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Abstract
Hyaluronic acid (HA) is a biopolymer used in several industries. There is increasing global demand. HA is normally pro-
duced on a large scale using attenuated strains of group C streptococci that are pathogenic and fastidious. Accordingly, it 
is of interest to use a “generally recognized as safe” (GRAS) organism such as Bacillus subtilis for HA production. Here, 
we report an engineered B. subtilis strain named WmB that produces different molecular weights (MW) and titers of HA at 
different temperatures. The faster the bacteria grew, the lower the MW of HA produced and the higher the titer. The MW 
of HA obtained ranged from 6.937 MDa at 47 °C to 0.392 MDa at 32 °C. At 32 °C, the HA titer reached 3.65 ± 0.13 g/L. 
We have engineered a strain that can produce high-molecular-weight and medium-molecular-weight HA at different growth 
temperatures. This GRAS B. subtilis strain can be applied in industry and provides a new strategy for production of HA with 
different molecular weights.
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Introduction

Hyaluronic acid (HA) is a high-value glycosaminoglycan 
composed of alternating N-acetyl-d-glucosamine and d-glu-
curonic acid monomers (Chong et al. 2005). The market 
for HA is expected to increase quickly with the escalating 

demand for viscosupplements and dermal fillers (Liu et al. 
2011). Different molecular weight has had different func-
tions. High-molecular-weight HA (HMW, Mr > 2×106 Da) 
has good viscoelasticity, inhibits inflammatory reactions, 
and has other functions, and can be used in ophthalmic sur-
gery, and bone and joint injection preparations. Medium-
molecular-weight HAs (MMW, Mr  105–106 Da) have good 
moisture retention, lubricity, and so on. MMW HAs are 
widely used in cosmetics, eye drops, and skin burn healing 
products, and for postoperative anti-adhesion. Low-molec-
ular-weight HAs (LMW, Mr < 104 Da) can be absorbed by 
the intestine, supplement deficiency of HA in the body, and 
are used in health and beauty products (Yang et al. 2005).

Traditionally, HA has been commercially obtained from 
cockscomb and certain attenuated strains of group A and 
group C streptococci, which can produce HA natively. In 
the past few years, the biosynthesis of HA in recombinant 
microorganisms has become attractive. The typical hosts 
include Bacillus sp. (Chien and Lee 2007a; Widner et al. 
2005), Lactococcus lactis (Chien and Lee 2007b), Agrobac-
terium sp. (Mao and Chen 2007), Escherichia coli (Yu and 
Stephanopoulos 2008), and Corynebacterium glutamicum 
(Cheng et al. 2017). B. subtilis is a model Gram-positive 
bacterium, which is identified as “generally recognized as 
safe” (GRAS) by the US Food and Drug Administration 
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(Schallmey et al. 2004). Therefore, it can be an optimal host 
for HA production. However, B. subtilis, like all other het-
erologous producers of HA investigated to date, produces 
lower MW HA than group C streptococci. The highest MW 
of HA produced to date by B. subtilis is 4.5 MDa (Jia et al. 
2013). It is a major challenge to increase the MW of heter-
ologously produced HA.

Bacillus subtilis usually has properties, such as produc-
tion of various proteinases, sporulation in nutrient deficiency 
conditions, and high maintenance metabolism, which make 
its use challenging in industrial operations. Consequently, as 
the starting strain in the present study, we chose B. subtilis 
WB600 (Fig. 1) which has only 0.32% of the extracellular 
protease activity of B. subtilis 168 because of the inactiva-
tion of genes encoding neutral protease A, subtilisin, extra-
cellular protease, metalloprotease, bacillopeptidase F, and 
neutral protease B (Wu et al. 1991). In B. subtilis, sigma 
factor F (sigF) is the first prespore-specific transcription fac-
tor and controls genes required for the early stages of spore 
germination (Errington 2003). A relatively small number 
of genes were found to be differentially expressed in non-
sporulation conditions in comparison with sporulation con-
ditions (Overkamp and Kuipers 2015). Therefore, deleting 
sigF is expected to be an adequate solution to the problem 
of sporulation in industrial fermentation.

Target metabolite production can be heightened remark-
ably by strain engineering, metabolic engineering, synthetic 
biology, and molecular biology (Keasling 2010). Enhanced 
expression of key genes aims to direct carbon flux toward 
target metabolite formation (Lee et al. 2012). For example, 
coexpression of HA pathway genes, i.e., UDP-glucose-
1-dehydrogenase (TuaD; encoded by tuaD/hasB) and UDP-
glucose pyrophosphorylase (GtaB; encoded by gtaB/hasC), 
moderately improved HA production (Widner et al. 2005).

In general, researchers are accustomed to culturing B. 
subtilis at 37 °C. However, changing the culture temperature 
may bring about a change in the distribution and content of 
cardiolipin (CL), a dimer of the phospholipid phosphatidyl-
glycerol (Kawai et al. 2006; Salzberg and Helmann 2008). It 
was first observed by Tlapak-Simmons et al. that the activity 
of Class I hyaluronan synthase (HAS) depended on CL when 
the solubilized HAS of Streptococcus pyogenes (SpHAS) 
was recovered (Triscott and Rijn 1986). It was proposed that 
a single SpHAS or SeHAS (HAS of S. equisimilis) protein 
needs to interact with ~ 16 CL molecules, and that loss of 
even a single CL molecule can cause enzyme inactivation. 
CL may play a role in assisting HAS to create an internal 
pore-like passage for HA translocation (Tlapak-Simmons 
et al. 1998), which is similar to the function of CL proposed 
for several mitochondrial membrane proteins that lack trans-
port capability in its absence (Dowhan 1997). Furthermore, 
there is an HA·HAS retain–release model for the control of 
HA product size by Class I HAS (Weigel and Baggenstoss 
2012). The interactions between CL and HA may increase 
the net retention force, allowing the HA chain to grow until 
the release force exceeds the net retention force, which then 
results in release of the growing HA chain (Weigel and 
Baggenstoss 2012; Tlapak-Simmons et al. 1999). West-
brook et al. modified the content and distribution of CL in 
the cell membrane, and improved both the titer and MW of 
HA (Westbrook et al. 2018). Therefore, the MW and titer 
of HA may change just by cultivating the producing cells at 
different temperatures. Some other factors may also affect 
the MW of HA; for example, the carbon source used in B. 
subtilis (Westbrook et al. 2016). Leech hyaluronidase was 
expressed in B. subtilis for producing HA with an MW range 
of 2.2 kDa to 1.42 MDa (Jin et al. 2016).

Fig. 1  Biosynthetic pathway 
of hyaluronic acid in Bacillus 
subtilis. The six extracellular 
proteases in the dotted box exist 
in B. subtilis 168 but not in 
WB600. Important genes are: 
hasA (coding for hyaluronan 
synthase), hasB (tuaD, coding 
for UDP-glucose 6-dehygroge-
nase), and hasC (gtaB, coding 
for glucose-1-P uridyltrans-
ferase)
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Here, we aimed to increase the MW of HA as conveni-
ently as possible. We used B. subtilis WB600 as our starting 
strain and deleted the spore formation-related gene sigF to 
make the strain better for industrial use. We obtained a strain 
that produced higher MW HA, and different MWs of HA at 
different culture temperatures.

Materials and methods

Bacterial strains, plasmids, and primers

Escherichia coli DH5α chemically competent cells were pre-
pared as described previously (Sambrook and Russell 2001) 
and used as hosts for plasmid construction. The B. subti-
lis strains and the plasmids used in this study are listed in 
Table 1. The primers used in this study are listed in Table 2.

Plasmid construction

Fragments containing upp, sigF, hasA, and hasABC were 
obtained using standard DNA manipulation techniques 
(Sambrook and Russell 2001). The sigF fragment was 
amplified from B. subtilis WB600 DNA using primers sigF-
F and sigF-R. The obtained sigF fragment was cloned into 
the deletion plasmid pCU, a kind gift from the Chen Lab, 
Tianjin University, to produce pCU-sigF, which contains 
the genes for a counter-selectable marker (upp), and ampi-
cillin and chloromycetin resistance. DNA for hasA, encod-
ing S. ubris hyaluronan synthase (HAS), was synthesized 

(Genewiz, Suzhou, China). The hasA fragment (1603 bp) 
(Fig. S1) was amplified from synthetic strain LA1515-1 
using primers hasA-F and hasA-R. Fragments containing 
hasA, hasB, and hasC were amplified from genomic DNA 
of LA1515-1 and B. subtilis WB600 using primers hasABC-
F1/hasABC-R1, hasABC-F2/hasABC-R2, and hasABC-F3/
hasABC-R3, respectively. Then, these three DNA fragments 
were linked together using overlapping PCR to form the 
complete hasABC fragment (5142 bp) (Fig. S2). The hasA 
and hasABC fragments were, respectively ligated into the 
E. coli–B. subtilis shuttle vector pHY300plk which contains 
genes for ampicillin and tetracycline resistance to produce 
pHY300plk-hasA and pHY300plk-hasABC, respectively. 
These plasmids were transformed into E. coli DH5α and ver-
ified by colony PCR, and the PCR products were sequenced 
by Genewiz for further confirmation. The constructed strains 
were maintained as glycerol stocks stored at − 80 °C.

Culture conditions and media

Luria–Bertani broth (LB, tryptone 10 g/L, yeast extract 
5 g/L, and NaCl 10 g/L) was used for seed cultivation, 
with ampicillin (100 mg/L), chloromycetin (50 mg/L), and 
tetracycline (50 mg/L) added as necessary. E. coli strains 
were cultured overnight at 37 °C. B. subtilis strains were 
cultured at 27, 32, 37, 42, and 47 °C. They were grown 
to mid-exponential growth phase and transferred into 
fermentation medium (sucrose 20 g/L,  (NH4)2SO4 3 g/L, 
 KH2PO4 6.5 g/L,  Na2HPO4 4.5 g/L, sodium citrate 2 g/L, 
 MgSO4·7H2O 3 g/L, and  CaCl2·2H2O 0.5 g/L); 6 mL/L 

Table 1  Strains and plasmids used in this study (E. coli)

a AmpR: ampicillin resistance cassette;  CmR: chloromycetin resistance cassette;  TetR: tetracycline resistance cassette

Strain or plasmid Charactersa Source

E. coli
 DH5α Sup E44 ΔlacU169 (ϕ 80lac ZΔM15) hsd R17 recAI endAI gyrA96 thi-1 relA Laboratory stock

B. subtilis
 B. subtilis WB600 B. subtilis gene-deficient strain (trpC2, ΔnprE, ΔaprE, ΔnprB, Δbpr, Δmpr, and Δepr) Wu et al. (1991)
 W WB600Δupp This work
 Wm WB600ΔuppΔsigF This work
 WA WB600Δupp, hasA This work
 WmA WB600ΔuppΔsigF, hasA This work
 WmB WB600ΔuppΔsigF, hasA, hasB, and hasC This work
 1A B. subtilis 168, hasA This work
 1B B. subtilis 168, hasA, hasB, and hasC This work

Plasmid
 pCU pUC18,  AmpR,  CmR, B. subtilis counter-selectable upp integration vector Fu et al. (2012)
 pCU-sigF sigF, pUC18,  AmpR,  CmR, B. subtilis counter-selectable upp integration vector This work
 pHY300plk AmpR,  TetR, E. coli–B. subtilis shuttle vector Ishiwa and Tsuchida (1986)
 pHY300plk-hasA hasA,  AmpR,  TetR, E. coli–B. subtilis shuttle vector This work
 pHY300plk-hasABC hasA, hasB and hasC,  AmpR,  TetR, E. coli–B. subtilis shuttle vector This work
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of a trace metallic elements solution was added (citric 
acid 100 g/L,  FeSO4·7H2O 20 g/L,  MnSO4·H2O 5 g/L, 
 CuSO4·5H2O 2 g/L, and  ZnCl2 2 g/L). B. subtilis strains 
were incubated for 54 h in 5 L fermenters or shake flasks.

Competent cell preparation and electroporation 
of B. subtilis

Constructed plasmids were electrotransformed into B. sub-
tilis using electric transfer buffer (ETM, 0.5 M sorbitol, 
0.5 M mannitol, and 10% glycerol). First, B. subtilis was 
cultured overnight at 37 °C in 5 mL LB with correspond-
ing antibiotics and then transferred into 50 mL LB and 
grown to an  OD600 between 0.45 and 0.65. Cells were cen-
trifuged at 5000 × g for 10 min and the supernatant was 
discarded. The pellet was resuspended in ETM buffer and 
centrifuged at 5000 × g for 10 min. This wash step was 
repeated three times, and then, the cells were resuspended 
in 500 µL ETM. Plasmid DNA (2–5 µg) was added to the 
cells in a 1-mm cuvette and they were incubated in an ice 
bath for 30 min. Electroporation was performed at 1.8 kV, 
25 µF, and 600 Ω. Cells were cultured in LB with tetracy-
cline after electroporation. Successful transformants were 
verified by colony PCR.

Construction of the markerless deletion system

Uracil phosphoribosyl-transferase (UPRT), encoded by 
the upp gene, was used as a counter-selectable marker to 
construct a markerless deletion system. UPRT can catalyze 
the conversion of pyrimidine analog 5-fluorouracil (5-FU) 
into 5-fluoro-UMP, a toxic substrate for the cell (Fabret 
et al. 2002). Therefore, the strain-containing upp could not 
survive on the LB-agar with 5-FU (20 μM). When the upp 
is knocked out, it can grow well. Using this mechanism, 
it is possible to screen for double-crossover mutants. The 
upper and lower homologous arms of upp were amplified 
from strain WB600 genomic DNA using primers upp-upF/
upp-upR and upp-downF/upp-downR. Then, the upp frag-
ment comprising upper and lower homologous arms was 
obtained by overlapping PCR using primers upp-upF/upp-
downR. Next, the upp fragment was electrotransformed 
into WB600. The mix was spread on LB-agar contain-
ing 5-FU and single colonies were verified by colony 
PCR. The strain with the upp gene deleted was named 
WB600Δupp. The deletion plasmid pCU that contains 
the gene upp, and genes for ampicillin and chloromycetin 
resistance can be electrotransformed into WB600Δupp. It 
was found that WB600Δupp could live on LB containing 

Table 2  Primers used in this 
study

a Restriction sites used for cloning are underlined

Primer Sequence(5′–3′)a

upp-upF CGG GGT ACC AGC GAT GGC GTC TTA TGC 
upp-upR CGC CAC AGT AAT CAT CTC GGT TTA TGA GCG AGGG 
upp-downF CCC TCG CTC ATA AAC CGA GAT GAT TAC TGT GGC GAG TG
upp-downR GCT CTA GAC GAT ACC CAT GAA CAT AAGAG 
sigF-upF GCT CTA GAT ACG GCT GAA ACC CTG AA
sigF-upR GGA AAC CTG CAC CTG AGA AAC CTC CAC ATC CAT AAC AA
sigF-downF TTG TTA TGG ATG TGG AGG TTT CTC AGG TGC AGG TTT CC
sigF-downR TCC CCC GGG TGG GCT CTT CAT TTA GGC 
hasA-F GCT CTA GAG TTT GTT GAA CTA ATG GGTG 
hasA-R CCG GAA TTC ATA ATG GTC GCA GTG TCG 
hasABC-F1 ACG CGT CGA CTA TCA CCG CCC AGC CTAA 
hasABC-R1 GAT CTT CCA ATT TAT AAT GGT CGC AGT GTC GGT ACC 
hasABC-F2 GGT ACC GAC ACT GCG ACC ATT ATA AAT TGG AAG ATC 
hasABC-R2 TGA TCG AAA AAT CTA GAC AGC TTC AAC CAA GTA ACA 
hasABC-F3 TGT TAC TTG GTT GAA GCT GTC TAG ATT TTT CGA TCA 
hasABC-R3 TCC CCC GGG TTT GGA AAG CGA GGG AAG 
hasABC-VF AGT CGG AAC GCC TAT GTC 
hasABC-VR TCA CTT GTC AGC GGG TCA 
qRT16S-F CGG TTT CGC TGC CCT TTG TT
qRT16S-R TGG GTT AAG TCC CGC AAC GAG 
qRTclsA-F GCC CGA TCA CGC CTT TGT AT
qRTclsA-R AAT GTT CGC TGT GCC GAC TG
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5-fluoracil, and thus, this system was verified as being use-
ful for deleting genes with no marker (Fig. S3).

HA quantification

Sodium dodecyl sulfonate (SDS, 0.1% w/v) was added to 
fermentation broth, which was then centrifuged at 10,000 × g 
for 20 min. The supernatant was collected and mixed with 
two volumes of absolute ethanol and incubated at 4 °C 
for 1 h. The precipitant was collected by centrifugation at 
5000 × g for 20 min and redissolved in one volume of dis-
tilled water. This purification process was performed three 
times. The HA titer was routinely determined with the modi-
fied uronic acid carbazole reaction (Bitter and Muir 1962). 
As a control, B. subtilis strain WB600 was treated in the 
same conditions, and used to remove background signals.

HA molecular weight measurement

The MW of HA was measured with an MALLS-SEC system 
consisting of a pump (515 HPLC, Waters, Milford, MA, 
USA), a Rheodyne 7725i injector (Waters) with a 200 μl 
injection loop  (Rheodyne®, IDEX Corporation, USA), a 
size-exclusion chromatography (SEC) column (Waters 
Ultrahydrogel™ linear column, 300 mm × 7.8 mm i.d.; 
Waters), a multiple-angle laser light scattering detector 
(MALLS, Wyatt Technology DAWN HELEOS, Santa Bar-
bara, CA, USA), and a differential refractometer detector 
(RI, Optilab Rex, Wyatt Technology Co., USA). The mobile 
phase was an aqueous solution of 0.1 M phosphate-buffered 
saline (PBS) used at a constant flow rate of 0.6 mL/min. The 
temperature of the column was maintained at 30 °C and the 
injection volume was 200 μL. The signals measured with the 
detector were analyzed to calculate the molecular weights. 
Bovine serum albumin was determined every time and used 
as a reference. Each determination was made at least three 
times and the average value was used as the result.

qRT‑PCR

Cells were harvested in the exponential growth phase for 
RNA extraction. Total RNA was isolated using the RNAprep 
Pure Bacteria Kit (Tiangen, Beijing, China) as per the manu-
facturer’s instructions. cDNAs were synthesized using the 
FastKing RT Kit (Tiangen). Sequence-specific primers were 
used for reverse transcription of clsA mRNA and internal 
control 16S mRNA at a final concentration of 1 μM. Real-
time quantitative reverse transcription PCR (qRT-PCR) was 
carried out using Bestar™ qPCR MasterMix  (DBI® Biosci-
ence, Ludwigshafen, Germany) in a Two Color Real-time 
PCR Detection System as per the manufacturer’s instruc-
tions. Sequence-specific primers were used for amplifica-
tion of clsA. Data analysis to quantify relative expression in 

cultures at different temperatures was performed as previ-
ously described (Ruijter et al. 2009). All experiments were 
performed in triplicate.

Results and discussion

Construction of markerless sigF deletion mutants

To obtain a strain that can express foreign proteins stably 
and be applied safely and effectively in industry (Over-
kamp and Kuipers 2015), we deleted the spore formation-
related gene sigF which encodes a specific transcription 
factor that controls genes required for the early stages of 
prespore development (Hilbert and Piggot 2004), from B. 
subtilis WB600 using a markerless system (Fig. 2a). The 
sigF-deficient mutant was named Wm. Deletion of sigF was 
verified by PCR (Fig. 2b). No sporulation was observed in 
Wm (Fig. S4).

Constructing strains to produce HA

We constructed vector pHY300plk-hasA encoding HAS 
from S. ubris, and electrotransformed it into B. subtilis 
strains Wm, and WB600Δupp, from which UPRT encoded 
by the upp gene was deleted. The strains obtained were 
named WmA and WA, respectively. Both of them have a 
mucoid phenotype (Fig. S5) that is characteristic of HA pro-
duction in B. subtilis (Widner et al. 2005), and they were 
genetically stable based on the persistence of the mucoid 
phenotype upon repetitive revival. In general, B. subtilis 
strains are incubated at 37 °C. Thus, initially, we cultured 
strains WA and WmA in liquid LB with tetracycline at 
37 °C. The HA titer of WmA was increased by 30.03% in 
comparison with that of WA (Fig. 3a).

To further improve the titer of HA, we constructed strain 
WmB that coexpressed the HA synthetic pathway genes 
hasA, encoding HAS from S. ubris, hasB, encoding UDP-
glucose-1-dehydrogenase from B. subtilis WB600, and 
hasC, encoding UDP-glucose pyrophosphorylase from B. 
subtilis WB600, in Wm. We found that the titer of strain 
WmB was higher than that of WmA, and it could produce 
1.82 g HA/L (Fig. 3a). The HA titer, thus, improved by 
103.19% compared to strain WA. Next, we measured growth 
condition of the three strains. It was found that the growth 
rate and bacterial concentration of WmB was, respectively, 
the fastest and highest (Fig. 3b). This may be due to the 
synthesis of cell walls involved in UDP-glucose 6-dehydro-
genase (encoded by hasB) and UTP-glucose-1-P uridylyl-
transferase (encoded by hasC), further increasing the bacte-
rial concentration.
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Titer and MW of HA produced by strain WmB 
at different growth temperatures

To research the relationship of HA characteristics and the 
growth temperature of the producing bacteria, we cultured 
strain WmB in LB with tetracycline at 27, 32, 37, 42, and 
47 °C. The cells grew best at 32 °C, and grew poorly at 
47 °C (Fig. 4a). The strain was not viable at 50 °C. At 
32 °C, the cell density of WmB reached  OD600 20.58 in 
fermentation medium (Fig. 4a) and the HA titer reached 
3.65 g/L (Fig. 4b). The average value of HA titer/OD600 
is shown in Fig. 4c. To eliminate the effect of bacterial 

concentration on HA titers, we got the HA yield per hour 
of the cells using the formula of HA titer/(OD600*time), 
obtaining the effect of temperature on the titers. It can 
be seen from Fig. 4c that, as the culture time increases, 
the unit yield decreases, which may be due to the stable 
growth period of the bacteria. In each stage, the unit yield 
is the highest at 32 °C, and the lowest at 47 °C. Briefly, 
temperature has a significant impact on HA production. 
The better the growth, the higher the HA titers. Notably, 
the MW of HA produced by WmB reached 6.973 MDa 
at 47 °C. This value is the highest observed MW of HA 
produced by B. subtilis to date. At 32 °C, the MW was as 

Fig. 2  Construction of strain Wm a Illustration of sigF markerless 
knockout construction in B. subtilis WB600; b Gel electrophoresis of 
colony PCR products from amplified target gene sigF using primers 

sigF-upF/sigF-downR The wild-type genotype results in a product of 
2139 bp, whereas the deletion of the sigF is confirmed by a shift of 
the product to 1465 bp

Fig. 3  a HA titers and b growth curves of WA, WmA, and WmB when they were incubated in LB at 37 °C. WA was used as a control strain data 
are average of three independent experiments and error bars represent  ± SD (*p < 0.05; **p < 0.01; ***p < 0.001)
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low as 0.392 MDa (Fig. 4d). Thus, WmB can produce both 
HMW and MMW HA at different temperatures.

Relative transcription of clsA in strain WmB 
at different temperatures

Temperature can make a difference to the cell membrane, 
e.g., in the fluidity, permeability, and so on. We hypothe-
sized that the content and distribution of CL was affected by 
the culture temperature and that, in turn, caused the observed 
temperature-dependent difference in the MW of the HA 
that was produced (Westbrook et al. 2018). Therefore, we 
assayed the transcription level of clsA, which encodes cardi-
olipin synthase, by real-time quantitative reverse transcrip-
tion PCR (qRT-PCR). Our control (reference) sample was 
WmB cultured at 32 °C.

The results showed that the relative transcription at 
27, 37, 42, and 47 °C is lower than at 32 °C (Fig. 5). The 

expression level of clsA was consistent with the HA titer. 
The MW of the HA produced increased when the mRNA 
level of clsA decreased. These results are consistent with the 
previous research (Westbrook et al. 2018).

We found that the MW of HA produced by B. subtilis 
strain WmB is related to the culture temperature. This could 
be due to temperature effects on cell growth, i.e., the bet-
ter the bacteria grow, the faster the synthetic HA chain is 
released, resulting in shorter chain length and, thus, lower 
MW. At a culture temperature of 32 °C, which is optimal 
for the growth of strain WB600 (Fig. 4a), the CL content 
might increase and, thus, the release force for the HA chain 
quickly exceeds the retention force. At 47 °C, the strain 
grows slowly, and it takes longer for the HA chain to be 
released. Alternatively, temperature might influence the con-
tent and distribution of CL, affecting the function of Class 
I HAS. Purified SeHAS and SpHAS reached their highest 
enzyme activity in vitro when CL, rather than other lipids, 

Fig. 4  a Growth curves, b HA titers, c average HA titer measured 
every 6  h, and d HA MWs of WmB in 5  L fermenters at different 
temperatures (27, 32, 37, 42, and 47 °C); 37 °C was used as a control 

temperature. Data are average of three independent experiments and 
error bars represent  ± SD (*p < 0.05; **p < 0.01; ***p < 0.001)
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was added (Triscott and Rijn 1986; Tlapak-Simmons et al. 
1999). CL may assist HAS in the formation of pores in the 
cell membrane through which the growing HA chain is 
translocated, to some extent (Tlapak-Simmons et al. 1998), 
and its interaction with HA may contribute to the change of 
chain length during the polymerization of HA. Altered CL 
availability in the cell membrane of HA-producing B. sub-
tilis could enable more of the total expressed enzymes per 
cell to achieve diverse activity (i.e., a diverse polymerization 
rate) and distinct functionality in the retention or release 
and translocation of the growing HA chain, resulting in the 
production of different MWs of HA.

Comparison with HA production in B. subtilis 168

In recent years, industrial HA production has mainly used 
microbial cultivation (Liu et al. 2011). The most common 
“GRAS” production strain is B. subtilis 168. Thus, we also 
assayed the titer and MW of HA produced by B. subtilis 
168. The vectors pHY300plk-hasA and pHY300plk-has-
ABC were transformed into B. subtilis 168 and the strains 
obtained were named 1A and 1B, respectively. Strain 1B 
produced a higher titer than 1A, but a lower titer than strain 
WmA (Fig. 6). The previous work showed that the HA titer 
could reach 2.26 g/L in B. subtilis 168 engineered by reduc-
ing the expression of pfkA or zwf using Clustered Regularly 
Interspaced Palindromic Repeats interference technology 
(Westbrook et al. 2018). However, this is still lower than 
culture of strain WB600, the parental strain used in the pre-
sent study, for which a titer of 3.21 g/L (Fig. 6) was obtained 
in shake flasks. As noted above, we obtained an HA titer of 
3.65 g/L from strain WmB in optimum conditions.

Conclusions

To decrease the production of byproducts and difficulties 
in industrial operations, we chose the protease-deficient 
B. subtilis strain WB600 as the parental strain for pro-
duction of HA in this work. Then, we removed the spore 
formation-controlling gene sigF by markerless deletion to 
avoid spore formation in nutrient-depleted conditions. We 
found that the growth conditions influenced the HA titer 
and MW of the resulting strains. We obtained an HA titer 
of 3.65 g/L in a 5-L fermenter at 32 °C (Fig. 4b). The high-
est molecular weight HA yet produced in B. subtilis (up 
to 6.973 MDa) was obtained at 47 °C, although the titer 
was low. Thus, we report a new strategy to conveniently 
produce different molecular weights of HA in industry.
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