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Abstract
The present research was carried out with the objectives of isolating fungal strains capable of exhibiting inulinase activity 
from a novel source, then optimizing solid state fermentation for the inulinase production and characterizing crude enzyme. 
Production of inulinase is first reported in this study with a novel substrate, banana plant shoot powder, using newly isolated 
fungal strain Nothophoma anigozanthi JAM through solid state fermentation. The fungal strain was isolated from the root soil 
of a white Jamun (Syzygium cumini) tree. Optimization of the solid state fermentation was carried out by central composite 
design for determining the interaction and impact of the influential process on inulinase production. A mathematical model 
was developed based on the statistical analysis and recommended optimal process conditions of 2 g of substrate, 5 mL 
of moistening media, 5 mL of inoculum volume, and 96 h of fermentation time for enhanced production (2.578 U/gds). 
Crude inulinase enzyme exhibited an 8.0-fold increase in activity after optimization, in comparison with the activity under 
unoptimized conditions. The optimum pH (5.0), temperature (60 °C) for the enzyme activity, and Km (0.205 mM) and Vmax 
(0.333 µM/min) were determined based on the biochemical and inulin hydrolytic properties of the crude inulinase enzyme. 
The production of inulinase was further validated by using TLC, osazone, and Seliwanoff tests. Hence, the inulinase enzyme 
produced by Nothophoma anigozanthi JAM can be successfully utilized for the production of edible sugar fructose from 
non-edible polysaccharide inulin, present in agricultural residues such as banana shoot by solid state fermentation.

Keywords Solid state fermentation · Banana plant shoot powder · Inulinase · Nothophoma anigozanthi JAM · Central 
composite design · Characterization

1 Introduction

Inulinase, also known as 1-D-fructan fructanohydrolase, is 
an enzyme that catalyzes the breakdown of inulin to fructose 
by hydrolyzing the β-2,1-glycosidic bonds endothermically 
[1]. Inulin is a homopolysaccharide made up of fructose units 
termed fructans that are linked together by β-2, 1-glycosidic 
bonds [2, 3]. Inulin is present in agave, onion, dandelion, 
banana, and garlic. The human digestive system cannot 

hydrolyze the β-2,1-glycosidic linkages; hence, inulin must 
be transformed into digestible forms of carbohydrates such as 
fructose and fructo-oligosaccharides. Hence, the production 
of the inulinase enzyme plays a significant role in converting 
non-digestible inulin to digestible carbohydrates through 
fermentation processes. The sources of inulin are Jerusalem 
artichoke, agave, chicory, onion, dandelion, banana, wheat, 
oats, garlic, etc. [4]. X-ray diffraction has been successfully 
used for the 3D structure determination of inulinase enzymes 
from Aspergillus ficuum and Aspergillus awamori [5]. 
Inulinase can be industrially utilized for the production of 
high fructose syrup, fructo-oligosaccharides, bioethanol, 
acetone, butanol, organic acids, single-cell proteins, single-
cell oil, and 2,3-butanediol [5–7]. In the present study, the 
banana shoot was chosen as a novel substrate for fermentation 
and to date, there are no published reports on the application 
of the material for fermentation studies. The banana shoot 
finds its application in numerous value-added products such 
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as polymer/fiber composites, packaging materials, textile 
fabrics, and paper sheets [8]. Alwi et al. [9] have reported 
that banana shoot contains 38.03% carbon, 0.42% nitrogen, 
5.46% hydrogen, and also inulin.

Submerged fermentation (SmF) and solid state fermenta-
tion (SSF) methods have been reported to produce inulinase 
enzymes [3, 10, 11]. Lower moisture requirement, higher 
yield, ability to utilize natural substrates, low capital invest-
ment, reduced energy requirements, improved product 
recovery, and reduced environmental problems are the key 
advantages of SSF over submerged fermentation [12–14]. 
Fungi, bacteria, molds, and yeast are the types of microor-
ganisms reported to produce the enzyme inulinase. Among 
these species, filamentous fungi are the best option for SSF 
due to their physiological, biochemical, and enzymologi-
cal features. Furthermore, filamentous fungi have a high 
capacity to withstand low water activity and flourish in high 
osmotic stress which is a desired characteristic required for 
SSF [6]. The substrate for SSF should preferably be a carbon 
source and act as support for the growth of the microorgan-
ism. Smaller-size substrate particles are preferred due to 
their increased surface area required for higher productivity 
[14, 15]. Inulinase enzymes are generally produced using 
rice, millet, sugarcane, garlic waste, wheat bran, and orange 
rinds as substrates for SSF [16, 17].

The parameters controlling the solid state fermentation 
process are the type of substrate, the composition of the 
moistening media, inoculum size, pH, fermentation time, 
and incubation temperature for the production of the inuli-
nase enzyme [2, 7]. Statistical experimental designs such 
as central composite design (CCD), Box-Behnken design 
(BBD), and Plackett–Burman design (PBD) are extensively 
used for optimization studies [18, 19]. These methods can 
provide data on the influence of independent parameters, 
and interactions among parameters to obtain optimum pro-
cess conditions which can be highly cost-effective when 
implemented in practice [20]. Different downstream tech-
niques have been considered for the purification of inulinase 
enzyme based on polarity, size, ligand interactions, solubil-
ity such as salt precipitation [21], solvent precipitation, gel 
filtration chromatography, and ion exchange [22, 23].

The current study was conducted with the objectives 
of isolating fungal strains capable of exhibiting inulinase 
activity from a novel source, optimizing process param-
eters of SSF for the production of inulinase enzyme utiliz-
ing the newly isolated fungal strain Nothophoma anigo-
zanthi JAM with a novel substrate, banana shoot powder, 
and characterizing crude enzyme. For the isolation of fun-
gal strain, the root soil of the Jamun tree was chosen and 
Czapex Dox Agar medium (CDA) was utilized for the iso-
lation. CCD was utilized for building a second-order model 
and evaluating the optimal levels and interaction effects of 
the following parameters: the amount of substrate, volume 

of moistening media, inoculum volume, and fermentation 
time. Furthermore, the biochemical characterization of 
inulinases such as the effect of pH, temperature, metal 
ions, additives, organic solvents, as well as reaction kinet-
ics studies was performed for evaluating its applicability 
in various industries. This is the first report on inulinase 
production using a novel strain of Nothophoma anigozan-
thi JAM and banana shoot powder, an inulin-containing 
substrate, through solid state fermentation.

2  Materials and methods

2.1  Isolation and screening of inulin‑hydrolyzing 
fungal strain

Root soil sample from a white Jamun (Syzygium cumini) tree 
located in the Indrali area of Udupi (74° 44′ 31.7112″ E), 
India, was utilized for isolation. The collection of the soil 
samples was carried out in November 2020. The following 
protocol was utilized for the isolation of the species. Czapex 
Dox Agar medium (CDA) agar medium was prepared con-
sisting of (g/L) sucrose (30),  K2  HPO4 (1),  NaNO3 (2), KCl 
(0.50),  MgSO4 (0.50),  FeSO4 (0.01), and agar (15). The 
media was maintained at a pH of 7.4 and was autoclaved at 
121 °C, 15–20 psi for 20 min. The collected soil sample was 
subjected to serial dilution under aseptic conditions. Then, 
a serially diluted sample (0.1 mL) was plated on the CDA 
agar medium. The CDA agar plates were subjected to incu-
bation at 30 °C for 3–4 days, thus allowing the growth of the 
different fungal colonies. For the primary screening, inulin 
agar media consisting of (g/L) inulin (6.00),  Na2HPO4 (34), 
 NH4Cl (5), NaCl (2.50),  K2  HPO4 (15), and agar (15) was 
prepared and maintained at a pH of 6.7 [16]. Individual colo-
nies of the species were picked from the CDA agar media 
and were aseptically plated on the inulin media. The plates 
were subjected to incubation at 32 °C for three days. The 
plate that showed maximum growth upon visual observation 
was chosen for the study.

2.2  Identification of isolated inulin‑hydrolyzing 
fungal strain

The identification of the isolated fungal strain was carried 
out at National Centre for Microbial Resource (NCMR), 
Pune, India, based on internal transcribed spacer (ITS) 
sequencing. The phylogenetic tree of the isolate was 
constructed using the neighbor-joining method.

The fungal species were stored at 4  °C in inulin 
agar plates. The viability of the species was ensured by 
subculturing periodically once in 30 days [6, 7].
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2.3  Preparation of inoculum

Osmotic shock was given to the spores of the fungal species 
on the agar plates for 15 min using 11 mL of 0.01% sodium 
chloride solution to collect the spore suspension [16]. An 
Improved Neubauer hemocytometer (Rohem, India) was 
utilized to count the spores in the collected suspension. For 
SSF, 2 g of the substrate was inoculated with 4 mL of inocu-
lum with a spore concentration of 6.25 ×  105 spores/mL.

2.4  Substrate preparation and quantification 
of inulin content

The solid substrate banana plant shoots were collected from 
a local market located in Indrali Udupi, India. The plant 
shoots were thoroughly cleaned, chopped into small-sized 
cubes, and dried under the sun for three weeks before being 
blended into a fine powder. The substrate was sifted using a 
300-micron sieve and stored under dry conditions using an 
airtight container.

To quantify the inulin content in the banana plant shoot 
powder, a modified method of solvent extraction was used 
as described elsewhere [24]. Briefly, 1 g of banana plant 
shoot powder was mixed with 5 mL of 0.1 M sodium ace-
tate buffer, and the inulin extraction was carried out in the 
rotary shaker at 180 rpm for 24 h at 32 ℃. Then, centrifuged 
(Eppendorf centrifuge 5804 R) at 25 ℃ and 10,000 rpm for 
10 min, and the cell-free supernatant was subjected to analy-
sis of inulin content by the oxalic acid method as described 
by Simonovska [25]. The oxalic acid hydrolyzed the inulin 
to fructose, and the released fructose was estimated by the 
Dinitosalicylic acid method. The banana plant shoot extract 
without oxalic acid hydrolysis was taken as control. The dif-
ference in the amount of fructose measured with and without 
oxalic acid treatment is deemed as the inulin content in the 
banana plant shoot powder.

2.5  Solid state fermentation

Fermentation was carried out without the addition of the 
substrate inulin since the banana shoot powder contained 
inulin required for the growth of the microorganism. This 
reduces the cost of the fermentation process for the produc-
tion of the enzyme; 2 g banana plant shoot powder (sub-
strate) was mixed with 4 mL moistening media in 250 mL 
Erlenmeyer flasks to carry out SSF. The composition of 
moistening media is as follows (g/L):  NH4Cl (5),  Na2HPO4, 
(34),  KH2PO4 (15), and NaCl (2.5), with a pH of 7.0. The 
flasks were autoclaved at 121 °C and 15 psi, for 20 min. 
Fungal inoculum (4 mL) with pore suspension of 6.25 ×  105 
spores/mL was introduced into the flasks under aseptic con-
ditions, and the contents were mixed for uniform availability 
of nutrients. These flasks were subjected to incubation at 

32 °C for 72 h [4, 16]. The water activity of this fermenta-
tion media was found to be 0.93, as described elsewhere 
[26]. The fermentation processes were carried out as per the 
design matrix shown in Table 2. All the experiments were 
conducted in triplicates.

2.6  Extraction of inulinase enzyme

The fermented matter was mixed with 40 mL of 0.1 M 
sodium acetate buffer at a pH of 5 and agitated thoroughly 
for 1 h at 180 rpm to extract the enzyme. Sterile muslin 
cloth was utilized for the filtration of the enzyme extract. 
The filtrate was subsequently centrifuged at 10,000 rpm for 
10 min and 4 °C to obtain the cell-free extract. Inulinase 
and invertase activities were determined using the cell-free 
supernatant [4, 16].

2.7  Analytical methods

Reagents and chemicals of analytical grade used in this 
research were procured from Merck Limited, Mumbai, India, 
and Hi-Media Laboratories Pvt. Ltd., Maharastra, India.

2.7.1  Inulinase and invertase assay

Inulinase activity was estimated by measuring the quantum 
of reducing sugar fructose using the dintrosalicylic acid 
(DNS) method [27]. Inulin was dissolved in 0.1 M sodium 
acetate buffer to prepare a 20% inulin solution; 0.1 mL of 
the cell-free supernatant and 0.9 mL of inulin solution were 
incubated for 10 min, during which inulinase hydrolyzed 
inulin to release fructose. Fructose produced was estimated 
by adding 1 mL of DNS reagent followed by heating for 
10 min at 90 °C in a water bath. Blank was prepared by 
mixing preheated cell-free supernatant and inulin solution 
in the same proportion. The absorbance was read at 575 nm 
against the blank using a spectrophotometer (Eppendorf 
Biospectrometer Kinetic 6136). One unit of inulinase 
enzyme activity is defined as the quantum of inulinase 
enzyme which releases 1 μmol of fructose per minute under 
standard assay conditions. Invertase assay is also defined 
as similar to inulinase assay, with the reaction mixture 
consisting of sucrose instead inulin [28].

2.7.2  Inulinase activity to sucrose activity (I/S ratio)

Inulinase enzyme can also hydrolyze sucrose apart from 
inulin, and hence, the I/S ratio was calculated. An I/S ratio 
of more than  10−2 indicates higher inulinase activity, while 
an I/S ratio of less than  10−4 indicates higher invertase 
production [29].
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2.8  Experimental design and statistical model 
to optimize inulinase production using CCD

Based on preliminary studies, four parameters viz the 
amount of substrate, volume of moistening media, inocu-
lum volume, and fermentation time were screened to find 
the optimal values for higher inulinase activity through SSF 
using banana shoot powder as substrate. The experimental 
design of CCD was created with the software Minitab 17.0 
(trial version) to find the optimal process conditions and 
also to evaluate the interaction effects among the parame-
ters. This design of the experiment included four parameters 
with five different levels (− 2, − 1, 0, + 1, + 2), as shown in 
Table 1. In this study, the experimental design runs comprise 
31 experiments, of which 16 cube points, eight axial points, 
and seven center points, as given in Table 2. The statisti-
cal tool Minitab 17.0 (trial version) performs the regres-
sion analysis based on the inulinase activity data shown in 
Table 2 to find the impact of statistically influential param-
eters on the response.

A second-order polynomial was fitted consisting of the 
linear, quadratic, and linear interaction terms for each of the 
parameters (Eq. (1)).

where X is the predicted inulinase activity; pi is the ith 
endogenous parameter; λ0 is the intercept; λi is the coeffi-
cient of linear terms; λii is the coefficient of quadratic terms 
for the parameter i; and λiλj is the coefficient of interaction 
terms between parameters i and j. The mathematical model 
Eq. (2) was verified through analysis of variance (ANOVA) 
with F-test and R2 (coefficient of determination). Experi-
ments were conducted at the process parameters indicated 
by the optimal conditions, and subsequently, inulinase activ-
ity was determined to validate the model using the strain 
Nothophoma anigozanthi JAM and the substrate, banana 
shoot powder. Mean values with standard deviation from 
the experiments conducted in triplicates were reported [20].
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2.9  Characterization of inulinase production

2.9.1  Thin‑layer chromatography

The hydrolysis reaction of the inulinase enzyme in optimized 
media can be analyzed using thin-layer chromatography 
(TLC). Five mL of cell-free supernatant extract, obtained 
after centrifugation, and 0.05 g of inulin were mixed thor-
oughly and incubated at 56 °C for 4 h. Subsequently, boil-
ing the reaction mixture for 10 min arrested the hydrolysis 
reaction, thereby producing inactivated enzyme. Five mL 
of sodium acetate buffer was added to each of the following 
sugars in separate test tubes: 0.02 g fructose, 0.02 g glucose, 
and 0.02 g sucrose to prepare a solution of fructose (F), 
glucose (G), and sucrose (S). A few drops of the following 
were applied on a TLC plate: test samples (T), inactive inuli-
nase (I), glucose (G), fructose (F), and sucrose (S). The TLC 
plate was later air dried, and to develop the chromatogram, 
the plate was soaked in a solution of butanol, acetone, and 
water (4:5:1). Air drying removed the developer solution and 
diphenylamine reagent consisting of diphenylamine (1%), 
aniline (1%), and phosphoric acid (10%) was sprayed on 
the TLC plate. The reaction of sugars with diphenylamine 
produces colors. Again, the TLC plate was then subjected 
to oven drying at 90 °C for 10 min [30].

2.9.2  Seliwanoff test

Aldose and ketose sugars in a sample can be distinguished 
by the Seliwanoff test. Ketose sugar produces cherry red or 
burgundy color, while aldose sugar produces no color when 
heated for a shorter duration. Prolonged heating is avoided 
since aldose sugars can also produce a red color. The inuli-
nase and inulin-containing cell-free supernatant as test sam-
ples as well as inactivated inulinase with inulin, fructose, 
and glucose as the three standard controls were subjected 
to the Seliwanoff test. The Seliwanoff reagent and the test 
samples were mixed in the ratio of 1:0.5 by volume and 
boiled for 2 min, while the three standard control samples 
and Seliwanoff reagent were mixed in the proportion of 1:1 
by volume before boiling for 2 min [31].

2.9.3  Osazone test

The osazone formation test is a simple test that assists in 
the qualitative determination and identification of sugars. 
Sugars such as fructose and glucose produce characteristic 
broom or needle-shaped crystals of osazone upon reaction 
with phenylhydrazine. The solutions of phenylhydrazine 
hydrochloride were mixed separately with 1 mL of fructose 
control solution, 2 mL of the inulinase, and inulin-contain-
ing extract solution, free of cells, as the test solution. Both 

Table 1  Levels of parameters used in CCD for the maximum produc-
tion of inulinase using banana shoot powder as substrate through SSF 
using Nothophoma anigozanthi JAM

Parameters Coded levels

 − 2  − 1 0  + 1  + 2

Amount of substrate, g 2 4 6 8 10
Volume of moistening media, mL 5 10 15 20 25
Inoculum volume, mL 4 6 8 10 12
Fermentation time, h 24 48 72 96 120
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solutions were boiled in a water bath for 30 min and cooled. 
Distinctive osazone crystals formed can be observed under a 
light microscope (Euromex Iscope, Holland) at a magnifica-
tion of 40 [32].

2.10  Biochemical properties of inulinase

2.10.1  Effect of pH and stability

For the determination of the optimum pH, the crude enzyme 
was extracted from the fermented matter using buffers in 
the pH range of 2.0 to 9.0 utilizing 0.1 M KCl buffer for 
pH range between 2.0 and 3.0, 0.1 M sodium acetate buffer 
for pH range between 4.0 and 6.0, and 0.1 M sodium phos-
phate buffer for pH range between 7.0 and 9.0. The effect 

on inulinase activity due to variations in pH was determined 
by incubating the inulinase enzyme in the combinations of 
the above-stated pH and buffer system under the standard 
assay conditions. Percentage relative activity is calculated 
based on test inulinase activity divided by the control activ-
ity (highest activity obtained at the optimum pH). For pH 
stability, the inulinase enzyme was subjected to incubation 
in a buffer range of pH 2.0 to 9.0 at 4 °C for 24 h, and subse-
quently, the residual enzyme activity was estimated [23, 33].

2.10.2  Effect of temperature and thermal stability

The optimum temperature was determined for the inulinase 
activity by incubating the inulin (substrate) – inulinase 
(crude enzyme) mixtures at temperatures between 10 and 

Table 2  CCD matrix of 
experiments to maximize 
the production of inulinase 
using banana shoot powder as 
substrate through SSF using 
Nothophoma anigozanthi JAM

A: amount of substrate, g; B: volume of moistening media, mL; C: inoculum volume, mL; D: fermentation 
time, h

Run A B C D Inulinase activity, U/gds I/S ratio

Experimental Predicted

1 4 (− 1) 10 (− 1) 6 (− 1) 48 (− 1) 0.527 ± 0.020 0.546 6.934
2 8 (+ 1) 10 (− 1) 6 (− 1) 48 (− 1) 0.268 ± 0.033 0.257 0.992
3 4 (− 1) 20 (+ 1) 6 (− 1) 48 (− 1) 0.428 ± 0.30 0.418 0.781
4 8 (+ 1) 20 (+ 1) 6 (− 1) 48 (− 1) 0.226 ± 0.042 0.228 0.239
5 4 (− 1) 10 (− 1) 10 (+ 1) 48 (− 1) 0.491 ± 0.070 0.4745 1.474
6 8 (+ 1) 10 (− 1) 10 (+ 1) 48 (− 1) 0.192 ± 0.071 0.210 0.864
7 4 (− 1) 20 (+ 1) 10 (+ 1) 48 (− 1) 0.606 ± 0.020 0.598 1.181
8 8 (+ 1) 20 (+ 1) 10 (+ 1) 48 (− 1) 0.415 ± 0.048 0.433 1.301
9 4 (− 1) 10 (− 1) 6 (− 1) 96 (+ 1) 0.733 ± 0.102 0.714 2.787
10 8 (+ 1) 10 (− 1) 6 (− 1) 96 (+ 1) 0.324 ± 0.065 0.341 0.658
11 4 (− 1) 20 (+ 1) 6 (− 1) 96 (+ 1) 0.367 ± 0.099 0.357 2.21
12 8 (+ 1) 20 (+ 1) 6 (− 1) 96 (+ 1) 0.068 ± 0.062 0.083 0.326
13 4 (− 1) 10 (− 1) 10 (+ 1) 96 (+ 1) 0.507 ± 0.143 0.513 1.662
14 8 (+ 1) 10 (− 1) 10 (+ 1) 96 (+ 1) 0.157 ± 0.037 0.165 0.301
15 4 (− 1) 20 (+ 1) 10 (+ 1) 96 (+ 1) 0.399 ± 0.041 0.4085 0.366
16 8 (+ 1) 20 (+ 1) 10 (+ 1) 96 (+ 1) 0.17 ± 0.025 0.159 0.415
17 2 (− 2) 15 (0) 8 (0) 72 (0) 0.711 ± 0.115 0.729 2.503
18 10 (+ 2) 15 (0) 8 (0) 72 (0) 0.215 ± 0.033 0.190 0.469
19 6 (0) 5 (− 2) 8 (0) 72 (0) 0.456 ± 0.008 0.449 0.765
20 6 (0) 25 (+ 2) 8 (0) 72 (0) 0.315 ± 0.033 0.315 1.897
21 6 (0) 15 (0) 4 (− 2) 72 (0) 0.262 ± 0.066 0.264 0.821
22 6 (0) 15 (0) 12 (+ 2) 72 (0) 0.277 ± 0.042 0.268 1.427
23 6 (0) 15 (0) 8 (0) 24 (− 2) 0.426 ± 0.132 0.423 0.283
24 6 (0) 15 (0) 8 (0) 120 (+ 2) 0.321 ± 0.099 0.317 3.867
25 6 (0) 15 (0) 8 (0) 72 (0) 0.499 ± 0.002 0.510 0.946
26 6 (0) 15 (0) 8 (0) 72 (0) 0.518 ± 0.008 0.510 0.975
27 6 (0) 15 (0) 8 (0) 72 (0) 0.51 ± 0.011 0.510 0.966
28 6 (0) 15 (0) 8 (0) 72 (0) 0.499 ± 0.008 0.510 0.952
29 6 (0) 15 (0) 8 (0) 72 (0) 0.512 ± 0.019 0.510 0.966
30 6 (0) 15 (0) 8 (0) 72 (0) 0.522 ± 0.011 0.510 0.968
31 6 (0) 15(0) 8 (0) 72 (0) 0.513 ± 0.021 0.510 0.971
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70 ℃ under the standard assay conditions. Similarly, thermal 
stability was determined in terms of inulinase activity 
remaining post 1 h incubation period, in the temperature 
range of 20 to 70 ℃ before the addition of substrate. 
Initial inulinase activity at the start of the experiment was 
considered 100% relative activity [34, 35].

2.10.3  Effect of metal ions, additives, and organic solvents

The effects of different cations of metals on the crude 
enzyme were determined by incubating the inulinase 
for 30 min in the presence of 1 mM solutions of  Fe2+, 
 Mg2+,  Ca2+,  K+,  Zn2+,  Mn2+, and  Na2+ before the addi-
tion of substrate [23]. The effects of 1% (w/v) of SDS, 
β-mercaptoethanol, Tween-60, EDTA, and Triton x-100 on 
the activity of inulinase were determined under the same 
conditions [36, 37]. The effects of 20% (v/v) of toluene, 
butanol, isoamyl alcohol, methanol, and hexane on the activ-
ity of inulinase were similarly determined under the standard 
assay conditions [23]. Observed activity in the absence of 
metals, additives, and organic solvents was considered as 
100% relative activity.

2.10.4  Study on enzyme reaction kinetics

The Michaelis Menten constants Km and Vmax were deter-
mined by Lineweaver–Burk plots [38]; 0.1 mL of crude 
supernatant was mixed with 0.9 mL of substrate (inulin) 
solutions at a concentration range of 10 to 70% (w/v). The 
inulolytic hydrolysis was allowed to proceed in the substrate-
enzyme solution at 60 °C for 20 min in a water bath. Inuli-
nase activities were measured, as described in the “Analyti-
cal methods” section [23].

3  Results and discussion

3.1  Isolation, screening, and identification 
of inulin‑degrading fungal strain

In this study, a novel fungal strain was isolated from 
the root soil of the white Jamun tree (Syzygium cumini) 
(Udupi, India) to produce the inulinase enzyme by adopt-
ing serial dilution and spread plate method. This isolate 
showed its growth on an inulin agar media, as depicted in 
Fig. 1, which indicates that the isolate has the capability to 
hydrolyze substrate inulin into fructose or fructo-oligosac-
charides with its inulinase activity [39–41]. Henceforth, 
this newly isolated fungal strain was selected for further 
study. Alongside, the isolate was identified based on inter-
nal transcribed spacer (ITS) sequencing at the National 
Centre for Microbial Resource (NCMR), Pune, India. 
The fungal isolate showed 99.55% sequence similarity 

with Nothophoma anigozanthi NR_135992.1 through the 
homology of ~ 550 bp sequence with its closest neighbor in 
the NCBI database (Fig. 2). The internal transcribed space 
(ITS) rRNA sequence data of the newly isolated species 
Nothophoma anigozanthi JAM has been submitted to Gen 
Bank (Accession no. OM103046).

This study is in good agreement with Surti and Mhatre 
[38], where a fungal strain was isolated from rotten gar-
lic samples for the production of inulinase. Similarly, P. 
lanosocoeruleum was isolated from rhizosphere and soil 
environment for the production of inulinase [42].

3.2  Quantification of inulin content

The presence of inulin content in the substrate banana 
plant shoot powder was estimated by hydrolyzing 
with oxalic acid, upon which it releases fructose units 
[25, 27]. In this study, the free fructose content in the 
banana plant shoot powder was found to be 0.406 mg/
gds (gds: gram dry substrate), whereas the hydrolyzed 
banana plant shoot powder exhibited a fructose content 
of 14.12 mg/gds; this indicates the presence of inulin 
content in the substrate (banana plant shoot powder) 
which is chosen for the production of inulinase through 

Fig. 1  A newly isolated fungal strain Nothophoma anigozanthi JAM 
on inulin agar media
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SSF with Nothophoma anigozanthi JAM. Similarly, Alwi 
et al. [9] reported that inulin concentration in the banana 
stem was 1.22 mg/mL.

3.3  Experimental design and statistical model 
to optimize inulinase production using CCD

The quadratic and interaction effects between the four prom-
inent parameters (amount of substrate, volume of moisten-
ing media, inoculum volume, and fermentation time) were 
considered to optimize the inulinase production with banana 
shoot powder as substrate and strain Nothophoma anigo-
zanthi JAM using CCD. The experimental design matrix 
of CCD with inulinase activity in real and coded values 
of parameters is shown in Table 2. The highest and lowest 
activity was exhibited in trial 9 (0.733 U/gds) and trial 12 
(0.068 U/gds), respectively. Higher reproducibility of the 
experimental data is indicated by the low capriciousness 
of the central points (run 25, 26, 27, 28, 29, 30, and 31) 
(Table 2). A multiple regression mathematical model was 
obtained for the inulinase activity using the experimental 
design matrix data (Eq. (2)).

where X is the inulinase activity, U/gds; A is the amount of 
substrate, g; B is the volume of moistening media, mL; C is 
the inoculum volume, mL; and D is the fermentation time, h.

ANOVA (analysis of variance) was used for evaluat-
ing the competence of the model and its fitness (Table 3). 
Table 3 depicts the significant linear and quadratic terms of 
the amount of substrate, the volume of moistening media, 
inoculum volume, and fermentation time at 95% confidence 
(p < 0.05). Based on ANOVA, the proposed mathematical 
model was highly significant for the SSF of Nothophoma 
anigozanthi JAM with banana shoot powder as a substrate 
to produce inulinase, with a high F-value of 200.53 and a 
very low P-value of 0.000. In this study, the F-values of the 
model (200.53) are much higher than “lack of fit” (5.31), 
which indicates that a better fit of data to the proposed math-
ematical model (Table 3), and can be ascertained by the 
determination coefficient (R2). The value of R2 was 0.9943, 
indicating that 99.43% of the total variation in the inulinase 
production was ascribed to the parameters. Furthermore, 
the rational agreement between the predicted R2 (0.97) and 
adjusted R2 (0.9894) of the mathematical model (Eq. (2)) 
was observed.

Figure 3 depicts the three-dimensional surface plots, 
which explain the interaction effects among the parameters 
on inulinase production. The degree of interactions among 
the parameters can be evaluated based on the outline of the 
surface plot. A convex type of outline between the parameter 
indicates the presence of interaction between the parameters, 

(2)

X

(

U

gds

)

= −0.646 − 0.0471A + 0.00102B + 0.1896C + 0.02280D − 0.003193A2

− 0.001286B2 − 0.015287 C2 − 0.000061 D2 + 0.002475AB

+ 0.00156 AC − 0.000438 AD + 0.006288 BC

− 0.000476 BD − 0.000669 CD

Fig. 2  Neighbor-joining tree indicating the location of the fungal 
strain Nothophoma anigozanthi JAM shown as “Unknown”
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whereas a concave shape indicates less or no interaction 
[43]. The effect of interaction between two parameters is 
shown with other parameters held constant at their central 
level (0). A convex type of outline between the parameters, 
A × B, A × D, B × C, B × D, and C × D, specified the substan-
tial interaction effect at its optimal conditions for improved 
inulinase activity except for A × C. The equivalent interpre-
tations are statistically made known in Table 3.

The response optimizer tool of the MINITAB 17 (free trial 
version) was utilized for predicting the optimal level of param-
eters for enhanced production of inulinase, and the values of 
their optimum levels are as follows: the amount of substrate 
(banana shoot powder) = 2.0 g, the volume of moistening 
media = 5.0 mL, inoculum volume = 5.0 mL, and fermentation 
time = 96 h, and an inulinase activity of 2.047 U/gds was pre-
dicted at the above-mentioned optimum condition (Table 4).

Das et al. [16] optimized inulinase production using a similar 
approach and reported the highest inulinase activity of 2.45 U/
gds from Penicillium amphipolaria strain at 96 h of fermen-
tation time under optimal conditions using hardy sugarcane 
stem as substrate. Similarly, Sheng et al. [44] reported a maxi-
mum inulinase activity from marine yeast strain Cryptococcus 
aureus G7a and substrates wheat bran and rice husk at a fer-
mentation time of 120 h. Yazici et al. [45] optimized the process 

parameters for the production of inulinase from onion peel and 
stevia roots and reported the highest activity in 120 h. In this 
study, the newly isolated strain Nothophoma anigozanthi JAM 
produced inulinase in a reduced fermentation period of 96 h 
by degrading inulin present in the crude substrate banana plant 
shoot powder, whereas other strains reported higher fermenta-
tion periods than 96 h described elsewhere [35, 44].

To validate the proposed mathematical model (Eq. (2)), 
experimental trials were carried out at the optimized levels in 
triplicates, as shown in Table 4. The predicted and experimen-
tal inulinase activities were 2.109 U/gds and 2.578 ± 0.166 U/
gds, respectively (Table 4); this low variability signifies the 
adequacy of the model. The statistical approach CCD led to an 
increase in inulinase activity from 0.322 ± 0.025 U/gds (unop-
timized medium) to 2.578 ± 0.166 U/gds (optimized medium), 
with substrate banana shoot powder in SSF by Nothophoma 
anigozanthi JAM.

3.4  Characterization of inulinase production

3.4.1  Thin‑layer chromatography

Standards used in the TLC viz. fructose (F), glucose (G), and 
sucrose (S) developed brown-colored spots, as observed in 

Table 3  The ANOVA of the 
mathematical model attained 
from central composite design 
for inulinase production with 
banana shoot powder from 
Nothophoma anigozanthi JAM

A: amount of substrate, g; B: volume of moistening media, mL; C: inoculum volume, mL; D: fermentation 
time, h

Source DF Seq SS % Contribution Adj SS Adj MS F-test P-test

Model 14 0.773 99.43 0.773 0.055 200.53 0.000
Linear 4 0.478 61.47 0.081 0.020 74.25 0.000
  A 1 0.434 55.85 0.009 0.009 35.78 0.000
  B 1 0.026 3.44 0.030 0.030 111.19 0.000
  C 1 0.000 0.00 0.015 0.015 56.73 0.000
  D 1 0.016 2.18 0.025 0.025 93.29 0.000

Quadratic 4 0.146 18.76 0.146 0.036 132.41 0.000
   A2 1 0.000 0.01 0.004 0.004 16.93 0.001
   B2 1 0.015 1.96 0.029 0.029 107.21 0.000
   C2 1 0.095 12.25 0.106 0.106 387.86 0.000
   D2 1 0.035 4.45 0.035 0.035 128.15 0.000

2-way Interaction 6 0.149 19.20 0.149 0.024 90.36 0.000
  AB 1 0.009 1.26 0.009 0.009 35.55 0.000
  AC 1 0.001 0.08 0.001 0.001 2.27 0.152
  AD 1 0.007 0.91 0.007 0.007 25.59 0.000
  BC 1 0.063 8.13 0.063 0.063 229.44 0.000
  BD 1 0.052 6.71 0.052 0.052 189.39 0.000
  CD 1 0.016 2.12 0.016 0.016 59.90 0.000

Lack of fit 10 0.003 0.51 0.003 0.000 5.13 0.029
Error 16 0.004 0.57 0.004 0.000
iPure error 6 0.000 0.06 0.000 0.000
iTotal 30 0.778 100.00
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Fig. 4, while the control (I) containing both substrate inulin 
and deactivated enzyme inulinase produced very weak spots. 
The three test samples (T1 to T3) produced single-colored 
spots confirming the presence of fructose from the hydroly-
sis reaction. The exoenzyme inulinase hydrolyzed inulin to 
generate fructose which in turn produced brown spots in the 
developed TLC plate. Das et al. [16] could observe reddish 
brown spots for the test samples resembling the spots for 
fructose and glucose standards in the TLC plate and proved 
P. amphipolaria inulinase to have an Exo-inulolytic nature. 
Garuba et  al. [34] also obtained similar findings while 

analyzing the hydrolysis products of Aspergillus tamarii 
inulinase using TLC with their test samples and the stand-
ards showing similar spots.

Fig. 3  Response plots presenting the interaction effects between two 
parameters on the production of inulinase with SSF and Nothophoma 
anigozanthi JAM when other parameters are held at a constant level. 
(a) amount of substrate, A, and volume of moistening media, B; (b) 
amount of substrate, A, and inoculum volume, C; (c) amount of sub-

strate, A, and fermentation time, D; (d) volume of moistening media, 
B, and inoculum volume, C; (e) volume of moistening media, B, and 
fermentation time, D; and (f) inoculum volume, C, and fermentation 
time, D

Table 4  Optimal process condition for the maximum production of 
inulinase using banana shoot powder as substrate through SSF using 
Nothophoma anigozanthi JAM

Parameters Optimal 
values

Inulinase activity, U/gds

Predicted Experimental

A: amount of substrate, g 2 2.109 2.578 ± 0.166
B: volume of moistening 

media, mL
5

C: inoculum volume, mL 5
D: fermentation time, h 96

Fig. 4  Thin-layer chromatography: I, control (inulin + deactivated inulinase); 
F, standard fructose; G, standard glucose; S, standard sucrose;  T1,  T2, and  T3; 
inulinase synthesized fructose
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3.4.2  Seliwanoff test

Aldose and ketose sugars in a cell-free extract can be dis-
tinguished by Seliwanoff’s test. Fructose solution (F) and 
the cell-free extract (E) produced red color on heating with 
Seliwanoff solution, while glucose solution (G) and the con-
trol (D) containing thermally deactivated enzyme did not 
generate a color (Fig. 5). Hence, this study validates the 
production of inulinase upon hydrolysis of inulin present in 
banana plant shoot and releasing the product fructose [31].

3.4.3  Osazone formation test

The hydrolysis of inulin by inulinase release fructose, which 
was further validated through the osazone formation test. 
Needle and broom-shaped crystals were observed under a 
light microscope with both fructose standard and synthe-
sized fructose (Fig. 6). Kamble et al. [46] and Das et al. [16] 
reported the formation of needle and broom-shaped osazone 
crystals like that of fructose standards while performing osa-
zone test with their crude inulinase enzymes obtained from 
Arthrobacter mysorens and P. amphipolaria, respectively.

3.5  Biochemical properties of inulinase

3.5.1  Effect of pH and stability

Figure 7a depicts that the crude inulinase enzyme was 
very active in the pH range of 4–6 and the peak activity 
and stability were observed at a pH of 5.0. The reaction 
temperature maintained during this study was 30 °C, i.e., 
an assay condition. An optimum pH of 7.0 was reported 
for inulinase from Chrysosporium pannorum [47]. Inuli-
nase from Fusarium oxysporum had an optimum pH of 
6.2 [2]. An optimum pH of 6.0 was reported for inuli-
nase from Aspergillus fumigatus [48]. Pessoni et al. [49] 
obtained an optimum pH of 6.0 from Penicillium janc-
zewskii inulinase. Inulinase from Pichia guilliermondii 
had an optimum pH of 6.0 [50]. de Oliveira et al. [17] 
reported that crude inulinase from A. terreus showed 
maximum activity at pH of 4.0. The optimum pH of 
enzymes isolated from different sources generally varies, 
attributed probably due to the composition variations in 
the molecular structure. This affects the enzyme ioniza-
tion in a solution.

Fig. 5  Seliwanoff’s test for 
detecting aldoses: D, deacti-
vated enzyme with inulin; E, 
inulinase with inulin; F, fruc-
tose; and G, glucose

Fig. 6  Osazone test to detect 
reducing sugar fructose: (a) 
standard fructose and (b) 
inulinase-produced fructose
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3.5.2  Effect of temperature and thermal stability

Inulinase activity gradually increased from 10 °C, reaching 
a peak at 60 °C, and subsequently, a drop in the activity was 
observed at 70 °C, as depicted in Fig. 7b. An optimized pH 
of 5.0 was maintained during this study. Most of the fungal 
inulinases have been reported to have the best operational 
temperature range of 45–55 °C. However, some studies have 
reported 60 ℃ as the optimum temperature, such as inulinase 
from A.terreus [17], Aspergillus fumigatus [48], and Pichia 
guilliermondii [50].

The maximum stability of the inulinase enzyme was 
observed at a storage temperature of 30 °C (Fig. 7b). The 
thermal stability of the enzyme steadily decreased from 30 
to 60 °C, and a drop in the activity was observed at 70 °C, 
as was observed previously in the case of the effect of tem-
perature on inulinase activity. Inulinases from fungal species 
such as Aspergillus ochraceus have thermal stability of 60 
℃ [51]. Inulinase from Cryptococcus aureus is thermally 
stable until 65 ℃ [44]. Inulinase from Aspergillus ficuum has 
thermal stability in the range of 50–60 ℃ [52]. Yuan et al. 
[53] reported that inulinase from Candida kutaonensis has 
a thermal stability range of 45–60 ℃.

3.5.3  Influence of metal ions, additives, and organic 
solvents on inulinase activity

Different metal ions were tested at various concentrations 
for effect on crude inulinase activity. It was observed that 
the enzyme activity was completely inhibited and no activ-
ity was observed at metal ion concentrations of 2 mM and 
above. Results of the metal ion on enzyme activity are 
depicted in Fig. 8a. Metal ions  Zn++ and  K+ completely 
inhibited the enzyme activity, while  Ca++ displayed no effect 
on the activity. Also, it must be understood that several fac-
tors such as enzyme protein conformation and source of iso-
lation can control how different metal ions affect the activity 
of inulinase or any enzyme. For example, Singh et al. [6] 
reported that  K+ has no effect and  Ca++ has a positive effect 
on the activity of Penicillium oxalicum BGPUP-4 inulinase 

enzyme. Rawat et al. [23] observed the presence of  Ca++ 
and  Fe+++ to elicit a rather positive effect on the activity of 
Aspergillus fumigatus inulinase and  Hg++ to strongly inhibit 
the activity.

Figure 8b depicts that Triton × 100 had a beneficial effect 
and improved the activity of the inulinase while EDTA, 
SDS, Tween 60, and β mercaptoethanol reduced the activ-
ity of the enzyme. Nguyen et al. [37] also reported that the 
addition of Triton × 100 enhanced the activity of Thermo-
myces lanuginosus IMI 140,524 inulinase. Lu et al. [54] 
could observe that EDTA and SDS decreased the inulinase 
activity of Nocardiopsis sp. DN-K15 at different concen-
trations. Inulinase produced by Paecilomyces variotii was 
found to be negatively affected by the presence of EDTA 
and β mercaptoethanol [36]. Rawat et al. [23] also confirmed 
the inhibitory effects of EDTA on the activity of Aspergillus 
fumigatus inulinase.

Most organic solvents are known to deactivate vari-
ous enzymes [55]. However, the activity of the inulinase 
enzyme from Nothophoma anigozanthi JAM was enhanced 
by the solvent isoamyl alcohol and the remaining solvents 
suppressed the activity of the enzyme, as shown in Fig. 8c. 
Rawat et al. [23] also have studied the effect of various sol-
vents such as methanol, chloroform, butanol, toluene, etha-
nol, hexane, and glycerol on the activity of inulinase pro-
duced by Aspergillus fumigatus and found toluene to possess 
a stimulatory effect on the inulinase activity to some degree.

3.5.4  Study on enzyme reaction kinetics

Km and Vmax are two important parameters that determine 
an enzyme’s kinetic behavior as a function of substrate con-
centration [56, 57]. The kinetic parameters were determined 
from the Lineweaver–Burk plot. The Vmax and Km are esti-
mated to be 0.333 μmol/L.min and 205 mM, respectively 
(Fig. 8d). The result of the Lineweaver–Burk plot revealed 
that the crude inulinase enzyme had a higher affinity for 
inulin as well as a faster reaction velocity. The lower value of 
Km indicates that the enzyme has reached maximum catalytic 
efficiency at a lower substrate concentration. Rawat et al. 

Fig.7  a Effect of pH and 
b effect of temperature on 
inulinase activity produced by 
SSF of Nothophoma anigozan-
thi JAM
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[23] obtained a Km and Vmax value of 5.88 mM and 1.66 µM/
min, respectively, for the purified exo-inulinase isolated from 
Aspergillus fumigatus. Germec et al. [58] reported an experi-
mental Vmax value of 1055.55 U/mL and Km of 16.13 mg/mL 
determined using a Lineweaver–Burk plot when inulin was 
used as a substrate for Aspergillus niger inulinase.

4  Conclusion

In this study, the inulinase enzyme was produced from 
the novel fungal strain Nothophoma anigozanthi JAM, 
isolated from the Jamun tree soil, with novel substrate 
banana plant shoot powder through SSF. The study of the 
statistical design of experiments for inulinase production 
has led to an eightfold increase (2.578 ± 0.166 U/gds) 
when compared to unoptimized conditions. Banana plant 
shoot powder was found to be the best alternative source 
of the synthetic and expensive inulin substrate; it may also 
find its application in biofuel sectors. TLC, osazone, and 
Seliwanoff tests validated the production of inulinase by 
Nothophoma anigozanthi JAM. The inulinase activity was 
increased in the presence of  Ca+2 ions (co-factor), isoamyl 
alcohol (organic solvent), and Triton × 100 (additives) and 

also was active between the range 40 to 60 °C and pH 5.0. 
These properties of inulinase may be beneficial for the food 
and beverage industries. Further studies can be carried out 
to purify the inulinase with different techniques such as 
precipitation, dialysis, size exclusion chromatography, and 
ion exchange chromatography to enhance the enzymatic 
activity. Applicational studies of the enzyme in regard to 
theproduction of biofuels, organic acids, and single-cell 
proteins are also recommended.
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