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Abstract 
Oxygen is crucial for converting glucose to gluconic acid catalyzed by glucose oxidase (Gox). However, industrial gluconic 
acid production faces oxygen supply limitations. To enhance Gox efficiency, Vitreoscilla hemoglobin (VHb) has been 
considered as an efficient oxygen transfer carrier. This study identified GoxA, a specific isoform of Gox in the industrial 
gluconic acid-producing strain of Aspergillus niger. Various forms of VHb expression in A. niger were tested to improve 
GoxA’s catalytic efficiency. Surprisingly, the expression of free VHb, both intracellularly and extracellularly, did not promote 
gluconic acid production during shake flask fermentation. Then, five fusion proteins were constructed by linking Gox and 
VHb using various methods. Among these, VHb-GS1-GoxA, where VHb’s C-terminus connected to GoxA’s N-terminus 
via the flexible linker GS1, demonstrated a significantly higher Kcat/Km value (96% higher) than GoxA. Unfortunately, the 
expression of VHb-GS1-GoxA in A. niger was limited, resulting in a low gluconic acid production of 3.0 g/L. To overcome 
the low expression problem, single- and dual-strain systems were designed with tools of SpyCatcher/SpyTag and Snoop-
Catcher/SnoopTag. In these systems, Gox and VHb were separately expressed and then self-assembled into complex proteins. 
Impressively, the single-strain system outperformed the GoxA overexpression strain S1971, resulting in 23% and 9% higher 
gluconic acid production under 0.6 vvm and 1.2 vvm aeration conditions in the bioreactor fermentation, respectively. The 
successful construction of Gox and VHb fusion or complex proteins, as proposed in this study, presents promising approaches 
to enhance Gox catalytic efficiency and lower aerodynamic costs in gluconic acid production.

Key points
• Overexpressing free VHb in A. niger did not improve the catalytic efficiency of Gox
• The VHb-GS1-GoxA showed an increased Kcat/Km value by 96% than GoxA
• The single-strain system worked better in the gluconic acid bioreactor fermentation
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Introduction

Glucose oxidase (Gox) is an enzymatic catalyst with sig-
nificant industrial importance, primarily used for the con-
version of glucose into gluconic acid (Bankar et al. 2009; 
Bauer et al. 2022). This enzymatic reaction involves elec-
tron transfer, with oxygen serving as the electron acceptor 
and the generation of hydrogen peroxide as a byproduct. 
The reaction products, gluconic acid and hydrogen perox-
ide, possess unique properties, such as antibacterial effects, 
making Gox highly valuable in diverse industries, including 
food, feed, pharmaceuticals, and healthcare (Bankar et al. 
2009; Bauer et al. 2022). Furthermore, the electron trans-
fer properties of Gox have garnered considerable interest 
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in the field of biosensor development. By harnessing the 
enzymatic capabilities of Gox, biosensors can be designed 
to detect glucose levels accurately and efficiently, finding 
applications in medical diagnostics, glucose monitoring, and 
various other analytical systems (Choi et al. 2011; Fu et al. 
2018; Mano 2019).

Gox is primarily utilized in industrial applications to pro-
duce gluconic acid. Gluconic acid is commonly produced 
through submerged fermentation using Aspergillus niger, 
a fungus that secretes Gox, or enzymatic catalysis employ-
ing commercial Gox (Dubey et al. 2017; Singh and Kumar 
2007; Zhang et al. 2016). In recent years, several studies 
have focused on protein engineering, chemical modifica-
tion, and immobilization techniques to enhance the stability, 
catalytic activity, and reusability of Gox (Dubey et al. 2017; 
Jiang et al. 2021; Kovacevic et al. 2019; Mu et al. 2019; 
Yu et al. 2021b). These efforts aim to improve the produc-
tion efficiency and reduce the overall cost of gluconic acid. 
Moreover, it is worth noting that the Gox-catalyzed reac-
tion is highly dependent on oxygen availability, which has 
been identified as a limiting factor in industrial production 
processes (Canete-Rodriguez et al. 2016; Singh and Kumar 
2007). Previous research has shown that optimizing oxygen 
transfer and concentration can significantly enhance the pro-
duction of gluconic acid (Bankar et al. 2009; Dubey et al. 
2017; Khurshid et al. 2013). Such optimization may result 
in higher aeration costs during actual production, thereby 
limiting the economic benefits of gluconic acid products. 
Therefore, there is a need to explore and develop more effi-
cient methods for oxygen transfer to enhance the catalytic 
activity of Gox. By addressing this challenge, it is possible 
to improve the overall performance and economic feasibility 
of Gox-mediated gluconic acid production.

Vitreoscilla hemoglobin (VHb) exhibits a strong capac-
ity for carrying oxygen and possesses terminal oxidase and 
peroxidase activities (Stark et al. 2012). VHb has emerged 
as a valuable tool for oxygen transport, and numerous stud-
ies had extensively reviewed its properties and applications 
(Stark et al. 2015; Webster et al. 2021; Yu et al. 2021a). It 
is widely used in microbial, animal, and plant systems to 
promote cell growth and enhance the production of various 
bio-products, including alcohols, antibiotics, organic acids, 
and polysaccharides (Hofmann et al. 2009; Liu et al. 2017; 
Stark et al. 2015; Tang et al. 2020; Zhang et al. 2020). Fur-
thermore, VHb has been found to enhance the secretion of 
proteins such as Lipase, Coenzyme Q10, and L-asparaginase 
(Kwon et al. 2005; Mora-Lugo et al. 2015; Stark et al. 2015). 
VHb facilitates the direct delivery of oxygen to oxygenases, 
suggesting that its oxygen-carrying capacity may potentially 
improve the catalytic efficiency of Gox.

Gox belongs to the group of oxidases, a subclass of 
oxidoreductases that require molecular oxygen for their 
catalytic process. Several studies have focused on the 

role of VHb in enhancing the catalytic activity of various 
oxidases (Khang et al. 2003; Liu et al. 2021; Seo et al. 
2011; Wang et al. 2022). Previous research demonstrated 
that fusing VHb with d-amino acid oxidases (DAOs) 
from Rhodotorula gracilis or Trigonopsis variabilis sig-
nificantly improved the catalytic efficiency of DAOs in 
synthesizing 7-aminocephalosporanic acid (Khang et al. 
2003; Ma et al. 2009; Seo et al. 2011). In a recent study 
by Wang et al. (2022), the effect of VHb on the catalytic 
efficiency of five oxidases, including DAO from T. variabi-
lis (TvDAO), Gox, alcohol oxidase from Pichia pastoris 
(AOX), p-hydroxymandelate synthase from Amycolatopsis 
orientalis (AoHMS), and l-glutamate oxidase (LGOX), 
was systematically investigated. Different forms of VHb 
were tested, including the addition of free or immobi-
lized VHb into the catalytic systems or fusion of VHb 
with oxidases. The fusion of VHb with TvDAO and LGOX 
resulted in higher conversion rates. The chimeric protein 
VHb-TvDAO exhibited 1.3-fold higher activity compared 
to immobilized TvDAO on the same resin. The yield of 
α-ketoglutarate increased from 81 to 97% with the VHb-
LGOX fusion protein in bioreactor biotransformation. 
Moreover, both free and immobilized forms of VHb were 
found to improve the catalytic efficiency of TvDAO, GOD, 
and AOX when added to the catalytic systems under spe-
cific oxygen supply conditions. For example, the addition 
of 100 mg of immobilized VHb increased the activities 
of immobilized Gox and AOX by 1.8-fold and 2.5-fold, 
respectively. Similarly, the activity of Gox increased 
by 40% and 60%, and the activity of immobilized AOX 
increased by 120% and 400% when 0.5 mg and 1.0 mg of 
free VHb were added (Wang et al. 2022). Although VHb 
showed a positive effect on Gox, both immobilized and 
free forms of VHb may be not suitable for commercial 
applications due to the difficulty of producing VHb pro-
teins in large quantities at affordable costs. Therefore, the 
fusion protein of Gox and VHb appeared to have more 
practical application potential. However, Wang et  al. 
(2022) did not further investigate the fusion of Gox and 
VHb, and currently, few report was also found on the con-
struction of fusion proteins between Gox and VHb.

In this study, the Gox present in an industrial A. niger 
strain used for industrial production of gluconic acid was 
initially identified. Subsequently, VHb fusion proteins 
were designed and constructed to enhance the activity of 
Gox. However, direct fusion expression of Gox and VHb 
resulted in a significant decrease in protein secretion. To 
overcome this limitation, novel approaches utilizing the 
SpyCatcher/SpyTag and SnoopCatcher/SnoopTag systems 
were developed to improve the catalytic efficiency of Gox 
in bioreactor. The research findings provide new insights 
and potential technical solutions for the commercial appli-
cation of Gox.
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Materials and methods

Strains of A. niger and culture conditions

The parent strain A. niger S1691 was employed for 
expressing the genes of Gox, VHb, and fusion proteins. 
Strain S1691 was derived by deleting the genes of four 
Gox or glucose dehydrogenase (gox1 EHA27180.1, gox2 
EHA25730.1, gox3 EHA19699.1, gox4 EHA23687.1) in 
strain S469. In A. niger ATCC1015, strain S469 was cre-
ated by overexpressing the Cre enzyme under the control 
of the Tet-on inducible promoter (Xu et al. 2019). In this 
study, spore preparation, transformant screening, and gene 
knock-out phenotype screening of A. niger were performed 
using potato dextrose agar (PDA), complete medium 
(CM), and minimal medium (MM), respectively, follow-
ing previously described methods (Cao et al. 2020). All 
A. niger strains were cultivated at 28 °C. For plasmid con-
struction and genetic transformation of A. niger, Escheri-
chia coli JM109 and Agrobacterium tumefaciens AGL-1 
were utilized, with both being grown in LB medium at 37 
°C. When required for strain and plasmid construction, the 
medium was supplemented with 250 μg/mL hygromycin 
B or 100 μg/mL kanamycin. The A. niger strains used in 
this study are listed in Table S1.

Plasmid construction

In this study, the plasmids used are listed in Table S2, and 
detailed information about the primers can be found in 
supplement material Table S3. The construction of these 
plasmids was carried out using the ClonExpress II One 
Step Cloning Kit (C112-01/02) from Nanjing Vazyme Bio-
tech Co., Ltd. (Nanjing, Jiangsu Province, China). The 
coding sequences of GoxA-D genes were amplified from 
cDNA of S1565, whereas the coding sequences of VHb 
and various fusion proteins were artificially synthesized 
after codon optimization. The coding sequences of GoxA-
D, VHb and various fusion proteins were provided in the 
supplement material.

The plasmids for expressing GoxA-D, VHb, SPgalA-
VHb, GoxA-GS1-VHb, GoxA-GS3-VHb, GoxA-EK1-
VHb, GoxA-EK3-VHb, VHb-GS1-GoxA, SPgalA-His-
VHb-GS1-GoxA, and SPgalA-His-GoxA were constructed 
using the same method as previously described in a prior 
study (Xu et al. 2019). For example, the GoxA coding gene 
was obtained by amplifying it using the primer pair goxA-
F/R and then inserted into the plasmid pLH454, result-
ing in the creation of pLHGA1. Subsequently, the goxA 
expression cassette, including the gpdA promoter and trpC 
terminator, was amplified from pLHGA1 using the primer 

pair P924-454-L/R and then joined to pLH924, generating 
the plasmid pLHGA2. Finally, the pLHGA2 vector was 
utilized for the overexpression of GoxA.

The plasmids used for constructing the single- and dual-
strain systems were created using the same method. For 
instance, to construct the plasmid for expressing SPgalA-
His-VHb-SpyCatcher, the coding sequence of SPgalA-His-
VHb-SpyCatcher was amplified using the primer pair VSP-
F/R and then inserted into the plasmid pLH1080 (Liu et al. 
2023), resulting in the formation of pLHVSP. Similarly, to 
generate the plasmid for expressing SPgalA-Spytag-GoxA, 
the coding sequence of SPgalA-Spytag-GoxA was ampli-
fied using the primer pair GSP-F/R and then inserted into 
pLH454, leading to the creation of pLHSPG. Subsequently, 
the SPgalA-His-VHb-Spycacther expression cassette was 
amplified using the primer pair P1080-L/R and ligated into 
pLHGSP, resulting in the production of pLHVSPG. The 
pLHVSPG vector was employed for the co-expression of 
His-VHb-SpyCatcher and Spytag-GoxA.

Construction of strains

A previously established protocol was employed for the 
genetic manipulation of A. niger (Cao et al. 2020) Agrobac-
terium-mediated transformation was utilized to introduce the 
plasmid into A. niger, while the Cre-loxP-based genetic sys-
tem was implemented to facilitate recombination at loxP-hph-
loxP loci, resulting in the creation of the hph-excision strain.

The strains expressing GoxA-D, VHb, SPgalA-VHb, 
GoxA-GS1-VHb, GoxA-GS3-VHb, GoxA-EK1-VHb, 
GoxA-EK3-VHb, VHb-GS1-GoxA, SPgalA-His-VHb-
GS1-GoxA, and SPgalA-His-GoxA were generated using 
the homologous recombination method, as previously 
described (Cao et al. 2020). To overexpress GoxA, plas-
mid pLHGA2 was introduced into A. niger S191, and trans-
formants were obtained on CM plates supplemented with 
cefotaxime sodium (100 μg/mL), hygromycin B (250 μg/
mL), ampicillin (100 μg/mL), and streptomycin (100 μg/
mL) at 28 °C for 5 days. Putative mutants were identified as 
hygromycin B-resistant and glufosinate ammonium-sensitive 
transformants, which were further isolated using PDA plates 
with hygromycin B (250 μg/mL) and MM with glufosinate 
ammonium (1000 μg/mL). The confirmation of the mutants 
was performed using PCR analysis with four primer pairs 
(Amytest-F1/R1, Amytest-F2/R2, Amytest-F1/gpdA-R, hph-
F2/Amytest-R2, and Amytest-F1/Amytest-R2) (as shown in 
Fig. S1). The verified mutant was named S1971. The same 
method was used to generate additional mutants, includ-
ing S2167, S1990, S2102, S2193, S2195, S2294, S2298, 
S2249, S2250, and S2637. S1971 underwent excision of 
the hgh using a Cre-loxP system, resulting in the genera-
tion of S2143. Plasmids pLHVHB and pLHSVHB were 
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transformed into the S2141 strain, leading to the creation of 
strains S2241 and S2246, respectively.

For the single-strain system, the plasmid pLHVGSP was 
introduced into strain S1691. Transformants were subse-
quently screened on PDA plates with 250 μg/mL hygromy-
cin B. The incorporation of the SPgalA-His-VHb-Spycacther 
and SPgalA-Spytag-GoxA co-expression cassette was veri-
fied through PCR analysis using the primer pairs VSP-F/R 
and GSP-F/R. The co-expression cassette was randomly 
inserted into various loci of the genome through non-homol-
ogous recombination. A total of 10 verified strains were ran-
dom selected for gluconic acid production. The strain with 
the highest output, A. niger S2643, was named. The strains 
S2648 and S2650 for the dual-strain system were also cre-
ated using the same method as the single-strain system.

Gluconic acid fermentation in shake flask 
and bioreactor

The glucose acid shake flask fermentation and bioreactor 
fermentation methods were slightly modified according to 
the methods provided by Shandong Fuyang Biotechnology 
Co., Ltd., China. The composition of the shake flask fermen-
tation medium was as follows: 200 g/L glucose, 0.65 g/L 
 KH2PO4, 1 g/L corn steep liquor, 0.02 g/L  MgSO4, 0.2 g/L 
urea, 20 g/L  CaCO3 (added after adjusting the pH to 5.5). 
For the gluconic acid fermentation in the shake flask, the 
process involved inoculating 2 ×  106 conidia/mL of A. niger 
mutants into 50 mL of the fermentation medium in 250-mL 
Erlenmeyer flasks. The flasks were then incubated at 28 °C 
and 150~250 rpm for a duration of 3 days.

For gluconic acid bioreactor fermentation, 2 ×  106 
conidia/mL of A. niger mutants was inoculated into the 
bioreactor fermentation seed medium (200 g/L glucose, 0.3 
g/L  KH2PO4, 3 g/L corn steep liquor, 0.385 g/L  MgSO4, 
0.2 g/L urea, pH to 6.5). Seed cultivation was performed in 
shake flask at 28 °C and 220 rpm. After 24 h of cultivation, 
the seed culture with 4000 U of Gox activity was collected 
and inoculated into a 2 L bioreactor containing 1.26 L of 
bioreactor fermentation medium (300 g/L glucose, 0.158 
g/L  KH2PO4, 1 g/L corn steep liquor, 0.02 g/L  MgSO4, 0.1 
g/L urea). The final volume of the fermentation liquid was 
adjusted to 70% of the bioreactor capacity with sterile water. 
The bioreactor fermentation was performed at a 0.6 or 1.2 
vvm aeration rate, 400 r/min, and 28 °C for 84 h. The pH 
was maintained and controlled at 5.3 by using 30% NaOH.

Protein fermentation in shake flask

Protein fermentation was carried out following the method-
ology from the previous report (van den Berg et al. 2012). 
First, 2 ×  106 conidia/mL of A. niger mutants was inoculated 
into 50 mL pre-culture medium (100 g/L corn steep solids, 

1 g/L  NaH2PO4·H2O, 0.5 g/L  MgSO4·7H2O, 10 g/L glu-
cose, pH was adjusted to 6.0) in 250-mL shake flask. After 
growth for 24 h at 28 °C and 200 rpm, 5 mL of pre-culture 
was transferred to 45 mL protein fermentation medium (150 
g/L maltose, 60/L g soya peptone, 1 g/L  NaH2PO4·H2O, 15 
g/L  MgSO4·7H2O, 0.08 g/L Tween 80, 20 g/L MES, 1 g/L 
l-arginine, pH was adjusted to 6.0) in 250-mL shake flask 
with baffle and foam ball. The protein fermentation process 
was then carried out at 28 °C and 200 rpm for a total dura-
tion of 5 days.

Enzyme purification

The enzyme purification method was adapted from a previ-
ous report (Mu et al. 2019) with some modifications. Firstly, 
the protein fermentation supernatant was collected by pass-
ing it through eight layers of gauze and then subjected to 
high-speed centrifugation at 12,000 ×g for 25 min. Subse-
quently, imidazole was added to the supernatant to achieve 
a final concentration of 10 mM. The resulting mixture was 
then combined with 2 mL of  Ni2+-nitrilotriacetic agarose 
(Qiagen, Duesseldorf, Germany) per liter. To ensure proper 
equilibration, the mixture was gently stirred at 4 °C for 30 
min before being loaded into a column. The resin in the 
column was washed first with two column volumes of buffer 
(50 mM acetic acid/sodium acetate, 100 mM NaCl, pH 5.0), 
followed by washing with 10 column volumes of the same 
buffer containing 20 mM imidazole. For elution of the target 
enzymes, His-GoxA and His-VHb-GS1-GoxA, a solution of 
250 mM imidazole in buffer was used. The fractions contain-
ing the purified enzymes were collected.

Western blot analysis

The purified enzymes or crude enzymes were separated 
using SDS-PAGE, then transferred onto a PVDF membrane 
and used for Western blotting following standard procedures 
(Tang et al. 2012). Specifically, SDS-PAGE was utilized to 
separate protein samples (150 V, 20 mA for each gel, 1.5 
h). The separated proteins were transferred from the gel 
to the PVDF membrane using a semidry electrophoresis 
transfer cell (Beijing Liuyi Instrument Factory, China). 
Subsequently, the membrane was blocked for 1 h at room 
temperature with skimmed milk (Inner Mongolia Yili Indus-
trial Group Co., Ltd., China) dissolved in Tris-buffer. After 
removing the skimmed milk solution from the membrane, 
the membrane was treated with His-Tag Antibody (1:5000, 
T0009, Affinity Bioscience, China), incubated for 12 h at 4 
°C, and then the His-Tag antibody was recovered. The mem-
brane was washed three times with TBST buffer (T1081, 
Solarbio, China), shaking and washing for 5 min each time. 
Next, Goat Anti Mouse IgG (H + L) HRP (1:5000, S0002, 
Affinity Bioscience, China) was used to treat the membrane 
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and incubated at room temperature for 1 h. The Goat Anti 
Mouse IgG (H+L) HRP was also recovered, and the mem-
brane was washed three times with TBST buffer for 10 min 
each time. Finally, the chemiluminescence reaction was fol-
lowed by scanning.

Enzyme assay and enzymatic kinetic assays

The enzyme assay for Gox was conducted following a previ-
ously published method with slight modifications (Liu et al. 
2020). Specifically, 2.4 mL of sodium phosphate buffer (0.1 
M, pH 5.5) containing 0.21 mM o-dianisidine (Sigma, USA) 
was combined with 0.1 mL of horseradish peroxidase (90 U/
mL) and 0.5 mL of a 0.1 M β-D-glucose solution in a 5-mL 
centrifuge tube. The mixture was then incubated at 37 °C for 
10 min. Next, 0.1 mL of the enzyme solution was added and 
immediately mixed. The absorbance change was measured at 
500 nm using a spectrophotometer after 3 min. The absorb-
ance change value was used to calculate the enzyme activity. 
To establish a standard curve, the commercial Gox (Sigma-
Aldrich, Product Number: G2133) was utilized. The com-
mercial Gox was diluted in buffer to create gradient enzyme 
solutions with concentrations of 0.4, 0.6, 0.8, 1.0, 2.0, and 
4.0 U/mL, and these solutions were then used to measure the 
standard curve. The total protein concentration was assessed 
using a BCA Protein Assay Kit (TaKaRa, T9300A), and 
the measurements were conducted in accordance with the 
guidelines provided by the manufacturer.

The enzymatic kinetic assays for His-GoxA and His-
VHb-GS1-GoxA were conducted according to a previously 
published method (Jiang et al. 2021). The enzyme activities 
were measured at various concentrations of glucose ranging 
from 5 to 200 mM under standard conditions. All assays 
were carried out and analyzed in triplicate. The kinetic 
parameters, Km (Michaelis constant) and Vmax (maximum 
reaction rate), were determined by fitting Michaelis-Menten 
plots using Sigmaplot 1.0 software.

Enzyme catalysis experiment

Crude enzyme catalysis experiment: 20 mL sodium phos-
phate buffer (0.1 M, pH 5.5) with 2 U/mL crude enzyme 
and 10 g/L d-glucose at 37 °C and 0~200 rpm for 1 h. The 
catalytic process of Gox produces a substantial quantity 
of hydrogen peroxide. To promote the seamless advance-
ment of the reaction and prevent potential harm to Gox, it 
is necessary to further decompose the hydrogen peroxide. 
When employing purified enzyme for catalysis experiments, 
supplementary peroxidase is incorporated to guarantee the 
unhindered progression of the reaction. Thus, purified 
enzyme catalysis experiment: 20 mL sodium phosphate 
buffer (0.1 M, pH 5.5) with 1 U/mL purified enzyme, 10 

g/L d-glucose, and 2 U/mL catalase at 37 °C and 0~200 
rpm for 1 h.

Solid culture medium staining experiment

After 3 days of growth on solid coloration medium, the pre-
pared coloration mixture was poured into the petri dishes, 
and the dishes were gently swirled to ensure complete cover-
age. After cooling, the petri dishes were placed in a 37 °C 
incubator, and the colonies’ color changes were continuously 
observed. The composition of the solid coloration medium 
was as follows: 80 g/L glucose, 5 g/L yeast extract, 0.7 g/L 
 KH2PO4, 1 g/L corn syrup, 0.2 g/L  MgSO4·7H2O, 0.2 g/L 
urea, 1.8% agar, and 10 g/L  CaCO3, with the pH adjusted 
to 7.0. The coloration mixture was prepared by dissolving 
1% agar in 10 mL of deionized water, heating it until fully 
dissolved, then naturally cooling it to around 55 °C. Subse-
quently, 2 mL of 18% glucose solution, 200 μL of 10 g/L 
O-dianisidine methanol solution, and 400 μL of 90 U/mL 
horseradish peroxidase were added to the mixture.

HPLC analysis of gluconic acid

The gluconic acid determination method utilized the pre-
viously reported citric acid determination method (Cao 
et al. 2020). Gluconic acid was qualitatively analyzed using 
High-Performance Liquid Chromatography (HPLC) with 
an Agilent 1260 In-finity II Prime system, equipped with 
an organic acid column (Aminex HPX-87H, 300 mm × 7.8 
mm). The column temperature was maintained at 65 °C, 
and the mobile phase consisted of 5 mM  H2SO4, with a flow 
rate of 0.6 mL/min. Detection was performed using a UV 
wavelength of 210 nm. Standard gluconic acid samples, 
ranging from 0.5 to 10 g/L, were prepared using gluconic 
acid standard solutions for HPLC analysis. Subsequently, a 
standard curve was established to determine the gluconic 
acid concentration in the samples.

Measurement of CO‑difference spectra for VHb 
detection

VHb could be detected through carbon monoxide (CO) dif-
ference spectra, as demonstrated by Mo et al. 2016 with 
slight modifications. The samples were derived from the 
supernatant of shaker flask cultures of various strains on the 
third day of gluconic acid fermentation. For CO-difference 
spectral analysis, the sample underwent protein reduction 
with sodium dithionite  (Na2S2O4, 2.5 g/L) and was subse-
quently divided into two aliquots. One aliquot was subjected 
to CO gas bubbling to coordinate with VHb, while the other, 
untreated aliquot served as the calibration control for differ-
ential spectrometry analysis. The prepared 100 μL sample 
was transferred to a 96-well plate. Utilizing a microplate 
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reader, spectra were meticulously recorded within the 400 
to 500 nm range.

Statistical analysis

The experiments were conducted in triplicate or quadrupli-
cate (only for the measurement of CO-difference spectra). A 
t-test was performed to assess significant differences among 
the groups, with a p-value of < 0.05 (∗) indicating statistical 
significance. Data were expressed as the mean ± standard 
deviation.

GenBank accession number for the coding 
sequences of various proteins

The GenBank accession numbers for the coding sequences 
of various proteins were listed as follows: GoxA, OR347817; 
GoxB, OR347818; GoxC, OR347819; GoxD, OR347820; 
VHb , OR347821; SPglaA-VHb, OR347822; GoxA-GS1-
VHb, OR347823; GoxA-GS3-VHb, OR347824; GoxA-
EK1-VHb, OR347825; GoxA-EK3-VHb, OR347826; 
SPglaA-VHb-GS1-GoxA, OR347827; SPglaA-His-GoxA, 
OR347828; SPglaA-His-VHb-GS1-GoxA, OR347829; 
SPgalA-His-VHb-SpyCatcher, OR347830; SPgalA-His-
VHb-SnoopCatcher, OR347831; SPgalA-Spytag-GoxA, 
OR347832; SPgalA-Snooptag-GoxA, OR347833.

Results

Identification of a novel Gox from industrial A. niger

An A. niger strain, utilized for industrial production of glu-
conic acid, was obtained from Shandong Fuyang Biotech-
nology Co., Ltd. located in China. This specific industrial 
strain was designated as A. niger S1565. The morphologi-
cal characteristics of strain S1565 are depicted in Fig. 1c. 
The genomic sequence of strain S1565 was acquired via 
genome resequencing, employing the genome of A. niger 
ATCC1015 (GenBank GCA_000230395.2) as a reference 
template. Subsequently, the genome database of strain 
S1565 was screened using a known A. niger Gox sequence 
(PDB ID: 1CF3) as the query sequence through a local 
blastp alignment program. Four genes, namely goxA, goxB, 
goxC, and goxD, were identified as putative Goxs encod-
ing genes within strain S1565. Detailed gene sequences and 
corresponding amino acid sequences of these four Goxs 
can be found in the supplement material. Sequence analysis 
was further conducted by aligning the amino acid sequences 
encoded by these four genes with the previously reported 
enzymes. GoxA exhibited a remarkable similarity to the 
known Gox from A. niger (PDB ID: 1CF3), with only three 
differing amino acid residues (V189T, S384A, S594A) (Fig. 
S2). Similarly, GoxB demonstrated a high sequence simi-
larity of 97% to the Gox derived from A. niger CBS513.88 
(ACCESSION NO. XP_001395420). Additionally, both 

Fig. 1  Functional identification 
of Goxs in industrial gluconic 
acid production strain of A. 
niger S1565. a Neighbor-join-
ing phylogenetic tree of Goxs 
from different microorganisms, 
established using MEGA soft-
ware version 10.1.7. b Gluconic 
acid production by GoxA-D 
overexpression strains and 
parent strain S1691 after 3 days 
of fermentation at 28 °C and 
200 rpm in shake flasks. c Solid 
culture medium staining experi-
ments of GoxA-D overexpres-
sion strains, parent strain S1691, 
and industrial strain S1565 after 
3 days of cultivation at 28 °C. 
S1971 overexpressed GoxA, 
S1990 overexpressed GoxC, 
S2102 overexpressed GoxD, 
and S2167 overexpressed GoxB. 
The values were depicted 
in b as the mean ± standard 
deviation (n = 3). Asterisk (*) 
denoted statistical significance, 
where p < 0.05
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GoxC and GoxD displayed significant sequence similarities 
of 99% and 99%, respectively, to the glucose dehydrogenases 
(GDH) reported by Sode et al. in A. niger (Sode et al. 2017) 
and Iwasa et al. in A. phoenicis (Iwasa et al. 2018). The 
evolutionary relationships of these enzymes were illustrated 
in Fig. 1a.

Due to the unavailability of antibiotics suitable for screen-
ing S1565, which made it challenging to genetically mod-
ify the industrial strain, goxA, goxB, goxC, and goxD were 
expressed individually in another derivative strain of A. 
niger, S1691 (derived from A. niger ATCC1015), to ascer-
tain their functionality as Gox. The S1691 strain had been 
genetically modified to delete the homologs of the four genes 
gox1-4 mentioned (GenBank EHA27180.1, EHA25730.1, 
EHA19699.1, and EHA23687.1) to eliminate any potential 
interference. The expression cassettes of goxA, goxB, goxC, 
and goxD were integrated into the α-amylase A (GenBank 
EHA19519.1) locus of the S1691 genome, resulting in the 
generation of the following strains: S1971 (ΔamyA::PgpdA-
godA-TtrpC), S2167 (ΔamyA::PgpdA-godB-TtrpC), S1990 
(ΔamyA::PgpdA-godC-TtrpC), and S2102 (ΔamyA::PgpdA-
godD-TtrpC). Subsequently, the colonies of the four strains 
grown on solid agar plates were subjected to a colorimetric 
assay to determine the production of Gox. As depicted in 
Fig. 1c, only S1971 exhibited a conspicuous brown color 
change, akin to the industrial strain S1565, while the other 
three strains and the parental strain S1691 displayed no 
discernible alteration in color. This outcome conclusively 
indicated that S1971, harboring the goxA gene, was capa-
ble of producing Gox, whereas the overexpression of goxB, 
goxC, and goxD failed to yield Gox. To further corrobo-
rate these findings, a gluconic acid shake flask fermentation 
experiment was conducted. After 3 days of fermentation, 
it was observed that only S1971 produced an impressive 
75.2 g/L of gluconic acid, while the fermentation broths 
of the other strains exhibited no detectable gluconic acid 
production Fig. 1b. The results of the shake flask fermenta-
tion were consistent with the outcomes of the solid agar 
plate colorimetric assay, thus firmly establishing goxA as the 
gene encoding Gox in the industrial strain S1565. The strain 
S1971 expressing goxA was used for further investigation 
of the role of VHb on gluconic acid production in A. niger.

Effect of free VHb overexpression on gluconic acid 
production in A. niger

Oxygen transfer plays a pivotal role in gluconic acid pro-
duction. Wang et al. (2022) demonstrated that the addition 
of free VHb can enhance the catalytic activity of Gox in in 
vitro experiments (Wang et al. 2022). Based on this finding, 
our study aimed to investigate the effect of overexpressing 
the free form of VHb in the strain S1971 on gluconic acid 
production and Gox activity during shake flask fermentation. 

Given the distribution of Gox in both the intracellular and 
extracellular compartments of A. niger, two VHb overex-
pression strains were engineered based on S1971. The first 
strain, S2241 (PgpdA-vgb-TtrpC), specifically expresses 
VHb intracellularly. In the second overexpression strain, 
S2246 (PgpdA-spglaA-vgb-TtrpC), the N-terminus of VHb 
is linked to a signal peptide,  SPglaA, derived from A. niger 
glucoamylase GlaA (GenBank: EHA21384.1).

A 3-day shake flask fermentation of gluconic acid was 
conducted at different rotational speeds to investigate the 
acid production differences among the S1971, S2241, and 
S2246 strains. The results indicated that, under the same 
rotational speed conditions, there were no significant vari-
ations in gluconic acid yield among the three strains. The 
CO-difference spectra of the supernatants obtained from 
shake flask gluconic acid fermentation on the third day were 
analyzed for strains S1971, S2241, and S2246. Notably, only 
the fermentation supernatants of S2246 exhibited discernible 
VHb activity, characterized by absorption peaks within the 
410~440 nm range (Fig. S3a). However, as the rotational 
speed decreased from 250 to 150 rpm, a noticeable decline 
in gluconic acid production was observed for all strains, with 
reductions of 61%, 64%, and 62% for S1971, S2241, and 
S2246, respectively (Fig. 2a). In shake flask fermentation 
systems, rotational speed directly influences the efficiency 
of oxygen mass transfer. The decrease in rotational speed 
leads to a decline in oxygen mass transfer efficiency. Con-
sequently, the reduced availability of oxygen negatively 
impacts the catalytic efficiency of Gox, thereby decreasing 
the production of gluconic acid. This observation highlights 
the importance of oxygen mass transfer in the gluconic acid 
fermentation process. In conclusion, the VHb overexpres-
sion strategies employed did not enhance gluconic acid pro-
duction in the shake flask fermentation.

Due to the low nitrogen content in the gluconic acid fer-
mentation medium, it may not provide sufficient support for 
the synthesis of VHb in large quantities. Therefore, a protein 
fermentation medium was utilized to conduct a 5-day fer-
mentation of S1971, S2241, and S2246 strains, followed by 
the measurement of extracellular Gox activity in the super-
natant. As shown in Fig. 2b, the results demonstrated that 
the crude enzyme activity of Gox in the fermentation broth 
of S2241 and S2246 reached 409.2 and 343.6 U/mL, respec-
tively, which were 2.1-fold and 1.7-fold higher than that of 
S1971. While these strains showed no significant difference 
in gluconic acid production during glucose fermentation, a 
substantial variation in the total Gox enzyme activity secreted 
during protein fermentation was observed. This observed dif-
ference could be attributed to VHb’s oxygen transfer capabil-
ity enhancing the catalytic efficiency of Gox or variations in 
Gox secretion. However, three experimental findings contra-
dicted the notion that VHb’s oxygen transfer capability con-
tributes to the catalytic efficiency of Gox. First, whether VHb 
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was expressed intracellularly or secreted extracellularly, there 
was minimal difference in gluconic acid production between 
S2241, S2246, and S1971, indicating that VHb did not sig-
nificantly influence gluconic acid synthesis. Second, during 
protein fermentation, whether VHb was expressed intracellu-
larly or secreted extracellularly, the extracellular total enzyme 
activity of S2241 and S2246 significantly increased. This 
suggested that VHb, whether inside or outside the cell, simi-
larly enhanced the total enzyme activity of Gox, independent 
of VHb’s oxygen transfer capability. Third, CO-difference 
spectra measuring VHb functionality revealed no detect-
able VHb activity outside the cell for S2241. This implied 
that the increased extracellular Gox total enzyme activity in 
S2241 is not dependent on VHb’s oxygen transfer for the 
catalytic efficiency of Gox. Consequently, the expression of 
VHb enhanced the Gox secretion in the strain during protein 
fermentation. This phenomenon of VHb overexpression pro-
moting protein synthesis and secretion has been extensively 
reported (Yu et al. 2021a). Consequently, the hypothesis of 

enhancing oxygen mass transfer to increase gluconic acid 
production through the overexpression of free VHb in A. 
niger had proven to be unsuccessful.

Fusion VHb to enhance catalytic efficiency of Gox 
in A. niger

To overcome limitations associated with overexpressing free 
VHb in A. niger, we developed a series of fusion proteins of 
Gox and VHb to enhance catalytic efficiency. Tandem fusion 
was considered a viable approach for constructing the fusion 
protein, with careful consideration given to the order of 
fusion partners and linker sequence. Recent reports suggest 
that fusing an additional domain to Gox’s C-terminus using 
a flexible linker had minimal impact on Gox activity (Choi 
et al. 2011; Gong et al. 2021; Joensuu et al. 2010; Kovacevic 
et al. 2019). Choi et al. (2011) constructed a fusion protein 
by linking Gox with the peptide R5 (SSKKSGSYSGSK-
GSKRRIL). Directly connecting R5 to Gox’s N-terminus 
resulted in activity loss, while linking Gox’s C-terminus 
with R5 using a flexible short peptide (GGGS) restored 
activity (Choi et al. 2011). Joensuu et al. fused the hydro-
phobin protein HFBI to Gox’s C-terminus using a linker 
peptide (SGSVTSTSKTTATASKTSTST) derived from A. 
niger glucoamylase G1, with no impact on Gox-HFBI fusion 
protein activity (Joensuu et al. 2010). Kovacevic et al. fused 
the fluorescent protein yGFP to Gox’s C-terminus using a 
flexible linker peptide (GSSG), resulting in slightly reduced 
activity (Kovacevic et al. 2019). Gong et al. successfully 
fused the carbohydrate-binding module family 2 (CBM2) 
with a natural short peptide (NL) from β-glucosidase to 
Gox’s C-terminus, obtaining the fusion protein Gox-NL-
CBM2, which maintained activity but exhibited significantly 
reduced expression levels (Gong et al. 2021). Therefore, 
linking VHb to the C-terminus of Gox appears to be a pre-
ferred choice.

First, we considered constructing four fusion proteins 
by fusing VHb to the C-terminus of Gox using differ-
ent lengths of flexible linkers (GS1 and GS3) and rigid 
linkers (EK1 and EK3). The four fusion proteins were 
named GoxA-GS1-VHb, GoxA-GS3-VHb, GoxA-EK1-
VHb, and GoxA-EK3-VHb. These fusion proteins were 
overexpressed in the S1691 strain, resulting in the gen-
eration of four strains: S2193 (ΔamyA::PgpdA-godA-
gs1-vgb-TtrpC), S2195 (ΔamyA::PgpdA-godA-gs3-vgb-
TtrpC), S2294 (ΔamyA::PgpdA-godA-ek1-vgb-TtrpC), 
and S2298 (ΔamyA::PgpdA-godA-ek3-vgb-TtrpC). After 
2 days of growth on solid agar plates, no strains showed 
color changes after a 24-h incubation period (Fig. 3a). 
Furthermore, after a 3-day gluconic acid fermentation, 
the gluconic acid concentrations in the cultures of the 
four strains remained below 1 g/L (Fig. 3b). Additionally, 
after 5 days of protein fermentation, the crude enzyme 

Fig. 2  Effects of free VHb overexpression on gluconic acid fermenta-
tion in shake flasks at 28 °C and 200 rpm for 3 days (a) and extra-
cellular Gox enzyme activity during protein fermentation at 28 °C 
and 200 rpm for 5 days (b). S1971 overexpressed GoxA. S2241 spe-
cifically expressed VHb intracellularly. In S2246 (PgpdA-spglaA-vgb-
TtrpC), the N-terminus of VHb is linked to a signal peptide,  SPglaA, 
derived from A. niger glucoamylase GlaA (GenBank: EHA21384.1). 
The values were presented as the mean ± standard deviation (n = 3). 
Asterisk (*) denoted statistical significance, where p < 0.05
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activity assay in the culture supernatants of the four strains 
showed minimal color changes, indicating no detection of 
Gox activity (Fig. 3b). The CO-difference spectra of super-
natants derived from shake flask gluconic acid fermenta-
tion on the third day were scrutinized for strains S2193, 
S2195, S2294, and S2298. Importantly, it was observed 
that the fermentation supernatants from these four strains 
displayed no discernible VHb activity (Fig. S3b). These 
observations raise concerns that the strategy of linking the 
N-terminus of VHb to the C-terminus of Gox was unsuc-
cessful, possibly leading to the fusion protein losing the 
activity of Gox, which contradicts previous reports.

Next, we made an attempt to construct the fusion protein 
VHb-GS1-GoxA by linking VHb to the N-terminus of Gox 
using the flexible linker GS1. This resulted in the strain 
S2249 (ΔamyA::PgpdA-spglaA-vgb-gs1-godA-TtrpC). Fol-
lowing a 3-day gluconic acid shake flask fermentation, 
strain S2249 exhibited a gluconic acid production of 3.0 
g/L (Fig. 3b). Furthermore, after a 5-day protein fermen-
tation, the culture supernatant of S2249 demonstrated an 
Gox activity of 21.0 U/mg protein (Fig. 3b). It was evi-
dent that strain S2249 displayed significantly improved 
gluconic acid production and enzyme activity compared 
to the previous four fusion protein expression strains. The 
results from the CO-difference spectra also revealed that 
the fermentation supernatants of S2249 exhibited VHb 
activity (Fig. S3c). However, the gluconic acid yield of 

S2249 still remained considerably lower than that of strain 
S1971.

In order to preliminarily evaluate the catalytic perfor-
mance of VHb-GS1-GoxA compared to GoxA, the culture 
supernatants of S1971 and S2249 were collected in protein 
fermentation, and catalytic experiments were conducted 
under different rotational speeds. The experimental results 
demonstrated that at 0 rpm, 100 rpm, and 200 rpm, 50 U 
of VHb-GS1-GoxA crude enzyme solution catalyzed the 
production of 0.40 g/L, 1.02 g/L, and 1.95 g/L of gluconic 
acid within 1 h, respectively (Fig. 3c). But GoxA yielded 
0.16 g/L, 0.58 g/L, and 1.30 g/L of gluconic acid under the 
same conditions (Fig. 3c). Notably, VHb-GS1-GoxA exhib-
ited superior catalytic efficiency to GoxA at each rotational 
speed, resulting in a 152%, 77%, and 50% increase in glu-
conic acid titers at 0 rpm, 100 rpm, and 200 rpm, respec-
tively. Moreover, the extent of improvement was more pro-
nounced at lower rotational speeds.

To further evaluate the catalytic performance of VHb-
GS1-GoxA, we constructed strains expressing His-tagged 
proteins His-VHb-GS1-GoxA and His-GoxA, designated as 
S2250 (ΔamyA::PgpdA-spglaA-his-vgb-gs1-godA-TtrpC) 
and S2637 (ΔamyA::PgpdA-spglaA-his-godA-TtrpC), respec-
tively. After protein purification from the culture superna-
tants of S2250 and S2637, purified His-VHb-GS1-GoxA 
and His-GoxA proteins were obtained (Fig. 4a). Enzyme 
kinetic analysis revealed that His-GoxA exhibited Vmax, 

Fig. 3  Functional characterization of different forms of GoxA and 
VHb fusion proteins. a Solid culture medium staining experiments of 
the overexpressed fusion protein strains after 3 days of cultivation at 
28 °C. b Gluconic acid production during shake flask fermentation by 
the overexpressed fusion protein strains at 28 °C and 200 rpm after 
3 days. c Enzyme catalysis experiments using crude enzyme solu-
tions obtained from the protein fermentation of strains S1971, S2246, 

and S2249 under different rotational speeds at 37 °C for 1 h. S1971 
overexpressed GoxA. S2246 overexpressed GoxA and secreted VHb. 
S2193, S2195, S2294, S2298, and S2249 overexpressed the fusion 
proteins GoxA-GS1-VHb, GoxA-GS3-VHb, GoxA-EK1-VHb, GoxA-
EK3-VHb, and VHb-GS1-GoxA, respectively. The values were pre-
sented as the mean ± standard deviation (n = 3). Asterisk (*) denoted 
statistical significance, where p < 0.05
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Km, and Kcat/Km values of 476.5 U/mg, 44.8 mM, and 23.1 
 s−1·mM−1, respectively, while His-VHb-GS1-GoxA showed 
Vmax, Km, and Kcat/Km values of 461.7 U/mg, 27.5 mM, 
and 45.3  s−1·mM−1, respectively (Fig. 4b). Remarkably, 

His-VHb-GS1-GoxA demonstrated a 96% increase in Kcat/
Km compared to His-GoxA. Here, Vmax referred to the 
maximum enzymatic reaction rate. Km was a constant that 
remains stable when environmental conditions are constant. 
A smaller Km indicated a lower substrate concentration 
required for the enzyme reaction, signifying a higher affinity 
between the enzyme and substrate. Kcat, also known as turn-
over number, is calculated by dividing Vmax by the enzyme 
concentration. Thus, Kcat measured the quantity of substrate 
converted by a single enzyme molecule in one second. The 
ratio of Kcat/Km was the most crucial parameter assessing 
enzyme catalytic efficiency. A higher Kcat/Km value indi-
cates better catalytic performance of the enzyme. The Kcat/
Km value for the fusion protein His-VHb-GS1-GoxA is 1.96 
times higher than that of His-GoxA. This demonstrated that 
the catalytic efficiency of the fusion protein His-VHb-GS1-
GoxA was superior to that of His-GoxA.

Subsequently, catalytic experiments were performed at 
different rotational speeds to assess the catalytic efficiency. 
The activities of His-GoxA, His-VHb-GS1-GoxA, and com-
mercial Gox (comGox) were maintained at 1 U/mL in reac-
tion systems, and catalase (2 U/mL) was added to eliminate 
hydrogen peroxide. As shown in Fig. 4c, at 0 rpm, His-VHb-
GS1-GoxA showed gluconic acid production of 2.4 g/L, sur-
passing the values of comGox (1.1 g/L) and His-GoxA (1.4 
g/L) by 54% and 42%, respectively. At 100 rpm, His-VHb-
GS1-GoxA produced 5.0 g/L of gluconic acid, which repre-
sented a 50% and 34% increase compared to comGox (2.5 
g/L) and His-GoxA (3.3 g/L), respectively. Similarly, at 200 
rpm, His-VHb-GS1-GoxA achieved gluconic acid produc-
tion of 5.3 g/L, outperforming comGox (3.2 g/L) and His-
GoxA (4.3 g/L) by 40% and 20%, respectively. These find-
ings indicated that His-VHb-GS1-GoxA exhibited superior 
catalytic efficiency compared to His-GoxA and comGox.

In summary, VHb-GS1-GoxA demonstrated superior 
catalytic capabilities compared to GoxA. However, the 
strain S2249 overexpressing VHb-GS1-GoxA exhibited 
significantly lower gluconic acid production in shake flask 
fermentation compared to the strain S1971 overexpressing 
GoxA. This suggests that the expression and secretion of 
VHb-GS1-GoxA in A. niger are considerably lower than that 
of GoxA, highlighting a critical challenge that needs to be 
addressed.

Expression fusion proteins using SpyTag/Catcher 
and SnoopTag/Catcher in A. niger

Due to the longer peptide chains of fusion proteins, their 
overexpression may be limited by the need for more intri-
cate protein expression regulation. To address this challenge, 
two strategies were designed for the assembly of the fusion 
proteins, utilizing the principles of specific and efficient 
isopeptide bond formation through SpyCatcher/SpyTag and 

Fig. 4  Characterization of purified His-VHb-GS1-GoxA and His-
GoxA. a Western blot analysis of purified His-VHb-GS1-GoxA and 
His-GoxA. b Kinetic parameters of purified His-VHb-GS1-GoxA and 
His-GoxA. c Enzyme catalysis experiments using purified His-VHb-
GS1-GoxA, His-GoxA, and commercial Gox (comGox) proteins at 
different rotational speeds. The values were presented as the mean 
± standard deviation (n = 3). Asterisk (*) denoted statistical signifi-
cance, where p < 0.05
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SnoopCatcher/SnoopTag reactions (Fig. 5) (Hatlem et al. 
2019). The first strategy involved a single-strain system, 
where strain S2643 simultaneously expressed SpyTag-Gox 
and His-VHb-SpyCatcher proteins, allowing for the intracel-
lular and extracellular self-assembly of the His-VHb-Spy-
Gox enzyme complex. The second strategy involved a dual-
strain system comprising strains S2648 and S2650. During 
co-fermentation, strain S2648 secreted SpyTag-Gox and His-
VHb-SnoopCatcher proteins, while strain S2650 secreted 
SnoopTag-Gox and His-VHb-SpyCatcher proteins. It was 
anticipated that in the extracellular fermentation broth, 
SpyTag-Gox and His-VHb-SpyCatcher would self-assem-
ble to form the His-VHb-Spy-Gox enzyme complex, while 
SnoopTag-Gox and His-VHb-SnoopCatcher would self-
assemble to form the His-VHb-Snoop-Gox enzyme complex.

Subsequently, gluconic acid shake flask fermentation 
experiments were conducted at different rotational speeds 
for both the single-strain and dual-strain systems. In the dual-
strain system, three fermentation setups were performed: 
individual fermentations of S2648 and S2650, as well as co-
fermentation of S2648 and S2650. The gluconic acid yields 
in the three setups were almost similar at 250 rpm, ranging 
from 107.5 to 118.2 g/L (Fig. 6A), slightly lower than the 
yield of S1971 (123.9 g/L) (Fig. 6a). Similarly, no significant 
differences in gluconic acid yields were observed at rotational 
speeds of 200 rpm and 150 rpm (Fig. 6a). The co-fermenta-
tion of S2648 and S2650 did not exhibit any advantages over 
the individual fermentations of S2648 and S2650.

For the single-strain system, gluconic acid production 
was measured at rotational speeds of 150 rpm, 200 rpm, 
and 250 rpm. The gluconic acid yields for S2643 under 
these conditions were 36.1 g/L, 51.3 g/L, and 63.7 g/L, 
respectively (Fig. 6a). Although the shake flask yield of the 

Fig. 5  Design of single- and 
dual-strain systems using Spy-
Catcher/SpyTag and Snoop-
Catcher/SnoopTag tools

Fig. 6  Gluconic acid production in single- and dual-strain systems 
under different rotational speeds during 3-day shake flask fermen-
tation at 28 °C (a) and a comparison of gluconic acid fermentation 
between single-strain system and S1971 strain in bioreactor at 28 °C 
for 84 h (b). Single-strain system: S2643, dual-strain system: S2648 
and S2650. The values were presented as the mean ± standard devia-
tion (n = 3). Asterisk (*) denoted statistical significance, where p < 
0.05
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single-strain system was lower than that of the dual-strain 
system, it was less affected by a decrease in rotational speed. 
At rotational speeds of 200 rpm and 150 rpm, the gluconic 
acid yields in the single-strain system were 81% and 57% 
of that at 250 rpm, respectively. The gluconic acid yields in 
the dual-strain system at rotational speeds of 200 rpm and 
150 rpm were 53% and 36 % of that at 250 rpm, respectively. 
The CO-difference spectra of supernatants collected from 
shake flask gluconic acid fermentation on the third day were 
examined for individual strains S2643, S2648, S2650, and 
the dual-strain system (S2648$S2650). Remarkably, VHb 
activity was only evident in the fermentation supernatants 
of S2643, as indicated by discernible absorption peaks fall-
ing within the 410~440 nm range. These results suggested 
that VHb in the dual-strain system did not work on gluconic 
acid fermentation, while the single-strain system played a 
more substantial role. To further investigate this, Western 
blot experiments were conducted on the protein fermenta-
tion supernatants of the single-strain and dual-strain sys-
tems (Fig. S4). The results confirmed the formation of the 
His-VHb-Spy-GoxA enzyme complex in the single-strain 
system, while no complex was detected in the dual-strain 
system. This finding aligned with the gluconic acid fermen-
tation results.

To evaluate the advantage of the single-strain system 
in gluconic acid production, we conducted gluconic acid 
fermentation experiments in 2-L bioreactors using S1971, 
which expressing GoxA, and the single-strain system S2643. 
The spores of both strains were inoculated into shake flasks 
for 1-day seed culture incubation. Afterwards, seed cultures 
with a total Gox activity of 4000 U were transferred to the 
bioreactors for an 84-h fermentation. The results, depicted 
in Fig. 6b, revealed that at an airflow rate of 1.2 vvm, S1971 
and S2643 produced gluconic acid at concentrations of 
120.6 g/L and 131.1 g/L, respectively. When the airflow rate 
was reduced to 0.6 vvm, the gluconic acid yields decreased 
to 87.1 g/L for S1971 and 107.1 g/L for S2643. Under well-
aerated conditions (1.2 vvm), S2643 exhibited a slightly 
higher gluconic acid yield, with a 9% increase compared 
to S1971. Under low oxygen conditions (0.6 vvm), S2643 
demonstrated a 23% higher gluconic acid yield than S1971. 
These findings suggested that S2643 possessed enhanced 
oxygen utilization capabilities during the reactor fermenta-
tion process for gluconic acid production when compared 
to S1971.

Discussion

Gluconic acid, a traditionally significant organic acid, finds 
extensive applications in the food, feed, beverage, textile, 
pharmaceutical, and construction industries (Canete-Rod-
riguez et al. 2016). The current industrial production of 

gluconic acid heavily relies on the submerged fermentation 
method using A. niger. However, the enzyme-catalyzed 
production has emerged as a potent alternative, with both 
methods fundamentally dependent on the proficient per-
formance of Gox. Despite this, the industrial-scale pro-
duction of gluconic acid faces challenges concerning cost-
effectiveness and environmental sustainability. To address 
these issues, researchers had been dedicated to exploring 
novel Goxs or implementing protein engineering modifica-
tions to develop high-performance and stable Goxs, thereby 
enhancing the economic viability of gluconic acid industrial 
production (Bauer et al. 2022; Dubey et al. 2017; Khatami 
et al. 2022). In this study, we focused on investigating the 
A. niger strain commonly employed in practical gluconic 
acid industrial production and successfully identified a new 
Gox within its genome. Our catalytic experiment in shake 
flasks revealed that the GoxA, encoded by this novel gene, 
exhibited remarkably superior catalytic efficiency compared 
to the commercially available Gox (Sigma-Aldrich, Product 
Number: G2133). This observation indicated that the amino 
acid sequence differences (V189T, S384A, S594A) between 
GoxA and the previously reported Gox from A. niger (PDB 
ID: 1CF3) likely served as potential sites for enhancing Gox 
catalytic performance. This finding held new promise for 
innovative protein engineering strategies aimed at optimiz-
ing Gox in the context of gluconic acid production.

It was worth noting that the catalytic efficiency of Gox did 
not solely depend on the inherent properties of the enzyme 
itself but also on the influence of other factors in the catalytic 
system. For instance, oxygen acted as one of the direct sub-
strates involved in Gox catalytic reactions, making the con-
centration and mass transfer efficiency of oxygen in the solu-
tion a critical factor affecting Gox activity. Previous studies 
typically focused on optimizing the fermentation process to 
enhance oxygen gas-liquid mass transfer efficiency (Singh and 
Kumar 2007). However, some research suggested that improv-
ing the enzyme’s catalytic efficiency could also be achieved 
by harnessing the oxygen delivery ability of VHb (Isarankura-
Na-Ayudhya et al. 2010; Khang et al. 2003; Ma et al. 2009; 
Wang et al. 2022). Wang et al. (2022) demonstrated that add-
ing a certain concentration of free VHb could significantly 
enhance Gox catalytic efficiency in an in vitro reaction system 
(Wang et al. 2022). Nevertheless, this approach faced chal-
lenges in achieving cost-effective industrial applications, as 
VHb was currently difficult to express at extremely high levels 
and in large quantities. This study explored the construction 
of fusion proteins combining VHb and GoxA. Among these 
fusion proteins, VHb-GS1-GoxA exhibited superior catalytic 
performance compared to GoxA alone, with a 96% increase 
in Kcat/Km value. However, unlike GoxA, VHb-GS1-GoxA 
was not effectively expressed and secreted in A. niger, result-
ing in a low overall extracellular enzyme activity. To address 
this problem, single- and dual-strain systems were further 
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designed using the tools of SpyCatcher/SpyTag and Snoop-
Catcher/SnoopTag. These systems facilitated the individual 
expression of VHb and GoxA, followed by self-assembly to 
form the composite protein. The single-strain system was 
demonstrated to be effective in gluconic acid fermentation 
within the reactor in this study.

However, a fundamental issue remained as the overex-
pression and secretion of VHb and VHb-containing fusion 
proteins in A. niger appeared to be limited. Firstly, the 
expression of free VHb did not enhance gluconic acid pro-
duction, which was inconsistent with the results reported 
by (Wang et al. 2022) in their in vitro catalytic experi-
ments. However, the expression of free VHb did promote 
an increase in extracellular Gox total enzyme activity dur-
ing protein fermentation and CO-difference spectra meas-
urement, confirming the physiological function of VHb in 
A. niger. Thus, we speculated that the expression level of 
VHb in A. niger was much lower than the concentration 
of VHb added in vitro catalytic experiments (Wang et al. 
2022). Secondly, the low secretion of VHb-GS1-GoxA pro-
vided direct evidence of this limitation. Thirdly, although 
the single-strain system designed using the tool SpyCatcher/
SpyTag achieved good results in gluconic acid production 
experiments in the bioreactor, Western blot analysis failed to 
detect the presence of His-VHb-SpyCatcher and His-VHb-
SnoopCatcher in either the single-strain or dual-strain sys-
tems, indicating very low secretion levels of these two VHb 
proteins. In the dual-strain system, His-VHb-Spy-Gox and 
His-VHb-Snoop-Gox composite proteins were not detected, 
suggesting that spontaneous formation of composite pro-
teins does not occur extracellularly in the dual-strain sys-
tem. This may be constrained by the low secretion of His-
VHb-SpyCatcher and His-VHb-SnoopCatcher. Moreover, 
CO-difference spectra indicated the absence of VHb activ-
ity extracellularly in the dual-strain system. Based on these 
observations, the low secretion of His-VHb-SpyCatcher and 
His-VHb-SnoopCatcher emerged as a critical constraint in 
extracellular composite protein formation. Enhancing the 
expression and secretion of VHb in A. niger became a cru-
cial issue and the next direction for our further research. 
Potential strategies to address this issue may involve the 
optimization of signal peptides, enhancing gene copy num-
bers, regulation of the protein quality control system, and 
exploring more suitable hosts, such as Pichia pastoris, 
which was also one of the potential solutions.

In conclusion, the fusion of VHb and Gox proteins had 
proven to be a promising strategy to enhance Gox enzymatic 
activity by utilizing VHb’s oxygen delivery capability. Among 
the engineered fusion proteins, VHb-GS1-GoxA showed 
superior catalytic performance. However, its expression and 
secretion in A. niger were significantly limited. To address 
this challenge, we developed a single-strain system based 
on the SpyCatcher/SpyTag platform, enabling independent 

expression of VHb and GoxA, followed by self-assembly to 
form the composite enzyme. This single-strain system dem-
onstrated favorable performance in gluconic acid fermentation 
within the bioreactor. These discoveries provide novel insights 
and lay the foundation for improving the catalytic efficiency 
of Gox. Moreover, our research offered potential technical 
solutions to enhance the industrial production efficiency of 
gluconic acid and reduce aeration costs, thereby contributing 
to the overall economic benefits of gluconic acid.
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