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Abstract: Pineapples generate large amounts of agricultural wastes during their production. To
reduce environmental impacts due to poor handling of these wastes, the underutilised pineapple
plant stem (PPS), which has a high starch content, can be explored for its sugar recovery. To achieve
this, gelatinisation is a key process in increasing enzymes’ susceptibility. Therefore, this study
aimed to enhance glucose recovery from PPS by studying the effects of gelatinisation temperature
and time on its functional properties. Afterwards, the fermentable sugar obtained was used for
amino acids production by Bacillus subtilis ATCC 6051. PPS has a high gelatinisation temperature
(To =111 °C; Tp = 116 °C; T = 161 °C) and enthalpy (AH = 263.58 ] /g). Both temperature and time
showed significant effects on its functional properties, affecting enzymatic hydrolysis. Gelatinisation
temperature of 100 °C at 15 min resulted in maximum glucose recovery of 56.81 g/L (0.81 g/g
hydrolysis yield) with a 3.53-fold increment over the control. Subsequently, utilisation of PPS
hydrolysate in the fermentation by B. subtilis ATCC 6051 resulted in 23.53 mg/mL amino acids being
produced with productivity of 0.49 g/L/h. This opens up new opportunities for the applications of
PPS as well as B. subtilis ATCC 6051 in the amino acids industry.
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1. Introduction

Although corn and cassava are widely used as sources of starch, especially in Southeast
Asian countries, issues such as the rising cost of these sources, overexploitation, and food
security have raised the need to utilise agricultural residues as a sustainable alternative
starch [1,2]. The abundance and availability of PPS make it a cost-effective and great
source of substrate for the fermentation process by exploiting the recovered fermentable
sugars, targeting mainly glucose. According to the Food and Agriculture Organization
(FAO) of the United Nations [3], the production of pineapples has been increasing and
reached 28 million tonnes, with one million hectares of harvested area, in 2019. The
production shares by region showed that Asia has the highest production of pineapple
at 42.1%, followed by the Americas (37.0%), Africa (20.5%), and Oceania (0.4%). Among
these, Costa Rica, Philippines, and Brazil have become the top three countries for pineapple
production. The huge production of pineapple has resulted in a massive amount of by-
products generated from the industry, which may lead to various waste management and
environmental issues due to their susceptibility to microbial spoilage [4]. Therefore, there
is a need to make use of these by-products in value-added products.

PPS is composed of 11.56% protein, 9.91% carbohydrate, and 8.05% fibre on a dry
basis [5]. The high carbohydrate content in the PPS makes it a great source for glucose
production, which can be used in the bioconversion of value-added products to help reduce
the environmental issues pertaining to the poor handling of the agricultural biomass. PPS
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has high starch content ranging from (dry basis) 86.7% to 97.77% [1,6]. This starch can be
effectively extracted using wet milling and filtration [7]. Nakthong et al. [6] reported a 30%
(w/w) high-purity starch was produced from pineapple stem. However, the utilisation of
the PPS presents certain limitations in its native form as it is resistant to hydrolysis. In this
case, the solubility of the PPS presents as an important characteristic during enzymatic
hydrolysis. There will be a decrease in crystallinity upon heating, which in turn affects
the solubility, swelling, and loss of birefringence after gelatinisation [8]. After hydrolysis,
amylose is degraded and exhibits incremental solubility when swelling of granules oc-
curs [9]. Other than its source and swelling power, the degree of intermolecular associative
forces and the presence of other components may also contribute to the difference in its
solubility [10,11].

Physical modification of PPS such as via the gelatinisation process can improve its
properties to suit various industrial applications. This can be achieved by dispersing the
PPS in water above its gelatinisation temperature [12]. During gelatinisation, the granules
swell before breaking and then release their amylose content [13]. The gelatinised PPS
can then be converted into glucose, which is commonly used in the fermentation industry.
This can be done through enzymatic hydrolysis processes, by employing enzymes such
as glucoamylase and pullulanase [14]. The fermentable sugars obtained as a result of the
enzymatic hydrolysis can be applied in fermentation processes in a wide range of industries
to produce value-added products, such as amino acid.

Glucose recovery from biomass often involves lignocellulosic biomass, and only
few from starch-based feedstocks. Lignocellulosic biomass requires pretreatment before
enzymatic hydrolysis can take place. In contrast, the utilisation of starchy biomass results
in greater glucose recovery without the need of pretreatment, which in turn becomes less
time-consuming and more cost-efficient. Unlike other lignocellulosic biomass that produces
a complex mixture of sugars after enzymatic hydrolysis, the sugar recovered from PPS
mainly consists of glucose. This acts as an added value as glucose is the most favourable
fermentable sugar in amino acids production. Compared to other starch-based feedstocks,
such as corn, wheat, cassava, and rice, the utilisation of PPS as the substrate does not
interfere with food security as it is commonly being disposed of as waste. In term of
glucose recovery, PPS also results in high hydrolysis yield when used as the substrate [5].

Bioconversion of the agricultural by-product can provide valuable insight into its
potential utilisation in various industries, such as amino acids production. Amino acids
have been receiving great attention due to the increasing, multi-billion USD market demand
in various industries, such as the food and feed industries [15,16]. Compared to other
bio-based products which have applications as specialty chemicals or food ingredients,
amino acids are one of the major pillars in the field of industrial biotechnology due to their
wide range of contributions to GDP and the bio-economy. With the animal feed industry
among their top applications, amino acids can also be applied in food, pharmaceutical,
and cosmetic industries, as dietary supplements, as well as a precursor for other bio-based
products and chemicals [17]. Current approaches in the production of amino acids include
protein hydrolysate extraction, chemical synthesis, enzymatic synthesis, and fermenta-
tion [18]. Among these, fermentation is the most favourable for the industrial scale utilising
low-cost substrates. Genetically modified Corynebacterium glutamicum is being widely used
in the fermentation of amino acid [19]. In addition, the production of amino acids has
also been reported using Escherichia coli and Pediococcus acidilactici in other studies [20,21].
However, the discovery of alternative amino acid producers utilising agricultural biomass
would be useful in providing a new approach in the industry.

To the best of our knowledge, despite its wide range of abilities to produce various
enzymes, there have been few studies conducted on use of Bacillus subtilis for produc-
tion of amino acids, such as lysine and methionine. Being generally recognised as safe
(GRAS), B. subtilis, a Gram-positive bacterium, has received much attention from indus-
try [22]. It is commonly applied as the microbial host for various productions, such as of
succinate, ethanol, D-lactate, and 2’ -fucosyllactose [23,24]. Furthermore, B. subtilis is also



Energies 2022, 15, 9155

30f15

widely used for enzymes production; namely of alpha-amylase, pullulanase, cellulase, and
protease [22,25,26]. However, there is a lack of study on its application for amino acids
production from agricultural biomass.

In the present study, the gelatinisation properties of PPS and the effects of temperature
and time on its functional properties were studied to enhance its glucose recovery. We
also evaluated the potential of B. subtilis ATCC 6051 as an amino acids producer utilising
agricultural biomass. Although the physicochemical properties of starch isolated from
pineapple stem have been well documented in recent studies, limited studies have been
done to investigate the functional properties of the PPS by employing all its compositions
for enhanced glucose recovery. Most studies on PPS have mainly focused on the isolation
of pure starch and its physicochemical properties. Apart from lower yield, the isolation and
extraction of pure starch from PPS is time-consuming and labour-intensive. In view of this,
the determination of the functional properties of the PPS, such as water solubility, water
absorption, and swelling power, as well as gelatinisation properties, is crucial to further
utilise all its components for higher glucose production. In brief, the amino acid-producing
ability of B. subtilis ATCC 6051 using the enhanced glucose recovered from PPS is discussed
in this study.

2. Materials and Methods
2.1. Sample Collection and Preparation

The PPS was collected from Ladang Nanas Dengkil, Selangor, Malaysia. The sample
was prepared based on our previous study [5]. The dried PPS was then pulverised using
a grinder before sieving with a sifter. The fine-ground sample was then stored at room
temperature.

2.2. Characterisation of Pineapple Plant Stem

The PPS was subjected to starch and initial sugar analysis. The soluble sugar was
obtained from the liquid fraction of PPS solution prior to enzymatic hydrolysis and anal-
ysed using high-performance liquid chromatography (HPL) to determine the initial sugar
content. Total starch content was determined using the dinitrosalicylic acid (DNS) method
as described by Jeong et al. [27] with slight modification. A 7% (w/7v) of pineapple plant
stems in distilled water was incubated in a water bath at 90 °C for 15 min, followed by
centrifugation at 4000 rpm for 10 min. The supernatant was analysed for the initial sol-
uble sugars whereas the pellet was air-dried for several minutes, followed by enzymatic
hydrolysis using 5.56 U/mL Dextrozyme. The supernatant resulted from the hydrolysis,
also referred to as pineapple plant stem hydrolysate, was then analysed for reduced sugars
concentration using the DNS method and the absorbance was measured at 575 nm. The
total starch content was then calculated as shown in Equation (1) [12]:

Starch content (%) = Total sugar (%) x 0.9 D

A correction was made for the enzyme blank of Dextrozyme DX 1.5 X and initial
soluble sugars in the calculation of total sugar. A correction factor of 0.9 was made for the
conversion of starch to the measured glucose value.

2.3. Gelatinisation and Functional Analysis of Pineapple Plant Stem
2.3.1. Gelatinisation Properties Using Differential Scanning Calorimetry

Gelatinisation properties of PPS were analysed using a differential scanning calorime-
ter (STARe System, Mettler-Toledo, Greifensee, Switzerland) as described by Zeng et al. [28].
A 40 pL aluminium pan was used throughout the analysis and 1.0 g of PPS on a dried basis
was dispersed in 2.0 g deionised water and left to equilibrate for 1 h at room temperature.
Approximately 30 mg of the starch suspension was placed on the aluminium pan and
hermetically sealed. The heating process was carried out at a rate of 10 °C per min over a
temperature ranging from 25 °C to 300 °C. The aluminium pan was used as the reference



Energies 2022, 15, 9155

40f 15

standard. The result obtained was analysed for its gelatinisation onset temperature (Tj),
peak temperature (Tp), and conclusion temperature (T.), as well as the enthalpy change
(AH) of PPS. The start temperature (Ts) and end temperature (Te) were also determined.

2.3.2. Water Solubility, Swelling Power, and Water Absorption of Pineapple Plant Stem

Water solubility, swelling power, and water absorption of PPS were determined as
described by Atukuri et al. [29], Kaur et al. [30], and Chisenga et al. [31] with slight
modifications. One gram of PPS suspended in 10 mL distilled water was subjected to
heating in the water bath at various temperatures (60 °C, 70 °C, 80 °C, 90 °C, 95 °C, and
100 °C) and times (5, 10, 15, 20, 25, 30 min) using the one-factor-at-a-time (OFAT) approach.
The suspension was swirled continuously during the process and left to cool at room
temperature until it reached ambient temperature. It was then subjected to centrifugation
at 4000 rpm for 30 min. The supernatant was collected and oven-dried at 85 °C for 24 h
in a pre-weighed aluminium dish for determination of solubility. The wet sediment in
the centrifuge tube was weighed for the determination of swelling power in PPS. After
weighing, the sediment was allowed to dry at 85 °C for 24 h and the dried sediment was
weighed for water absorption. Water solubility, swelling power, and water absorption of
PPS were calculated as shown in Equations (2)—(4), respectively.

Dry weight of solubilised sample (g)

Water solubility (%) = Dry weight of sample (g)

x100% @)

Wet weight of swollen sediments (g)

Swelling power (/g) = Dry weight of sample (g) x (100 — % solubility)

®)

Wet weight of sediments (g)
Dry weight of sample (g)

4)

Water absorption index =

2.4. Enzymatic Hydrolysis of Pineapple Plant Stem

The PPS was subjected to enzymatic hydrolysis using Dextrozyme DX 1.5 X (Novozymes,
Copenhagen, Denmark) as described by reviews [14,32]. Seven percent (w/v) of PPS was
suspended in 0.1 M acetate-buffered solution at pH 4.2. Gelatinisation was carried out by
boiling in a water bath at 100 °C for 15 min. The beaker containing the PPS suspensions
was covered with aluminium foil to reduce solvent loss in heating. It was then allowed
to cool down at room temperature until it reached 60 °C. Then, 5.56 U/mL Dextrozyme
DX 1.5 X with glucoamylase activity of 156.36 U/mL was added to the gelatinised PPS.
The solution was incubated in a water bath at 60 °C for 60 min with continuous stirring.
It was then allowed to cool down to room temperature and subjected to centrifugation at
3000 rpm for 10 min. The PPS hydrolysate was analysed for glucose and total reduced
sugars concentration. The hydrolysis yield of PPS was calculated based on Equation (5).

~ Amount of reduced sugar produced (g/L) x 0.9 x 100%

Hydrolysis yield (%) = (Starch (%) x Amount of substrate used (g/L)) ©)

A value of 0.9 was used as the correction error for the determination of the amount
of starch hydrolysed, since starch is a form of polysaccharide and water is involved in the
hydrolysis of polysaccharides and 1 mol of reduced sugar released requires 1 mol of water.

2.5. Amino Acids Production by B. subtilis ATCC 6051
2.5.1. Culture Preparation

B. subtilis (Ehrenberg) Cohn (ATCC 6051) purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA) was used in the production of amino acids from
PPS hydrolysate. Ready-made nutrient medium was used for the routine growth of the
culture, which consisted of peptone (0.5% w/v), and meat extract (0.3% w/v) with pH of
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the medium adjusted to pH 7.0. Subculturing was done using 1% (v/v) of the culture,
incubated at 30 °C for 24 h at 150 rpm.

2.5.2. Fermentation for Amino Acids Production

A volume of 10% (v/v) active 24 h seed culture was transferred into production
medium in a 250 mL shake flask consisting of nutrient medium supplemented with 20 g/L
glucose from PPS hydrolysate. Incubation was conducted at 30 °C for 72 h at 150 rpm.
Sampling was done at 4 h intervals in triplicate, followed by centrifugation at 10,000 rpm for
5 min using a microcentrifuge (Sorvall Legend Micro 17, Thermo Fisher Scientific, Dreieich,
Germany) to obtain the cell-free supernatant for reducing sugars and amino acids analysis.

2.6. Analytical Analysis

Determination of glucoamylase activity of Dextrozyme DX 1.5 X was done as described
by Leaes et al. [33] The reducing sugars concentration was determined using the dinitrosal-
icyclic acid (DNS) method as described by Miller [34]. Simple sugars from PPS hydrolysate
were determined using high-performance liquid chromatography (HPLC) as described by
Linggang et al. [35]. The quantification was done using a Rezex RPM-Monosaccharide Pb*?
column with a refractive index detector. Deionised water was used as the mobile phase
with a flow rate of 0.6 mL/min and the analysis was carried out at 80 °C. Cell concentration
was determined using an Optizen Pop UV /VIS Spectrophotometer (Mecasys Co., Ltd.,
Daejon, Republic of Korea) at 600 nm, based on Toe et al. [21]. Amino acids profile of the
cell-free supernatant was analysed at an accredited laboratory (UNIPEQ, UKM-MTDC,
Bangi, Malaysia). After acid hydrolysis, samples were analysed for amino acids content via
the ACCQ Tag Waters Method using an HPLC equipped with fluorescence detector. The
statistical analysis of the experimental data was conducted by t-test, analysis of variance
(ANOVA), and the means were compared by Tukey’s post hoc test at a significance level of
0.05 (p < 0.05). All statistical and correlation analyses were conducted using the statistical
software SPSS Version 28.

3. Results and Discussion
3.1. Carbohydrate Content of Pineapple Plant Stem

Quantification of the carbohydrate in the PPS revealed that it consisted of a significant
amount of soluble and insoluble fractions of the carbohydrate. Sugars are the soluble
carbohydrates whereas starch is the insoluble fraction of the carbohydrate. The initial
sugars found in the PPS before enzymatic hydrolysis were found to be monosaccharide,
with 1.17 (£0.17) g/L glucose, and disaccharides, such as 0.97 (£0.75) g/L maltose and
3.64 (£0.82) g/L sucrose. These sugars are known as the water-soluble fraction of the non-
starch polysaccharides, which can be readily used as a carbon source in the fermentation
process. PPS was also found to be composed mainly of starch at 78.96 (4:3.60)%, which
could be a great source of substrate for glucose recovery. However, the starch as the
non-structural carbohydrate in the PPS needs to undergo gelatinisation and enzymatic
hydrolysis for the production of glucose.

3.2. Enzymatic Hydrolysis of Pineapple Plant Stem

Gelatinisation process is dependent on the plant source and type of starch; thus, it
often commences at various temperatures. Gelatinisation temperatures that fall within the
range of 58-72 °C have been reported for various types of native starches, such as potato,
corn, wheat, tapioca, and waxy maize [36]. Among these, the temperature of 60 °C has the
highest occurrence. Therefore, the gelatinisation temperature of PPS was set at 60 °C as the
control prior to enzymatic hydrolysis. This resulted in 16.61 (£0.72) g/L glucose recovery,
which was equivalent to 28.32% hydrolysis yield. The sugar yield was comparable to that
of total reducing sugars (28.7%) and total sugars (29.0%) obtained at 5% (v/v) sulfuric
acid at 3 h of hydrolysis time for direct hydrolysis of spent coffee grounds [37]. However,
compared to a study conducted by Awg-Adeni et al. [14] with 52.72% hydrolysis yield, the



Energies 2022, 15, 9155

6 of 15

glucose recovered obtained from the control in this study was at a lower value. The low
glucose recovery from PPS at 60 °C could be due to the biomass, which had yet to reach its
onset gelatinisation temperature. Other than that, low water solubility and swelling power
at the gelatinisation temperature used for the control could also be the reasons for the low
hydrolysis yield obtained. Therefore, studies on the gelatinisation properties as well as the
functional properties of PPS are needed to enhance the production of fermentable sugars,
specifically in glucose recovery. In enzymatic hydrolysis of PPS, gelatinisation is deemed to
be a vital step as the higher degree of gelatinisation will ease the enzymatic process [38].
The hydrothermal processing will increase the availability of disordered a-glucan chains,
which makes the gelatinised sample more susceptible to hydrolysis [39].

3.3. Enhancement of Glucose Recovery from Pineapple Plant Stem

Gelatinisation properties of PPS were studied to understand its behaviour and op-
timum temperature for the process to take place. This allowed the determination of the
gelatinisation temperature of PPS before it was subjected to enzymatic hydrolysis. As an
added value to enhance the recovery of the fermentable sugar from the biomass, study
on the effects of temperature and time on the functional properties of PPS also allows a
better understanding of its behaviour. These functional properties include water solubility,
swelling power, and water absorption of PPS.

3.3.1. Gelatinisation Properties of Pineapple Plant Stem

Gelatinisation is a two-stage endothermic reaction that takes place in an aqueous
environment [40]. The PPS suspension was set at 7% (w/v) as reported by Awg-Adeni
et al. [14] due to the high-fermentable-sugars conversion based on that respective study.
Although high biomass loading may lead to more glucose being recovered, it can lead to
a high inhibitors concentration and limit mass transfer [41]. The thermogram of gelatini-
sation temperature and enthalpies of PPS after determination using differential scanning
calorimetry is depicted in Figure 1 and the values of thermal properties are reported in
Table 1. The results show that the PPS has a high gelatinisation temperature and enthalpy.

Endothermic Heat Flow (W/g)

T T T T 1
50 100 150 200 250 300
Temperature (°C)

Figure 1. Differential scanning calorimetry thermogram of pineapple plant stem.

The onset gelatinisation temperature of the PPS was 111 °C. At 95 °C, the PPS reached
its start gelatinisation temperature, in which the first crystallite started to gelatinise, fol-
lowed by the T, as the gelatinisation process continued. As explained by Chisenga et al. [31],
high T, results from the high content of protein, lipid, and fibre. A high lipids content
will lower the susceptibility of granules to gelatinisation as it may prevent the water from
diffusing into the granules, thus retarding the gelatinisation. The protein concentration
also increases the temperature by competing with granules for water molecules and results
in the inhibition of swelling [42].
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Table 1. Thermal properties of pineapple plant stem.

Parameter Value
Start Temperature, Ts (°C) 95
Onset Temperature, T, (°C) 111
Peak Temperature, Tp, (°C) 116
Conclusion Temperature, T¢ (°C) 161
End Temperature, Te (°C) 167
Gelatinisation Enthalpy, AH (J/g) 263.58

The peak gelatinisation temperature of the PPS was 116 °C. A higher peak temperature
in PPS indicated that more thermal energy was required to initiate the gelatinisation process.
Similar to T, T}, also showed a weak positive correlation with amylose, protein, and lipid
content of the granules; however, it showed a weak negative correlation with swelling
powers [31].

The conclusion gelatinisation temperature of PPS was 161 °C. Upon reaching the
temperature of 167 °C, it reached its end gelatinisation temperature, in which the most
perfect crystallites of the PPS gelatinised. At this temperature, the PPS had reached the
endpoint of its complete gelatinisation. Differences in amylose, protein, and lipid contents,
as well as amylopectin chain length, could be the reasons affecting the T [31].

The enthalpy of gelatinisation of PPS was 263.58 J/g. During the endothermic process
of gelatinisation, energy is required to break the hydrogen bond, which is known as
enthalpy of gelatinisation [43]. The higher enthalpy of gelatinisation in the PPS, which
reflects the loss of double-helical and crystalline order, indicated that more energy would
be needed to melt the granules. The enthalpy of gelatinisation in the PPS may also be
attributed to the presence of other components, such as protein, lipid, and fibre content. This
was further demonstrated by Sirivongpaisal [44], wherein the enthalpy of gelatinisation
in the flour of Bambara groundnut was higher than that in the starch obtained from
the groundnut.

3.3.2. Effects of Temperature and Time on Water Solubility of Pineapple Plant Stem

In swelling volume determination, solubility is the percentage amount of starch or
granules that is leached out into the supernatant [30,45]. The granules are generally
insoluble in cold water; therefore, heat is needed for the granules to absorb water and swell
in the presence of excess water [40]. For a deeper understanding of the water solubility
of the PPS, the process was carried out at various temperatures and times. The water
solubility of the PPS increased from 15.88% to 37.01% at a temperature ranging from 60 °C
to 100 °C after 15 min of gelatinization, as depicted in Figure 2. However, there was a trivial
decrease of water solubility with increase in time from 15 to 30 min. During gelatinisation,
the structure becomes tighter, more rigid, and ordered due to the effects of the heating on
the hydrogen bonding, correlating to the internal rearrangement and reassociation of the
granules [46,47]. The water solubility of the PPS was contributed to by not only starch but
also proteins, fibre, and other compositions. After heating for a long period, a new network
is formed when the protein molecules aggregate, thus reducing the water solubility of the
protein component after extrusion. Other than that, the amount of insoluble dietary fibre
also decreased [48]. This in turn affected the overall water solubility of the PPS. There was
a strong positive correlation between temperature and water solubility of the PPS (r = 0.894,
p <0.001). This suggests that the water solubility of the PPS was temperature-dependent
and it increased as the temperature increased.
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Figure 2. Water solubility of pineapple plants stems under different conditions: (a) effect of tempera-
ture; (b) effect of time. Error bars indicate the mean value + standard deviation of triplicate of the
sample. Values with different letters are statistically different at p < 0.05.

When tested at different times ranging from 5 to 30 min at 90 °C, the water solubility
of the PPS increased significantly from 16.79% at 5 min and reached its peak at 35.81% at
15 min, and the trend decreased beyond 15 min, insignificantly. There was also a strong
positive correlation between time and water solubility of the PPS (r = 0.894, p < 0.001). This
suggests that the water solubility of the PPS increased as the time taken for the dispersion
process increased. The water solubility of the PPS showed a two-stage process, whereby
the values were insignificant when heated at 60 to 80 °C, followed by a significant increase
when the heating temperature changed from 80 to 90 °C, where gelatinisation may have
occurred. At high temperature, the PPS may have lost its crystallinity and molecular order
due to the distraction of granules and the release of amylose from the starch content, which
led to an increase in the water solubility.

3.3.3. Effects of Temperature and Time on Swelling Power of Pineapple Plant Stem

Swelling power is usually characterised as an important structural characteristic
during the processing and ascertaining of its suitability in food applications [31]. During
heating, the crystallinity will decrease due to alteration in the crystalline structure, which
will lead to the absorption of more water and result in changes in the solubility, granule
swelling and loss of birefringence. The penetration of water will swell the granules before
they are finally ruptured [8].

There was a very strong positive correlation between water solubility and swelling
power of the PPS (r = 0.953, p < 0.05). When starch granules are heated and become swollen,
the molecules become smaller and more soluble, making them more easily dispersed in the
water, thus increasing the water solubility [6]. The swelling power of the PPS differed in
a range from 60 to 100 °C after 15 min of gelatinization, as shown in Figure 3, showing a
continuous increase with the increase in temperature.

At 60 to 80 °C, the temperature was below the start and onset gelatinisation temper-
ature, leading to the lower value of swelling power in the PPS. There was a very strong
positive correlation between temperature and swelling power of PPS (r = 0.961, p < 0.05).
This is in line with the study conducted by Chen et al. [49], in which the swelling power of
corn starch increased significantly as temperature increased. When the PPS was heated for
different durations at 90 °C, the swelling power increased over time from 5 to 30 min. There
was a significant increment from 10 to 20 min, where it reached its peak swelling power.
The correlation between time and swelling power of PPS also showed a high positive value
(r=0.942, p < 0.05), indicating that as time increased, the swelling power also increased. A
similar trend was observed by Kumoro et al. [47], whereby the swelling power of gadung
(Dioscorea hispida Dennst) starch increased as time increased to a certain extent when the
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temperature was set at 110 °C. This is also in agreement with another study conducted
by Ji et al. [50], in which the swelling factor of maize starch increased as the heating time
increased. As the heating time increased, the expansion of the granules was induced and
granules swelled to a larger size, thus increasing their swelling factor.
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Figure 3. Water absorption and swelling power of pineapple plants stems at different parameters:

(a) effect of temperature; (b) effect of time. Error bars indicate the mean value + standard deviation
of triplicate of the sample. Values with different letters are statistically different at p < 0.05.

Swelling power often correlates with amylose and amylopectin content. There is a
weak negative correlation between swelling power and amylose content [10,31]. Other
than the amylose content, the protein and lipid contents, as well as trace elements such
as phosphorus, sodium, and potassium, are also factors contributing to the variation in
swelling power [31,51]. The negative correlation of swelling power and protein content is
due to the ability of the protein compounds to restrict the swelling of the granules; they may
cause an increase of hydrophobicity and eventually reduce the uptake of water, resulting in
a decrease in swelling power [31,42].

3.3.4. Effects of Temperature and Time on Water Absorption of Pineapple Plant Stem

The water absorption index is the ability of the gelatinised granules to absorb water,
which can be affected by the availability of hydrophilic groups and their capacity to
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form gels [52]. It measures the amount of water absorbed by granules in the presence
of excess water after the swelling of granules and is often related to their gelatinisation
properties [13,53]. The water absorption index of the PPS was determined at various
temperatures, ranging from 60 to 100 °C for 15 min, with a peak value of 80 °C, as depicted
in Figure 3. However, the changes in the water absorption index were insignificant at all
the temperatures used in the determination. Unlike water solubility and swelling power,
there was only a weak positive correlation between the temperature and water absorption
index (r = 0.395, p < 0.05). When compared to swelling power, it showed a weak positive
correlation with the water absorption index (r = 0.321, p < 0.05). The effects of heating
time on the water absorption index of PPS were studied at 5 to 30 min of gelatinisation.
A significant increase in the water absorption index was reported after 15 min of heating
before it reached its peak value at 25 min of heating. However, the correlation between
time and water absorption index showed a relatively high positive interaction (r = 0.622,
p <0.05).

The water absorption index gives information on the number of solids that are dis-
solved in the water, acting as an indication of starch degradation [54]. When heated in water,
disruption of inter- and intra-molecular bonds will disturb the compact structure of the PPS.
The hydroxyl groups in the PPS will be converted into alkoxides in an aqueous environment.
This will in turn lead to a disruption of the hydrogen bond between the glucose monomers.
Swelling will eventually occur when a hydrogen bond is formed between water molecules
and the amylose or amylopectin in the PPS. This will then lead to extensive swelling as the
water molecules penetrate the internal structure of the granules [55]. The polysaccharide
chains are then uncoiled in their swollen state and this transition is irreversible [12]. The
water absorption capacity may be affected by the presence of other components, such as
protein and carbohydrates [44]. The presence of protein may affect the hydrophobicity of
the PPS, hence affecting its water absorption ability. Furthermore, variations of granular
structure and the loose association of amylose and amylopectin molecules in the PPS could
also affect its water-binding capacity [51].

3.3.5. Glucose Recovery from Pineapple Plant Stem at Optimised Gelatinisation Condition

Enzymatic hydrolysis of PPS led to a significant increment in terms of glucose recovery
when gelatinisation was conducted at the optimum temperature and time, based on the
results obtained from its functional properties and gelatinisation temperature. Considering
that higher water solubility and swelling power may enhance the susceptibility of PPS
towards enzymatic hydrolysis, the reaction time of 15 min was selected for the gelatinisation
prior to hydrolysis for enhanced glucose recovery. This led to an enhanced enzymatic
hydrolysis yield when the temperature was increased from 60 °C to 90 °C, in which
the glucose recovered resulted in a 2.76-fold increase in hydrolysis yield at 78.18%, with
49.91 (£2.87) g/L glucose being produced. When the temperature was increased to 90 °C,
the significant increase in its solubility and swelling power resulted in higher glucose
recovery as the PPS was reaching its start and onset gelatinisation temperature. Although
the water solubility and swelling power of the PPS did not increase significantly from
90 °C to 100 °C, the enzymatic hydrolysis still resulted in a 1.28-fold increase in hydrolysis
yield, in which 56.81 (£2.15) g/L glucose was recovered at 100 °C with 0.81 g/g hydrolysis
yield. This could be due to the gelatinisation properties of the PPS: it was reaching its
peak gelatinisation temperature at 100 °C. In short, the hydrolysis yield showed a total
3.53-fold increment when the gelatinisation temperature was increased from 60 °C (control)
to 100 °C before enzymatic hydrolysis, thus making PPS a potential biomass for glucose
production and recovery.

3.4. Amino Acids Production by B. subtilis ATCC 6051 from Pineapple Plant Stem Hydrolysate

Growth profiling of B. subtilis ATCC 6051 using glucose (20 g/L) as the carbon source
was carried out, as illustrated in Figure 4, to understand the growth of the strain and
its glucose utilisation throughout the fermentation process, showing a total of 12.05 g/L
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glucose being consumed. When PPS hydrolysate was used, the consumption was slightly
higher than that of commercial glucose, as shown in Figure 5, in which 15.17 g/L carbon
source was being consumed.

35.00
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Figure 4. Growth profiling of B. subtilis ATCC 6051 using glucose as carbon source. Symbols represent:
0O: glucose; M: ODgg. Error bars indicate the mean value =+ standard deviation of triplicates of

the sample.
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Figure 5. Glucose consumption of B. subtilis ATCC 6051 using pineapple plant stem hydrolysate
as carbon source. Symbol represents: O: glucose. Error bars indicate the mean value + standard
deviation of triplicates of the sample.

As a result, a maximum of 23.53 mg/mL total amino acids were being produced
extracellularly during the fermentation. This indicates that glucose recovered from the PPS
was suitable for the growth of the microbe in amino acids production. The increment of
total amino acid produced throughout the fermentation (as presented in Table 2) suggested
that B. subtilis ATCC 6051 has the ability to produce amino acids using PPS hydrolysate
through separate enzymatic hydrolysis and fermentation.

It is noteworthy that the strain was able to produce various essential amino acids.
A maximum of 21.43 mg/mL essential amino acids were produced, including threonine,
valine, methionine, lysine, isoleucine, and leucine. As for non-essential amino acids, a
lesser amount of production was detected as compared to the essential ones, with a total of
2.89 mg/mL being produced. Among the 17 amino acids detected, lysine (20.81 mg/mL)
and alanine (1.36 mg/mL) were the most notable productions, followed by glutamic acid
(0.52 mg/mL) and aspartic acid (0.34 mg/mL). The production of lysine obtained in this
study was higher than that reported in a study using glucose by KiBeom et al. [56], in
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which 0.22 mg/mL and 0.12 mg/mL lysine were produced from Pediococcus acidilactici
and Lactobacillus salivarius, respectively. The lysine produced was also higher compared to
that in other studies using jackfruit seed hydrolysate (8.00 mg/mL) [57] and corn stover
hydrolysate (14.70 mg/mL) [58], where C. glutamicum was used in both studies. In the food
industry, glutamic acid has been in great demand, followed by aspartic acid. Glutamic acid
is commonly used as a flavour enhancer in the form of monosodium glutamate (MSG),
whereas aspartic acid is the starting material for peptide sweeteners, namely L-aspartyl
L-phenylalanyl methyl ester (aspartame) [59]. In the animal feed industry, the so-called
feed amino acids, including lysine, methionine, and threonine, make up the largest share
of the total amino acid market at 56% and they are expected to keep fueling the market
growth in future [60].

Table 2. Maximum increment in amino acids production from pineapple plant stem hydrolysate
through separate enzymatic hydrolysis and fermentation using B. subtilis ATCC 6051. Superscripts
with different letter are significantly different from each other within the same column at p < 0.05.

Maximum Increment

Amino Acid

Amount (mg/mL) Time (h) Productivity (mg/L/h)
Essential Amino Acid

Histidine 0.002 72 0.002
Threonine 0.25h 24 10.441
Valine 0.16f 72 2.23¢
Methionine 0.03 b 72 0.42P

Lysine 20.81 ™ 48 433571
Isoleucine 0.11¢ 72 1.53¢
Leucine 0.07 <d 24 2928
Phenylalanine 0.00% 48 0.00°

Non-Essential Amino Acid

Hydroxyproline 0.002 72 0.004
Aspartic Acid 0.34 48 7.10h
Serine 0291 24 12.11!
Glutamic Acid 052k 48 10.86 k
Glycine 0.06 bc 24 251 f
Arginine 0.00° 24 0.002

Alanine 136! 48 28.39m
Proline 0.218 24 8.771
Tyrosine 0.10 de 48 2,094
Total Amino Acid 23.53 48 490.15

In contrast to the amino acids produced, our study showed a reduction in the arginine
profile, indicating that the strain cannot produce arginine from PPS hydrolysate. This is in
line with studies carried out by Lim et al. [61] and Lee et al. [62], which showed a drastic
reduction of arginine was found in several strains of Pediococcus sp. and Lactobacillus sp.
for amino acids production. Hydroxyproline, histidine, and phenylalanine also showed
a reduction during the fermentation, indicating that they were being consumed for cell
growth by B. subtilis ATCC 6051.

All in all, the production of various amino acids indicates that PPS can be an alter-
native carbon source in the bioconversion of amino acids. The production of amino acids
also throws light on the application of B. subtilis ATCC 6051 in the amino acid industry.
Apart from being rich in starch, PPS also consists of other components, such as cellulose,
hemicellulose, and protein, which could be potential sources for amino acids production.
However, due to the different structures and mechanisms of hydrolysis, different enzymes
are required to break down different components of the PPS. Therefore, this study can
serve as a baseline for the production of amino acids from PPS using B. subtilis ATCC 6051
by enhancing the glucose recovery. Future study can be conducted on direct utilisation
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of starch and other components of PPS for the production of amino acids as well as its
optimisation process.

4. Conclusions

The present work showed that PPS has a high gelatinisation temperature (T, = 111 °C;
Tp =116 °C; Tc = 161 °C) and gelatinisation enthalpy (AH = 263.58 ] /g). The optimum
temperature and time for gelatinisation of PPS were at 100 °C and 15 min, respectively.
This led to a maximum glucose recovery of 56.81 g/L of fermentable sugar. The glucose
recovered resulted in 23.53 mg/mL amino acids being produced after fermentation. Thus,
the current work has successfully demonstrated the ability of B. subtilis ATCC 6051 in
the production of amino acids by utilising the glucose recovered from PPS as the carbon
source. In short, the present findings throw light on the potential valorisation of PPS for its
application in the amino acid industry and open up a new opportunity for the application of
B. subtilis ATCC 6051 as an amino acid producer from agricultural wastes. The optimisation
of the production of the amino acid from PPS using B. subtilis ATCC 6051 can be conducted
as future studies of this work.

Author Contributions: Conceptualization, L.-Y.P,, S K.5.M. and S.A.-A.; data curation, PH.C.; formal
analysis, PH.C.; funding acquisition, L.-Y.P., S K.S.M. and S.A.-A ; investigation, P.H.C.; methodology,
PH.C.,, M.A]. and S.A.-A,; project administration, S.A.-A.; resources, S.A.-A.; supervision, L.-Y.P,,
S.K.S.M. and S.A.-A.; validation, PH.C. and M.A ],; visualization, PH.C., M.A ]J. and S.A.-A.; writing—
original draft, PH.C., M.AJ., L.-Y.P, SK.SM. and S.A.-A.; writing—review and editing, PH.C.,
M.AJ., L-Y.P, SK.SM. and S.A.-A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Higher Education under the Fundamental
Research Grant Scheme (FRGS/1/2020/STG01/UPM/01/4), Universiti Putra Malaysia Graduate Re-
search Fellowship, and Public Service Department of Malaysia under the Excellent Student Program.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful for the samples provided by AlafPutra Biowealth Sdn
Bhd, Kota Tinggi, Johor, Malaysia.

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

References

1.

@

10.

Khongpradit, A.; Boonsaen, P.; Homwong, N.; Suzuki, Y.; Koike, S.; Sawanon, S.; Kobayashi, Y. Effect of Pineapple Stem Starch
Feeding on Rumen Microbial Fermentation, Blood Lipid Profile, and Growth Performance of Fattening Cattle. Anim. Sci. J. 2020,
91, e13459. [CrossRef] [PubMed]

Rinju, R.; Harikumaran-Thampi, B.-S. Characteristics of Starch Extracted from the Stem of Pineapple Plant (Ananas comosus)—An
Agro Waste from Pineapple Farms. Braz. Arch. Biol. Technol. 2021, 64, 1-14. [CrossRef]

Food and Agriculture Organization of the United Nations (FAO). Available online: http:/ /www.fao.org (accessed on 21 July 2021).
Susmitha, A.; Sasikumar, K.; Rajan, D.; Padmakumar, M.A.; Nampoothiri, KM. Development and Characterization of Corn
Starch-Gelatin Based Edible Films Incorporated with Mango and Pineapple for Active Packaging. Food Biosci. 2021, 41, 100977.
[CrossRef]

Chu, P.H.; Jenol, M.A.; Phang, L.Y.; Ibrahim, M.F,; Prasongsuk, S.; Bankeeree, W.; Punnapayak, H.; Lotrakul, P.; Abd-Aziz, S.
Starch Extracted from Pineapple (Ananas comosus) Plant Stem as a Source for Amino Acids Production. Chem. Biol. Technol. Agric.
2021, 8, 29. [CrossRef]

Nakthong, N.; Wongsagonsup, R.; Amornsakchai, T. Characteristics and Potential Utilizations of Starch from Pineapple Stem
Waste. Ind. Crop. Prod. 2017, 105, 74-82. [CrossRef]

Chisenga, S.M.; Workneh, T.S.; Bultosa, G.; Alimi, B.A. Progress in Research and Applications of Cassava Flour and Starch: A
Review. J. Food Sci. Technol. 2019, 56, 2799-2813. [CrossRef]

Bashir, K.; Aggarwal, M. Physicochemical, Structural and Functional Properties of Native and Irradiated Starch: A Review. J. Food
Sci. Technol. 2019, 56, 513-523. [CrossRef]

Uthumporn, U,; Shariffa, Y.N.; Karim, A.A. Hydrolysis of Native and Heat-Treated Starches at Sub-Gelatinization Temperature
Using Granular Starch Hydrolyzing Enzyme. Appl. Biochem. Biotechnol. 2012, 166, 1167-1182. [CrossRef]

Kusumayanti, H.; Handayani, N.A.; Santosa, H. Swelling Power and Water Solubility of Cassava and Sweet Potatoes Flour.
Procedia Environ. Sci. 2015, 23, 164-167. [CrossRef]


http://doi.org/10.1111/asj.13459
http://www.ncbi.nlm.nih.gov/pubmed/32996271
http://doi.org/10.1590/1678-4324-2021190276
http://www.fao.org
http://doi.org/10.1016/j.fbio.2021.100977
http://doi.org/10.1186/s40538-021-00227-6
http://doi.org/10.1016/j.indcrop.2017.04.048
http://doi.org/10.1007/s13197-019-03814-6
http://doi.org/10.1007/s13197-018-3530-2
http://doi.org/10.1007/s12010-011-9502-x
http://doi.org/10.1016/j.proenv.2015.01.025

Energies 2022, 15, 9155 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

Kumoro, A.C.; Retnowati, D.S.; Budiyati, C.S.; Manurung, T. Siswanto Water Solubility, Swelling and Gelatinization Properties of
Raw and Ginger Oil Modified Gadung (Dioscorea hispida Dennst) Flour. Res. J. Appl. Sci. Eng. Technol. 2012, 4, 2854-2860.
Rahma, A.; Adriani, M.; Rahayu, P; Tjandrawinata, R.R.; Rachmawati, H. Green Isolation and Physical Modification of Pineapple
Stem Waste Starch as Pharmaceutical Excipient. Drug Dev. Ind. Pharm. 2019, 45, 1029-1037. [CrossRef] [PubMed]

Burgos, V.E.; Armada, M. Characterization and Nutritional Value of Precooked Products of Kiwicha Grains (Amaranthus caudatus).
Food Sci. Technol. 2015, 35, 531-538. [CrossRef]

Awg-Adeni, D.S.; Bujang, K.B.; Hassan, M.A.; Abd-Aziz, S. Recovery of Glucose from Residual Starch of Sago Hampas for
Bioethanol Production. Biomed Res. Int. 2013, 2013, 935852. [CrossRef] [PubMed]

Wu, X.Y.; Guo, X.Y.; Zhang, B.; Jiang, Y.; Ye, B.C. Recent Advances of L-Ornithine Biosynthesis in Metabolically Engineered
Corynebacterium glutamicum. Front. Bioeng. Biotechnol. 2020, 7, 440. [CrossRef] [PubMed]

Wendisch, V.E. Metabolic Engineering Advances and Prospects for Amino Acid Production. Metab. Eng. 2019, 58, 17-34.
[CrossRef]

Sturm, V.; Banse, M.; Salamon, P. The Role of Feed-Grade Amino Acids in the Bioeconomy: Contribution from Production
Activities and Use in Animal Feed. Clean. Environ. Syst. 2022, 4, 100073. [CrossRef]

D’Este, M.; Alvarado-Morales, M.; Angelidaki, I. Amino Acids Production Focusing on Fermentation Technologies—A Review.
Biotechnol. Adv. 2018, 36, 14-25. [CrossRef]

Sgobba, E.; Blobaum, L.; Wendisch, V.F. Production of Food and Feed Additives from Non-Food-Competing Feedstocks: Valorizing
N-Acetylmuramic Acid for Amino Acid and Carotenoid Fermentation with Corynebacterium glutamicum. Front. Microbiol. 2018,
9,2046. [CrossRef]

Lee, M.H,; Lee, HW.,; Park, ]. H.; Ahn, J.O.; Jung, ] K.; Hwang, Y. Il Improved L-Threonine Production of Escherichia coli Mutant by
Optimization of Culture Conditions. J. Biosci. Bioeng. 2006, 101, 127-130. [CrossRef]

Toe, C.J.; Foo, H.L.; Loh, T.C.; Mohamad, R. Extracellular Proteolytic Activity and Amino Acid Production by Lactic Acid Bacteria
Isolated from Malaysian Foods. Int. . Mol. Sci. 2019, 20, 1777. [CrossRef]

Zhang, K.; Su, L.; Wu, J. Enhancing Extracellular Pullulanase Production in Bacillus subtilis through DItB Disruption and Signal
Peptide Optimization. Appl. Biochem. Biotechnol. 2022, 194, 1206-1220. [CrossRef]

Mhatre, A.; Kalscheur, B.; Mckeown, H.; Bhakta, K.; Sarnaik, A.P,; Flores, A.; Nielsen, D.R.; Wang, X.; Soundappan, T.; Varman,
A M. Consolidated Bioprocessing of Hemicellulose to Fuels and Chemicals through an Engineered Bacillus subtilis-Escherichia coli
Consortium. Renew. Energy 2022, 193, 288-298. [CrossRef]

Ji, M,; Liu, Y.; Xie, S.; Fu, C.; Liu, M.; Shi, J. De Novo Synthesis of 2’-Fucosyllactose in Engineered Bacillus subtilis ATCC 6051a.
Process Biochem. 2022, 120, 178-185. [CrossRef]

Raul, D.; Biswas, T.; Mukhopadhyay, S.; Kumar Das, S.; Gupta, S. Production and Partial Purification of Alpha Amylase from
Bacillus subtilis (Mtcc 121) using Solid State Fermentation. Biochem. Res. Int. 2014, 2014, 568141. [CrossRef]

Rajagopalan, G.; Krishnan, C. Optimization of Agro-Residual Medium for a-Amylase Production from a Hyper-Producing
Bacillus subtilis KCC103 in Submerged Fermentation. J. Chem. Technol. Biotechnol. 2009, 84, 618-625. [CrossRef]

Jeong, W.H.; Harada, K.; Yamada, T.; Abe, J.; Kitamura, K. Establishment of New Method for Analysis of Starch Contents and
Varietal Differences in Soybean Seeds. Breed. Sci. 2010, 60, 160-163. [CrossRef]

Zeng, J.; Li, G.; Gao, H.,; Ru, Z. Comparison of A and B Starch Granules from Three Wheat Varieties. Molecules 2011, 16,
10570-10591. [CrossRef]

Atukuri, J.; Odong, B.B.; Muyonga, ].H. Multi-Response Optimization of Extrusion Conditions of Grain Amaranth Flour by
Response Surface Methodology. Food Sci. Nutr. 2019, 7, 4147-4162. [CrossRef]

Kaur, M.; Oberoi, D.PS.; Sogi, D.S.; Gill, B.S. Physicochemical, Morphological and Pasting Properties of Acid Treated Starches
from Different Botanical Sources. J. Food Sci. Technol. 2011, 48, 460—-465. [CrossRef]

Chisenga, S.M.; Workneh, T.S.; Bultosa, G.; Laing, M. Characterization of Physicochemical Properties of Starches from Improved
Cassava Varieties Grown in Zambia. AIMS Agric. Food 2019, 4, 939-966. [CrossRef]

Jenol, M.A; Ibrahim, M.E; Yee, P.L.; Md Salleh, M.; Abd-Aziz, S. Sago Biomass as a Sustainable Source for Biohydrogen Production
by Clostridium butyricum Al. BioResources 2014, 9, 1007-1026. [CrossRef]

Leaes, E.X,; Lima, D.; Miklasevicius, L.; Ramon, A.P.; Pra, V.D.; Bassaco, M.M.; Terra, L.M.; Mazutti, M.A. Effect of Ultrasound-
Assisted Irradiation on the Activities of a-Amylase and Amyloglucosidase. Biocatal. Agric. Biotechnol. 2013, 2, 21-25. [CrossRef]
Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31, 426-428. [CrossRef]
Linggang, S.; Phang, L.Y.; Wasoh, M.H.; Abd-Aziz, S. Sago Pith Residue as an Alternative Cheap Substrate for Fermentable
Sugars Production. Appl. Biochem. Biotechnol. 2012, 167, 122-131. [CrossRef] [PubMed]

Ji, Y.; Ao, Z.; Han, ].A,; Jane, ].L.; BeMiller, ]. N. Waxy Maize Starch Subpopulations with Different Gelatinization Temperatures.
Carbohydr. Polym. 2004, 57, 177-190. [CrossRef]

Juarez, G.EY,; Pabilofia, K.B.C.; Manlangit, K.B.L.; Go, A.W. Direct Dilute Acid Hydrolysis of Spent Coffee Grounds: A New
Approach in Sugar and Lipid Recovery. Waste Biomass Valorization 2018, 9, 235-246. [CrossRef]

Pezzotti, G.; Zhu, W.; Chikaguchi, H.; Marin, E.; Masumura, T.; Sato, Y.-I.; Nakazaki, T. Raman Spectroscopic Analysis of
Polysaccharides in Popular Japanese Rice Cultivars. Food Chem. 2021, 354, 129434. [CrossRef]

Edwards, C.H.; Veerabahu, A.S.; Mason, A.].; Butterworth, PJ.; Ellis, PR. x-Amylase Action on Starch in Chickpea Flour Following
Hydrothermal Processing and Different Drying, Cooling and Storage Conditions. Carbohydr. Polym. 2021, 259, 117738. [CrossRef]


http://doi.org/10.1080/03639045.2019.1593438
http://www.ncbi.nlm.nih.gov/pubmed/30913921
http://doi.org/10.1590/1678-457X.6767
http://doi.org/10.1155/2013/935852
http://www.ncbi.nlm.nih.gov/pubmed/23509813
http://doi.org/10.3389/fbioe.2019.00440
http://www.ncbi.nlm.nih.gov/pubmed/31998705
http://doi.org/10.1016/j.ymben.2019.03.008
http://doi.org/10.1016/j.cesys.2022.100073
http://doi.org/10.1016/j.biotechadv.2017.09.001
http://doi.org/10.3389/fmicb.2018.02046
http://doi.org/10.1263/jbb.101.127
http://doi.org/10.3390/ijms20071777
http://doi.org/10.1007/s12010-021-03617-6
http://doi.org/10.1016/j.renene.2022.04.124
http://doi.org/10.1016/j.procbio.2022.06.007
http://doi.org/10.1155/2014/568141
http://doi.org/10.1002/jctb.2090
http://doi.org/10.1270/jsbbs.60.160
http://doi.org/10.3390/molecules161210570
http://doi.org/10.1002/fsn3.1284
http://doi.org/10.1007/s13197-010-0126-x
http://doi.org/10.3934/agrfood.2019.4.939
http://doi.org/10.15376/biores.9.1.1007-1026
http://doi.org/10.1016/j.bcab.2012.08.003
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1007/s12010-012-9592-0
http://www.ncbi.nlm.nih.gov/pubmed/22528646
http://doi.org/10.1016/j.carbpol.2004.04.017
http://doi.org/10.1007/s12649-016-9813-9
http://doi.org/10.1016/j.foodchem.2021.129434
http://doi.org/10.1016/j.carbpol.2021.117738

Energies 2022, 15, 9155 15 of 15

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vamadevan, V.; Bertoft, E. Structure-Function Relationships of Starch Components. Starch/Staerke 2015, 67, 55-68. [CrossRef]
An, HE,; Lee, KH.; Jang, YW.; Kim, C.B.; Yoo, H.Y. Improved Glucose Recovery from Sicyos angulatus by NaOH Pretreatment
and Application to Bioethanol Production. Processes 2021, 9, 245. [CrossRef]

Uthumporn, U.; Nadiah, I; Izzuddin, I.; Cheng, L.H.; Aida, H. Physicochemical Characteristics of Non-Starch Polysaccharides
Extracted from Cassava Tubers. Sains Malays. 2017, 46, 223-229. [CrossRef]

Bisinella, R.Z.B.; Beninca, C.; Bet, C.D.; de Oliveira, C.S.; Demiate, . M.; Schnitzler, E. Thermal, Structural and Morphological
Characterisation of Organic Rice Starch after Physical Treatment. ]. Therm. Anal. Calorim. 2022, 147, 3615-3623. [CrossRef]
Sirivongpaisal, P. Structure and Functional Properties of Starch and Flour from Bambarra Groundnut. Songklanakarin ]. Sci.
Technol. 2008, 30, 51-56.

Singh, S.; Raina, C.S.; Bawa, A.S.; Saxena, D.C. Effect of Heat-Moisture Treatment and Acid Modification on Rheological, Textural,
and Differential Scanning Calorimetry Characteristics of Sweetpotato Starch. J. Food Sci. 2005, 70, e373—e378. [CrossRef]

Zheng, M.-Z.; Xiao, Y.; Yang, S.; Liu, H.-M.; Liu, M.-H.; Yaqoob, S.; Xu, X.-Y;; Liu, J.-S. Effects of Heat-Moisture, Autoclaving, and
Microwave Treatments on Physicochemical Properties of Proso Millet Starch. Food Sci. Nutr. 2020, 8, 735-743. [CrossRef]
Kumoro, A.C.; Retnowati, D.S.; Ratnawati, R.; Widiyanti, M. Effect of Temperature and Reaction Time on the Swelling Power and
Solubility of Gadung (Dioscorea hispida Dennst) Tuber Starch during Heat Moisture Treatment Process. J. Phys. Conf. Ser. 2019,
1295, 012062. [CrossRef]

Cheng, H.; Wang, H.; Ma, S.; Xue, M,; Li, ].; Yang, ]. Development of a Water Solubility Model of Extruded Feeds by Utilizing a
Starch Gelatinization Model. Int. J. Food Prop. 2022, 25, 463-476. [CrossRef]

Chen, X.; He, X.; Huang, Q. Effects of Hydrothermal Pretreatment on Subsequent Octenylsuccinic Anhydride (OSA) Modification
of Cornstarch. Carbohydr. Polym. 2014, 101, 493-498. [CrossRef]

Ji, L.; Zhang, H.; Cornacchia, L.; Sala, G.; Scholten, E. Effect of Gelatinization and Swelling Degree on the Lubrication Behavior of
Starch Suspensions. Carbohydr. Polym. 2022, 291, 119523. [CrossRef]

Gujral, H.S.; Sharma, P.; Kaur, H.; Singh, J. Physiochemical, Pasting, and Thermal Properties of Starch Isolated from Different
Barley Cultivars. Int. |. Food Prop. 2013, 16, 1494-1506. [CrossRef]

Morales-Sanchez, E.; Cabrera-Ramirez, A.H.; Gaytan-Martinez, M.; Mendoza-Zuvillaga, A.L.; Velazquez, G.; Méndez-Montealvo,
M.G.; Rodriguez-Garcia, M.E. Heating-Cooling Extrusion Cycles as a Method to Improve the Physicochemical Properties of
Extruded Corn Starch. Int. J. Biol. Macromol. 2021, 188, 620-627. [CrossRef] [PubMed]

Cozzolino, D.; Roumeliotis, S.; Eglinton, J. Relationships between Swelling Power, Water Solubility and Near-Infrared Spectra in
Whole Grain Barley: A Feasibility Study. Food Bioprocess Technol. 2013, 6, 2732-2738. [CrossRef]

Neder-Suérez, D.; Amaya-Guerra, C.A.; Baez-Gonzalez, ].G.; Quintero-Ramos, A.; Aguilar-Palazuelos, E.; Galicia-Garcia, T.;
Ramirez-Wong, B.; Campos-Venegas, K.; de Zazueta-Morales, ].J. Resistant Starch Formation from Corn Starch by Combining
Acid Hydrolysis with Extrusion Cooking and Hydrothermal Storage. Starch/Staerke 2018, 70, 1700118. [CrossRef]
Laovachirasuwan, P; Peerapattana, J.; Srijesdaruk, V.; Chitropas, P.; Otsuka, M. The Physicochemical Properties of a Spray Dried
Glutinous Rice Starch Biopolymer. Colloids Surf. B Biointerfaces 2010, 78, 30-35. [CrossRef]

Lee, K.; Kim, H.; Park, S. Amino Acids Analysis during Lactic Acid Fermentation by Single Strain Cultures of Lactobacilli and
Mixed Culture Starter Made from Them. Afr. J. Biotechnol. 2014, 13, 2867-2873. [CrossRef]

Anusree, M.; Nampoothiri, K.M. Biosynthesis, Recovery and Purification of 1-Lysine from Jackfruit Seed (JFS) Hydrolysate by
Corynebacterium glutamicum DM 1729. Biocatal. Agric. Biotechnol. 2015, 4, 506-513. [CrossRef]

Chen, Z.; Liu, G.; Zhang, J.; Bao, ]. A Preliminary Study on L-Lysine Fermentation from Lignocellulose Feedstock and Techno-
Economic Evaluation. Bioresour. Technol. 2019, 271, 196-201. [CrossRef]

Leuchtenberger, W.; Huthmacher, K.; Drauz, K. Biotechnological Production of Amino Acids and Derivatives: Current Status and
Prospects. Appl. Microbiol. Biotechnol. 2005, 60, 1-8. [CrossRef]

Sanchez, S.; Rodriguez-Sanoja, R.; Ramos, A.; Demain, A.L. Our Microbes Not Only Produce Antibiotics, They Also Overproduce
Amino Acids. J. Antibiot. 2018, 71, 26-36. [CrossRef]

Lim, Y.H.; Foo, H.L.; Loh, T.C.; Mohamad, R.; Abdullah, N. Comparative Studies of Versatile Extracellular Proteolytic Activities of
Lactic Acid Bacteria and Their Potential for Extracellular Amino Acid Productions as Feed Supplements. |. Anim. Sci. Biotechnol.
2019, 10, 15. [CrossRef]

Lee, K.; Lee, J.; Kim, Y.H.; Moon, S.H.; Park, Y.H. Unique Properties of Four Lactobacilli in Amino Acid Production and Symbiotic
Mixed Culture for Lactic Acid Biosynthesis. Curr. Microbiol. 2001, 43, 383-390. [CrossRef] [PubMed]


http://doi.org/10.1002/star.201400188
http://doi.org/10.3390/pr9020245
http://doi.org/10.17576/jsm-2017-4602-06
http://doi.org/10.1007/s10973-021-10712-7
http://doi.org/10.1111/j.1365-2621.2005.tb11441.x
http://doi.org/10.1002/fsn3.1295
http://doi.org/10.1088/1742-6596/1295/1/012062
http://doi.org/10.1080/10942912.2022.2046055
http://doi.org/10.1016/j.carbpol.2013.09.079
http://doi.org/10.1016/j.carbpol.2022.119523
http://doi.org/10.1080/10942912.2011.595863
http://doi.org/10.1016/j.ijbiomac.2021.07.189
http://www.ncbi.nlm.nih.gov/pubmed/34358599
http://doi.org/10.1007/s11947-012-0948-9
http://doi.org/10.1002/star.201700118
http://doi.org/10.1016/j.colsurfb.2010.02.004
http://doi.org/10.5897/AJB2013.13422
http://doi.org/10.1016/j.bcab.2015.08.005
http://doi.org/10.1016/j.biortech.2018.09.098
http://doi.org/10.1007/s00253-005-0155-y
http://doi.org/10.1038/ja.2017.142
http://doi.org/10.1186/s40104-019-0323-z
http://doi.org/10.1007/s002840010324
http://www.ncbi.nlm.nih.gov/pubmed/11685502

	Introduction 
	Materials and Methods 
	Sample Collection and Preparation 
	Characterisation of Pineapple Plant Stem 
	Gelatinisation and Functional Analysis of Pineapple Plant Stem 
	Gelatinisation Properties Using Differential Scanning Calorimetry 
	Water Solubility, Swelling Power, and Water Absorption of Pineapple Plant Stem 

	Enzymatic Hydrolysis of Pineapple Plant Stem 
	Amino Acids Production by B. subtilis ATCC 6051 
	Culture Preparation 
	Fermentation for Amino Acids Production 

	Analytical Analysis 

	Results and Discussion 
	Carbohydrate Content of Pineapple Plant Stem 
	Enzymatic Hydrolysis of Pineapple Plant Stem 
	Enhancement of Glucose Recovery from Pineapple Plant Stem 
	Gelatinisation Properties of Pineapple Plant Stem 
	Effects of Temperature and Time on Water Solubility of Pineapple Plant Stem 
	Effects of Temperature and Time on Swelling Power of Pineapple Plant Stem 
	Effects of Temperature and Time on Water Absorption of Pineapple Plant Stem 
	Glucose Recovery from Pineapple Plant Stem at Optimised Gelatinisation Condition 

	Amino Acids Production by B. subtilis ATCC 6051 from Pineapple Plant Stem Hydrolysate 

	Conclusions 
	References

