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Abstract: The GH43 family of glycosidases represents an important class of industrial
enzymes that are widely utilized across the food, pharmaceutical, and various other sectors.
In this study, we identified a GH43 family glycoside hydrolytic enzyme, Xyaf313, derived
from the plant endophytic fungus Chaetomium globosum DX-THS3, which is capable of trans-
forming several common ginsenosides. The enzyme function analysis reveals that Xyaf313
exhibits dual functionality, displaying both α-L-arabinofuranosidase and β-D-xylosidase
activity. When acting as an α-L-arabinofuranosidase, Xyaf313 achieves optimal enzyme ac-
tivity of 23.96 U/mg at a temperature of 50 ◦C and a pH of 7. In contrast, its β-D-xylosidase
activity results in a slight reduction in enzyme activity to 23.24 U/mg, with similar optimal
temperature and pH conditions to those observed for the α-L-arabinofuranosidase activity.
Furthermore, Xyaf313 demonstrates considerable resistance to most metal ions and com-
mon chemical reagents. Notably, while the maximum enzyme activity of Xyaf313 occurs
at 50 ◦C, it maintains high activity at room temperature (30 ◦C), with relative enzyme
activity exceeding 90%. Measurements of ginsenoside transformation show that Xyaf313
can convert common ginsenosides Rc, Rb1, Rb2, and Rb3 into Rd, underscoring its potential
for pharmaceutical applications. Overall, our findings contribute to the identification of
a new class of bifunctional GH43 glycoside hydrolases, highlight the significance of plant
endophytic fungi as a promising resource for the screening of carbohydrate-decomposing
enzymes, and present new candidate enzymes for the biotransformation of ginsenosides.

Keywords: α-L-arabinofuranosidase; β-D-xylosidase; biotransformation; endophytic fungi;
GH43 family

Key Contribution: Xyaf313 from endophytic fungus Chaetomium globosum DX-THS3 ex-
hibits dual functionality via α-L-arabinofuranosidase and β-D-xylosidase activity. Mean-
while, Xyaf313 also can convert common ginsenosides Rc, Rb1, Rb2, and Rb3 into Rd,
underscoring its potential for pharmaceutical applications.

1. Introduction
Glycoside hydrolase 43 (GH43) is a significant component of carbohydrate hydro-

lases. The CAZy database (https://www.cazy.org/) currently includes over 50,000 genes
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encoding this class of enzymes. However, the functions and activity of the majority of
the GH43 glycosidases remain largely unknown, with only 239 enzymes characterized
to date (as shown in the CAZy database). This enzyme class is primarily derived from
microorganisms, with a smaller proportion originating from plants, while no instances
have been reported from animals (https://www.cazy.org/). The glycosidase activity
associated with the GH43 family predominantly includes β-D-xylosidase (EC 3.2.1.37),
α-L-arabinofuranosidase (EC 3.2.1.55), endo-α-L-arabinofuranosidase (EC 3.2.1.99), and
1,3-beta-galactosidase (EC 3.2.1.145) activity [1]. Numerous studies have demonstrated that
GH43 glycosidases are significantly enriched in lignocellulose-degrading microorganisms
and are closely associated with hemicellulose degradation [2–4]. Furthermore, glycosidases
from the GH43 family are widely utilized as industrial enzymes, playing crucial roles in the
preparation of oligosaccharide prebiotics [5], juice clarification [5], and pulp processing [5]
and in the biofuel [6] and biopharmaceutical industries [5].

Natural saponins are the primary active compounds found in many medicinal plants,
exhibiting a diverse spectrum of biological activity and promising applications [7]. Among
these, ginsenosides represent a notable class of terpenoid saponins, recognized for their
significant medicinal value and health-promoting functions, including immune regulation,
hypoglycemic effects, anti-tumor properties, and anti-aging benefits [8]. However, the
predominant PPD-type ginsenosides, such as ginsenosides Rb1, Rb2, and Rc, have limited
absorption in the human intestine [8]. In contrast, low-glycosyl ginsenosides, including
Rd, Rg3, and CK, which contain fewer sugar moieties, are more readily absorbed into the
bloodstream and act as active compounds [9]. However, the complex sugar structures of
ginsenosides pose challenges during chemical hydrolysis with acids or alkalis, resulting in
a complex mixture of products and low yields of the desired compounds. This complexity
often complicates subsequent separation processes and can lead to environmental pollution.
Biotransformation, noted for its specificity, high catalytic efficiency, and environmental
friendliness, is particularly well suited for the modification of complex saponins such as gin-
senosides [8,10]. This method is widely employed for the production of rare ginsenosides,
although it necessitates the use of efficient catalytic enzymes. The enzyme most commonly
involved in the biotransformation of ginsenosides is β-glucosidase [10]. For example, the
β-glucosidase Tsbgl, derived from Thermoclostridium stercorarium, can hydrolyze all outer
glucose groups of protopanaxadiol-type ginsenosides, including Rb1, Rb2, Rc, and Rb3, as
well as protopanaxatriol-type ginsenosides such as Re and Rg1, resulting in the production
of various rare ginsenosides [11]. Upadhyaya et al. [12] reported the purification of a novel
β-glucosidase (BGL) from Armillaria mycelium, which hydrolyzes ginsenoside Rc and can
simultaneously cleave α-(1→6)-arabinofuranose at the C-20 position of the Rc bond or
an external β-(1→2)-glycosidic bond at the C-3 position of Rc, yielding Rd and C-Mc1.
Despite the diverse conversion pathways exhibited by these β-glucosidases, challenges
such as complex product formation and low specificity remain prevalent [10]. As a result,
the screening of enzymes with excellent selectivity continues to be a critical step in the
current production of rare ginsenosides.

Recent studies have demonstrated that multiple alpha-L-arabinofuranosidases derived
from microorganisms can effectively convert ginsenosides, leading to the production of var-
ious other ginsenosides. For example, the thermostable alpha-L-arabinofuranosidase from
Caldicellulosiruptor saccharolyticus is capable of converting Re to Rd [13], while an alpha-L-
arabinofuranosidase from the GH51 family of glycosidases can transform Rc into Rd [14].
Notably, many glycosidases within the GH43 family exhibit alpha-L-arabinofuranosidase
activity; however, to our knowledge, the capacity of this class of enzymes to convert gin-
senosides remains largely unexplored. Simultaneously, GH43 and β-glucosidase work
synergistically to hydrolyze ginsenosides, thereby facilitating the preparation of rare gin-
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senosides containing one to two sugar units. Furthermore, some GH43 glycosidases display
multifunctional activity, which could reduce enzyme usage and minimize redundant oper-
ational processes during ginsenoside conversion [15,16]. In summary, GH43 glycosidases
present significant potential for the biotransformation of saponin products, such as gin-
senosides, owing to their ability to hydrolyze a diverse range of glycosidic bonds.

Endophytic fungi are a type of fungi that inhabit plant hosts without causing visi-
ble lesions. These microorganisms significantly influence their host plants by promoting
nutrient uptake and growth, enhancing stress resistance, defending against pathogen inva-
sion, and regulating secondary metabolism [17]. Recent studies have indicated that these
fungi represent a significant source of valuable catalytic enzymes, particularly glycoside
hydrolases [18,19], holding great potential for applications in biocatalysis and biotransfor-
mation. Additionally, the enzymes produced by these endophytes play crucial ecological
roles, such as facilitating colonization, modulating host immunity, enhancing nutrient ac-
quisition, aiding in pathogen defense, regulating secondary metabolism, and maintaining
symbiotic balance [20]. In our previous studies, we isolated an endophytic Chaetomium
globosum DX-THS3 from Dongxiang wild rice (Oryza rufipogon Griff.), which exhibited
a high abundance of glycoside hydrolases [21,22]. Furthermore, we previously identified
a glucuronidase from this fungus that efficiently and specifically converts glycyrrhizic
acid, underscoring the strain’s significant potential in the biotransformation of glycosidic
compounds. In this study, we report the discovery of a glycoside hydrolase gene, Xyaf313,
belonging to the GH43 family in the endophytic C. globosum DX-THS3. We successfully
expressed the recombinant Xyaf313 in Pichia pastoris and performed a detailed analysis of
its biochemical properties. Furthermore, we explored the enzyme’s potential applications
in the biotransformation of ginsenosides. Our findings contribute to the identification of
a new class of bifunctional GH43 glycoside hydrolases, highlight the significance of plant
endophytic fungi as promising resources for the screening of carbohydrate-decomposing
enzymes, and present new candidate enzymes for the biotransformation of ginsenosides.

2. Materials and Methods
2.1. Strains and Chemical Reagents

C. globosum DX-THS3 is a plant endophytic fungus that was isolated and screened
from the stems of Dongxiang wild rice in our previous study [20]. This strain has been de-
posited in the Chinese Archives Culture Collection Center of Wuhan University (Accession
No. CCTCCM2016005). In this study, we utilized P. pastoris GS115, which was preserved in
our laboratory, while the expression plasmid pPIC9K was obtained from the Invitrogen
Company in the United States. We sourced restriction enzymes, including EcoRI, NotI,
AatII, and SacI, as well as DNA standards and a DNA/protein loading buffer, from Takara
(Osaka, Japan). The plasmid extraction kit and Taq Mix polymerase were acquired from
Vazyme (Nanjing, China). Additionally, peptone, glucose, yeast, and agar powder were
purchased from Aladdin (Shanghai, China).

Ginsenosides Rb1, Rb2, Rb3, Rc, Rd, and Mc were obtained from Chengdu Mansite Biotech-
nology Co., Ltd. (Chengdu, China) Penicillin (G418), beech wood xylan, sodium carboxymethyl
cellulose, methanol, glycerol, cellulose, and avicel were sourced from Shanghai Yuanyang
Biotechnology Co., Ltd. (Shanghai, China) Additionally, 4-nitrophenyl-β-D-xyloside (ρNPX),
4-nitrophenyl-β-D-galactopyranoside (ρNPG), and 4-nitrophenyl α-L-arabinofuranoside
(ρNPA) were acquired from Beijing Solbaike Biotechnology Co., Ltd. (Beijing, China).

2.2. Gene Cloning, Expression, and Purification

Based on the whole-genome sequencing results of strain C. globosum DX-THS3 and
a comparative analysis using the Carbohydrate-Active Enzyme Database (CAZy), the poten-
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tial xylosidase gene, Xyaf313, was selected and submitted to the China National GeneBank
Database (https://db.cngb.org/, Accession No. CNP0006855). An EcoR I restriction site
was introduced at the 5′ end of gene Xyaf313, while a Not I restriction site was added to
the 3′ end. Additionally, six His tags were incorporated before the stop codon to facilitate
subsequent protein purification. The synthesis of the gene was performed by Beijing Qingke
Biotechnology Co., Ltd., where the synthesized gene sequence was codon-optimized and
subsequently cloned into the P. pastoris expression vector pPIC9K. A substantial quantity of
the recombinant expression vector pPIC9-Xyaf313 plasmid was extracted, linearized via AatII
single-enzyme digestion, and the resulting digested product was recovered and transformed
into GS115 competent cells using electroporation, followed by spreading on MD plates. After
an inverted culture at 28 ◦C for 2–3 days, individual colonies on the MD plate were selected and
transferred to BMGY medium. Cultivation was carried out on a constant-temperature shaker
at 28 ◦C and 220 r/min until the OD600 value reached 2–6. The culture was then centrifuged at
5000× g for 5 min, the supernatant was discarded, and the cells were resuspended in BMMY
medium. Induction and culture were conducted under 0.5% methanol for 5 days, after which
the crude enzyme solution was prepared by centrifugation at 3000× g and 4 ◦C for 10 min.

The purification steps for the recombinant protein are as follows. First, place the crude
enzyme solution in a magnetic stirring device and gradually add ammonium sulfate powder
while stirring until saturation is achieved. This process should be conducted in an ice water bath
to prevent temperature fluctuations from affecting the enzyme’s activity and compromising
subsequent experiments. Next, transfer the resulting solution to a centrifuge tube and centrifuge
it at 10,000× g for 15 min at 4 ◦C to collect the protein precipitate. Dissolve the protein
precipitate in 0.1 M PBS (pH 7.4) buffer, and then transfer the enzyme solution to a dialysis
bag. Place the bag in a beaker containing 0.1 M PBS (pH 7.4) for dialysis, and refrigerate it at
4 ◦C overnight. Finally, purify the dialyzed enzyme solution using Thermo Fisher’s HisPur
Ni-NTA spin column kit (Waltham, MA, USA) to obtain the recombinant protein Xyaf313. The
protein size was determined by SDS-PAGE, and the protein concentration was measured using
the Bradford method, with bovine serum albumin serving as the standard.

2.3. Enzyme Activity Measurement

To measure the enzyme activity, mix 50 µL of 5 mM ρNPAF with 200 µL of buffer and
preheat the mixture at the optimal temperature for 5 min. Subsequently, add 50 µL of the
appropriately diluted purified enzyme solution and allow the reaction to proceed under
optimal conditions for 10 min. Immediately after the reaction period, terminate the reaction
by adding 150 µL of Na2CO3. Utilize a microplate reader to measure the absorbance of the
reaction product at 450 nm, and calculate the concentration of ρNP generated using the ρNP
standard curve. Under specified conditions, the amount of enzyme required to hydrolyze
1 µmol of ρNPAF per minute is defined as one unit (U) of arabinofuranosidase activity.

Mix 50 µL of 5 mM ρ-nitrophenyl β-D-xylopyranoside (ρNPX) with 200 µL of buffer
and preheat the mixture at the optimal temperature for 5 min. Subsequently, add 50 µL
of the appropriately diluted enzyme solution and mix under optimal conditions. After
allowing the reaction to proceed for 10 min, immediately add 150 µL of Na2CO3 to terminate
the reaction. Use a microplate reader to measure the absorbance of the reaction product at
450 nm, and calculate the concentration of ρNP generated by the reaction according to the
ρNP standard curve. The amount of enzyme required to hydrolyze 1 µmol of ρNPX per
minute is defined as 1 xylosidase activity unit (U).

2.4. Biochemical Characterization Analysis

The properties of the recombinant Xyaf313 were evaluated in relation to the temper-
ature, pH, organic reagents, and metal ions. First, optimal temperature experiments for
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arabinofuranosidase and xylosidase activity were conducted across a range of temperatures
(30–90 ◦C). Secondly, the optimal pH of the recombinant Xyaf313 was examined, with
values ranging from 3.0 to 10.5. Citrate buffer was used for pH levels of 3.0–6.0, phosphate
buffer for pH levels of 6.0–9.0, and glycine–NaOH buffer for pH levels of 9.0–10.5.

Recombinant Xyaf313 was incubated at temperatures of 30, 40, 50, and 60 ◦C for vary-
ing time periods (0, 30, 60, 90, and 120 min), after which the enzyme activity was measured
under the optimal reaction conditions, respectively. The activity of arabinofuranosidase
or xylosidase at 0 min was defined as 100%. Subsequently, the relative enzyme activity
was calculated for other temperatures and time periods, allowing for an analysis of the
enzyme’s temperature stability.

We mixed 20 µL of recombinant Xyaf313 with 200 µL of buffer at varying pH val-
ues (3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.5). We placed the mixtures in a refrigerator at
4 ◦C and incubated them for 24 h. Subsequently, we measured the enzymatic activity of
α-L-arabinofuranosidase and xylosidase under optimal reaction conditions. The activity
of untreated recombinant Xyaf313 was defined as 100%, and the relative enzyme activity
under different pH treatments was calculated to assess the pH stability of the enzyme.

Recombinant Xyaf313 was incubated with 0.1% and 1% concentrations of various
organic solvents, including methanol, Triton X-100, Tween, glycerol, β-mercaptoethanol,
EDTA, and SDS, for 1 h at 4 ◦C to assess the relative activity. Each experiment was conducted
in triplicate. Recombinant Xyaf313 was incubated with 1 mmol/L and 5 mmol/L solutions
of Na+, NH4

+, K+, Al3+, Zn2+, Fe3+, Cu2+, Mn2+, Co2+, Mg2+, Ni2+, and Fe3+ for 1 h at 4 ◦C
to assess the relative activity. Each experiment was conducted in triplicate.

2.5. Substrate Specificity and Enzymatic Kinetics Analysis

In this study, various natural and synthetic substrates were utilized to investi-
gate the substrate specificity of recombinant Xyaf313. The natural substrates included
beech wood xylan, microcrystalline cellulose, and carboxymethyl cellulose, while the
synthetic substrates comprised ρ-nitrophenyl-β-D-xyloside (ρNPX), ρ-nitrophenyl-α-L-
arabinofuranoside (ρNPAF), ρ-nitrophenyl-β-D-cyanoside, ρ-nitrophenyl-β-D-glucoside
(ρNPG), and ρ-nitrophenyl-β-D-glucuronide (ρNPG). These substrates were employed to
assess the substrate specificity of xylanases. Experiments were conducted under optimal
conditions, with the maximum enzyme activity defined as 100%, allowing for the calcula-
tion of the relative enzyme activity of the other substrates. Each experimental group was
replicated three times.

The Km, Vmax, and Kcat values for purified recombinant Xyaf313 were determined
from Michaelis–Menten plots using the nonlinear regression software GraphPad (Prism 5.0).
To prepare the substrate solutions, we created 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0 mM concentrations of either ρNPAF or ρNPX, respectively. Subsequently, we measured
the amount of ρNP produced by the reaction under optimal conditions. Each experimental
group was replicated three times. By plotting the substrate concentration on the x-axis
and the reaction velocity on the y-axis, we utilized nonlinear curve fitting in the Origin
software (origin 2021) to generate a Michaelis–Menten plot, allowing for the calculation of
the maximum reaction velocity (Vmax) and Km values for recombinant Xyaf313.

2.6. Biotransformation of Ginsenosides

Accurately weigh 5 mg of the ginsenoside Rb1, Rb2, Rb3, and Rc standards and dis-
solve them in 5 mL of PBS buffer to prepare a substrate with a concentration of 1 mg/mL.
Combine 500 µL of the substrate with 500 µL of the purified recombinant Xyaf313 enzyme
solution and allow the reaction to proceed at 37 ◦C for 24 h. To terminate the reaction,
boil the mixture for 5 min and then centrifuge the reaction product at 8000 rpm for 5 min
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for subsequent analysis. After collecting the transformation products, extract and stratify
them with equal volumes of n-butanol, separating the upper n-butanol phase. This phase
is then placed in a rotary evaporator and evaporated until it forms a powder. The result-
ing powder is dissolved in 1.5 mL of chromatography-grade methanol, filtered through
a 0.25 µm organic filter, and placed in a liquid-phase vial for high-performance liquid
chromatography detection.

The filling material of the chromatographic column utilized in the high-performance
liquid chromatography (HPLC) analysis was octadecylsilane-bonded silica gel. The column
was characterized by a length of 250 mm, an inner diameter of 4.6 mm, and a particle size
of 5 µm. The mobile phases employed included water as mobile phase A and acetonitrile
as mobile phase B, which together facilitate gradient elution. The column temperature was
maintained at 30 ◦C, with the detection wavelength set at 203 nm.

3. Results and Discussion
3.1. Xyaf313 Gene Sequence Analysis and Expression

In our previous research, we identified an endophytic strain of C. globosum DX-THS3
that possesses a rich array of glycoside hydrolases, characterized by an efficient
lignocellulose-degrading enzyme system [18,19]. The glycosidase Xyaf313, investigated
in this study, is derived from this endophytic C. globosum DX-THS3. The gene encoding
this enzyme contains 1380 base pairs and translates into a protein of 460 amino acids, with
a theoretical molecular weight of approximately 50 kDa. Phylogenetic analysis based on
the amino acid sequence indicates that Xyaf313 belongs to the glycoside hydrolase family
43 (GH43) and exhibits the highest similarity to α-L-arabinofuranosidase/β-D-xylosidase
from Talaromyces purpureogenus, clustering within the same branch (Figure 1A). This sug-
gests that Xyaf313 is a potential bifunctional glycoside hydrolase. To our knowledge, the
CAZy database lists 239 functionally characterized glycosidases in the GH43 family, pre-
dominantly from bacterial sources; only 39 have been identified from fungi and none from
C. globosum. Many studies have indicated that GH43 family glycosidases are prevalent in
lignocellulose-degrading microorganisms, as these enzymes are crucial components of the
hemicellulase system [2–4]. Our findings support this assertion, as the host C. globosum
DX-THS3 also demonstrates efficient lignocellulose degradation capabilities. Furthermore,
this work may provide new candidate strains for the discovery and screening of GH43
family glycosidases. Subsequently, we induced the expression of the Xyaf313 gene in
P. pastoris and purified the product using a Ni2+ affinity column. SDS-PAGE analysis con-
firmed the successful isolation of the soluble Xyaf313 (Figure 1B). Notably, the observed
molecular weight is slightly greater than the theoretical value (Figure 1B), which may
indicate the occurrence of eukaryotic glycosylation modifications during expression.
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3.2. Enzyme Characteristics
3.2.1. Substrate Specificity Analysis

The phylogenetic tree analysis indicated that Xyaf313 belongs to the GH43 family and
exhibits the greatest similarity to the bifunctional enzyme derived from T. purpureogenus
(Figure 1A), suggesting that Xyaf313 may also function as a multifunctional enzyme. To
verify this hypothesis, we evaluated the substrate hydrolysis capability of the recombinant
Xyaf313. As shown in Table 1, our results demonstrate that Xyaf313 can significantly
hydrolyze the substrates ρNPAF and ρNPX, confirming that Xyaf313 possesses bifunctional
enzyme activity with glycosidase activity. Additionally, the results indicate that Xyaf313
has a strong effect on ρ-nitrophenyl-β-D-glucuronide, while other substrates, including
ρ-nitrophenyl-β-D-glucopyranoside, ρ-nitrophenyl-β-D-galactopyranoside, ρ-nitrophenyl-
β-D-mannopyranoside, ρ-nitrophenyl-α-L-rhamnopyranoside, and ρ-nitrophenyl-α-L-
arabinopyranoside, exhibit only slight hydrolysis activity (Table 1). However, Xyaf313 does
not demonstrate hydrolytic activity towards complex polysaccharide molecules such as
cellulose and xylan. Glycoside hydrolases from the GH43 family predominantly exhibit
arabinofuranosidase and xylosidase activity, which aligns with our findings. Notably, some
studies have reported that certain members of the GH43 family possess the capability
to hydrolyze multiple glycosidic bonds simultaneously. For instance, PphXyl43B from
Paenibacillus physcomitrellae demonstrates both β-xylosidase and α-L-arabinofuranosidase
activity [23]. Additionally, Viborg et al. [15] identified a GH43 glycosidase, BXA43, with
bifunctional β-D-xylosidase and α-L-arabinofuranosidase activity. However, instances
of GH43 family glycosidases exhibiting bifunctional activity remain scarce, with most
identified to date being of bacterial origin. In contrast, the enzyme Xyaf313 found in this
study not only displays clear dual functions as an arabinofuranosidase and xylosidase
but also originates from a plant endophytic fungus. Importantly, numerous recent studies
have demonstrated that plant endophytic fungi serve as a significant source of catalytic
enzymes, particularly glycoside hydrolases [18,19,24], and our results further substantiate
this assertion.

Table 1. Substrate specificity of glycosidase Xyaf313.

Substrate Relative Activity (%)

ρ-Nitrophenyl-α-L-arabinofuranoside 100
ρ-Nitrophenyl-β-D-xylopyranoside 97 ± 3.29

p-Nitrophenyl β-D-glucuronide 2 ± 0.46
ρ-Nitrophenyl-β-D-glucopyranoside 1 ± 0.15
ρ-Nitrophenyl-β-D-galactopyranoside 1 ± 0.23
ρ-Nitrophenyl-β-D-mannopyranoside 3 ± 0.56
ρ-Nitrophenyl-α-L-rhamnopyranoside 2 ± 0.32
ρ-Nitrophenyl-α-L-arabinopyranoside 4 ± 0.68

CMC-Na ND
Cellulose ND

Avicel ND
Xylan (Beech wood) ND

ND indicates that the enzymatic activity was not detected.

Given that Xyaf313 demonstrates significant arabinofuranosidase and xylosidase ac-
tivity, our subsequent studies will focus on the enzymatic properties associated with these
two types of activity. Our findings indicate that when Xyaf313 exhibits α-L-arabinofuranoside
activity, its specific enzyme activity measures 23.96 U/mg, with a Km of 5.65 mM, Vmax of
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486.47 µmol min−1 mg−1, and Kcat of 64.53 S−1. In contrast, when Xyaf313 displays xylosi-
dase activity, the specific enzyme activity is 23.24 U/mg, with a Km of 1.77 mM, Vmax of
542.65 µmol min−1 mg−1, and Kcat of 71.90 S−1 (Table 2).

Table 2. The kinetic parameters of xylanase Xyaf313.

Activity Km (mM) Vmax (µmol min−1 mg−1) kcat (S−1) kcat/Km (S−1 mM−1)

Arabinofuranosidase 5.65 ± 1.67 486.47 ± 2.33 64.53 ± 3.93 11.42 ± 3.44

Beta-Xylanase 1.77 ± 1.27 542.65 ± 6.75 71.90 ± 3.95 40.62 ± 5.63

3.2.2. Biochemical Characteristics of Xyaf313 with α-L-Arabinofuranoside Activity

We first analyzed the biochemical characteristics of Xyaf313 in relation to its arabi-
nofuranosidase activity. As illustrated in Figure 2A, Xyaf313 exhibits peak activity at
50 ◦C. However, when the temperature exceeds 60 ◦C, there is a rapid decline in residual
enzyme activity, which aligns with the characteristics typical of a mesophilic enzyme.
Notably, Xyaf313 demonstrates significant catalytic activity, with relative enzyme activity
exceeding 90%, at room temperature (~30 ◦C). Furthermore, the temperature stability
analysis indicated that Xyaf313 maintains good stability at temperatures of 40 ◦C or lower.
After a 120 min incubation period, its relative residual enzyme activity remains above
60% (Figure 2B). These findings suggest that the enzyme has promising application po-
tential and can mitigate the cost issues associated with harsh reaction conditions, such as
elevated temperatures.

BioTech 2025, 6, x FOR PEER REVIEW 9 of 15 
 

 

concentrations, most metal ions, with the exception of Cu2+ and Zn2+, have a minimal im-
pact on the activity of Xyaf313. However, when the concentration is increased to 5 mM, 
most metal ions significantly affect the enzyme’s activity, particularly Cu2+, which almost 
completely inhibits the activity of Xyaf313 (Figure 2E). Conversely, while common chem-
ical reagents also influence the activity of Xyaf313, the relative residual enzyme activity in 
the presence of most chemical reagents remains at 60–80% (Figure 2F). This suggests that 
Xyaf313 demonstrates greater tolerance to chemical reagents. 

 

Figure 2. Biochemical characterization of recombinant Xyaf313, when exhibiting α-L-arabino-
furanosidase activity. (A) illustrates the effect of the temperature on recombinant Xyaf313, while (B) 
provides an analysis of its temperature stability. (C) shows the impact of the pH on recombinant 
Xyaf313, and (D) details the pH stability analysis. Additionally, (E) shows the influence of metal 
ions on recombinant Xyaf313, and (F) shows the effects of various chemical reagents on the enzyme. 

3.2.3. Biochemical Characteristics of Xyaf313 with β-D-Xylosidase Activity 

Furthermore, we analyzed the biochemical characteristics of Xyaf313 in relation to its 
xylosidase activity. As illustrated in Figure 3A, the enzyme activity remains elevated 
within the temperature range of 30–70 °C, with the highest activity observed at 50 °C. 
However, when the temperature exceeds 70 °C, there is a significant decrease in enzyme 
activity. The temperature stability analysis indicates that the xylosidase activity of 
Xyaf313 exhibits excellent stability at temperatures below 40 °C, as its residual enzyme 
activity does not significantly decline after 120 min of incubation (Figure 3B). In contrast, 
the stability diminishes notably at temperatures exceeding 50 °C. 

The influence of the pH on Xyaf313’s xylosidase activity exhibits a trend similar to 
that observed when Xyaf313 demonstrates α-L-arabinofuranosidase activity (Figure 
3C,D). The optimal reaction pH for both types of activity is 7.0, and the enzyme is sensitive 
to variations in acid–base environments (Figure 3C). In comparison to the α-L-arabino-
furanosidase activity, the impact of metal ions on Xyaf313’s xylosidase activity is gener-
ally less pronounced, with the exceptions of Cu2+ and elevated concentrations of Ni2+ and 
Zn2+ (Figure 3E). Notably, neither 0.1% nor 1% concentrations of common chemical rea-
gents exert a significant effect on Xyaf313’s xylosidase activity (Figure 3F). Overall, when 

Figure 2. Biochemical characterization of recombinant Xyaf313, when exhibiting α-L-arabinofuranosidase
activity. (A) illustrates the effect of the temperature on recombinant Xyaf313, while (B) provides
an analysis of its temperature stability. (C) shows the impact of the pH on recombinant Xyaf313,
and (D) details the pH stability analysis. Additionally, (E) shows the influence of metal ions on
recombinant Xyaf313, and (F) shows the effects of various chemical reagents on the enzyme.
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Subsequently, we analyzed the effect of the pH on recombinant Xyaf313. The results
indicated (Figure 2C) that the optimal pH for this enzyme is 7, and it is sensitive to both
acidic and alkaline conditions, which aligns with the characteristics of most glycosidases in
the GH43 family. The pH stability assessment also revealed (Figure 2D) that the enzyme
remains relatively stable under neutral conditions. After a 24 h incubation period within
the pH range of 6 to 8, its relative residual enzyme activity exceeds 40%. However, its
activity is significantly affected in excessively acidic or alkaline environments.

In addition, we analyzed the effects of various metal ions and common chemical
reagents on the arabinofuranosidase activity of Xyaf313. The results indicate that, at lower
concentrations, most metal ions, with the exception of Cu2+ and Zn2+, have a minimal
impact on the activity of Xyaf313. However, when the concentration is increased to 5 mM,
most metal ions significantly affect the enzyme’s activity, particularly Cu2+, which almost
completely inhibits the activity of Xyaf313 (Figure 2E). Conversely, while common chemical
reagents also influence the activity of Xyaf313, the relative residual enzyme activity in
the presence of most chemical reagents remains at 60–80% (Figure 2F). This suggests that
Xyaf313 demonstrates greater tolerance to chemical reagents.

3.2.3. Biochemical Characteristics of Xyaf313 with β-D-Xylosidase Activity

Furthermore, we analyzed the biochemical characteristics of Xyaf313 in relation to
its xylosidase activity. As illustrated in Figure 3A, the enzyme activity remains elevated
within the temperature range of 30–70 ◦C, with the highest activity observed at 50 ◦C.
However, when the temperature exceeds 70 ◦C, there is a significant decrease in enzyme
activity. The temperature stability analysis indicates that the xylosidase activity of Xyaf313
exhibits excellent stability at temperatures below 40 ◦C, as its residual enzyme activity does
not significantly decline after 120 min of incubation (Figure 3B). In contrast, the stability
diminishes notably at temperatures exceeding 50 ◦C.

The influence of the pH on Xyaf313’s xylosidase activity exhibits a trend similar to that
observed when Xyaf313 demonstrates α-L-arabinofuranosidase activity (Figure 3C,D). The
optimal reaction pH for both types of activity is 7.0, and the enzyme is sensitive to variations
in acid–base environments (Figure 3C). In comparison to the α-L-arabinofuranosidase activ-
ity, the impact of metal ions on Xyaf313’s xylosidase activity is generally less pronounced,
with the exceptions of Cu2+ and elevated concentrations of Ni2+ and Zn2+ (Figure 3E).
Notably, neither 0.1% nor 1% concentrations of common chemical reagents exert a signif-
icant effect on Xyaf313’s xylosidase activity (Figure 3F). Overall, when Xyaf313 exhibits
xylosidase activity, it demonstrates greater resistance to metal ions and chemical reagents
than when it exhibits α-L-arabinofuranosidase activity.
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Figure 3. Biochemical characterization of recombinant Xyaf313, when exhibiting β-D-xylosidase activity.
(A) illustrates the effect of the temperature on recombinant Xyaf313, while (B) provides an analysis of
its temperature stability. (C) shows the impact of the pH on recombinant Xyaf313, and (D) details the
pH stability analysis. Additionally, (E) shows the influence of metal ions on recombinant Xyaf313, and
(F) shows the effects of chemical reagents on the β-D-xylosidase activity of Xyaf313.

3.3. Transformation of Ginsenosides to Selectively Produce Ginsenoside Rd by Xyaf313

Ginseng has been utilized as a nourishing and strengthening medicinal material in
China and other Asian countries for thousands of years [25]. Ginsenosides are the pri-
mary components responsible for the various pharmacological and biological properties
of ginseng [26]. Research conducted over the past decade has revealed that different gin-
senosides possess significant medicinal value and healthcare functions [26], particularly in
terms of immune regulation, therapeutic potential for diabetes [27], anti-tumor effects [28],
and anti-aging properties [29]. The structures of ginsenosides include common sugar
groups such as β-glucose, L-arabinose, D-xylose, and L-rhamnose, which necessitate the
collaborative action of various enzymes to achieve biotransformation [26]. This require-
ment not only complicates the operational process but also increases the enzyme costs [8].
The bifunctional enzyme Xyaf313, identified in this study, exhibits both xylosidase and
arabinofuranosidase activity, indicating its considerable potential for application in the field
of ginsenoside biotransformation. To investigate the biotransformation function of Xyaf313
regarding ginsenosides, we selected Rb3 and Rc, which contain xylose and arabinofura-
nosyl groups, respectively, for a transformation investigation. After a 24 h reaction period,
it was observed that the products obtained from the Xyaf313-catalyzed transformations of
Rb3 and Rc were exclusively Rd, with no additional products detected (Figure 4A). This
finding aligns with the β-glucosidase and α-L-arabinofuranoside activity exhibited by
this enzyme. Notably, in addition to catalyzing Rb3 and Rc, Xyaf313 is also capable of
converting Rb2 and Rb1, which contain arabinopyranosyl and glucose groups, into Rd
(Figure 4B). Consequently, our results indicate that Xyaf313 can recognize a diverse range of
ginsenoside substrates and specifically produce Rd. Its transformation characteristics reveal
that it can selectively hydrolyze the 1–6 glycosidic bonds on the exterior of ginsenoside
C-20, while the 1–2 glycosidic bonds remain inactive. Furthermore, Xyaf313 can catalyze
various types of glycosidic bonds, including Glu-Ara (furan), Glu-Ara (pyran), Glu-Xyl,
and Glu-Glu.
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(A) represents the product obtained from the high-efficiency liquid chromatography analysis of
ginsenosides Rb3 and Rc transformed by Xyaf313. (B) shows the product resulting from the high-
efficiency liquid-phase analysis of reorganized Xyaf313, which transforms ginsenosides Rb1 and Rb2.

Currently, a considerable number of catalytic enzymes capable of transforming gin-
senosides have been identified [10,30]. These enzymes are predominantly β-glucosidases,
with the majority being derived from microorganisms [10]. Due to the intricate sugar
structures of ginsenosides, glycoside hydrolases that act upon them face challenges, includ-
ing diverse conversion pathways and the generation of complex products. For instance,
Renchinkhand et al. [31] isolated a strain of Lentilactobacillus buchneri from Korean fer-
mented plant foods. This strain produces β-glucosidase, which hydrolyzes ginsenoside Rb1

to generate rare ginsenosides Rd and Rg3. Similarly, Upadhyaya et al. [12] purified a novel
hydrolyzing enzyme from Armillaria mycelium, designated BG-1, which can simultaneously
hydrolyze the α-(1→6)-arabinofuranosyl bond at the C-20 position of Rc and the external
β-arabinose bond at the C-3 position of the Rc (1→2)-glycosidic bond, resulting in the pro-
duction of Rd and C-Mc1. Additionally, Zeng et al. [11] cloned the β-glucosidase Tsbgl from
Thermoclostridium stercorarium, which is capable of hydrolyzing all outer glucose groups of
protopanaxadiol-type ginsenosides Rb1, Rb2, Rc, and Rb3, as well as protopanaxadiol-type
ginsenosides Re and Rg1, through various cleavage pathways, yielding a variety of rare gin-
senosides. Notably, the lack of specificity in the current methods results in challenges during
subsequent separation processes and leads to low yields of the target rare ginsenosides,
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significantly hindering the application potential of these compounds. On the other hand,
the recently discovered α-L-araoinopyranosidase is often limited to converting only specific
ginsenosides [13,14], which poses additional challenges for the application of this enzyme
type. In this study, we identified the bifunctional glycosidase Xyaf313, which demonstrates
the ability to hydrolyze various ginsenoside substrates, indicating a wide range of substrate
adaptability. Intriguingly, our study revealed that Xyaf313 not only hydrolyzes the xylosyl
and arabinofuranosyl moieties of ginsenosides Rb1 and Rc—consistent with its anticipated
substrate scope—but also exhibits unexpected activity toward the arabinopyranosyl and
outer glucosyl groups of ginsenosides Rb2 and Rb1, yielding ginsenoside Rd as the terminal
transformation product (Figure 4). Notably, however, the enzyme failed to cleave the inner
glucosyl residue of Rd, suggesting strict regiospecificity. This distinct catalytic behavior
highlights Xyaf313’s ability to selectively hydrolyze glycosidic bonds at the C-20 position
in protopanaxadiol-type ginsenosides, a feature accompanied by pronounced stereose-
lectivity. Such dual specificity and stereochemical discrimination are exceptionally rare
among characterized multifunctional ginsenoside-transforming enzymes [32], positioning
Xyaf313 as a unique biocatalytic tool for the targeted structural modification of triterpenoid
glycosides. Notably, its enzymatic activity exclusively produces ginsenoside Rd, which
is highly significant for the targeted large-scale preparation of this compound. Previous
studies have shown that ginsenoside Rd exhibits anti-aging [26], neuroprotective [33,34],
immunity-enhancing [26], and anti-cancer properties [35]. Furthermore, ginsenoside Rd
serves as a precursor for many rare ginsenosides. When combined with β-glucosidase,
it can be further hydrolyzed to yield rare ginsenosides with enhanced activity, such as
CK and Rg3 [10,36]. In conclusion, our findings introduce a class of glycoside hydrolases
capable of hydrolyzing a variety of common ginsenosides for the targeted production of
Rd, while also highlighting the application potential of GH43 glycosidases in the field of
ginsenoside biotransformation.

4. Conclusions
In this study, we identified a bifunctional glycoside hydrolase from the GH43 family,

derived from the plant endophytic fungus C. globosum DX-THS3. The enzyme, desig-
nated Xyaf313, exhibits α-L-arabinofuranoside activity, with specific enzyme activity of
23.96 U/mg, a Km of 5.65 mM, a Vmax of 486.47 µmol min−1 mg−1, and a Kcat of 64.53 S−1,
with optimal activity at 50 ◦C and a pH of 7. In addition, when exhibiting β-D-xylosidase
activity, Xyaf313 shows specific enzyme activity of 23.24 U/mg, a Km of 1.77 mM, a Vmax

of 542.65 µmol min−1 mg−1, and a Kcat of 71.90 S−1, also with optimal conditions at 50 ◦C
and pH 7. Furthermore, both types of activity of Xyaf313 demonstrate good resistance to
common metal ions and chemical reagents. The results from ginsenoside conversion tests
indicate that Xyaf313 can convert various ginsenoside substrates, including ginsenosides Rc,
Rb1, Rb2, and Rb3, yielding a specific product, ginsenoside Rd. In summary, our findings
reveal a novel bifunctional GH43 family glycosidase with both α-L-arabinofuranoside and
xylosidase activity, capable of recognizing a range of common ginsenosides and converting
them into ginsenoside Rd, highlighting its potential applications in the medical field.

Author Contributions: Y.L.: writing—review and editing, writing—original draft, visualization, method-
ology, investigation, data curation. Q.J.: investigation, formal analysis, data curation. Y.D.: formal
analysis. R.J.: methodology, investigation. Y.X.: methodology, investigation, data curation. D.Z.:
writing—review and editing, supervision, funding acquisition, conceptualization. B.G.: resources, inves-
tigation, writing—review and editing, supervision, conceptualization. All authors have read and agreed
to the published version of the manuscript.



BioTech 2025, 14, 18 13 of 14

Funding: This research was funded by the National Key R&D Program of China (2021YFC2101303),
the Natural Science Foundation of Jiangxi Province (20212BAB215006, 20224BAB215023), and the
Foundation of the Jiangxi Educational Committee (GJJ2201346, GJJ2201319).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

BGL β-Glucosidase
GH43 Glycoside hydrolase 43
ρNPX ρ-Nitrophenyl-β-D-xyloside
ρNPG 4-Nitrophenyl-β-D-galactopyranoside
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References
1. Mewis, K.; Lenfant, N.; Lombard, V.; Henrissat, B. Dividing the large glycoside hydrolase family 43 into subfamilies: A motivation

for detailed enzyme characterization. Appl. Environ. Microbiol. 2016, 82, 1686–1692. [CrossRef] [PubMed]
2. Zanphorlin, L.M.; de Morais, M.A.B.; Diogo, J.A.; Domingues, M.N.; de Souza, F.H.M.; Ruller, R.; Murakami, M.T. Structure-

guided design combined with evolutionary diversity led to the discovery of the xylose-releasing exo-xylanase activity in the
glycoside hydrolase family 43. Biotechnol. Bioeng. 2019, 116, 734–744. [CrossRef] [PubMed]

3. Salas-Veizaga, D.M.; Rocabado-Villegas, L.R.; Javier, A.; Linares-Pastén, J.A.; Gudmundsdottir, E.E.; Hreggvidsson, G.O.;
Alvarez-Aliaga, M.T.; Adlercreutz, P.; Karlsson, E.N. A novel glycoside hydrolase 43-like enzyme from Clostridium boliviensis is
an endo-xylanase and a candidate for xylooligosaccharide production from different xylan substrates. Appl. Environ. Microbiol.
2024, 90, e02223-23. [CrossRef]

4. Linares-Pastén, J.A.; Hero, J.S.; Pisa, J.H.; Teixeira, C.; Nyman, M.; Adlercreutz, P.; Martinez, M.A.; Karlsson, E.N. Novel
xylan-degrading enzymes from polysaccharide utilizing loci of Prevotella copri DSM18205. Glycobiology 2021, 31, 1330–1349.
[CrossRef] [PubMed]

5. Grootaert, C.; Delcour, J.A.; Courtin, C.M.; Broekaert, W.F.; Verstraete, W.; Wiele, T.V.D. Microbial metabolism and prebiotic
potency of arabinoxylan oligosaccharides in the human intestine. Trends Food Sci. Technol. 2007, 18, 64–71. [CrossRef]

6. Das, S.P.; Ghosh, A.; Gupta, A.; Goyal, A.; Das, D. Lignocellulosic fermentation of wild grass employing recombinant hydrolytic
enzymes and fermentative microbes with effective bioethanol recovery. BioMed Res. Int. 2013, 2013, 386063. [CrossRef]

7. Wang, J.; Tang, X.; Liu, F.; Mao, B.Y.; Zhang, Q.X.; Zhao, J.X.; Chen, W.; Cui, S.M. Sources, metabolism, health benefits and future
development of saponins from plants. Food Res. Int. 2024, 197, 115226. [CrossRef]

8. Hu, Y.B.; Li, Y.M.; Cao, Y.; Shen, Y.Z.; Zou, X.J.; Liu, J.X.; Zhao, J. Advancements in enzymatic biotransformation and bioactivities
of rare ginsenosides: A review. J. Biotechnol. 2024, 392, 78–89. [CrossRef]

9. Zhao, L.X.; Zhang, T.B.; Zhang, K. Pharmacological effects of ginseng and ginsenosides on intestinal inflammation and the
immune system. Front. Immunol. 2024, 15, 1352614. [CrossRef]

10. Tran, T.N.A.; Son, J.-S.; Awais, M.; Ko, J.-H.; Yang, D.C.; Jung, S.-K. β-Glucosidase and Its Application in Bioconversion of
Ginsenosides in Panax ginseng. Bioengineering 2023, 10, 484. [CrossRef]

11. Zeng, C.; Ji, X.Q.; Shi, Y.; Mu, S.Y.; Huang, Y.C.; Zhong, M.Q.; Han, Y.; Duan, C.C.; Li, X.L.; Li, D. Specific and efficient hydrolysis
of all outer glucosyls in protopanaxadiol type and protopanaxatriol type ginsenosides by a β-glucosidase from Thermoclostridium
stercorarium. Enzyme Microb. Technol. 2023, 162, 110152. [CrossRef] [PubMed]

12. Upadhyaya, J.; Yoon, M.S.; Kim, M.J.; Ryu, N.S.; Song, Y.E.; Kim, Y.H.; Kim, M.K. Purification and characterization of a novel
ginsenoside Rc-hydrolyzing β-glucosidase from Armillaria mellea mycelia. AMB Express 2016, 6, 112. [CrossRef]

13. Shin, K.C.; Lee, G.W.; Oh, D.K. Production of ginsenoside Rd from ginsenoside Rc by α-L-arabinofuranosidase from Caldicellu-
losiruptor saccharolyticus. J. Microbiol. Biotechn. 2013, 23, 483. [CrossRef]

14. Zhu, L.; Wang, Y.C.; Cai, J. Molecular cloning, expression, purification, and characterization of Bacillus subtilis hydrolyzed
ginsenoside Rc of α-L-arabinofuranosidase in Escherichia coli. Arch. Microbiol. 2024, 206, 181. [CrossRef]

https://doi.org/10.1128/AEM.03453-15
https://www.ncbi.nlm.nih.gov/pubmed/26729713
https://doi.org/10.1002/bit.26899
https://www.ncbi.nlm.nih.gov/pubmed/30556897
https://doi.org/10.1128/aem.02223-23
https://doi.org/10.1093/glycob/cwab056
https://www.ncbi.nlm.nih.gov/pubmed/34142143
https://doi.org/10.1016/j.tifs.2006.08.004
https://doi.org/10.1155/2013/386063
https://doi.org/10.1016/j.foodres.2024.115226
https://doi.org/10.1016/j.jbiotec.2024.06.018
https://doi.org/10.3389/fimmu.2024.1353614
https://doi.org/10.3390/bioengineering10040484
https://doi.org/10.1016/j.enzmictec.2022.110152
https://www.ncbi.nlm.nih.gov/pubmed/36371935
https://doi.org/10.1186/s13568-016-0277-x
https://doi.org/10.4014/jmb.1211.11012
https://doi.org/10.1007/s00203-024-03902-y


BioTech 2025, 14, 18 14 of 14

15. Viborg, A.H.; Sorensen, K.I.; Gilad, O.; Steen-Jensen, D.B.; Dilokpimol, A.; Jacobsen, S.; Svensson, B. Biochemical and kinetic
characterisation of a novel xylooligosaccharide-upregulated GH43 β-D-xylosidase/α-L-arabinofuranosidase (BXA43) from the
probiotic Bifidobacterium animalis subsp. lactis BB-12. AMB Express 2013, 3, 56. [CrossRef]

16. Wagschal, K.; Heng, C.; Lee, C.C.; Wong, D.W.S. Biochemical characterization of a novel dual-function arabinofuranosi-
dase/xylosidase isolated from a compost starter mixture. Appl. Microbiol. Biot. 2009, 81, 855–863. [CrossRef]

17. Huang, X.; Zhao, L. Mechanism of endophytes of medicinal plants in promoting the growth of host plants. Microbiol. China 2023,
50, 1653–1665. [CrossRef]

18. Zhang, Q.; Gao, B.; Xiao, Y.; Yang, H.; Wang, Y.; Du, L.; Zhu, D. Purification and characterization of a novel β-glucuronidase
precisely converts glycyrrhizin to glycyrrhetinic acid 3-O-mono-β-D-glucuronide from plant endophytic Chaetomium globosum
DX-THS3. Int. J. Biol. Macromol. 2020, 159, 782–792. [CrossRef]

19. Lin, W.; Jiang, Q.; Dong, Y.; Xiao, Y.; Wang, Y.; Gao, B.; Zhu, D. Plant endophytic fungi exhibit diverse biotransformation pathways
of mogrosides and show great potential application in siamenoside I production. Bioresour. Bioprocess. 2014, 11, 42. [CrossRef]
[PubMed]

20. Dubey, A.; Malla, M.A.; Kumar, A.; Dayanandan, S.; Khan, M.L. Plants endophytes: Unveiling hidden agenda for bioprospecting
toward sustainable agriculture. Crit. Rev. Biotechnol. 2020, 40, 1210–1231. [CrossRef] [PubMed]

21. Gao, B.L.; Ma, Y.S.; Xiao, Y.W.; Wang, Y.; Pan, Y.H.; Zhu, D. Lignocellulolytic enzyme cocktail produced by plant endophytic
Chaetomium globosum exhibits a capacity for high-efficient saccharification of raw rice straw. Ind. Crops Prod. 2023, 196, 116508.
[CrossRef]

22. Wang, Y.; Gao, B.L.; Li, X.X.; Zhang, Z.B.; Yan, R.M.; Yang, H.L.; Zhu, D. Phylogenetic diversity of culturable endophytic fungi
in Dongxiang wild rice (Oryza rufipogon Griff), detection of polyketide synthase gene and their antagonistic activity analysis.
Fungal Biol. 2015, 119, 1032–1045. [CrossRef] [PubMed]

23. Pang, S.L.; Wang, Y.Y.; Wang, L.; Zhang, X.J.; Li, Y.H. The CBM91 module enhances the activity of β-xylosidase/α-L-arabinofuranosidase
PphXyl43B from Paenibacillus physcomitrellae XB by adopting a unique loop conformation at the top of the active pocket.
Int. J. Biol. Macromol. 2024, 266, 131275. [CrossRef] [PubMed]

24. Bhadra, F.; Gupta, A.; Vasundhara, M.; Reddy, M.S. Endophytic fungi: A potential source of industrial enzyme producers.
3 Biotech 2022, 12, 86. [CrossRef]

25. Park, H.J.; Kim, D.H.; Park, S.J.; Kim, J.M.; Ryu, J.H. Ginseng in traditional herbal prescriptions. J. Ginseng Res. 2012, 36, 225–241.
[CrossRef] [PubMed]

26. Christensen, L.P. Ginsenosides: Chemistry, biosynthesis, analysis, and potential health effects. In Advances in Food and Nutrition
Research; Elsevier: Amsterdam, The Netherlands, 2008; Volume 55, pp. 1–99. [CrossRef]

27. Shao, J.W.; Jiang, J.L.; Zou, J.J.; Yang, M.Y.; Chen, F.M.; Zhang, Y.J.; Jia, L. Therapeutic potential of ginsenosides on diabetes: From
hypoglycemic mechanism to clinical trials. J. Funct. Foods 2019, 64, 103630. [CrossRef]

28. Guo, Y.H.; Kuruganti, R.; Gao, Y. Recent advances in ginsenosides as potential therapeutics against breast cancer. Curr. Top. Med. Chem.
2019, 19, 2334–2347. [CrossRef]

29. Lee, S.H.; Jung, B.H.; Kim, S.Y.; Lee, E.H.; Chung, B.C. The antistress effect of ginseng total saponin and ginsenoside Rg3 and Rb1
evaluated by brain polyamine level under immobilization stress. Pharmacol. Res. 2006, 54, 46–49. [CrossRef]

30. Hu, B.Y.; Lu, T.J.; Chen, C.H.; Wang, S.J.; Hwang, L.S. Biotransformation of ginsenoside Rd in the ginseng extraction residue by
fermentation with lingzhi (Ganoderma lucidum). Food Chem. 2013, 141, 4186–4193. [CrossRef]

31. Renchinkhand, G.; Magsar, U.; Bae, H.C.; Choi, S.H.; Nam, M.S. Identification of β-glucosidase activity of Lentilactobacillus
buchneri URN103L and its potential to convert ginsenoside Rb1 from Panax ginseng. Foods 2022, 11, 529. [CrossRef]

32. Park, C.S.; Yoo, M.H.; Noh, K.H.; Oh, D.K. Biotransformation of ginsenosides by hydrolyzing the sugar moieties of ginsenosides
using microbial glycosidases. Appl. Microbiol. Biotechnol. 2010, 87, 9–19. [CrossRef] [PubMed]

33. Jiang, G.Y.; Yang, H.R.; Li, C.; Liu, N.; Ma, S.J.; Jin, B.X.; Yan, C.; Gong, H.D.; Li, J.Y.; Yan, H.C.; et al. Ginsenoside Rd
alleviates early brain injury by inhibiting ferroptosis through cGAS/STING/DHODH pathway after subarachnoid hemorrhage.
Free Radic. Bio. Med. 2024, 228, 299–318. [CrossRef] [PubMed]

34. Hou, J.G.; Xue, J.J.; Lee, M.; Sung, C.K. Ginsenoside Rd as a potential neuroprotective agent prevents trimethyltin injury.
Biomed. Rep. 2017, 6, 435–440. [CrossRef] [PubMed]

35. Ding, W.; Qin, X.D.; Zhou, L.J.; Ming, Z.X. Effect of Ginsenoside Rd on the biological characteristics of lung adenocarcinoma
H1299 cell line. Indian J. Pharm. Sci. 2024, 86, 736. [CrossRef]

36. Noh, K.H.; Son, J.W.; Kim, H.J.; Oh, D.K. Ginsenoside compound K production from ginseng root extract by a thermostable
β-Glycosidase from Sulfolobus solfataricus. Biosci. Biotechnol. Biochem. 2009, 73, 316–321. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/2191-0855-3-56
https://doi.org/10.1007/s00253-008-1662-4
https://doi.org/10.13344/j.microbiol.china.221120
https://doi.org/10.1016/j.ijbiomac.2020.05.047
https://doi.org/10.1186/s40643-024-00754-8
https://www.ncbi.nlm.nih.gov/pubmed/38653936
https://doi.org/10.1080/07388551.2020.1808584
https://www.ncbi.nlm.nih.gov/pubmed/32862700
https://doi.org/10.1016/j.indcrop.2023.116508
https://doi.org/10.1016/j.funbio.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26466878
https://doi.org/10.1016/j.ijbiomac.2024.131275
https://www.ncbi.nlm.nih.gov/pubmed/38556222
https://doi.org/10.1007/s13205-022-03145-y
https://doi.org/10.5142/jgr.2012.36.3.225
https://www.ncbi.nlm.nih.gov/pubmed/23717123
https://doi.org/10.1016/S1043-4526(08)00401-4
https://doi.org/10.1016/j.jff.2019.103630
https://doi.org/10.2174/1568026619666191018100848
https://doi.org/10.1016/j.phrs.2006.02.001
https://doi.org/10.1016/j.foodchem.2013.06.134
https://doi.org/10.3390/foods11040529
https://doi.org/10.1007/s00253-010-2567-6
https://www.ncbi.nlm.nih.gov/pubmed/20376631
https://doi.org/10.1016/j.freeradbiomed.2024.12.058
https://www.ncbi.nlm.nih.gov/pubmed/39746578
https://doi.org/10.3892/br.2017.864
https://www.ncbi.nlm.nih.gov/pubmed/28413642
https://doi.org/10.36468/pharmaceutical-sciences.1331
https://doi.org/10.1271/bbb.80525

	Introduction 
	Materials and Methods 
	Strains and Chemical Reagents 
	Gene Cloning, Expression, and Purification 
	Enzyme Activity Measurement 
	Biochemical Characterization Analysis 
	Substrate Specificity and Enzymatic Kinetics Analysis 
	Biotransformation of Ginsenosides 

	Results and Discussion 
	Xyaf313 Gene Sequence Analysis and Expression 
	Enzyme Characteristics 
	Substrate Specificity Analysis 
	Biochemical Characteristics of Xyaf313 with -L-Arabinofuranoside Activity 
	Biochemical Characteristics of Xyaf313 with -D-Xylosidase Activity 

	Transformation of Ginsenosides to Selectively Produce Ginsenoside Rd by Xyaf313 

	Conclusions 
	References

