcNAc competes for resources with the EMP pathway
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and the cell wall synthesis pathway [33]. When sucrose
serves as the carbon source, it can simultaneously sup-
port the synthesis of G-6-P and fructose, thus enabling
the precursors to maintain an optimal ratio, which favors
the synthesis of HMW-HA. Conversely, the employment
of glucose or fructose as carbon sources disrupts this pre-
cursor balance, resulting in the production of LMW-HA.
Previous reports indicated that UDP-GIcNAc plays a
decisive role in the MW of HA [24]. It is speculated that
the expression level of hasE and scrK might significantly
impact the precursor balance, subsequently affecting the
MW of the HA polymer chain. To confirm this effect, we
compared the transcript levels of hasE and scrK in differ-
ent carbon sources. Compared to 5 g/L fructose, 20 g/L
resulted in a dramatic increase in hasE transcript levels
of 15.46-fold (Fig. 1D), while no significant difference was
noted for scrK (Fig. S1). This suggested that HA MW is
correlated with hasE transcript levels, indicating that all
F-6-P is converted to G-6-P primarily via hasE. It can
be considered that the HA MW correlated with hasE
transcript level. Therefore, it can be considered that all
F-6-P is converted to G-6-P solely by hasE. Strains fed
with fructose exhibited suboptimal levels of UDP-GIcUA
compared to UDP-GIcNAc, highlighting a strong corre-
lation between MW and UDP-GIcUA concentration. In
summary, an excess of either precursor can disrupt sub-
strate balance, leading to the production of LMW-HA.
As fructose concentration decreases, the cellular
growth rate slows, making it an ineffective strategy to
restrict hasE gene transcription by limiting fructose con-
centration. Consequently, relying solely on reduced fruc-
tose levels to adjust HA MW is not a practical approach,
necessitating the exploration of alternative strategies.

Effect of hasE knockout on HA MW

Previous studies have demonstrated that, in addition
to glycolysis pathway, phosphate glucose isomerase,
encoded by hasE, is a key enzyme in the biosynthesis of
HA in S. zooepidemicus and was knocked out in our pre-
vious studies [34]. It was observed that the colony surface
of SEO (S12 AhasE) exhibits a dry and loose appearance,
accompanied by an absence of discernible capsule forma-
tion [34]. In this study, it was found that the strain SEQ
(S12 AhasE) significantly contributed to a decrease in
HA MW compared to S12, with HA MW dropping to
0.33 MDa (Fig. 2). We speculated that the knockout of
hasE might completely change the precursor supply bal-
ance of HA, potentially leading to premature release of
the HA polymer chain. This suggests that modulation of
the ratio of G-6-P and F-6-P through hasE transcription
levels would be a feasible method to adjust precursor bal-
ance and regulate HA MW. During the fermentation pro-
cess, we observed slow growth in SEOQ (S12AhasE) when
sucrose was used as the carbon source (Fig. S2). However,
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by feeding fructose, the mutant strain SEO exhibited
growth recovery(Fig. S2)and a small amount of capsule
were observed on the colony. Hence, fructose serves as
a supplementary carbon source for strain growth, effec-
tively enhancing the availability of essential precursors
for UDP-GIcNAc biosynthesis.

Regulation of hasE transcript levels using different
strength constitutive promoters

As previously mentioned, solely reducing the fructose
concentration to manipulate the HA MW is not fea-
sible. Regulating the expression level of hasE through
synthetic biology approaches may present a more effec-
tive solution. In contrast to widely utilized model micro-
organisms, such as E. coli [35] and B. subtilis [36], S.
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zooepidemicus notably lacks potent expression elements,
posing significant challenges for metabolic engineering
efforts. The promoter cp25, derived from Streptomyces,
has been shown to function in S. zooepidemicus; however,
its expression strength is significantly lower than desired
levels [37], limiting its practical utility in metabolic engi-
neering applications. To address this, 32 feasible consti-
tutive expression elements have been screened (Fig. 3)
to regulate hasE expression. All fluorescent images and
sequences can be seen in Fig. S3 and Sequence. S1. The

constructed hasE expression plasmid, under the control
of the constitutive promoter PR22 (medium strength)
and PR31 (high strength), was transformed into strain
SEO (S12), obtaining SE1 and SE2. As expected, compared
to SE2, the transcription level of hasE in SE1 increased
by 6.26-fold, leading to an increase in the HA MW from
1.63 MDa to 1.96 MDa. (Figure 2C and D). These results
suggest that the MW of HA increases with the enhance-
ment of promoter strength, indicating that a promoter
replacement strategy could effectively regulate HA MW.
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Screening of inducible expression systems

To accomplish the fine-tuned manipulation of HA MW,
a controllable and potent inducible expression system
is required. However, given the lack of native inducible
expression elements in S. zooepidemicus, we screened
four homologous or heterologous inducible expression
components. Analysis of the S. zooepidemicus genome
revealed that the sucrose operon primarily comprises
scrR (repressor of the sucrose operon), scrB (sucrose-
6-phosphate hydrolase), and scrA (component of the
IIABC of the sucrose PTS) [38]. Based on this structure,
it is speculated that the sucrose promoter might be acti-
vated by sucrose in a way similar to lactose operon pro-
moters, with scrR positioned opposite to scrA (Fig. S4A).
To validate the activity of the P, scrR construct, we cre-
ated a gene fusion between the promoter region of scrA
and scrR to test whether the scrA promoter can initiate
the transcription of hasA (Hyaluronic Acid Synthase
coding gene) and under the regulation of scrR. The open
reading frame (ORF) for such a gene fusion is illustrated
in Fig. S4A. Besides, three previously reported inducible

expression systems, lactose, xylose, and nisin [39], were
characterized using the same approach. It was observed
that the mutant strain SA1 formed a plump capsule with
moist, smooth, round, and raised colonies. In contrast,
SA2 generated a thin capsule with relatively smooth
and moist colonies that were slightly raised, while SA3
and SA4 did not form any capsule, and their colonies
appeared dry and loose (Fig. S4B).

Consistently with the colony morpholog, SA1 induced
by sucrose concentrations of 0, 1, 5, and 10 g/L produced
HA at yields of 0.196, 0.578, and 0.712 g/L, respectively.
Under the condition of 10 g/L sucrose induction, the
relative transcription level of the hasA gene was 23 folds
higher than that under 1 g/L. Overall, these findings indi-
cate that the sucrose-inducible expression system can
efficiently induce gene expression in S. zooepidemicus.

Regulation of hasE transcript levels using sucrose inducible
expression system

The constructed hasE expression plasmid, under the
control of sucrose-induced expression system, was
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transformed into strain SEQ (S12 AhasE), resulting in
strain SE3. We employed this expression system (SE3)
with varying initial sucrose concentrations to regulate
HA MW. When the sucrose concentration rose from
3 g/L to 5 g/L, the HA MW elevated from 0.58 MDa to
1.49 MDa, accompanied by a significant 4.5-fold increase
in the expression level of hasE (Fig. 2E and F). Conversely,
the HA MW in strain S12 exhibited a slight increase with
rising sucrose concentration (Fig. 2E and F).

These results suggest a positive correlation among
sucrose concentration, hasE transcription level, and the
MW. Therefore, it is possible and desirable to produce
HA with various MW by precisely controlling the expres-
sion levels of hasE by artificially adding different con-
centrations of sucrose. In summary, a sucrose-induced
expression system was employed to optimize hasE
expression and modulate the MW of HA. Sucrose can
also accumulate extra G-6-P for HA synthesis, leading to
suboptimal levels of UDP-GIcNAc of SE3.

1.8 -
1.6-
1.4-
1.2-
j 1.0-:
© 038
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0.4 -
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Biofilm formation

To investigate precursor balance as a potential control
point of capsule generation, we performed Congo red
and crystal violet tests on strains S12, SEO, and SE3 (with
sucrose concentrations of 0, 3 and 5 g/L). Compared to
$12, the hasE knockout strain SEQ displayed a marked
difference in rdar morphology, exhibiting a distinct dry
red colony phenotype (Fig. 4A). These results indicated
that hasE gene knockout significantly reduced the biofilm
formation ability of S. zooepidemicus. Furthermore, the
fermentation results for SE3 revealed that at lower initial
sucrose concentrations, there was an inhibitory effect on
biofilm formation. However, the rdar morphology recov-
ered with an increasing substrate concentration from 0
to 5 g/L. A similar trend was observed in the crystal vio-
let assay (Fig. 4B and C). In biofilm formation processes,
lower transcription levels of hasE result in a decreased
proportion of HMW-HA in the capsule of S. zooepi-
demicus, ultimately leading to the development of a thin

1

WT-S20

SE0-S20

SE3-0 SE3-3 SE3-5

Fig. 4 Verification of the effect of substrate balance on the biofilm of strains through congo red staining (A) and crystal violet test (B, C). The positive
control was the S12 supplemented with 20 g/L sucrose (WT-520), the negative control was the hasE knockout strain supplemented with 20 g/L sucrose
(SE0-S20), and the experimental groups were SE3 strains induced with 0 g/L (SE3-0), 3 g/L (SE3-3), and 5 g/L (SE3-5) sucrose, respectively
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and feeble capsule. It can be seen that the viscosity of S.
zooepidemicus decreased significantly, which facilitated
increased dissolved oxygen content during fermentation,
thereby enhancing strain density and HA yield.

5 L fermentation of SE3

To evaluate the production performance, the engineered
S. zooepidemicus strain SE3 was assessed in a 5 L fermen-
ter. As illustrated in Fig. 5, the HA MW were 0.78MDa,
1.66MDa, and 1.77MDa at sucrose concentrations of
3 g/L,5g/L, and 10 g/L, respectively. As shown in Fig. 5A
and B, the admixture of fructose and sucrose in 512 lead
to the generation of HMW-HA, Therefore, LMW-HA
could not be obtained in S12 through the strategy of mix-
ing carbon sources. When only 20 g/L of fructose is fed to
S12, although the MW of HA was reduced to 0.68 MDa,
the obtained HA generation reached only 1.3 g/L. How-
ever, when a mixed carbon source was used, the engi-
neered strain SE3 produced a maximum of 4.38 g/L of
HA (Fig. 5C). These data suggested that, despite fructose
providing sufficient carbon source for strain growth, the
supply capability was insufficient to satisfy the require-
ments for HA synthesis. In contrast, the supplemental
addition of sucrose in SE3 not only afforded precise con-
trol of HA MW but also provided the requisite carbon
source for HA biosynthesis. In conclusion, SE3 fed with
sucrose exhibited a superior production capacity com-
pared to S12 supplemented with fructose.

Currently, numerous studies have reported on the syn-
thesis of HA using microorganisms. Among them, the
yield of HA in Lactococcus lactis is 1.8 g/L, with a molec-
ular weight of 2.8 MDa [40]. In B. subtilis, the HA yield
is approximately 1 g/L, with the molecular weight fluc-
tuating within the range of 1.1-1.2 MDa [41]. However,
the current industrial production of HA is carried out by
Streptococcus species, mainly S. zooepidemicus, due to
their high production of HA [3]. The HA production by

2.5
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wild-type S. zooepidemicus often falls within the range of
4-5 g/L [42, 43], close to the 4.38 g/L yield obtained in
this study. Relevant reports have indicated that optimiz-
ing culturing conditions can significantly increase HA
production. Pan et al. successfully achieved a HA yield of
7 g/L through a combination of optimized fermentation
conditions and fermentation tank process control, dem-
onstrating that S. zooepidemicus still has great potential
in HA production [44]. However, when the HA content
in S. zooepidemicus exceeds 4 g/L, the viscosity of the
fermentation broth increases sharply, leading to a drastic
reduction in dissolved oxygen (DO), which complicates
biomass accumulation and HA production [20]. We suc-
cessfully reduced the viscosity of the fermentation broth
by disrupting the precursor balance for HA synthesis
(Fig. 4). By further optimizing the fermentation condi-
tions and incorporating precursor balance strategies, it
is promising to achieve a higher HA yield. Compared to
yield, the regulation of HA MW deserves more atten-
tion. Despite the various approaches that researchers
have currently adopted to regulate HA MW, the effects
are not pronounced [18-23].For example, Jagannath et
al. maintained dissolved DO level at 30% saturation and
supplyed a constant air flow of 1 vvm, after which the
final HA titer and MW under anaerobic conditions were
inferior to the control by about 13% and 17%, respectively
[45]. Kumari et al. achieved the regulation of HA MW
by mutating the Cys residue of hyaluronic acid synthase,
resulting in an approximately 50% decrease in MW com-
pared to the wild type [46]. In this study, a large number
of highly effective constitutive and inducible expression
elements were screened, and through these elements, the
balance of precursor substances was regulated. Success-
fully, customized production of HA with different MW
was achieved through a one-step fermentation process,
overcoming the difficulty of the narrow regulation range
of HA MW.

2.0 1

1.5 1

1.0 1

HA molecular weight, MDa

A yield (3 /L)
HA yield (5 ¢/L)

HA yield (10 /L)

| TIA yield (WD)

Hyaluronic acid yield, g /L
-

JII

WT-20 SE3-3 SE3-5

WT-20 SE3-3 SE3-5 SE3-10

= 0Dy (WT)
ODgy (32L)
’ ODgg (5 /L)
. 8—0Dy,, (10g'L)

| | ‘

N i I L

SE3-10 8 10 12 14 16 18 20 22 24
Time(h)

Fig. 5 The gel electrophoresis of HA (A), HA MW (B), cell growth and HA yield (C) after 24 h of culture in a 5L fermentor, adding 3 g/L (SE3-3), 5 g/L
(SE3-5) and 10 g/L (SE3-10) sucrose as inducer, respectively. Each experimental group was added with 20 g/L fructose to provide carbon sources for the

fermentation of all strains
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Fig. 6 The purpose of enriching UDP-GIcNAc around HasA by heterologous expression of ScrK, enhancement of UDP-GIcNAc synthesis pathway, fusion

expression of HasD and HasA, and utilization of protein scaffolds

It can be observed that HA MW exhibits a regular
and consistent downward trend as the concentration of
sucrose increases. However, HA MW does not exhibit a
strict linear correlation with the expression level of the
hasE gene. Future research can focus on exploring more
sensitive and controllable induction systems. Besides, in
the industrial production of LMW-HA, the method of
adding hyaluronidase to HMW-HA is commonly used
currently [47]. The sucrose-inducible expression system
screened in this study can be employed to regulate the
expression of hyaluronidase to obtain HA with differ-
ent MW. Thus, the efficient inducible expression system
developed in this study offers more possibilities for cus-
tomized production of HA with specific MW.

In order to further reduce the MW of HA and achieve
higher yields, another more effective modification strat-
egy urgently must be explored. Based on prior discus-
sions, the inferior competitive position of UDP-GIcUA
similarly serves as a constraint on the augmentation
of HA MW. Since UDP-GIcNAc is crucial for initiating
HA chain elongation, its abundance can improve the
efficiency of HA synthesis, potentially leading to higher
yields of LMW-HA. In conclusion, the excessive accumu-
lation of UDP-GIcNAc is a key factor in achieving LMW-
HA and a high yield of HA. Increasing UDP-GIcUA
concentration is thus a feasible and effective way to con-
trol HA MW.

However, even with the overexpression of key genes
in the HA synthesis pathway, such as glmS and glmM
[25], it remains challenging to accumulate sufficient

UDP-GIcNAc. Consequently, we need to explore addi-
tional methods to increase the dominance of UDP-
GlcNAc. Among these, overexpression of scrK to elevate
the concentration of the precursor substance F-6-P is a
necessary approach. As we know, fructose can be con-
verted to F-6-P by ScrK, which is considered as a supple-
ment for HasE. However, the low expression level of scrK
in S12 resulted in its inability to accumulate excess HA
(unpublished data). Increasing scrK activity or transcrip-
tion level would be an alternative strategy to boost F-6-P
levels. Overexpressing heterologous scrK or screening
for higher strength promoters and RBS sequences would
enhance F-6-P concentration. Additionally, modulat-
ing the expression level of enzymes involved in HA syn-
thesis can be employed to alter the substrate balance.
HasA, located on the cell membrane, forms long chains
of HA by alternately connecting UDP-GIcUA and UDP-
GlcNAc. The pores created by hasA facilitate the trans-
membrane transport of HA. It has been observed that
overexpressing hasA results in a substantial decrease
in HA MW and an increase in yield, likely due to com-
petitive binding of HA synthesis precursors [25, 48—50].
Based on this assumption, the overexpression of hasD,
which is involved in UDP-GlcNAc synthesis, significantly
influences substrate equilibrium. To further disturb the
substrate balance, it could be a clever operation to fuse
the hasD gene to the C-terminus of hasA or anchor hasD
to the cell membrane through constructing protein scaf-
folds (Fig. 6). This strategy would bring the synthesized
UDP-GIcNAc closer spatially to /asA, enhancing the
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disruption of substrate balance at a spatial level (Fig. 6).
Moreover, we have identified that the insufficient sup-
ply of amino donors limits the excessive accumulation
of UDP-GIcNAc, and that promoting the utilization of
glutamine can stimulate UDP-GIcNAc synthesis (data
not shown). Using these strategies, UDP-GIcNAc could
be turned into the preferred substrate and a high yield of
LMW-HA might be achieved, which is exciting news for
HA industrial production.

Conclusions

The results of this study confirmed that regulating the
transcription level of hasE can disrupt the precursor bal-
ance during HA synthesis, thereby achieving LMW-HA
production. We have constructed an expression com-
ponent library for S. zooepidemicus and demonstrated
its effectiveness in metabolic engineering. Our findings
reveal that the MW of HA positively correlates with the
transcription level of hasE, and an excess of any precur-
sor substance can also disrupt the balance. Finally, we
have established a sucrose-inducible expression system
for precisely regulating the hasE, enabling the direct
production of HA with specific MW through a simpli-
fied one-step fermentation process. In a 5 L fermen-
ter, the engineered strain SE3 allows the generation of a
maximum of 4.38 g/L HA, underscoring its efficiency and
potential for industrial-scale production of HA with tai-
lored properties.
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