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Abstract

A. kawachii is of considerable importance in the food industry due to its enzyme production.
The objective was to evaluate the feasibility of coupling (3-glucosidase production by
A. kawachii, to partially purify the enzymatic extract by gel filtration chromatography,
and to preliminarily apply it to the bioconversion of geniposide into genipin to form a
blue chromophore in a simplified process. 3-glucosidase production was carried out via
liquid fermentation in a glucose-tryptone medium over 54 h, and fermentation process
parameters were monitored. Subsequently, the enzyme extract was fractionated by gel
filtration chromatography (Hi-Trap G-25 column). The simplified process for the formation
of the blue chromophore was carried out by mixing the fraction with 3-glucosidase activity,
geniposide (10 g/L), and glycine at different concentrations (1.0, 2.5, 5.0, 7.5, and 10.0 g/L),
then incubating it at 40 °C for 48 h. The fermentation time for maximum {3-glucosidase
production (0.059 U/mL) was 48 h. Residual fermentation compounds were removed
by chromatography, thereby partially purifying the enzyme (purification fold = 3.88) to
prevent it from reacting with genipin. At 7.5 g/L glycine, a yield of 0.96 g/L of the
blue chromophore was obtained. In conclusion, the use of enzymes enables a sustainable
process for producing a blue chromophore. This chromophore can be considered a potential
functional ingredient for the development of nutraceuticals and cosmeceuticals.
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an alternative to synthetic dyes [1,3]. Geniposide is an iridoid glucoside obtained from
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o ) various plants and has therapeutic effects; upon hydrolysis, Genipin is produced [4].
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B-Glucosidase ([3-D-glucoside glucohydrolase, EC 3.2.1.21) is a hydrolytic enzyme
that cleaves (3(1-4) glycosidic bonds in saccharides, yielding glucose monomers as the final
product [5]. It participates in the hydrolysis of glycosylated compounds and is therefore
used in the production of fruit juice, wine, and derivative industries to enhance organoleptic
properties [5,6]. Another application is the production of ethanol from agricultural waste.
The wide range of uses for this enzyme underscores its potential to reduce pollution [7,8].
Furthermore, this production method aligns with several Sustainable Development Goals
(SDGs), including SDG 7 on affordable and clean energy and SDG 12 on responsible
consumption and production. By establishing bioprocesses for product development,
environmental sustainability is supported, and a circular economy is fostered, thereby
reducing environmental impact and promoting a more sustainable future [9,10]. These
enzymes are produced by various microorganisms, including bacteria, yeasts, and fungji,
through fermentation.

The genus Aspergillus is among the most studied groups of filamentous fungi, primarily
because of its importance in food biotechnology, medicine, and agriculture [11]. At the
molecular level, high divergence has been observed in genes encoding enzymes (as listed in
the CAZy database) with the potential to biotransform various glycosylated molecules [12].
A. kawachii is a species of great economic importance due to its excellent capacity to produce
enzymes such as x-amylase, protease, inulinase, and (3-glucosidase. These enzymes play a
significant role in food production [13,14]. The genome of A. kawachii encodes 247 glycoside
hydrolases. This species shares genomic and physiological similarities with A. niger,
particularly in the industrial production of enzymes and organic acids. A. kawachii has
long been regarded as a safe industrial microorganism. Previous genomic studies of strain
IFO 4308 reported the absence of ochratoxin A production and identified a partial loss
of the genomic region associated with OTA biosynthesis, supporting its suitability for
food-related applications [15,16].

Therefore, the objective of this study was to evaluate the feasibility of coupling (-
glucosidase production by A. kawachii, to partially purify the enzymatic extract by gel
filtration chromatography, and to preliminarily apply it to the bioconversion of geniposide
into genipin to form a blue chromophore in a simplified process.

2. Materials and Methods
2.1. Materials and Reagents

The A. kawachi IFO 4308 strain was provided by the Food Research Department of
the Autonomous University of Coahuila (Saltillo, Coahuila, Mexico). Potato dextrose
agar (PDA) was purchased from BD Bioxon (Mexico City, Mexico). 2-Nitrophenyl 3-D-
glucopyranoside, p-nitrophenyl, was purchased from Gold Biotechnology Co. (Ashby
Rd, Olivette, MO, USA). The reagent for the glucose kit (GOD/POD) was purchased
from Randox Laboratories Ltd. (Crumlin, Antrim, UK). All other reagents and analytical
substrates were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Production of B-Glucosidase from Aspergillus kawachii by Fermentation
2.2.1. Strain and Fermentation Culture Conditions

A. kawachii was reactivated in PDA medium. A 1 mL sample of the (preserved)
strain was added to the medium plus 1 mL of Tween 80 (0.01% v/v). The mixture was
homogenized and incubated for 7 days at 30 °C. After reactivation of the strain, spores
were obtained with Tween 80 (0.01% v/v). Spore concentration was determined by direct
microscopic counting using a Neubauer hemocytometer, and the suspension was adjusted
with sterile Tween 80 solution to obtain a final concentration of 1 x 100 spores/mL, which
was used as the fermentation inoculum.
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The liquid culture medium was GT, composed of 1.0 g/L K,HPO,, 0.5 g/L KCI,
0.5 g/L MgS0O4-7H,0, 0.01 g/L FeSO4-7H,0, 2.5 g/L tryptone, and 5.0 g/L glucose. The
culture medium was prepared and sterilized without pH adjustment. The initial pH of
the medium was approximately 7.0. An inoculum of 1 x 10° spores/mL was used, and
fermentation was carried out at 150 rpm and 30 °C for 54 h in Orbital Incubator Shaker
(New Brunswick ™ Innova® 44/44R, Eppendorf, Hamburg, Germany). Samples were
collected and filtered every 6 h to obtain biomass, which was then dried in an oven at 50 °C
for 48 h. Dry weight was determined gravimetrically, and the fermentation extract was
stored at —10 °C [17].

2.2.2. Determination of Enzyme Activity (3-Glucosidase)

B-glucosidase activity was performed using the pNP (p-nitrophenol) method, with
some modifications [18]. The enzymatic activity of 3-glucosidase was determined using a
mixture of 30 uL of enzyme extract and 225 uL of 2 mM p-nitrophenyl-@3-D-glucopyranoside
prepared in 50 mM sodium acetate buffer (pH 5.0). After 24 h at 40 °C, 50 pL of the
reaction mixture was mixed with 250 pL of 0.5 M NayCOj to stop the reaction and develop
color. Absorbance was measured at 400 nm, and enzyme activities were calculated using a
standard solution of p-nitrophenol (5-50 mg/L). One unit of enzymatic activity was defined
as the amount of enzyme required to generate 1 pmol of the corresponding nitrophenol
in 1 min.

2.2.3. Protein Concentration

Protein concentration was determined by the Lowry et al. [19] method, using bovine
serum albumin as a standard (50-500 mg/L). The samples were analyzed by spectropho-
tometry at 660 nm using a UV-Vis spectrophotometer (GENESYS™ 10S, Thermo Scientific,
Waltham, MA, USA).

2.2.4. Residual Glucose and pH

The samples (100 pL) were treated with 100 pL of glucose kit reagent (GOD/POD).
The reaction was then left to stand in the dark for 30 min. Glucose was used as the assay
standard (5-200 mg/L). The samples were analyzed by spectrophotometry at 505 nm using
a UV-Vis spectrophotometer (GENESYS™ 10S, Thermo Scientific, Waltham, MA, USA). The
pH was determined using a pH meter (Orion 420A, Thermo Scientific, Waltham, MA, USA).

2.3. Purification of B-Glucosidase from Aspergillus kawachii
Gel Filtration Chromatography of the Enzyme Extract

For size-exclusion separation, the sample was fractionated on a G-25 HiPrep 26/10
Desalting column (10 cm X 26 mm, Sigma-Aldrich). A volume of 5.0 milliliters of the
sample was injected into the column. The column was equilibrated with 120 mL of sample
and 60 mL of eluent, using 0.050 M acetate buffer (pH 5.0) with 0.02% NaNj3. The procedure
was carried out at a flow rate of 5 mL/min, a maximum operating pressure of 1.0 MPa, and
25 °C, yielding 13 fractions of 5 mL each. The fractions were analyzed for 3-glucosidase
activity (Section 2.2.2) and protein concentration (Section 2.2.3).

2.4. Formation of the Blue Chromophore from Geniposide in a Simplified Process

Glycine served as the primary amine donor, enabling the formation of the blue chro-
mophore. The reaction mixture was prepared by combining 100 pL of glycine at various
concentrations (1.0, 2.5, 5.0, 7.5, and 10 g/L), 100 pL of geniposide (10 g/L), and 50 uL
of an A. kawachii enzyme extract with (3-glucosidase activity. After addition, the tubes
were mixed by inversion. The samples were incubated at 40 °C for 48 h. Chromophore
concentration was determined by the genipin method [20], which is based on the reaction of
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genipin with primary amino groups. Glycine was used as the reference amino compound
for calibration purposes. Samples were analyzed by spectrophotometry at 589 nm.

2.5. Statistical Analysis

Results were expressed as mean (£standard deviation, SD). Statistical analysis was
performed using analysis of variance (ANOVA) in SAS 7 (SAS Institute Inc., Cary, NC,
USA), followed by Tukey’s test. A p-value < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Production of B-Glucosidase from Aspergillus kawachii by Fermentation

Fermentation kinetics were conducted for up to 54 h to determine the time to maximum
-glucosidase production in A. kawachii. Figure 1 shows that the highest enzyme activity
occurred at 48 and 54 h, with no significant difference between these two times (p > 0.05).
[-glucosidase activity at 48 h of fermentation was 0.059 U/mL, a significant increase from
6 h, when enzymatic activity was undetectable. The production of (3-glucosidase during
fermentation reflects the metabolic capacity of A. kawachii to synthesize hydrolytic enzymes
involved in carbohydrate utilization. These enzymes contribute to nutrient acquisition and
support fungal growth and metabolite production under the culture conditions evaluated.
Furthermore, the increase in enzyme activity observed between 24 and 48 h suggests an
active physiological response associated with the fungus’s exponential growth phase. A.
kawachii can produce a wide variety of hydrolases. A significant advantage of A. kawachii is
its long history of use in food fermentations, and previous reports, supported by genomic
analyses, describe the absence of ochratoxin A production in the IFO 4308 strain. Therefore,
this fungus is considered a safe microorganism for the production of industrially important
metabolites [15,16]. Established fermentation conditions, such as agitation (150 rpm)
and temperature (30 °C), have been reported to be the most suitable for (3-glucosidase
production [21]. Studies such as that by [22], using A. niger CDBB-H-175, demonstrate
that 3-glucosidase activity increased after 30 h in the presence of glucose and other carbon
sources. The increase in (-glucosidase activity after 30 h likely reflects the transition
from the adaptation phase to active fungal metabolism, when carbon acquisition becomes
essential for sustained growth. As glucose concentrations decline, fungi may activate
carbohydrate-hydrolysis systems to maximize nutrient utilization. This metabolic response
explains the progressive increase in 3-glucosidase activity observed between 24 and 48 h
and underscores the enzyme’s role in fungal adaptation to carbon-limited environments.
Microbial enzymes offer advantages for large-scale bioprocessing, exhibiting high yields
and substrate specificity [23]. Aspergillus species are of great interest due to their potential
applications in biotechnology [24].

The fermentation biomass graph, used to determine fungal growth, is shown in
Figure 1. During the first 24 h of fermentation, no significant change in biomass was
observed, suggesting the fungus was in an adaptation phase. Between 24 and 36 h of
fermentation, the exponential growth phase was observed, and after 42 h, the growth rate
decreased. Between 48 and 54 h of fermentation, the stationary phase was observed, with a
biomass concentration of 2.64 g/L, and no significant difference was detected (p > 0.05). In
studies using A. niger CDBB-H-175, the highest biomass concentration was observed at 48 h,
with values exceeding 4.0 g/L [22]. The secretion of soluble proteins during fermentation
reflects metabolic conditions favorable to fungal growth and metabolite production. In
the first few hours of fermentation (612 h), no protein production is detected, indicating
that the concentration of soluble proteins is negligible or very low. However, after 24 h,
a significant increase is observed, reaching a maximum of 0.802 g/L at 54 h (Figure 1).
This overview of soluble protein production illustrates the metabolic phases the fungus
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undergoes to enter the exponential phase and increase protein production. The significant
increase in soluble protein indicates the secretion of important proteins, such as biocatalytic,
structural, and hormonal proteins, which are necessary for nutrient provision for microbial
growth [25,26]. The simultaneous increase in biomass, soluble protein concentration, and
-glucosidase activity suggests that enzyme production is associated with growth. This
behavior indicates that extracellular protein secretion is closely linked to the metabolic
demand for nutrients during the exponential growth phase. Therefore, biomass production
alone is insufficient to explain enzyme synthesis, as extracellular protein secretion appears
to be a more direct indicator of biocatalyst production.

0.07 o B-glucosidase (U/mL)
| —=— Biomass (g/L) 43.0 | 0.8
0.06 -—e— Protein (g/L)
I < 2.5
0.05
- 0.6
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Figure 1. Kinetics of 3-glucosidase (black line), protein (blue line), and biomass (red line) production
from the fermentation of A. kawachii. Values are expressed as the mean + standard error (n = 3).
Significant differences are indicated at p < 0.05.

The pH was monitored throughout the 54 h fermentation to assess its relationship to
B-glucosidase production (Figure 2). The pH remained near 7.0 but decreased between
30 and 42 h, with a pronounced drop at 36 h, when it reached an acidic pH of 4.47. This
behavior is associated with the fungus’s exponential growth phase and results from the
synthesis and secretion of organic acids and metabolites linked to cell growth. After this
period, the pH gradually increased toward neutrality. While cell lysis may have contributed
to this behavior, the relatively constant biomass concentration suggests that additional
mechanisms may have been involved. The pH recovery could also be associated with the
consumption of previously accumulated organic acids and the metabolism of nitrogenous
compounds present in the culture medium. In particular, the utilization of tryptone and
other nitrogen sources can generate alkaline metabolites, such as ammonia, which can
contribute to an increase in pH during the later stages of fermentation. Notably, these pH
fluctuations reflect the metabolic behavior of Aspergillus spp. [22].

Residual glucose in the fermentation extracts was quantified using an enzymatic
method. Figure 2 shows that glucose levels in the medium decreased over time. Glucose
served as a carbon source for the microorganism, and as fermentation progressed, it was
depleted from the medium because it was the primary energy source for growth. After 12 h
of fermentation, the glucose concentration decreased significantly, reaching 0.039 g/L at
48 h and 0.026 g/L at 54 h; no significant difference was observed (p > 0.05). The gradual
decrease in glucose in the fermentation medium is due to factors such as optimal pH
and temperature, which favor fungal metabolic activity. An environment with favorable
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conditions that efficiently utilizes glucose not only promotes microbial growth but also
enhances enzyme production [27,28].
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Figure 2. A. kawachii fermentation effects on residual glucose concentration (red line) and pH (black
line) of growth media. Values are expressed as the mean + standard error (n = 3). Significant
differences are indicated at p < 0.05.

3.2. Partial Purification of an Active Fraction of B-Glucosidase from Aspergillus kawachii

The fermentation extract was subjected to gel filtration chromatography to obtain a
fraction enriched in -glucosidase activity. The enzyme extract was subjected to size-
exclusion chromatography (gel filtration) on a G-25 HiPrep 26/10 Desalting column
(Figure 3). B-glucosidase activity was observed in fractions 3-5, with fraction 4 exhibiting
the highest enzyme activity, reaching 0.026 U/mL. The protein concentration in fraction 4
was quantified at 0.088 g/L; This fraction showed the highest enzyme activity, suggesting
an increase in 3-glucosidase activity and a decrease in low-molecular-weight compounds
present in the fermentation extract, including residual metabolites, sugars, and other com-
ponents that could interfere with subsequent bioconversion reactions, thereby reducing
potential interference during the reaction between genipin and glycine. Furthermore, a
large portion of the residual glucose in the fermentation extract that the fungus did not uti-
lize after 48 h of fermentation could be removed. Size-exclusion chromatography separates
molecules based on molecular weight; it is particularly useful for purifying enzymes, as it
separates the desired molecules from impurities in the fermentation extract [29,30].

-glucosidase is widely used in the food industry and requires high purity. Using gel
filtration chromatography, the reported total activity was 0.026 U/mL, with an enzyme
yield of 44.63% and a purification factor of 3.88. The results of filtration chromatogra-
phy using a G-25 column are presented in Table 1, along with the purification criteria
for 3-glucosidase: total activity, total protein concentration, specific activity, yield, and
purification factor. The crude extract from the culture medium was partially purified by gel
filtration, a widely used method for purifying molecules, including enzymes of various
classes [31]. One of its advantages is the removal, by molecular weight, of compounds of no
interest present in the fermentation extract, whether they be fungal metabolites or culture
medium components [32]. In addition to reducing low-molecular-weight compounds,
the chromatographic step played a crucial role in preventing unwanted compounds in
the fermentation broth from participating in side reactions with genipin. The removal

https://doi.org/10.3390/pr14152386


https://doi.org/10.3390/pr14152386

Processes 2026, 14, 2386

7 of 11

of residual sugars, amino acids, and low-molecular-weight metabolites was essential to
ensure that pigment formation was driven primarily by the intended reaction between
genipin and glycine. Consequently, this purification step improved the process selectivity
and increased the reliability of the subsequent chromophore formation assay.

0.030 - ) — 0.15 - 0.008
—A— B-glucosidase (U/mL) - 134
) 40.1
—=— Protein (g/L) . — 0.007
0.025 |- —=— Residual glucose (g/L) ] %13 1
4 0.12  0.006
0.020 |- Joa1 ]
] - 0.005
4 0.10 |
0.015 | 1 0.09 - 0.004
ooto L 1% 1 6.003
! 4 0.07 |
J 0.06 1 0-002
0.005 |- ] ]
1995 1 9.001
- 0.04
0.000 |-
1 0.03 - 0000
0 14

Fraction

Figure 3. Chromatogram of the partial purification of 3-glucosidase from A. kawachii by gel filtration
chromatography on a G-25 column (column volume: 30 mL). Determination of enzymatic activity
(black line), protein concentration (blue line), and residual glucose (red line). Values are expressed as
the mean =+ standard error (n = 3). Significant differences are indicated at p < 0.05.

Table 1. Purification step for 3-glucosidase from A. kawachii.

Purification Total Activity  Total Protein  Specific Activity  Yield  Purification

Step ©) (mg) (U/mg) (%) (Fold)
Culture filtrate 0.059 768.51 0.000076 100 1
G-25 0.026 88.44 0.000296 44.63 3.88

The B-glucosidase activity obtained in this study (0.059 U/mL) was lower than that
reported for other Aspergillus species. Singh et al. [24] reported that Aspergillus japonicus
VIT-SB1 increased (-glucosidase production from 0.40 to 10.13 U/mL through statisti-
cal optimization of the fermentation process. Similarly, Karami et al. [33] achieved a
B-glucosidase activity of 0.497 U/mL in Aspergillus niger, indicating optimal culture condi-
tions. Previously, Pushalkar et al. [34] reported a 3-glucosidase production of 2.18 U/mL
for Aspergillus terreus. These studies focused primarily on maximizing enzyme production
through medium optimization, process engineering, or statistical experimental designs.
Conversely, the objective of this work was not to maximize 3-glucosidase productivity, but
rather to demonstrate the feasibility of producing an active enzyme fraction by submerged
fermentation, partially purifying it by gel filtration chromatography.

3.3. Formation of the Blue Chromophore from Geniposide in a Simplified Process

A simplified method for the formation of the blue chromophore is established using
molecules with a primary amino group, in this case, glycine and geniposide, in the pres-
ence of -glucosidase from A. kawachii. Figure 4 shows the chromophore concentration
as a function of different glycine concentrations. The glycine concentration showed no
significant differences above 7.5 g/L, and the chromophore concentration was 0.96 g/L.
-glucosidase hydrolyzes geniposide to produce genipin and glucose. The released genipin
reacts covalently with the primary amino groups of glycine to form the blue chromophore,
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which is stable under various conditions [3,35,36]. The released genipin reacts covalently
with the primary amino group of glycine, promoting the formation of intermolecular cross-
links. These reactions lead to the generation of oligomeric structures responsible for the
characteristic blue coloration. The stability of the chromophore has been attributed to
the formation of these cross-linked molecular networks under mild reaction conditions.
The most important and stable reaction that produces the blue color occurs at carbon 3,
where the heterocyclic ring opens, and the primary amine attaches to the carbon, while at
the other end, a partial aldehyde is formed; this is where the secondary amine is located.
The secondary amine attacks the aldehyde carbon [35], initiating heterocycle reformation,
where the amine remains in the ring. The missing double bond is formed by an elimination
reaction. This reaction is slow and involves nucleophilic attack of a primary amine on the
ester group of genipin, resulting in an amide [1,37,38]. Given the importance of blue in the
food industry, the blue hue of the genipin complex could serve as a functional ingredient
in various products, such as beverages and foods, providing significant visual appeal to
consumers [35,37]. This study demonstrated the feasibility of producing 3-glucosidase
from A. kawachii and its application in the bioconversion of geniposide to genipin for blue
pigment formation. Although the results demonstrate the feasibility of using (3-glucosidase
produced by A. kawachii for geniposide bioconversion and pigment formation, additional
studies are required to optimize process variables, including pH, temperature, substrate
loading, enzyme dosage, and reactor operating conditions. Previous studies have reported
the conversion of geniposide to genipin by 3-glucosidase and the subsequent formation
of blue pigments using different amino acids for food applications. However, these pro-
cesses have generally been carried out as independent steps [37,38]. As in Hao et al. [39],
B-glucosidase effectively catalyzed the hydrolysis of geniposide, thereby enabling the
subsequent formation of the blue chromophore. However, the recombinant 3-glucosidase
was produced in Escherichia coli. They do not report pigment concentrations. In contrast,
the present study proposes a simplified process in which the 3-glucosidase produced
by A. kawachii is applied directly to the bioconversion of geniposide and the formation
of the blue chromophore, demonstrating the feasibility of integrating both stages into a
single workflow.

1.2

L a
a
! b
e C
i '
0.0 : : - -
2.5 5 7.5 10

Glycine (g/L)

(= (= (= —
- =)} =) >
T T T T

Blue chromophore (g/L)

=
N
T

Figure 4. Determination of the formation of the blue chromophore in a single step with glycine at
different concentrations (1.0, 2.5, 5.0, 7.5, and 10.0 g/L) using geniposide and (3-glucosidase from
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the extract of A. kawachii (0.026 U/mL). Values are expressed as the mean =+ standard error (n = 3).
Different letters indicate significant differences according to Tukey’s test (p < 0.05).

4. Conclusions

A. kawachii is a fungus with a long history of use in food-related fermentations and has
been reported as a safe industrial microorganism in previous studies. However, the present
work focused on enzyme production and pigment formation, and analyses of mycotoxin
production were not performed. This fungus can synthesize the enzyme 3-glucosidase
through submerged fermentation. 3-glucosidase is essential for the hydrolysis of glyco-
sides, enabling the release of value-added compounds across various biotechnological
areas, including food, cosmetics, and pharmaceuticals. The 3-glucosidase fraction obtained
in this work catalyzed the bioconversion of geniposide under the evaluated conditions,
thereby enabling the formation of the blue chromophore with glycine through a simplified,
efficient process. The resulting blue chromophore has significant potential as a natural food
colorant, helping reduce synthetic dye use while meeting increasing consumer demand
for safer, cleaner-label ingredients. Beyond improving the visual appeal of food products,
this pigment may support the development of functional foods, nutraceuticals, and cosme-
ceuticals. Moreover, the enzymatic production of genipin-derived pigments aligns with
the principles of green chemistry and sustainable biotechnology by minimizing the use
of hazardous chemicals and reducing environmental impact. The main contribution of
this study lies in the integration of (3-glucosidase production, the partial purification of
an active enzyme fraction, and its preliminary application to the bioconversion of genipo-
side, thereby directly forming blue chromophores in a simplified process. These findings
demonstrate the feasibility of coupling enzyme production and pigment synthesis within
the same biotechnological framework and provide a basis for future studies on process
optimization and scale-up.

Author Contributions: Conceptualization, C.N.C.-G. and ].C.C.-E.; methodology, C.N.C.-G., AM.C.-].
and J.C.C.-E; validation, CN.C.-G., ED.B.-L., AM.R.-d.-1.-P. and ].C.C.-E.; formal analysis, C.N.C.-G.,
AM.C.-].,, ED.B.-L. and J.C.C.-E.; investigation, C.N.C.-G. and ].C.C.-E.; data curation, C.N.C.-G. and
J.C.C.-E.; writing—original draft preparation, C.N.C.-G.; writing—review and editing, C.N.C.-G,,
E.D.B.-L., AM.R.-d.-1.-P. and ]J.C.C.-E; supervision, ].C.C.-E.; project administration, J.C.C.-E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

Acknowledgments: The authors acknowledge the Secretary of Science, Humanities, Technology, and
Innovation of Mexico (SECIHTI) for supporting this research through the Scholarship Program for
Postgraduate Studies (No. 708908).

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

Abbreviations

The following abbreviations are used in this manuscript:

SDGs Sustainable Development Goals
PDA Potato dextrose agar
GOD/POD  Glucose Oxidase Peroxidase

Hi Prep High-Performance Preparative
MPa Megapascal

https://doi.org/10.3390/pr14152386


https://doi.org/10.3390/pr14152386

Processes 2026, 14, 2386 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sobolewska, D.; Galanty, A.; Grabowska, K.; Makowska-Was, ].; Podolak, L.; Wrébel-Biedrawa, D. Genipin—Simple but Significant
Bioactive Iridoid for Therapeutical Application and Beyond: A Review. Life 2025, 15, 159. [CrossRef] [PubMed]

Bell¢, A.S.; Hackenhaar, C.R.; Spolidoro, L.S.; Rodrigues, E.; Klein, M.P,; Hertz, P.F. Efficient Enzyme-Assisted Extraction of
Genipin from Genipap (Genipa americana L.) and Its Application as a Crosslinker for Chitosan Gels. Food Chem. 2018, 246, 266-274.
[CrossRef] [PubMed]

Ramos-de-la-Pefia, A.M.; Montafiez, ].C.; Reyes-Vega, M.d.LL.; Hendrickx, M.E.; Contreras-Esquivel, ].C. Recovery of Genipin
from Genipap Fruit by High Pressure Processing. LWIT—Food Sci. Technol. 2015, 63, 1347-1350. [CrossRef]

Liu, L.; Wu, Q.; Chen, Y,; Gu, G.; Gao, R.; Peng, B.; Wang, Y.; Li, A,; Guo, J.; Xu, X,; et al. Updated Pharmacological Effects,
Molecular Mechanisms, and Therapeutic Potential of Natural Product Geniposide. Molecules 2022, 27, 3319. [CrossRef] [PubMed]
Kannan, P,; Shafreen, M.M.; Achudhan, A.B.; Gupta, A.; Saleena, L.M. A Review on Applications of 3-Glucosidase in Food,
Brewery, Pharmaceutical and Cosmetic Industries. Carbohydr. Res. 2023, 530, 108855. [CrossRef] [PubMed]

Magwaza, B.; Amobonye, A.; Pillai, S. Microbial 3-Glucosidases: Recent Advances and Applications. Biochimie 2024, 225, 49-67.
[CrossRef] [PubMed]

Zhao, Y,; Fu, Y,; Du, P; Li, N,; Lv, Y.; Hao, L.; Liu, W.; Xiao, J. Efficient Preparation and Bioactivity Evaluation of Aglycone Soy
Isoflavones via a Multi-Enzyme Synergistic Catalysis Strategy. Processes 2025, 13, 1831. [CrossRef]

Yepes, C.; Estévez, J.; Arroyo, M.; Ladero, M. Immobilization of an Industrial 3-Glucosidase from Aspergillus fumigatus and Its
Use for Cellobiose Hydrolysis. Processes 2022, 10, 1225. [CrossRef]

Cano-Gonzalez, C.N.; Cardenas-Herndndez, E.; De La, M.; Herrera-Estrada, L.; Aguilar Gonzalez, M.A.; Martinez-Hernéndez,
J.L.; Sandoval-Cortes, J.; Aguilar, C.N. Solid-State Fermentation Towards Sustainability and Circularity in the Bioprocessing of
Agri-Food Industrial Wastes. Foods 2026, 15, 1482. [CrossRef] [PubMed]

Cano-Gonzalez, C.N.; Aguirre-Loredo, R.Y.; Ascacio Valdes, J.A.; Aguilar Gonzélez, C.N.; Soriano-Melgar, L.d.A.A. Enzyme-
Assisted Recovery of Phenolic Compounds from Broccoli Waste with Antioxidant and Antihyperglycemic Activities Evaluated
through in Vitro and Molecular Docking Studies. Biocatal. Agric. Biotechnol. 2025, 67, 103632. [CrossRef]

Samson, R.A.; Visagie, C.M.; Houbraken, J.; Hong, S.B.; Hubka, V.; Klaassen, C.H.W.; Perrone, G.; Seifert, K.A.; Susca, A.; Tanney,
J.B.; et al. Phylogeny, Identification and Nomenclature of the Genus Aspergillus. Stud. Mycol. 2014, 78, 141-173. [CrossRef]
[PubMed]

de Vries, R.P; Riley, R.; Wiebenga, A.; Aguilar-Osorio, G.; Amillis, S.; Uchima, C.A.; Anderluh, G.; Asadollahi, M.; Askin, M.;
Barry, K.; et al. Comparative Genomics Reveals High Biological Diversity and Specific Adaptations in the Industrially and
Medically Important Fungal Genus Aspergillus. Genome Biol. 2017, 18, 28. [CrossRef] [PubMed]

Chesini, M.; Wagner, E.; Baruque, D.J.; Vita, C.E.; Cavalitto, S.F.; Ghiringhelli, P.D.; Rojas, N.L. High Level Production of a
Recombinant Acid Stable Exoinulinase from Aspergillus kawachii. Protein Expr. Purif. 2018, 147,29-37. [CrossRef] [PubMed]
Zeng, C.; Tagawa, Y.; Yoshizaki, Y.; Wang, T.; Yamaguchi, M.; Kadooka, C.; Okutsu, K.; Futagami, T.; Tamaki, H.; Takamine, K.
The Expression Profiles of Acid-Stable x-Amylase and Acid-Labile x-Amylase of Aspergillus luchuensis Mut. Kawachii Effect on
the Microstructure of Koji and Alcohol Fermentation. LWT 2021, 139, 110580. [CrossRef]

Futagami, T. The White Koji Fungus Aspergillus luchuensis Mut. Kawachii. Biosci. Biotechnol. Biochem. 2022, 86, 574-584. [CrossRef]
[PubMed]

Futagami, T.; Mori, K; Yamashita, A.; Wada, S.; Kajiwara, Y.; Takashita, H.; Omori, T.; Takegawa, K.; Tashiro, K.; Kuhara, S.; et al.
Genome Announcement: Genome Sequence of the White Koji Mold Aspergillus kawachii IFO 4308, Used for Brewing the Japanese
Distilled Spirit Shochu. Eukaryot. Cell 2011, 10, 1586-1587. [CrossRef] [PubMed]

Esquivel, ].C.C.; Voget, C.E. Purification and Partial Characterization of an Acidic Polygalacturonase from Aspergillus kawachii. J.
Biotechnol. 2004, 110, 21-28. [CrossRef] [PubMed]

Arnaldos, T.L.; Serrano, M.L.; Calderén, A.A.; Mufioz, R. A rapid and continuous spectrophotometric method to measure
B-glucosidase activity based on p-nitrophenyl 3-O-d-glucopyranoside hydrolysis. Phytochem. Anal. 1999, 10, 171-174.

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the folin phenol reagent. J. Biol. Chem. 1951,
193, 265-275. [CrossRef]

Ramos-Ponce, L.M.; Vega, M.; Sandoval-Fabian, G.C.; Colunga-Urbina, E.; Balagurusamy, N.; Rodriguez-Gonzalez, FJ.; Contreras-
Esquivel, J.C. A Simple Colorimetric Determination of the Free Amino Groups in Water Soluble Chitin Derivatives Using Genipin.
Food Sci. Biotechnol. 2010, 19, 683-689. [CrossRef]

Molina, G.; Contesini, EJ.; de Melo, R.R.; Sato, H.H.; Pastore, G.M. 3-Glucosidase From Aspergillus. In New and Future Developments
in Microbial Biotechnology and Bioengineering: Aspergillus System Properties and Applications; Elsevier: Amsterdam, The Netherlands,
2016; pp. 155-169. [CrossRef]

Alarid-Garcia, C.; Herndndez-Calder6n, O.M.; Rios-Iribe, E.Y.; Gonzélez-Llanes, M.D.; Escamilla-Silva, E.M. Production of
B-Glucosidase by Aspergillus niger CDBB-H-175 on Submerged Fermentation. Can. J. Chem. Eng. 2022, 100, 1489-1501. [CrossRef]

https://doi.org/10.3390/pr14152386


https://doi.org/10.3390/LIFE15020159
https://www.ncbi.nlm.nih.gov/pubmed/40003568
https://doi.org/10.1016/J.FOODCHEM.2017.11.028
https://www.ncbi.nlm.nih.gov/pubmed/29291849
https://doi.org/10.1016/J.LWT.2015.04.038
https://doi.org/10.3390/MOLECULES27103319
https://www.ncbi.nlm.nih.gov/pubmed/35630796
https://doi.org/10.1016/J.CARRES.2023.108855
https://www.ncbi.nlm.nih.gov/pubmed/37263146
https://doi.org/10.1016/J.BIOCHI.2024.05.009
https://www.ncbi.nlm.nih.gov/pubmed/38734124
https://doi.org/10.3390/pr13061831
https://doi.org/10.3390/PR10061225
https://doi.org/10.3390/FOODS15091482
https://www.ncbi.nlm.nih.gov/pubmed/42121427
https://doi.org/10.1016/j.bcab.2025.103632
https://doi.org/10.1016/J.SIMYCO.2014.07.004
https://www.ncbi.nlm.nih.gov/pubmed/25492982
https://doi.org/10.1186/S13059-017-1151-0
https://www.ncbi.nlm.nih.gov/pubmed/28196534
https://doi.org/10.1016/J.PEP.2018.02.007
https://www.ncbi.nlm.nih.gov/pubmed/29454668
https://doi.org/10.1016/J.LWT.2020.110580
https://doi.org/10.1093/BBB/ZBAC033
https://www.ncbi.nlm.nih.gov/pubmed/35238900
https://doi.org/10.1128/EC.05224-11
https://www.ncbi.nlm.nih.gov/pubmed/22045919
https://doi.org/10.1016/J.JBIOTEC.2004.01.010
https://www.ncbi.nlm.nih.gov/pubmed/15099902
https://doi.org/10.1016/s0021-9258(19)52451-6
https://doi.org/10.1007/s10068-010-0096-9
https://doi.org/10.1016/B978-0-444-63505-1.00011-7
https://doi.org/10.1002/CJCE.24236
https://doi.org/10.3390/pr14152386

Processes 2026, 14, 2386 11 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zheng, C.-c;; Gao, L.; Sun, H.; Zhao, X.Y.; Gao, Z.-q.; Liu, J.; Guo, W. Advancements in Enzymatic Reaction-Mediated Microbial
Transformation. Heliyon 2024, 10, e38187. [CrossRef] [PubMed]

Singh, N.; Sithole, B.B.; Govinden, R. Optimisation of 3-Glucosidase Production in a Crude Aspergillus japonicus VIT-SB1 Cellulase
Cocktail Using One Variable at a Time and Statistical Methods and Its Application in Cellulose Hydrolysis. Int. . Mol. Sci. 2023,
24,9928. [CrossRef] [PubMed]

Tse, TJ.; Wiens, D.J.; Reaney, M.].T. Production of Bioethanol—A Review of Factors Affecting Ethanol Yield. Fermentation 2021,
7,268. [CrossRef]

Cerrone, F.; O’Connor, K.E. Cultivation of Filamentous Fungi in Airlift Bioreactors: Advantages and Disadvantages. Appl.
Microbiol. Biotechnol. 2025, 109, 41. [CrossRef] [PubMed]

Li, C.; Zhou, J.; Du, G.; Chen, J.; Takahashi, S.; Liu, S. Developing Aspergillus niger as a Cell Factory for Food Enzyme Production.
Biotechnol. Adv. 2020, 44, 107630. [CrossRef] [PubMed]

Yu, R; Liu, J.; Wang, Y.; Wang, H.; Zhang, H. Aspergillus niger as a Secondary Metabolite Factory. Front. Chem. 2021, 9, 701022.
[CrossRef] [PubMed]

El-Ghonemy, D.H. Optimization of Extracellular Ethanol-Tolerant 3-Glucosidase Production from a Newly Isolated Aspergillus
Sp. DHEY via Solid State Fermentation Using Jojoba Meal as Substrate: Purification and Biochemical Characterization for Biofuel
Preparation. J. Genet. Eng. Biotechnol. 2021, 19, 45. [CrossRef] [PubMed]

Narasimha, G.; Sridevi, A.; Ramanjaneyulu, G.; Rajasekhar Reddy, B. Purification and Characterization of 3-Glucosidase from
Aspergillus niger. Int. |. Food Prop. 2016, 19, 652—-661. [CrossRef]

Sorour, A.A.; Olama, Z.A.; El-Naggar, M.Y.; Ali, S.M. Bioprocess Development for Extraction and Purification of Cellulases from
Aspergillus niger 3ASZ Using Statistical Experimental Design Techniques. Int. J. Biol. Macromol. 2023, 242, 124759. [CrossRef]
[PubMed]

Dey, P.; Rangarajan, V.; Singh, J.; Nayak, J.; Dilip, K.J. Current Perspective on Improved Fermentative Production and Purification
of Fungal Cellulases for Successful Biorefinery Applications: A Brief Review. Biomass Convers. Biorefinery 2021, 12, 967-995.
[CrossRef]

Karami, F; Ghorbani, M.; Mahoonak, A.S.; Khodarahmi, R. Fast, inexpensive purification of 3-glucosidase from Aspergillus niger
and improved catalytic/physicochemical properties upon the enzyme immobilization: Possible broad prospects for industrial
applications. LWT 2019, 118, 108770. [CrossRef]

Pushalkar, S.; Rao, K.K.; Menon, K. Production of 3-glucosidase by Aspergillus terreus. Curr. Microbiol. 1995, 30, 255-258.
[CrossRef] [PubMed]

Ahmed, R.; ul ain Hira, N.; Wang, M.; Igbal, S.; Yi, J.; Hemar, Y. Genipin, a Natural Blue Colorant Precursor: Source, Extraction,
Properties, and Applications. Food Chem. 2024, 434, 137498. [CrossRef] [PubMed]

Shoji, H.; Sugimoto, T.; Hosoi, K.; Shibata, K.; Tanabe, M.; Kawatsura, K. Simultaneous Production of Glucoamylase and
Acid-Stable x-Amylase Using Novel Submerged Culture of Aspergillus kawachii NBRC4308. ]. Biosci. Bioeng. 2007, 103, 203-205.
[CrossRef] [PubMed]

Neri-Numa, I.A.; Pessoa, M.G.; Paulino, B.N.; Pastore, G.M. Genipin: A Natural Blue Pigment for Food and Health Purposes.
Trends Food Sci. Technol. 2017, 67, 271-279. [CrossRef]

Neri-Numa, I.A.; Angolini, C.EF; Bicas, ].L.; Ruiz, A.L.T.G; Pastore, G.M. Iridoid Blue-Based Pigments of Genipa americana L.
(Rubiaceae) Extract: Influence of PH and Temperature on Color Stability and Antioxidant Capacity during in Vitro Simulated
Digestion. Food Chem. 2018, 263, 300-306. [CrossRef] [PubMed]

Hao, S.; Liu, Y; Qin, Y,; Zhao, L.; Zhang, J.; Wu, T.; Sun, B.; Wang, C. Expression of a highly active 3-glucosidase from Aspergillus
niger AS3.4523 in Escherichia coli and its application in gardenia blue preparation. Ann. Microbiol. 2020, 70, 32. [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/10.3390/pr14152386


https://doi.org/10.1016/J.HELIYON.2024.E38187
https://www.ncbi.nlm.nih.gov/pubmed/39430465
https://doi.org/10.3390/IJMS24129928
https://www.ncbi.nlm.nih.gov/pubmed/37373076
https://doi.org/10.3390/FERMENTATION7040268
https://doi.org/10.1007/S00253-025-13422-4
https://www.ncbi.nlm.nih.gov/pubmed/39928147
https://doi.org/10.1016/J.BIOTECHADV.2020.107630
https://www.ncbi.nlm.nih.gov/pubmed/32919011
https://doi.org/10.3389/fchem.2021.701022
https://www.ncbi.nlm.nih.gov/pubmed/34395379
https://doi.org/10.1186/s43141-021-00144-z
https://www.ncbi.nlm.nih.gov/pubmed/33761018
https://doi.org/10.1080/10942912.2015.1023398
https://doi.org/10.1016/J.IJBIOMAC.2023.124759
https://www.ncbi.nlm.nih.gov/pubmed/37150365
https://doi.org/10.1007/S13399-020-01227-6
https://doi.org/10.1016/j.lwt.2019.108770
https://doi.org/10.1007/bf00295497
https://www.ncbi.nlm.nih.gov/pubmed/7766152
https://doi.org/10.1016/J.FOODCHEM.2023.137498
https://www.ncbi.nlm.nih.gov/pubmed/37741231
https://doi.org/10.1263/JBB.103.203
https://www.ncbi.nlm.nih.gov/pubmed/17368406
https://doi.org/10.1016/J.TIFS.2017.06.018
https://doi.org/10.1016/J.FOODCHEM.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29784321
https://doi.org/10.1186/s13213-020-01576-7
https://doi.org/10.3390/pr14152386

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Production of -Glucosidase from Aspergillus kawachii by Fermentation 
	Strain and Fermentation Culture Conditions 
	Determination of Enzyme Activity (-Glucosidase) 
	Protein Concentration 
	Residual Glucose and pH 

	Purification of -Glucosidase from Aspergillus kawachii 
	Formation of the Blue Chromophore from Geniposide in a Simplified Process 
	Statistical Analysis 

	Results and Discussion 
	Production of -Glucosidase from Aspergillus kawachii by Fermentation 
	Partial Purification of an Active Fraction of -Glucosidase from Aspergillus kawachii 
	Formation of the Blue Chromophore from Geniposide in a Simplified Process 

	Conclusions 
	References

