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Abstract

In this study, Stevia fractions (root, leaf, stem and their mixture) were used for inulin extrac-
tion using aqueous extraction, enzyme-assisted extraction and enzyme-assisted decanter
extraction. The extracts were used as carbon sources in submerged (SmF) fermentation,
whereas the remaining solid residues were used as substrates in solid-state (SSF) fermenta-
tion for inulinase and FOS production by Aspergillus niger. The highest inulin concentration
was obtained from the root extract produced by aqueous extraction at a 1:5 (w/v) ratio
(197.55 g/L). The highest fructooligosaccharides (FOS) concentration (12.64 g/L) was
achieved by root enzyme-assisted extraction. In SmF, the highest total FOS concentration
(13.99 g/L) was obtained from leaf enzyme-assisted extracts (LEE), whereas in SSF, the
maximum total FOS concentration (20.80 g/L) was achieved using leaf enzyme-assisted de-
canter extracts. Inulinase from the aqueous root extracts was 609.72 U/mL during SmF and
the leaf enzyme-assisted decanter extracts was 450.86 U/mL during SSE. Inulin extraction
from fractions of Stevia, high inulinase production in Smf, and enhanced FOS production
from residual biomass in SSF enable the generation of multiple value-added products and
support circular economy and biorefinery principles.

Keywords: Stevia; enzyme-assisted extraction; inulin; fructooligosaccharides; inulinase;
submerged fermentation; solid state fermentation

1. Introduction

Stevia rebaudiana is widely recognized as a natural-source and low-calorie sweetener [1].
However, the utilization potential of Stevia is not limited to its sweetening components.
Inulin and FOS, which are inulin-type fructans with different chain lengths, are also present
in the plant [2]. Inulin and FOS are of considerable importance because of their prebiotic
properties [3]. Inulin can be converted into FOS through an enzymatic process using
inulinase produced by microorganisms during fermentation [4]. Therefore Stevia rebaudiana
represents a promising plant resource for the production of value-added products.
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Stevia rebaudiana is a perennial herbaceous plant belonging to the family Asteraceae.
On a global scale, the cultivation area of stevia covers 32,000 ha, with nearly 75% of
this production concentrated in China [5]. In Tiirkiye, the first agricultural trials for
stevia cultivation were initiated in the province of Antalya and the first harvest was
obtained in 2012. Developed through adaptation and selection-based breeding efforts
under Turkish agroecological conditions, Levent 93 is a clonally propagated stevia cultivar
that demonstrates suitability for commercial cultivation and stands out with its high leaf
production potential [6]. Although Stevia rebaudiana Bertoni possesses a sweetness intensity
nearly 300 times greater than that of sucrose, it contains no calories. These properties
make stevia a promising natural and healthy alternative to artificial sweeteners [7-9].
Consequently, the Stevia plant is considered not only a low-calorie sweetener but also a
sustainable biomass feedstock, as its different fractions may be utilized to obtain value-
added compounds. The separate evaluation of the root, stem, and leaf fractions enables
the distribution of inulin and fructooligosaccharides within the plant to be assessed and
facilitates the selection of suitable extraction conditions.

Inulin, a polysaccharide of considerable industrial and nutritional value, plays a
key role in both the food and pharmaceutical industries. Because of its dietary fiber and
prebiotic qualities, inulin is known as a functional food ingredient. Regular ingestion
of inulin has been linked to positive impacts on human gut health [10]. Many methods
have been developed to improve the yield of inulin extraction. These include ultrasound-
assisted extraction, microwave-assisted extraction, pulsed electric field-assisted extraction,
supercritical fluid extraction, ethanol:water precipitation and hot water extraction tech-
niques [11-15]. Accordingly, while inulin natively exhibits valuable prebiotic properties,
enzyme-assisted extraction and hydrolysis can effectively convert the polysaccharide into
short-chain FOS with higher solubility and superior functional prebiotic benefits [16].

FOS are water-soluble oligosaccharides characterized by 3-(2, 1) fructosyl fructose
glycosidic linkages and they exhibit a relative sweetness ranging from 0.3 to 0.6 times
that of sucrose [17]. Their sweetness intensity varies depending on their structural com-
position, including 1-B-fructofuranosyl nystose (FFN), nystose and 1-kestose [18]. FOS
can be obtained through plant extraction or enzymatic hydrolysis, both of which yield
fructooligosaccharides along with monosaccharide and disaccharide by-products. The
presence of these residual sugars can negatively influence the prebiotic activity and caloric
profile of the final product. Therefore, ongoing research focuses on developing and opti-
mizing production and purification methods to achieve FOS products with higher purity
and improved functional quality.

Inulinases are the most utilized group of enzymes to produce fructooligosaccharides
(FOS) from inulin or sucrose. Particularly, endo-inulinases catalyze the random hydrolysis
of 3-(2, 1) glycosidic linkages in the inulin polymer chain, resulting in the formation of
short-chain fructooligosaccharides. Inulinase production can be achieved through both
solid-state fermentation (SSF) and submerged fermentation (SmF) systems. SSF is consid-
ered a bioeconomical and cost-effective technique due to its ability to employ low-cost
agro-industrial residues such as wheat bran, rice husk, banana peel, onion skin and chicory
leaves or roots as substrates. This method offers significant advantages including high
product yield, reduced process duration, low energy and water consumption and minimal
downstream processing requirements [19]. In industrial applications, pure cultures are
generally preferred, whereas mixed cultures are often used for bioconversion processes
involving agricultural residues, such as composting or ensiling [20]. On the other hand,
SmF is a well-established technique widely adopted for microbial enzyme production.
Its main advantages include ease of sterilization, precise control of process parameters,
efficient heat and mass transfer and maintenance of homogeneity within the medium [21].
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Moreover, this system provides a favorable environment for microorganisms requiring
high moisture levels for growth and metabolism [16]. During fermentation, a wide range
of microorganisms, including molds, yeasts and bacteria, can produce inulinases. Among
these, Aspergillus sp., Penicillium sp, Bacillus sp. and Kluyveromyces sp. have been ex-
tensively studied for inulinase production under both SSF and SmF conditions [22]. In
particular, Aspergillus niger is one of the most widely employed species in industrial enzyme
manufacturing due to its high productivity and secretion efficiency. Inulinases derived
from A. niger utilize inulin or inulin-rich natural substrates as carbon sources, which si-
multaneously act as inducers of enzyme synthesis. The enzymatic hydrolysis of inulin
leads to the formation of oligofructose, with the resulting product mixture containing
approximately 30% sucrose [23]. Accordingly, the functional link among inulin extraction,
FOS production and inulinase activity establishes the core framework for an integrated
extraction—fermentation bioprocess.

The aim of this study was to evaluate the effectiveness of aqueous, enzyme-assisted,
and centrifuge decanter (CD) extraction methods for the extraction of inulin and FOS
from different fractions of Stevia rebaudiana (var. Levent 93), including the leaves, stems,
roots and their mixtures. Enzymatic maceration was incorporated into the extraction
process to enhance the release of inulin and FOS and improve extraction efficiency. The
resulting inulin-rich extracts were subsequently used as carbon sources in SmF, whereas the
remaining solid residues were utilized as substrates in SSF with A. niger A42 for microbial
inulinase and FOS production. Through microbial inulinase activity, inulin was hydrolyzed
into FOS, including 1-kestose, nystose and FFN. The novelty of this study lies in the
integrated evaluation of different Stevia rebaudiana fractions, extraction and techniques,
and fermentation processes for inulin and FOS extraction and bioconversion. Furthermore,
the utilization of both the extracts and the remaining solid residues provides an effective
strategy for maximizing the valorization of Stevia rebaudiana biomass. This integrated
approach enhances the overall utilization efficiency of Stevia rebaudiana, minimizes the
generation of unused residues, and supports the production of value-added products in
accordance with circular economy and biorefinery principles.

2. Material and Methods
2.1. Material

The leaf, stem and root fractions of Stevia rebaudiana Bertoni (var. Levent 93) plant,
used as the carbon source in this study, were obtained from Giiney-Agripark Co. (Antalya,
Tiirkiye). The harvested Stevia plants (leaves, stems and roots) were dried in an incubator
at 60 °C. All the analytical-grade reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA). FOS standards were obtained from Wako Pure Chemical Co. (Osaka, Japan).

2.2. Microorganism, Stock Culture and Pre-Culture Preparation

The fungal strain Aspergillus niger A42 (ATCC 204447), known for its endoinulinase-
producing capability, was utilized as the biocatalyst for inulinase and FOS synthesis. The
strain was obtained from the American Type Culture Collection (ATCC, Peoria, IL, USA).

The strain was cultivated on malt extract agar (MEA; 48 g/L, Merck, Darmstadt,
Germany). After sterilization (121 °C, 15 min), the medium was inoculated with a spore
suspension prepared using sterile 0.001% (v/v) Tween-80 and incubated at 30 °C for
4 days. The fungal spore concentration was determined using a Thoma counting chamber
and adjusted to approximately 3 x 107 spores per milliliter for use as inoculum in the
fermentation experiments [24,25].
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2.3. Preparation of Aqueous, Enzyme-Assisted and Decanter-Processed Extraction

Preparation of Aqueous Extraction: Before extraction, the root, stem, leaf and mixed
samples of Stevia were ground to obtain a homogeneous material. Preliminary trials were
conducted in all the aqueous extraction procedures using deionized water at solid-to-liquid
ratios of 1:5, 1:10 and 1:15 (w/v). The mixtures were maintained at room temperature
for 30 min to facilitate solubilization and subsequently filtered through filter paper. The
supernatant obtained after filtration was collected for inulin and FOS analyses as well as for
submerged fermentation experiments, while the retentates were preserved for solid-state
fermentation studies.

Preparation of Enzyme-Assisted Extraction: The effect of Pectinex-assisted extraction
on inulin recovery from ground Stevia tissues (leaf, stem, root and mixture) was evaluated
using an enzyme-assisted extraction approach. For each fraction, 10 g of ground material
was prepared at a predefined solid-to-liquid ratio of 1:5. Pectinex was applied to the aque-
ous extract at a final concentration of 0.3 mL/kg. The hydrolysis process was performed at
50 °C for 90 min under the optimal conditions specified by Novozymes [26].

Decanter Extraction: Following enzyme-assisted extraction, the aqueous and enzyme-
assisted extracts were subjected to decanter centrifugation at 2000x g and 20 °C for 15 min
(Thermo Scientific Evolution 201, Waltham, MA, USA) to ensure effective liquid-solid
separation. After centrifugation, the supernatant was separated by passing through filter
paper, while the retentate was removed. Both phases were collected and reserved for
subsequent analyses.

2.4. Submerged Fermentation

The supernatant fractions of different Stevia extracts were used as the carbon source
for submerged fermentation. The medium (100 mL of working volume) was supplemented
with 1% (w/v) yeast extract and the initial pH was adjusted to 5.0 prior to sterilization.
After sterilization, aseptic inoculation was performed at a rate of 3% (v/v) using a spore
suspension containing 3 x 107 spores/mL, corresponding to a final inoculum level of
9 x 10° spores/mL of culture medium. The submerged fermentations were conducted
in a shaking incubator (Sartorius CERTOMAT® TS, Gottingen, Germany) at 30 °C and
250 rpm. The incubation was continued for 14 days with sampling performed aseptically
every 24 h. The collected samples were analyzed daily for inulinase activity, FOS and
monosaccharides [25].

2.5. Solid-State Fermentation

The solid parts remaining from the extraction process of Stevia leaves, stems, roots and
mixed samples were dried in an incubator at 60 °C. The dried residues were subsequently
utilized as a substrate to produce inulinase and FOS through SSF using Aspergillius niger.
Five grams of residue were mixed with liquid medium at a solid-to-liquid ratio of 1:3 (w/v)
and the pH was adjusted to 5.0 before sterilization. The flasks were sterilized at 121 °C
for 15 min and inoculated with 7% (v/v) spore suspension and a final inoculum level of
6.3 x 10° spores/g of dry substrate. Fermentation was carried out at 30 °C for 14 days
in duplicate.

After fermentation, enzyme extraction was performed by adding 20 mL of 0.1 M
sodium acetate buffer (pH 4.8) and incubating at 30 °C, 250 rpm for 1 h. The mixtures were
filtered through filter paper and centrifuged at 1500 x g for 10 min at 4 °C. The enzyme
extracts were analyzed for inulinase activity and FOS content [27,28].
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2.6. Analysis
2.6.1. Inulin and FOS Analysis

Inulin analysis was performed using a Thermo Scientific Dionex Ultimate 3000 HPLC
system (Thermo Fisher Scientific, Dreieich, Germany) equipped with a RefractoMax 520
refractive index detector and an auto sampler. Prior to analysis, the samples were passed
through 0.45 pm membrane filters, diluted tenfold and transferred into vials. Chromato-
graphic separation was performed on a Shodex OHpak SB-806M HQ column (Tokyo, Japan)
(40 °C) using 0.01 N NaNOj as the mobile phase with a flow rate of 1.0 mL/min and an
injection volume of 50 pL [29].

FOS was determined using the same HPLC system under the same conditions. The
analyses were performed with a 20 pL injection volume at 60 °C on serially coupled Shodex
KS-801 and KS-802 columns (Tokyo, Japan) using ultrapure water as the mobile phase.
The flow rate was programmed at 0, 5 mL/min (0-20 min), 0.3 mL/min (20-45 min) and
0.5 mL/min (45-70 min) [22].

2.6.2. Inulinase and Invertase Activity Analysis

Inulinase activities in the fermentation samples were determined using the DNSA
method [30]. The fermented broth was centrifuged at 16 000 rcf for 5 min at 25 °C and the
supernatant was collected as the crude enzyme extract. Inulin and sucrose (2%) prepared in
Na acetate buffer (100 mM, pH 4.8) were used as the substrate for inulinase and invertase
analyses. The enzyme extracts were diluted 10-100-fold with the same buffer. For each
analysis, 100 uL of diluted enzyme extract was mixed with 900 puL of substrate solution
and incubated at 60 °C for 10 min. The reaction was terminated by adding 1.5 mL of DNSA
reagent, followed by heating at 100 °C for 10 min. Spectrophotometric measurements
were performed at 540 nm (Thermo Scientific Evolution 201, USA) [31,32]. Reducing
sugar concentrations were determined from a D-fructose standard curve, and the resulting
enzyme activities were reported in U/mL [25,33]. One unit of inulinase or invertase activity
was defined as the amount of enzyme required to release reducing sugars equivalent to
1 umol of D-fructose per minute from 2% (w/v) inulin or sucrose, respectively at pH 4.8
and 60 °C. Invertase activity was additionally measured in the samples exhibiting the
highest inulinase activity, and the inulinase-to-invertase activity ratio (I/S) was calculated
by dividing inulinase activity by invertase activity. Since the inulinase enzyme produced
by Aspergillius niger also exhibits invertase-type activity, invertase assays were conducted
on samples exhibiting maximum inulinase activity at the end of fermentation.

2.6.3. Statistical Analysis

Experimental design and data analysis were performed using software from Minitab
(Version 13.3, State College, PA, USA) and SAS (Version 9.00, Cary, NC, USA). Duncan’s
multiple range test was applied at a 95% confidence level (p < 0.05). All the experiments
were carried out in duplicate under parallel conditions.

3. Results and Discussion

The results are discussed in terms of the effects of extraction and fermentation on inulin
and FOS contents, and the inulinase and invertase activities observed during fermentations.

3.1. Inulin and FOS Contents of Extractions

To determine the best solid-to-liquid ratio, inulin results of the extracts were obtained
from leaves, roots, stems and mixtures of Stevia rebaudiana at solid-to-liquid ratios of 1: 5,
1: 10 and 1: 15, the inulin contents of aqueous leaf extracts were 57.40 g/L, 34.20 g/L and
29.77 g /L respectively; for stem extracts were 14.01 g/L, 2.74 g/L and 2.48 g/L; while for
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root extracts yielded inulin contents of 197.55 g/L, 92.71 g/L and 68.86 g/L. The mixed
extracts contained inulin contents of 37.55 g/L, 16.34 g/L and 9.55 g/L. These results
indicate that a solid-to-liquid ratio of 1:5 is the most suitable aqueous extraction condition
for inulin concentration (Table 1). The maximum inulin concentration was obtained from
root aqueous extract (197.55 g/L), which was significantly higher than other extraction
samples (p < 0.05). Among the tested solid-to-liquid ratios, the 1:5 ratio provided the
highest inulin concentration while requiring the lowest water volume per unit of substrate.
Therefore, the 1:5 ratio was selected as the most favorable condition in terms of extract
concentration and water requirement during the extraction step. However, this assessment
does not reflect the total content of inulin recovered per unit of initial dry biomass or the
corresponding recovery percentage. Inulin and FOS concentrations from the fractions
of Stevia with different extraction methods were shown in Table 1. The inulin contents
of aqueous leaf extract (ALE), leaf enzyme-assisted extract (LEE), leaf (LEHD) decanter
extract was determined and the highest inulin content was found to be 57.40 g/L in the
ALE method, whereas a substantial reduction in levels of inulin was observed following
LEE and LEHD extractions.

Table 1. The FOS and inulin contents of extracts.

Sample Inulin FFN Nystose 1-Kestose Total FOS
(g/L) (g/L) (g/L) (g/L) (g/L)
ALE 57.40° +0.32 ND. 4382+ 0.04 5.99 b¢ +0.01 10.37
ASE 14.018 +0.28 ND. 1.55¢ + 0.01 3.29 8f +0.02 484
ARE 197.552 + 0.96 ND. 3512 +0.01 5.19 9¢ + 0.02 8.70
AME 37.55¢ + 0.71 ND. 334b2a £ 004 4789 +0.00 8.12
LEE 24134 + 0.01 ND. 3.822 + 0.00 6.47° +0.02 10.29
SEE 23.814 +0.77 ND. 1.69 € & 0.00 3.95¢f 4+ 0.01 5.64
REE 19.86¢ + 024 2542 +008  3.712 +0.05 6.40° +0.01 12.64
MEE 13.128 +2.97 ND. 226 +0.06  4.429¢f + 004 6.68
LEHD 24784 +0.73 ND. 4534 4 0.00 7.932 4 0.00 12.40
SEHD 25254 +1.06 ND. 1.79 € + 0.00 4.254dce + 0,02 6.04
REHD 25124 +0.37 ND. 4.022 + 0.00 6.82 + 0.00 10.85
MEHD 16404014  3282+0.07  1.79¢+0.03 253f+0.01 7.60

Data are presented as mean =+ standard error (n: 2). Means within the same column marked with different
lowercase letters indicate significant differences at p < 0.05; ND.: not detected.

In addition, the FOS contents of ALE, LEE and LEHD extracts were measured and
the highest FOS content was found to be 12.40 g/L in the LEHD extract. Enzyme-assisted
decanter extraction reduced the inulin content in the leaf fraction while enhancing FOS
content. The inulin contents of aqueous stem extract (ASE), stem enzyme-assisted extract
(SEE) and stem enzyme-assisted decanter (SEHD) extract were determined and the maxi-
mum inulin concentration in stem extract was obtained at 25.25 g/L. While ASE resulted in
the lowest inulin content, SEE and SEHD extractions led to increased levels of inulin. In
parallel, the FOS contents of ASE, SEE and SEHD extracts were measured and the highest
FOS content was observed in the SEHD extract. These results indicate that, particularly
in the stem fraction, enzyme-assisted decanter extraction provides higher inulin and FOS
contents compared to aqueous extraction. The inulin contents of aqueous root extract
(ARE), root enzyme-assisted extract (REE), and root enzyme-assisted decanter (REHD)
were determined as 197.55 g/L, 19.82 g/L and 25.12 g/L, respectively (p < 0.05). These
results indicate that ARE provided a significantly higher inulin extraction concentration
from the root fraction, whereas the application of REE and REHD methods resulted in a
notable reduction in total inulin content. This finding suggested that inulin-type fructans
are not uniformly distributed among the different fractions of the Stevia plant. Previous
studies have identified inulin-type fructans as major carbohydrate components of Stevia
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root extracts and have also reported their presence at considerable levels in the leaf frac-
tion [2]. In contrast, the FOS content suggests a considerable effect of the Pectinex enzyme,
indicating its important role in promoting inulin hydrolysis in the root fraction. The inulin
content of extracts obtained from the mixture fraction was determined for aqueous mix
extract (AME), mix enzyme-assisted extract (MEE), and mix enzyme-assisted decanter
(MEHD), respectively. These findings demonstrate that AME provided the highest inulin
content in the mixed fraction, whereas MEE and MEHD methods resulted in reduced
inulin concentration. The FOS contents of AME, MEE and MEHD extracts were measured
as 8.12 g/L, 6.68 g/L and 7.60 g/L, respectively. Statistical analysis revealed significant
differences in the inulin results among the mixture samples (p < 0.05). The lower FOS
content observed after enzyme-assisted and enzyme-assisted decanter methods compared
to AME can be associated with the primary function of the decanter process, which is to
enhance solid-liquid phase separation. However, under certain conditions, interactions
between the pectin-cellulose matrix and particle surfaces can result in the co-removal of
soluble components with the solid fraction [34]. Therefore, this mechanism is considered to
be one of the possible reasons for the decrease in FOS contents observed during mixture
enzyme-assisted decanter extraction.

These findings confirm that the root fraction is the most suitable raw material for
inulin and FOS production and that Pectinex application effectively enhances fructan for-
mation. In a previous study, an autoclave-based extraction method was proposed as an
alternative to conventional techniques for the isolation of inulin from Stevia roots [35].
In the conventional extraction process, 5 g of stevia roots were extracted with 300 mL of
deionized water at 80 °C for 4 h. The resulting extract was treated with ethanol at a 1:3
(v/v) ratio, kept at 4 °C overnight and subsequently centrifuged to recover the precipitated
fraction. The findings revealed that the use of autoclave conditions markedly shortened
the extraction time, indicating that autoclave extraction represents a rapid and efficient
approach for inulin isolation from Stevia roots. In another study, Cichorium intybus L. was
subjected to three different extraction approaches, pectinase-assisted, pressure-assisted and
a combination of both, with the aim of enhancing inulin concentration. Among these, the
pressure-assisted extraction method resulted in the highest inulin concentration, reaching
19.77 mg/mL in the obtained extracts [36]. Similarly, the enzyme-assisted extraction of
pectin and inulin from artichoke bracts and stems was investigated in a study [37]. In
their study, alcohol insoluble residues were first removed through microwave-assisted
heating, followed by enzymatic hydrolysis using protease and hemicellulase. As a result,
the extracts yielded 31.8-45.0 g/100 g of inulin, demonstrating the efficiency of the com-
bined microwave-assisted extraction (MAE) enzyme-assisted extraction (EAE) approach. A
review of the existing literature indicates that with the growing emphasis on sustainability
and continuous advances in green extraction technologies. Pectinex Ultra SP-L, used in the
present study, has been reported to exhibit side activities such as fructosidase and fructosyl-
transferanse in addition to its pectinolytic activity. Montilla et al. (2011) demonstrated that
this enzyme preparation could promote both stachyose hydrolysis and the formation of new
oligosaccharides [38]. Therefore, the increase in FOS observed following Pectinex treatment
may be interpreted as a possible consequence of enzyme-mediated carbohydrate transfor-
mation. This increase may have resulted from the release of FOS entrapped within the plant
matrix through enzymatic disruption of cell wall components or the partial conversion of
longer-chain fructans into lower molecular weight products. Overall, aqueous extraction
offers higher inulin concentrations and operational simplicity, whereas enzyme-assisted
extraction may promote FOS formation and improve the accessibility of carbohydrates
in the residual biomass. Therefore, it should be considered a complementary step in an
integrated biorefinery process for producing multiple value-added products from Stevia.
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Stevia, particularly its root part, has been identified as a rich source of inulin. Moreover,
enzyme-assisted extraction approaches have shown great potential for enhancing FOS
recovery from this plant. In addition, the applied extraction methods enabled a rapid and
practical increase in inulin content within the aqueous phase.

3.2. Inulinase and Invertase Activities of Fermentations

The maximum inulinase and invertase activities obtained from submerged and solid-
state fermentations were shown in Table 2. The highest inulinase activity (609.72 U/mL)
was observed on the 14th day of submerged fermentation performed with ARE, which was
significantly higher than other samples (p < 0.05). This finding indicates that A. niger was
able to utilize the inulin structures present in the root extract more efficiently, suggesting
that the microorganism preferentially employs the root fraction as a carbon source for
inulinase synthesis. The maximum invertase activity was detected in the submerged
fermentation of AME, reaching an enzyme activity of 349.26 U/mL. When the I/S ratios in
Table 2 were evaluated across all the fermentations, it was observed that all the enzyme
samples predominantly exhibited inulinase activity (I/S > 1072).

Table 2. The maximum inulinase and invertase activities from the submerged and solid-state
fermentation of extracts.

Submerged Fermentation

Solid State Fermentation

Sample hgj}i:i;e Invertase (U/mL) I/s Sample Inulinase (U/mL) Invertase (U/mL) I/
ALE 228.15 ¢4 4+ 11.60 86.15P +2.34 2.65. ALER 392.63 bac 4+ 0.00 407.62 P2 4+ 0.00 0.96
ASE 468.87P2¢ + 516 70.95° + 6.20 6.61 ASER 177.66 fe +3.72 78.50 8 + 2.65 2.26
ARE 609.72 @ 4+ 0.00 232.68P2 +13.26 2.62 ARER 187.46 fe +1.07 170.40 © £ 0.00 1.10
AME 522.49 Pa 4 0.00 349.26 @ + 0.00 1.50 AMER  289.67bedc + 000  318.69 9 + 0.00 0.91
LEE 164.61 4 +24.32 90.05° + 10.06 1.83 LEER 358.89 bac 4 0.00 326.60 9¢ + 0.00 1.10
SEE 421.21bac + 2757  139.46ba 4 14.82 3.02 SEER 172.79f¢ + 2,96 65448 +1.21 2.64
REE 260.33 fdec 1+ 0,00 93.07 bed + 0.00 2.80 REER 167.33 f £ 0.00 134.59 fe +3.17 1.24
MEE 464.26 P2 + 0.00 198.33 b + 0.00 2.34 MEER 310.28 P4 + 0.00 372.34bc +0.00 0.83

LEHD 188.94 fe + 7.32 39.35° + 1,64 480 LEHDR 450.86 @ + 0.00 467.06 @ + 6.03 0.97

SEHD 452.98 bac 4 .21 117.24 %2 +0.10 3.86 SEHDR 200.18 fed + 454 78.31 8 +3.13 2.56

REHD 138.39 fe 4+ 0.00 19.98 4 + 0.01 693  REHDR  253.78 fede + 0,00 162.12¢ + 0.00 1.57

MEHD 580.72 2 4 0.00 208.56 P + 0.00 2.78  MEHDR  215.23fd 4+ 327 290424 + 7.78 0.74

Data are presented as mean =+ standard error (n: 2); Means within the same column marked with different
lowercase letters indicate significant differences at p < 0.05. R: residue.

Time-dependent changes in inulinase activity during submerged fermentation
(0-14 days) are shown for leaf, stem, root and mixed extracts obtained using aqueous,
enzyme-assisted and enzyme-assisted decanter extraction methods (Figure 1). In leaf
extracts, inulinase activity increased in all the extraction methods up to day 10. On day
10th, the highest inulinase activity was observed in ALE, reaching 228.15 U/mL, while
LEE exhibited an activity of 164.61 U/mL on the same day. In contrast, LEHD showed a
gradual increase, reaching its maximum value of 188.94 U/mL on day 14. In stem extracts,
inulinase activity increased throughout the fermentation period and reached its maximum
on day 10. The inulinase activities at this time were measured as ASE, SEE and SEHD,
respectively. A decrease in inulinase activity was observed by day 14. Among all the
fractions, root extracts exhibited the most notable differences among extraction methods.
In ARE, a sharp increase in inulinase activity was observed from day 8 onward, reaching
609.72 U/mL. Finally, in mixed extracts, inulinase activity increased steadily throughout
the fermentation period, reaching 522.49 U/mL, 464.26 U/mL and 580.72 U/mL for AME,
MEE and MEHD, respectively.
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Figure 1. Changes in inulinase activities during submerged fermentation.

Figure 2 shows the changes in invertase activity during submerged fermentation
(0-14 days) in Stevia fraction extracts obtained using different extraction methods. In
leaf extracts, invertase activity in ALE reached 156.47 U/mL on day 4, followed by a
decrease until day 10th and a slight increase by day 14th. LEE exhibited a continuous
increase, reaching the highest invertase activity of 159.46 U/mL on day 14th. In contrast,
LEHD showed consistently low invertase activity through the fermentation period. In stem
extracts, invertase activity increased under all the extraction methods, with the highest
activities observed on day 14th. The invertase activities at this time were measured as
ASE, SEE and SEHD, respectively. In root extracts, ARE reached 232 U/mL by day 14th,
while REE showed a gradual increase throughout fermentation, reaching 93 U/mL by
day 14th. In contrast, REHD exhibited a decrease in invertase activity after day 10th. In
mixed extracts, invertase activity increased throughout the fermentation period under all
the extraction methods, reaching 349.26 U/mL, 198.33 U/mL and 208.56 U/mL for AME,
MEE and MEHD, respectively, on day 14th. The higher inulinase activity observed under
SmF conditions may be associated with the greater accessibility of inulin and other soluble
carbon sources in the supernatant to A. niger. The more homogeneous distribution of
medium components and the easier control of process parameters, including temperature,
agitation and pH, may also have contributed to enzyme production [39]. Furthermore, the
direct recovery of the extracellular enzyme from fermentation supernatant represents an
important operational advantage of SmF [40].

In previous research, various carbon sources including inulin, glucose, maltose, su-
crose, lactose, onion peel, stevia root and wheat bran were utilized for inulinase production
by Rhizopus oryzae (p < 0.05) [37]. The optimal fermentation was achieved after 5 days of
incubation at 35 °C and pH 5.0 using 2% (w/v) wheat bran as the carbon source. Under
those conditions, the maximum inulinase activity and specific activity were 348. 36 U/mL
and 3621. 78 U/mg, respectively. Similarly, another study demonstrated that barley husk,
wheat bran and oat husk were pretreated with deep eutectic solvents (ChCl: Gly (1: 2))
and subsequently used as substrates in submerged fermentation by Aspergillus niger A42
to produce inulinase [41]. The fermentation results revealed that deep eutectic solvent-
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pretreated wheat bran was the most effective substrate, yielding 416 U/mL of inulinase
activity and 486 U/mL of invertase activity [41]. In another study, the inulinase enzyme
was produced by several fungal and yeast strains including Aspergillus, Trichoderma, Pen-
cillium, Saccharomyces and Candida through submerged fermentation [42]. Among these,
Aspergillus niger exhibited the highest enzyme activity, reaching 55.93 U/mL with an I/S
ratio of 0.59. A comparison with previous studies in the literature demonstrated that the
results obtained in this work were in accordance with those reported by other researchers.
Collective evaluation of the results supports the suitability of SmF for enhanced inulinase
production by A. niger using carbohydrate-rich Stevia extracts.
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Figure 2. Changes in invertase activities during submerged fermentation.

On day 14 of solid-state fermentation, inulinase activity in root extracts was mea-
sured as 392.63 U/mL for Aqueous leaf extract residue (ALER) and 358.89 U/mL for
leaf enzyme-assisted extract residue (LEER), while the highest activity was observed in
leaf enzyme-assisted decanter residue (LEHDER), reaching 450.86 U/mL. In stem extracts,
inulinase activity was determined and the maximum value was found to be in stem enzyme-
assisted decanter extract residue (SEHDR) at 200.18 U/mL. In root-residue samples, the
highest inulinase activity of 253.78 U/mL was detected in REHDR. For mixed extracts,
the highest inulinase activity reached 310.28 U/mL in mixture enzyme-assisted extract
residue (MEER). Throughout the enzyme-assisted decanter solid-state fermentation process,
inulinase activity was generally higher in all the extracts except for the mixed fractions
(Table 2). The highest invertase activity was obtained from leaf extract residues processed
using enzyme-assisted decanter extraction (467.06 U/mL). In a prior study, solid state
fermentation using carob fruits as a substrate yielded a maximum inulinase activity of
249.98 U/mL [22]. Similarly, Da Silva et al. (2023) performed solid state fermentation with
A. niger URM5741 using a mixture of wheat, soybean and oat bran (5 g) supplemented with
2.5% inulin and reported invertase and inulinase activities of 27.80 U/mL and 16.68 U/mL,
respectively [43]. Using Aspergillus niger AUMC 9375, inulinase enzyme production through
solid-state fermentation on a mixed substrate composed of sunflower and lettuce residues
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yielded enzyme activities of 300 U/mL and 290 U/mL, respectively [44]. According to the
literature, inulinase activity has been reported to be high in both submerged and solid-state
fermentation systems [22,28,37,45]. The main contribution of SSF lies in the valorization of
solid Stevia residues generated after extraction as substrates for the production of value-
added products, including inulinase and FOS, rather than their disposal as unused waste
streams. Canatar et al. (2023) demonstrated the production of both inulinase and FOS
from a carob-based solid substrate, supporting the potential of SSF for the multiproduct
valorization of plant-derived residues [22].

3.3. FOS Production in Submerged and Solid-State Fermentations

According to the FOS analysis of the submerged fermentation samples, the FEN,
nystose, 1-kestose and total FOS contents of the initial and 14th day samples, as well as the
final FOS values of the solid-state fermentation, are presented in Tables 3 and 4 respectively.
Evaluation of the initial and 14th day findings revealed that FEN content increased, with the
highest FFN content found to be in LEHD (7.57 g/L). In addition, nystose levels increased
in ASE (2.50 g/L), AME (9.47 g/L), SEE (3.15 g/L), LEHD (1.85 g/L) and SEHD (1.80 g/L),
while 1-kestose content increased in AME (7.28 g/L), LEE (9.30 g/L), LEHD (5.28 g/L) and
MEHD 9.58 g/L). In terms of total FOS, an overall increase was observed in LEE (13.99 g/L),
MEE (10.48 g/L), LEHD (7.88 g/L) and MEHD (12.48 g/L) samples compared to the initial
values. The highest total FOS content was obtained from LEE at the end of fermentation
(13.99 g/L) (Table 3).

Table 3. FOS contents of submerged fermentations.

FFN Nystose 1-Kestose Total FOS
Sample (g/L) (g/L) (g/L) (g/L)
initial Day 14 Initial Day 14 Initial Day 14 Initial Day 14
ALE ND. 1.11% £0.39 3.92%2 4 1.38 2.282 £0.01 7442 +£1.19 6.039° +2.13 11.36 9.42
ASE ND. 1442 £0.03 1.555 +0.13 2.50% £0.71 2.68°¢ £ 0.69 ND. 4.23 3.93
ARE ND. 1.622 £0.15 3,512 +0.11 2.522 £0.02 5.18bdac +0.31 ND. 8.70 4.14
AME 3712 £1.31 1.21% £0.42 2.82% +0.99 9.47% +0.23 4.78bdec +0.04 7.28 b4 3250 11.31 9.44
LEE ND? +0.00 1.592 £0.07 3.822 £0.030 3.182 £0.06 6.47 %> +0.27 9.30% £0.18 10.30 13.99
SEE ND? +0.00 1252 +£2.70 1.69%2 £0.03 3.15% £0.19 3.954¢ +0.17 ND. 5.64 4.40
REE 3.18*£1.12 ND. 3.71* £0.41 ND. 5.80bdac + 0.58 ND. 12.75 ND.
MEE ND. 1.132 4+ 0.09 2.26% 4+ 0.51 1.49% £0.05 442 40,61 7.86 %% £ 0.04 6.68 10.48
LEHD ND. 7.57% £0.25 ND. 1.855 +1.30 ND. 5.28bdac 2,65 ND. 7.88
SEHD ND. 1.06 %2 £2.29 1.79%2 £0.02 1.80%2 £ 0.50 4.24dec 4022 ND. 6.04 2.85
REHD ND. ND. 4.022 £0.00 ND. 6.82%% +0.00 ND. 10.84 ND.
MEHD 3.872£1.35 1.232+£0.02 2.79%2 4+ 0.98 1.67% £0.03 3.749 +0.34 9.582 £0.33 10.35 12.48

Data are presented as mean =+ standard error (n: 2); Means within the same column marked with different
lowercase letters indicate significant differences at p < 0.05; ND.: not detected.

In a previous study, the ability of three fungal strains, Aspergillus niger PSH, Aspergillus
oryzae DIA-MF, and Aspergillus niger GH1, to produce FOS through submerged fermentation
using Agave salmina aguamiel as substrate was investigated [46]. Additionally, Czapek Dox
medium supplemented with sucrose was used as the control substrate for FOS production.
In both media, Aspergillus oryzae DIA-MF was identified as the fungal strain capable of
producing FOS. After 24 h incubation, Aspergillus oryzae DIA-MF achieved the highest FOS
concentration, reaching 20.30 g/L when aguamiel was employed as the carbon source [46].

Following the solid-state fermentations, FEN (4, 79 g/L) and kestose (9.53 g/L) reached
their highest values among leaf residue fermentations (Table 4). In stem extracts, ASER
fermentation produced nystose and 1-kestose at levels of 6.80 g/L and 2.36 g/L, respectively.
In SEHDR, FEN (3.31 g/L), nystose (3.22 g/L) and 1-kestose (1.40 g/L) were detected. For
root extracts, ARER fermentation yielded nystose and 1-kestose contents of 3.54 g/L and
1.02 g/L, respectively. Notably, FFN content was not detected in solid-state fermentation
from root extracts. In mixed extracts, MEHDR produced FFN (4.51 g/L), nystose (6.40 g/L)
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and 1-kestose (3.80 g/L). Notably, the solid-state fermentation using LEHDR resulted in the
highest total FOS yield (20.80 g/L). The high FOS level observed in the LEHDR under SSF
conditions may be associated with the further enzymatic degradation of FOS precursors,
such as inulin, remaining in the solid residue. In addition, fungal growth and cell wall-
degrading enzymes may have contributed to the release of FOS previously retained within
the solid matrix [4]. Therefore, the observed increase in FOS may reflect the combined effects
of enzymatic conversion of residual fructans and the release of matrix-associated FOS [47].
Among all the samples, the lowest total FOS concentration (4.56 g/L) was obtained from
the fermentation using ARER (Table 3). In previous research, solid-state fermentation using
coffee waste, coffee extract and ground coffee as substrates employing Aspergillus niger
A42 for FOS production was studied [28]. In that study, the highest FFN concentration
reached 38.34 ppm. In another study, FOS production was carried out by Aspergillus oryzae
DIA-MF through solid-state fermentation using various agro-industrial residues enriched
with aguamiel. The statistically optimized process identified sugarcane bagasse as the most
effective substrate, yielding a maximum FOS concentration of 7.64 g/L [48]. Another study
used carob fruits as a substrate for solid-state fermentation with A. niger A42, obtaining
total FOS concentrations ranging from 179.35 to 516.66 ppm [22]. In that study, after enzyme
purification, the maximum total FOS yield increased substantially, reaching 28,712.70 ppm.
According to the reported studies, the total FOS yield was found to be relatively high.
Furthermore, in future studies, FOS production using purified enzymes could be pursued
to further enhance the overall FOS concentration.

Table 4. FOS contents of solid-state fermentations.

Sample FFN Nystose 1-Kestose Total FOS
(g/L) (g/L) (g/L) (g/L)
ALER * 22744 0.72 1.62° 4+ 0.31 344 4 0.15 7.33
ASER ND. 6.80P2 +0.17  2.36° £ 0.30 9.16
ARER ND. 3.54ba 4250 1.024 +0.71 4.56
AMER 3.32¢ 4+ 0.14 3.68P2 + 173 1.839 +0.04 8.82
LEER 452b2 4+ 0.00 7472 4+ 0.88 6.66° +1.50 18.65
SEER ND. 5.56 P2 4+ 0.01 1.97 4 +0.00 7.53
REER ND. 7562 +0.17 1.334 +0.01 8.88
MEER 3.70P¢+0.01 5.75P2+0.31 1.804 +0.12 11.25
LEHDR 4792 +0.08 6.48 P2 +0.35 9.532 4+ (.03 20.80
SEHDR 3.31¢ + 0.00 3.22ba 4228 1.404 +0.52 496
REHDR ND 7.19P2 4+ 006  5.08P +0.12 12.26
MEHDR 451P2 +£006  640P2+0.01 3.80 +0.12 14.71

Data are presented as mean =+ standard error (n: 2); Means within the same column marked with different
lowercase letters indicate significant differences at p < 0.05; ND.: not detected; * R: residue.

Different carbon sources exhibited varying effects on inulinase production. In one
study Kluyveromyces marxianus DSM 70106 cultivated under submerged fermentation and
when inulin was used as the main carbon source, a markedly higher inulinase yield was
obtained compared to glucose, fructose, sucrose, lactose, maltose and starch [49]. In
another study, inulinase production was carried out under solid-state fermentation using
Staphylococcus sp. RRL-1 and Kluyveromyces marxianus ATCC 5266 with wheat bran, rice
bran, coconut oil cake, corn flour and their combinations serving as carbon sources. The
results indicated that media containing wheat bran were the most effective for inulinase
production by both strains [50]. In previous studies, various carbon sources such as glucose,
fructose, inulin, whey powder, carob extract and sugar beet molasses were used to enhance
inulinase production by Aspergillus niger. Among these, sugar beet molasses was identified
as the most effective carbon source for inulinase synthesis [51]. In previous research,
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microbial inulinase production by Aspergillus niger ICCF 92 using three different carbon
sources, namely molasses, inulin and carob pod decoction, was reported [52]. Their findings
demonstrated that carob pod decoction was the most effective carbon source, yielding the
highest inulinase activity under static fermentation conditions. Therefore, the high cost of
pure carbon sources highlights the importance of using plant-based materials as alternative
substrates. Consequently, the potential of Stevia (var. Levent 93) as a substrate for inulinase
production by Aspergillus niger A42 is likely attributed to its relatively high contents of
sucrose and inulin.

The utilization of the supernatant and retentate obtained after extraction in SmF
and SSF, respectively, enabled a more comprehensive valorization of Stevia biomass. The
supernatant supported high inulinase production under SmF, whereas the enzyme-assisted
solid (leaf) residues were further used in SSF, contributing to FOS production. Thus, the
two fermentation systems performed complementary functions and enabled the generation
of multiple value-added products from the same plant material. While offering advantages,
SSF may also involve limitations related to moisture distribution, aeration, heat transfer,
and recovery [27,53]. Therefore, although the proposed strategy shows promise for the
integrated valorization of Stevia biomass, further mass balance analysis, resource use
assessment, downstream recovery studies and pilot-scale validation are required before
industrial implementation [27,53]. This sequential approach may reduce the formation of
unused solid residues, improve overall biomass utilization, and support the application of
circular economy and biorefinery principles to Stevia processing.

4. Conclusions

In this study, Stevia rebaudiana Bertoni (var. Levent 93) was subjected to aqueous
extraction coupled with enzyme-assisted decanter processing to enhance the recovery of
inulin and fructooligosaccharides (FOS). The aqueous root extraction yielded the highest
inulin concentration (197.55 g/L). Treatment with Pectinex enzyme markedly increased
FOS accumulation, resulting in a total FOS content of 12.64 g/L in the enzyme-assisted
root extract. Following extraction, Smf and SSF were performed in flasks. The maximum
inulinase activities were obtained from the aqueous root extracts (609.72 U/mL) and the leaf
enzyme-assisted decanter extracts (450.86 U/mL), respectively. In submerged fermentation,
the leaf enzyme-assisted treatment achieved a total FOS concentration of 13.99 g/L, while
solid-state fermentation using the leaf enzyme-assisted decanter extraction residue as a
carbon source produced the highest overall FOS yield (20.80 g/L).

Comparative analysis of different Stevia fractions revealed that the often-overlooked
root part exhibited high potential for inulin recovery and served as an effective carbon
source for fermentation processes. The addition of pectinex enzymes promoted the break-
down of cell wall structures, thereby enhancing the release and solubilization of fructans
within the aqueous extraction medium. Throughout this process, microbial inulinase and
FOS production was achieved using A. niger through both Smf and SSF employing the
leaf, stem, root and mixed fractions of Stevia. Moreover, the development of novel aqueous
enzyme-assisted decanter extraction strategies presented in this study is expected to con-
tribute to future research by improving FOS production efficiency, reducing overall process
costs and supporting sustainability in integrated biotechnological systems.

The main contribution of this study is not only in the recovery of inulin and FOS from
different fractions of Stevia, but also in integrating different extraction methods with the
subsequent valorization of the remaining biomass within the same process. SmF supported
high inulinase production from the supernatants, whereas SSF enabled the retentates to
be further converted into FOS and inulinase. The findings demonstrate that extraction
performance, enzyme production, and residual biomass utilization should be evaluated
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as interconnected components of a multiproduct bioprocess rather than as independent
operations. This approach represents a transition from a linear, single-product extraction
process toward an integrated biorefinery strategy that promotes the generation of unused
solid residues.
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Abbreviations

ALE Aqueous Leaf Extract

ALER Aqueous Leaf Extract Residue
AME Aqueous Mixture Extract
AMER Aqueous Mixture Extract Residue
ARE Aqueous Root Extract

ARER Aqueous Root Extract Residue
ASE Aqueous Stem Extract

ASER Aqueous Stem Extract Residue
CD Centrifuge Decanter

DNSA 3,5-Dinitrosalicylic Acid

EAE Enzyme-Assisted Extraction
FFN 1-B-fructofuranosyl Nystose
FOS Fructooligosaccharides

1/S Inulinase-to-Substrate Ratio
LEE Leaf Enzyme-Assisted Extract

LEER Leaf Enzyme-Assisted Extract Residue
LEHD Leaf Enzyme-Assisted Decanter Extract
LEHDR  Leaf Enzyme-Assisted Decanter Residue

MAE Microwave-Assisted Extraction
MEA Malt Extract Agar
MEE Mixture Enzyme-Assisted Extract

MEER Mixture Enzyme-Assisted Extract Residue
MEHD Mixture Enzyme-Assisted Decanter Extract
MEHDR  Mixture Enzyme-Assisted Decanter Residue
ND. Not Detected

REE Root Enzyme-Assisted Extract

REER Root Enzyme-Assisted Extract Residue
REHD Root Enzyme-Assisted -Decanter Extract
REHDR  Root Enzyme-Assisted -Decanter Extract Residue
SEE Stem Enzyme-Assisted Extract

SEER Stem Enzyme-Assisted Extract Residue
SEHD Stem Enzyme-Assisted Decanter Extract

https://doi.org/10.3390/fermentation12080377


https://doi.org/10.3390/fermentation12080377

Fermentation 2026, 12, 377 15 of 17

SEHDR Stem Enzyme-Assisted Decanter Extract Residue

SmF Submerged Fermentation
SSE Solid-State Fermentation
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