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Abstract 

Background:  Pineapple plant (Ananas comosus) is one of the largest productions in Asia and its increasing produc‑
tion has generated a huge amount of pineapple wastes. Pineapple plant stem is made up of high concentration of 
starch which can potentially be converted into value-added products, including amino acids. Due to the increasing 
demand in animal feed grade amino acids, especially for methionine and lysine, the utilisation of cheap and renew‑
able source is deemed to be an essential approach. This study aimed to produce amino acids from pineapple plant 
stem hydrolysates through microbial fermentation by Pediococcus acidilactici Kp10. Dextrozyme was used for hydroly‑
sis of starch and Celluclast 1.5 L for saccharification of cellulosic materials in pineapple plant stem.

Results:  The hydrolysates obtained were used in the fermentation to produce methionine and lysine. Pineapple 
plant stem showed high starch content of 77.78%. Lignocellulosic composition of pineapple plant stem consisted 
of 46.15% hemicellulose, 31.86% cellulose, and 18.60% lignin. Saccharification of alkaline-treated pineapple plant 
stem gave lower reducing sugars of 13.28 g/L as compared to untreated, where 18.56 g/L reducing sugars obtained. 
Therefore, the untreated pineapple plant stem was selected for further process. Starch hydrolysis produced 57.57 g/L 
reducing sugar (100% hydrolysis yield) and saccharification of cellulosic materials produced 24.67 g/L reducing sugars 
(56.93% hydrolysis yield). The starch-based and cellulosic-based of pineapple plant stem were subjected as carbon 
source in methionine and lysine production by P. acidilactici Kp10.

Conclusions:  In conclusion, higher methionine and lysine production were produced from starch-based hydrolysis 
(40.25 mg/L and 0.97 g/L, respectively) as compared to cellulosic-based saccharification (37.31 mg/L and 0.84 g/L, 
respectively) of pineapple plant stem.
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Background
In food basis, fruits and vegetables are considered as the 
highest wastage rate produced, which accounted approxi-
mately 50% globally, including pineapple industry sector. 
The pineapple, Ananas comosus, is a tropical plant and 

most economically significant plant in the Bromeliaceae 
family. Increasing pineapple production leads to massive 
amount of waste products generated from the industry, 
as they were disposed in landfills or burnt for energy pro-
duction and these might pollute the environment if not 
handled properly [1, 2]. Nearly, one-third of the pineapple 
plant is lost or wasted, which accounts for approximately 
1.3 billion metric tonnes [3]. In fact, pineapple is con-
sidered the most favoured of all tropical fruits and it is a 
prominent ingredient in fruit and juice products, includ-
ing jams, juice concentrates, essence, jellies, squash, and 
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pickles. By weight basis, approximately 55% of total pine-
apple parts are discarded mainly due to the transporta-
tion and storage purposes [4]. The by-products generated 
from pineapple industry not only involved food process-
ing industry, but also enzyme industry as the plant can 
be employed for bromelain extraction [5]. In plantation 
area, numerous amount of waste has been generated dur-
ing pruning, harvesting as well as post-harvesting, which 
includes leaves and plant stem core. Malaysia, known as 
one of the largest producers in Asia, has certainly gener-
ated metric tonnes of pineapple wastes or by-products, 
which can potentially be used as a feedstock for the pro-
duction of value-added products.

In relation to the concepts of the sustainable devel-
opment and integrated environmental protection, the 
renewable raw materials, such as waste, should be utilised 
in bioconversion of value-added products as its cost-
effective process as well as zero waste generation [6]. This 
measure is able to provide the customers both ecological 
and economic benefits. In fact, in food, proteins are vital 
components, which composed of the 20 proteinogenic 
amino acids. In this point of view, the animal synthesises 
their own specific amino acid spectrum which generally 
the essential amino acids (methionine, lysine, and threo-
nine) presence in limiting amount in crude feeds. Clearly, 
methionine and lysine are considerably ecological impor-
tance to meat producing industry due to the essential 
role of feed in transformation into animal protein.

Starch is the most abundant molecule on earth after 
cellulose and the major carbohydrate reserve in plants. 
Starch is a major energy source on earth, providing up to 
80% of the calories consumed by humans [7]. Starch is a 
carbohydrate extracted from agricultural raw materials 
which is widely present in literally thousands of every-
day food and non-food applications. Starch is a so-called 
green alternative material and is a most promising candi-
date for future use [8] due to its low cost, availability from 
renewable resources, and broad-ranged capability in food 
and non-food products. Basically, starch is a carbohy-
drate material that exists naturally as granules. Starch 
granules are normally found in seeds, roots, tubers, 
stems, and leaves. Demand for native starches increased 
globally, as it can minimise the use of chemically modi-
fied starches. Native starches have many applications in 
the food industry, pharmaceutical industry, paper mak-
ing industry, cosmetics industry, etc. The starch industry 
separates the components of the plant: starch, protein, 
cellulose envelope, soluble fractions, and others, such as 
lignocellulosic material, as found in pineapple plant stem 
or basal stem (Fig. 1). However, the methods of manufac-
ture are specific to each plant and the industrial tools are 
normally dedicated to a raw material. Starch is usually 
used in its native form, where it was extracted from raw 

materials in its purest form. However, modifications on 
the native starch, termed modified starch, can be carried 
out to obtain certain properties or better characteristics 
of the starch, either through physical, chemical, enzy-
matic or genetic modifications [9].

Methionine is a proteinogenic amino acid, best known 
for its role in the initiation of translation. It possesses an 
unbranched, hydrophobic side chain and it is the only 
amino acid that contains a thioether (i.e., C–S–C bond-
ing). Methionine is widely used as a feed additive in the 
poultry, swine and fish farming industries. It is produced 
as a racemic mixture from petrochemical feedstocks, 
with global production capacities in the hundreds of 
thousands of tonnes per annum [10]. While, L-lysine is 
known to be an essential amino acid in animal as well as 
human nutrition. On the other hand, it is beneficial as 
chemical agent, food materials, feed additive, and medic-
ament. The efforts in the production of these amino acids 
through microbial fermentation have been conducted in 
several studies. As reported by Ezemba et al. [11], a total 
of 2.06  mg/mL of methionine has been produced from 
plaintain-starch hydrolysate/groundnut meal. On the 
other note, Sgobba et al. [12] have investigated the syn-
ergy effect of synthetic Escherichia coli–Corynebacterium 
glutamicum consortia for the production of L-lysine. As 
a result, 0.4 g/L of lysine has successfully been produced 
using commercial starch as carbon source. These situa-
tions indicated the possibility of pineapple stem, which 
contained high amount of starch content, to be an alter-
native feedstock in production of lysine and methionine 
using microbial fermentation.

Fig. 1  Morphological structure of pineapple plant. ( Source: Hassan 
et al. [80])
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The utilisation of pineapple plant stem as alternative 
starch supply made it possible for the conversion of waste 
into wealth. This study aimed to produce amino acids 
from pineapple plant stem hydrolysates through micro-
bial fermentation by Pediococcus acidilactici Kp10. Dex-
trozyme was used for hydrolysis of starch and Celluclast 
1.5L for saccharification of cellulosic materials in pineap-
ple plant stem.

Materials and methods
Sample collection and preparation
Pineapple plants stems were collected from AlafPu-
tra Biowealth Sdn Bhd pineapple plantation, Kulai, 
Johor, Malaysia. The cross-sectional image of pineapple 
plant stem is shown in Fig.  2. The leaves were removed 
from pineapple plants stems and the plants stems were 
chopped into small pieces before they were washed with 
tap water. The plant stems were then subjected to drying 
process at 60 °C for 24 h. The dried pineapple plant stems 
were ground and kept at room temperature for further 
use.

Pretreatment of pineapple plant stem
Pretreatment of pineapple plants stems was carried out 
based on the method described by Umikalsom et  al. 
[13]. A 5% (w/v) pineapple plant stem was soaked in 2% 
sodium hydroxide solution for 4  h before autoclaved at 
121ºC for 5 min. The autoclaved sample was washed with 
distilled water until no alkaline was detected. It was then 
dried in the oven at 60ºC for 24 h, subsequently stored at 
room temperature for further experiment.

Enzymatic hydrolysis of starch and saccharification 
of cellulosic materials in pineapple plant stem
Hydrolysis of starch into fermentable sugar
Enzymatic hydrolysis of starch present in pineapple plant 
stem was carried out based on the method described by 
Awg-Adeni et al. [14]. A 7% (w/v) dried pineapple plant 
stem was added into Erlenmeyer flask containing 0.1 M 

acetate buffer solution at pH 4.2. It was gelatinised by 
boiling at 100 °C for 15 min using a water bath before it 
was cooled down to 60 °C. The hydrolysis was conducted 
by adding 5.56 U/mL Dextrozyme DX 1.5 X (Novo-
zymes, Denmark) with glucoamylase activity of 31.55 U/
mL in the hydrolysis flask. The mixture was stirred con-
tinuously and the temperature was maintained at 60  °C 
for 60  min. After the hydrolysis process, it was allowed 
to cool down to room temperature. The sugars solution 
was centrifuged using Heraeus Multifuge X3R Centri-
fuge (Thermo Fisher Scientific, Germany) at 4  °C and 
3000 × g for 10  min followed by filtration using 1.2  µm 
of Whatman glass microfibre filter attached to a vacuum 
pump. The recovered sugar, namely, pineapple plant stem 
hydrolysate, was analysed for reducing sugar and glucose 
concentration and stored at 4 °C before the fermentation 
process. The solid residue was collected and dried in the 
oven at 60 °C overnight for further saccharification pro-
cess. The hydrolysis yield was calculated, as shown in 
Eq. 1 [14].

A correction error of 0.9 was used in the calculation 
of the number of polysaccharides hydrolysed, because 
hydrolysis of polysaccharides involves water and 
1 mol of water is required for 1 mol of reducing sugar 
released.

Saccharification of cellulosic components into fermentable 
sugars
Fermentable sugars were obtained from saccharification 
using Celluclast 1.5 L (Novozymes, Denmark) based on 
the method described by Linggang et al. [15]. The sac-
charification was carried out in 100 mL working volume 
using 250 mL shake flask. A 100 mL of 0.05 M acetate 
buffer at pH 4.8 was added to a 5% (w/v) of the solid 
residues obtained from prior hydrolysis. A 10 FPU Cel-
luclast 1.5 L with the initial activity of 14.63 FPU was 
added into the saccharification flask. It was then incu-
bated in a shaker incubator (Labwit, China) at 50  °C, 
with an agitation speed of 200  rpm for 96  h. The sug-
ars solution was filtered using 1.2  µm of Whatman 
glass microfibre filter attached to a vacuum pump. The 
hydrolysate was analysed for reducing sugar and glucose 
concentration and stored at 4  °C before the fermenta-
tion process. The hydrolysis yield was calculated, as 
shown in Eq. 2 [15]:

(1)

Hydrolysisyield(%)

=

Amount of reducing sugar produced(g)× 0.9× 100%

(Starch(%)× Amount of substrate used(g))

Stele

Central 
cylinder

Internal portion of 
adventitious root

External portion of 
adventitious root

Cortex

Fig. 2  Cross-sectional image of pineapple plant stem
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where potential sugars are the total percentage of hemi-
cellulose and cellulose.

A correction error of 0.9 was used in the calculation 
of the number of polysaccharides hydrolysed, because 
hydrolysis of polysaccharides involves water and 1 mol of 
water is required for 1 mol of reducing sugar released.

Amino acids production from pineapple plant stem 
hydrolysates
Medium preparation
MRS (de Man, Rogosa and Sharpe) medium used for 
amino acid production using P. acidilactici Kp10 based 
on Toe et al. [16].

Inoculum preparation
P. acidilactici Kp10 employed for amino acids production 
in this study was obtained from the culture collection of 
Professor Dr Arbakariya Ariff [17] from Department of 
Bioprocess Technology, Faculty of Biotechnology and 
Biomolecular Sciences, Universiti Putra Malaysia. The 
inoculum was prepared based on the method explained 
by Toe et  al. [16]. Prior to use, the stock culture was 
revived by inoculating the culture into a centrifuge tube 
containing 1  mL de Man, Rogosa and Sharpe (MRS) 
broth. The mixture was let to sit for 15 min and 500 µL 
was transferred into MRS agar plate for initial colony-
forming unit determination and another 500 µL was 
transferred into MRS broth to be incubated in shaker 
incubator (Labwit, China) at 37  °C for 24 h. The inocu-
lum with MRS broth was kept in an incubator with agita-
tion speed 100  rpm. Then, 1% (v/v) of the 24  h culture 
was transferred into another 100  mL MRS broth. The 
broth was incubated at 37  °C for 24 h at 100 rpm. Sub-
culture was done until the bacteria was stable enough to 
enter the fermentation process.

Shake flask fermentation
Fermentation of P. acidilactici Kp10 was done based on 
the method described by Toe et al. [16]. A volume of 10% 
(v/v) active 12-h culture with an initial colony-forming 
unit of 1.82 × 107 CFUs/ml was inoculated into 250  mL 
shake flask containing 100 mL MRS medium. The pH of 
the fermentation medium was controlled by buffer sys-
tem using phosphate buffer. The flasks were incubated in 
a shaker incubator (Labwit, China) at 37 °C and agitated 
at 100 rpm for 24 h. The sampling was done in triplicates 
at a 1-h interval. Three types of medium with different 

(2)Hydrolysisyield(%) =
Amount of reducing sugar produced(g/L)× 0.9× 100%

Amount of substrate used(g/L)× Potential sugars(%)
,

carbon sources were used as the production medium 
for the fermentation of P. acidilactici Kp10. MRS broth 
using commercial glucose as carbon source was used as a 
control in the fermentation process. Other MRS medium 
used pineapple plant stem hydrolysates from starch and 
cellulosic materials as the carbon source for amino acids 
production.

Analytical analysis
All the chemical compositional analyses were done 
using standard method. All analyses were done in tripli-
cates. The starch content was determined based on the 
method by Nakamura et  al. [18] with slight modifica-
tion of absorbance at 580  nm. While, the method used 
in the determination of lignin, hemicellulose and cel-
lulose content of the sample was modified based on the 
method reported by Iwamoto et al. [19]. The hydrolysates 
obtained from the hydrolysis and saccharification pro-
cess were subjected to simple sugars determination using 
High-Performance Liquid Chromatography (HPLC) 
based on method explained by Linggang et  al. [15]. A 
Rezex RPM-Monosaccharide Pb+2 column and RI detec-
tor were used. The mobile phase was deionised water at 
a flow rate of 0.6  mL/min. The analysis was performed 
at 80 °C. Standard solutions were prepared by dissolving 
appropriate masses of glucose and xylose in deionised 
water. The retention times of glucose and xylose were 
15.42 min and 16.96 min, respectively.

The glucoamylase activity of Dextrozyme was deter-
mined based on the method described by Leaes et  al. 
[20]. The FPU enzyme activity for Celluclast 1.5 L was 
determined using NREL standardised filter paper assay 
as stated by Tsai and Meyer [21]. Viable bacterial counts 
were determined by colony-forming method based on 
the method by Paulino et al. [22] at 37  °C for 24 h. The 
pellet of the sample was analysed for cell concentration 
using optical density method based on the method pro-
posed by Toe et  al. [16]. The samples from the fermen-
tation process were centrifuged at 10,000  rpm (9,300 
rcf ) for 5  min using a microcentrifuge (5415 D, Eppen-
dorf ). The supernatant containing methionine and lysine 
(Sigma-Aldrich, Switzerland) was filtered using a 0.22 µm 
of nylon driven filter into a clean Eppendorf tube. The fil-
tered sample was kept at − 20 °C prior to HPLC analysis. 
The mobile phases were sonicated using a Thermo-6D 
Ultrasonic Cleaner (Thermoline, Australia). The determi-
nation of methionine and lysine was based on the modi-
fied method proposed by Toe et al. [16]. Amino acid yield 
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and productivity were calculated, as shown in Eq. 3 and 
Eq. 4, respectively:

Results and discussion
Chemical compositions of pineapple plant stem
Pineapple plant stem is biomass with great potential to 
produce sugar from the extraction of starch and cellu-
losic materials, which can be used as a carbon source 
for the production of other products, such as amino 
acids. Table  1 shows chemical compositions of pine-
apple plant stem used in this study. The moisture con-
tent of pineapple plant stem showed a high percentage 
at (75.84 ± 0.24)%, which was almost similar to the 
moisture content present in pineapple shell and core 
as reported by Cordenunsi et  al. [23]. Nakthong et  al. 
[8] also reported a high value of moisture content in 
pineapple plant stem at 70% moisture. Reduction in 
moisture content helps in increasing the stability and 
shelf life of the sample, as well as facilitates its stor-
age [24, 25]. Kiharason et al. [26] reported that drying 
will increase the dry matter and nutrient content of the 
sample and oven-dried is the most suitable method, 
because less nutrient was lost due to the fast rate of 
drying. Total ash is crucial in the quality determina-
tion of a biomass, since it accounts for the total miner-
als of the biomass [27]. Ash content of pineapple plant 
stem obtained from this study was 0.40% of the sample 

(3)Aminoacidyield(g/g) =
Concentration of amino acid produced(g/L)

Substrate consumed at respected time(g/L)

(4)Amino acid productivity (g/L/h) =
Concentration of amino acid produced (g/L)

Incubation time (h)

on a dry weight basis, which accounted for the lowest 
percentage as compared to other components in the 

sample. The low value of ash obtained indicated that 
pineapple plant stem contained a low proportion of 
minerals and inorganic residue. Based on Table  1, the 
ash percentage was slightly lower compared to pineap-
ple shell in Perola variety, which has a value of 0.53% 
as reported by Cordenunsi et al. [23]. The difference in 
percentage of ash found in pineapple plant stem might 
be affected by the varieties of pineapple plant used, 
maturity of the plant, and part of pineapple plant stem 
used for the determination [28–30].

In this study, the nitrogen content of the pineapple 
plant stem was recorded at 1.85%. This result was in 
agreement with the nitrogen content of pineapple plant 
stem reported by Hanafi et  al. [31], where the pineap-
ple plant stem of Moris and Gandul pineapple plant 
was reported at 1.55% and 1.63%, respectively. Since 
the underground part of pineapple plant stem was used 
in this study, the nitrogen content obtained might be 
affected by the nitrogen content in soil and the plant cul-
tivars. Crude protein consists of true protein and non-
protein nitrogen, where nitrogen accounts for 16% of 
all biological proteins on average. In this study, pineap-
ple plant stem contained as much as 11.56% crude pro-
tein, which was even higher than the result obtained by 
Zainuddin et  al. [3], where Moris pineapple leaves have 
a crude protein of 7.05%. The amount of crude protein 
can vary according to the stage of plant growth as well 
as the parts of the plant [32]. The protein content and 
composition can also be affected by environmental con-
ditions and nutrients availability in soils, especially nitro-
gen fertilisation and the strategy of its application [33]. 
Crude fat content in pineapple plant stem measures the 
estimation of total fat content, including triacylglycer-
ides, alcohols, waxes, terpenes, steroids, pigments, esters, 
aldehydes, and other lipids [3]. The crude fat content in 
the pineapple plant stem used in this study was recorded 
at 1.53% on a dry weight basis. As the primary compo-
nents of biomass, carbohydrates are the most poten-
tial biomass component in a biorefinery process, since 
it acts as storage polysaccharides (starch) or structural 
polysaccharides (cellulose, hemicelluloses, pectin, and 
chitin) [34]. Pineapple plant stem used in this study has 

Table 1  Chemical composition of pineapple plant stem

a The chemical composition analysis was based on dry basis, except moisture 
was based on wet basis

This study [3]

Chemical compositiona

 Moisture 75.84 ± 0.24 8.78

 Dry matter 24.16 ± 0.24 89.50

 Crude fibre 8.05 ± 1.20 37.63

 Crude protein 11.56 2.30

 Total nitrogen 1.85 0.37

 Crude fat 1.53 ± 1.09 2.71

 Ash 0.40 ± 0.00 1.24

Starch 77.78 ± 0.02 n.d

Cellulose 31.86 ± 6.34 48–67

Hemicellulose 46.15 ± 0.27 12–24

Lignin 18.60 ± 3.41 20–24
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reported a carbohydrate value of 9.91% on a dry weight 
basis, which indicated that it consisted of quite a number 
of sugars and starch; thus, it is a potential biomass to be 
used in the production of value-added products, such as 
amino acids.

Pineapple plant stem consisted of high starch and cellu-
losic content, which made it great potential biomass. The 
starch content was 77.78% on a dry weight basis. Nak-
thong et al. [8] reported a starch content of 97.77%, with 
amylose content 34.37% (w/w) of the whole sample. The 
percentage of starch content in this study was the highest 
in pineapple plant stem as compared to other chemical 
compositions. This result was in line with the statement 
reported by Sanewski et  al. [35], which stated that the 
stele of pineapple plant stem mainly consists of com-
pact parenchyma with an abundant of the starch present. 
Thus, pineapple plant stem was expected to be potential 
starch-based biomass for amino acids production due to 
the high level of starch present, which can then be con-
verted into fermentable sugars, mainly glucose, through 
enzymatic hydrolysis.

Gelatinisation was done before starch determina-
tion to break down the intermolecular association 
between amylose and amylopectin at solid state with 
heating [36]. During heating in water, the starch pre-
sent in the pineapple plant stem undergoes a transition 
process, where the starch granules swell and eventu-
ally break down into a mixture of polymers-in-solution, 
making the starch suspension viscous [37]. This process 
changes the semi-crystalline phase of amylose and amy-
lopectin to an amorphous phase [38]. Thus, the ratio of 
amylose and amylopectin present in the starch can affect 
the gelatinisation temperature and properties [39]. The 
value of lignin, hemicellulose and cellulose of pineapple 
plant stem were recorded at 18.60%, 46.15%, and 31.86%, 
respectively. Sodium chlorite treatment was used in the 
removal of lignin to determine the holocellulose content 
of the biomass. The holocellulose was then allowed to 
undergo alkali treatment using potassium hydroxide to 
further remove the hemicellulose content in the pineap-
ple plant stem [19]. The cellulose content of the pineapple 
plant stem was determined as the residue after complete 
removal of lignin and hemicellulose. The lignin content 
obtained in this study was comparable with the results 
obtained in pineapple leaves and pineapple plant stems 
as reported by Zainuddin et al. [3]. The aforementioned 
author also claimed that plant maturation and parts of 
the plant used will affect the lignin content of the sample, 
in which the rigidity of the pineapple plant stem also con-
tributes to the high lignin content.

Effects of alkali pretreatment on saccharification 
of cellulosic materials in pineapple plant stem
The main purpose of alkaline pretreatment is delignifica-
tion of biomass to improve its digestibility with minimal 
formation of inhibitory compounds, which can result in 
a higher yield of fermentable sugars from lignocellulosic 
biomass [40, 41]. However, the result obtained from this 
study indicated that alkali pretreatment on the biomass 
has resulted in a lower concentration of reducing sugar 
in pineapple plant stem hydrolysate after enzymatic sac-
charification of the cellulosic materials, as illustrated in 
Fig. 3.

The concentration of fermentable sugars was higher 
in the untreated sample after 24  h, and this trend con-
tinued until the end of the process. The total reduc-
ing sugars obtained after 96  h of saccharification in the 
untreated sample was recorded at 18.56 g/L, which was 
5.28  g/L higher as compared to the pretreated sample. 
Therefore, the untreated pineapple plant stem was used 
in the following step for amino acids fermentation. This 
result was in agreement with Casabar et  al. [42], who 
reported a decreasing sugars production with increasing 
concentration of sodium hydroxide solution used in the 
pretreatment of pineapple peel, where sodium hydroxide 
concentration is inversely proportional to the sugar pro-
duction in pineapple peel.

The pineapple plant stem used in this study was initially 
acidic, in which a low level of pH at 3.88 was detected. 
This result was in line with the acidity level in pineapple 
plant stem as reported by Ketnawa et al. [43], where the 
sample has a pH of 4.64, which indicates that it consists 
of a high proportion of citric and malic acid. The low level 
of acidity might also be due to the presence of ascorbic 
acid, where Zaki et al. [44] has recorded 0.84 mg of the 
acid present per 100 mL of pineapple core. Another study 
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by Salomé et al. [45] also recorded a similar pH value of 
3.85 for pineapple fruits derived from in  vitro propaga-
tion plant, with 12.03  mg ascorbic acid present per g 
fresh weight of the fruit. Since sodium hydroxide was 
used in the pretreatment process, the chemical might 
have reacted with the natural acid content present in the 
pineapple plant stem. The presence of inhibitory com-
pounds and crystallinity index of the cellulose may affect 
sugar production in the substrate [42].

Hydrolysis of starch into fermentable sugar
About 57.57 g/L reducing sugar was generated from the 
substrate which originally contained 77.78% of starch. 
The hydrolysis yield obtained was 100%, indicating that 
the starch in pineapple plant stem was fully hydrolysed 
into fermentable sugars. This might be due to the high 
solubility of starch in pineapple plant stem, making it 
easier to be extracted and hydrolysed by the enzyme. 
The high starch content was in accordance with the 
study carried out by Nakthong et al. [8], where pineap-
ple stem starch has reported the highest percent solu-
bility compared to rice, corn, and cassava starches. The 
pineapple plant stem showed no formation of blue–
black colour upon the addition of iodine solution, indi-
cating that there was no starch left in the substrate after 
hydrolysis.

Gelatinisation of pineapple plant stem involves a 
heating process in which the starch molecules are dis-
solved and the viscosity increases. At high tempera-
ture, the α-glucan chains of starch in pineapple plant 
stem become more susceptible to hydrolysis by amyl-
ase action due to the loss of its ordered structure [46]. 
Dextrozyme was chosen as the enzyme used in starch 
hydrolysis, because it was found to be effective in 
breaking down the starch granules into fine particles. 
It consists of glucoamylase obtained from Aspergillus 
niger and pullulanase from Bacillus acidopullulyticus. 

Dextrozyme was the most effective in hydrolysing corn 
starch when being compared with other hydrolytic 
enzymes, namely, bacterial α-amylase, β-amylase and 
glucoamylase as reported by Ma et al. [47]. The concen-
tration of glucose in pineapple plant stem hydrolysate 
was 62.91  g/L. The high amount of glucose produced 
indicated that starch content in pineapple plant stem 
is a potential carbon source to be used in fermentation 
for amino acids production.

Saccharification of cellulosic materials into fermentable 
sugars
From the result obtained in Fig. 4, the concentration of 
reducing sugar was the highest after 96  h of hydroly-
sis of 24.67 ± 0.03 g/L reducing sugars and a hydrolysis 
yield of 56.93%, almost half the hydrolysis of starch in 
the pineapple plant stem. The time taken for the com-
plete process was longer than that in the hydrolysis of 
starch using Dextrozyme, because the cellulosic mate-
rials have a more complex structure which require the 
combination of endoglucanases, exoglucanases and cel-
lobiohydrolases for the hydrolysis process [48].

Production of lysine and methionine from fermentable 
sugars
The pineapple plant stem hydrolysates obtained from 
enzymatic hydrolysis of starch and saccharification of cel-
lulosic materials were used as the carbon sources for the 
production of amino acids, namely, lysine and methio-
nine, through microbial fermentation. Commercial glu-
cose was used as the control in this study. To carry out 
microbial fermentation, P. acidilactici Kp10 was chosen 
as the amino acid-producing microorganism. A prelimi-
nary study of the bacteria was done prior to produc-
tion fermentation to monitor the growth profiling of the 
bacteria.

Preliminary study of Pediococcus acidilactici Kp10 used 
in the production of lysine and methionine
The preliminary study aimed to evaluate the potential of 
P. acidilactici Kp10 in the production of amino acids, in 
which lysine and methionine has been done using com-
mercial glucose as carbon source. In the production of 
primary metabolites, microorganisms usually produce 
amino acids enough only for their own needs due to feed-
back inhibition to prevent wasteful production [49, 50]. 
Therefore, genetic manipulation of microorganisms was 
used to enhance the production of amino acids at higher 
yields [51]. This can be seen in the production of lysine 
and methionine using genetically modified C. glutami-
cum, in which the strain was capable to produce as high 
as 120 g/L lysine as recorded by Becker et al. [52]. Lysine 
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production can also achieve up to 170 g/L using geneti-
cally modified strains [53]. Although the bacteria are 
generally recognised as safe (GRAS), the use of the genet-
ically modified (GM) strain was not preferable in the pro-
duction of feed grade lysine and methionine, in which 
there is a strong limitation of using the GM strain in 
organic farming and this has led to increasing demand of 
amino acids production using non-GM organisms [54].

Microorganisms generally produce 20 amino acids 
only in the amounts needed by the cells [55, 56]. There-
fore, the selection of strain which is able to produce an 
excess amount of amino acids is vital in the production of 
methionine and lysine. A study carried out by Lim et al. 
[57] showed higher production of amino acids, especially 
lysine and methionine, through microbial fermentation 
using Pediococcus sp. as compared to Lactobacillus sp. 
The ability of P. acidilactici to produce lysine and methio-
nine was also proven by the study carried out by Toe et al. 
[16]. The ability of P. acidilactici to produce amino acids 
at levels beyond the needs of its metabolism without the 
need to genetically modified as reported by KiBeom et al. 
[58] has increased the potential of the bacteria to be used 
in the microbial fermentation of lysine and methionine 
production in this study.

A preliminary study of P. acidilactici Kp10 was done 
to determine the ability of the bacteria to produce lysine 
and methionine in the presence of glucose carbon source. 
Figure 5 shows the growth profiling of P. acidilactici Kp10 
in MRS medium for 24 h incubation period.

The growth profiling of the bacteria showed the high-
est growth of P. acidilactici Kp10 at an optical density 
(OD) 1.47 after 22  h of fermentation. From Fig.  5, it 
can be observed that the bacteria have undergone lag 
phase at the first 3 h, where the cell concentration only 
showed a slight increase. During this period, the cell 

was still adapting to the new environment and did not 
reproduce immediately in the medium. It was the stage, 
where cells are undergoing intense metabolic activity to 
prepare for population growth. Synthesis of enzymes and 
various molecules also takes place during lag phase. After 
3  h of fermentation, the bacteria demonstrated a sharp 
increase in the cell concentration, indicating that the cell 
was undergoing exponential phase at 3  h to 12  h. Dur-
ing the log phase, high amount of glucose was consumed 
for cell growth. Log phase is also known as exponential 
growth phase, where the cells begin to divide and grow 
in population. Within this phase, cells are most active 
metabolically and products can be produced efficiently 
for industrial purposes.

The bacteria then started to enter stationary phase at 
12  h, in which the rate of cell growth was equal to the 
rate of cell death. The exponential growth stopped dur-
ing this phase, probably due to exhaustion of nutrients, 
accumulation of waste products and harmful changes in 
pH. Once the stationary phase reached an end, the bac-
teria undergo death phase. In this case, the cells showed 
a slight decrease in cell concentration at 23 h. During the 
death phase, the number of cell death generally exceed 
the number of new cells formed, and the condition con-
tinue until the population dies out.

Carbohydrate or sugars are the primary source of 
energy for microorganisms [59]. The glucose concentra-
tion present in the fermentation media demonstrated a 
decreasing trend, where it was continuously being con-
sumed by the bacteria. The initial glucose concentration 
in the media was set at 20 and 10.98  g/L of the carbon 
source was left in the medium at the end of the fermenta-
tion. This indicated that a total of 9.02  g/L glucose was 
consumed within 24  h of the fermentation using P. aci-
dilactici Kp10. Therefore, 10 g/L glucose was used in the 
subsequent production medium as a carbon source for 
MRS media. The sugar consumption was similar to that 
reported by Toe et al. [16], where only 10 g/L of reducing 
sugar was consumed by P. acidilactici UP-1, P. pentosa-
ceus UP-2, and P. acidilactici UL-3.

The pH of the culture dropped from 5.42 to 4.34 ± 0.03, 
which was supported by Sriphochanart et  al. [59] who 
reported a pH of 4.88 in the end product of microbial 
fermentation with initial pH of 6.35 using P. acidilactici 
in the presence of both lysine and methionine. The afore-
mentioned author also claimed that the growth of the 
bacteria was optimum at pH 5.5–5.8, similar to the initial 
pH used in this study. Since P. acidilactici Kp10 is lactic 
acid bacteria, thus the decreased in pH might be caused 
by the production of organic acid, mainly lactic acid 
which is acidic [17, 60].
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Production of amino acids using various carbon sources
Fermentation of amino acids, especially methionine, 
is not always cost-efficient [55]. Carbon source plays 
an important role in the biosynthesis of the structural 
frames for amino acids and provides energy for microor-
ganisms. Although glucose is commercially used as the 
carbon source in the production of amino acids, alter-
natives, such as the utilisation of various carbon sources 
from biomass, should be carried out due to its lower cost. 
Starch and cellulosic materials from pineapple plant stem 
hydrolysates have the potential to be utilised as a car-
bon source in the production of amino acids. The carbon 
source was set at 10 g/L for all tested carbon source to get 
fair comparison.

Figure 6 illustrates the profiling of P. acidilactici Kp10 
in the production of lysine and methionine using starch 
and cellulosic hydrolysate obtained from pineapple stem. 
The cells demonstrated a short lag phase which lasted 
for only 1 h in the production medium, followed by log 
phase. This indicated that the cells have a good adapta-
tion to the new environment present in the production 
media, probably due to the presence of glucose as the 
main carbon source [61, 62]. However, the duration of 
lag phase may also be affected by the number of bacteria 

present in the culture, where the duration for lag phase 
may decrease with an increasing number of cells [63]. 
The log phase was observed after 1-h incubation until 
11  h of incubation. It then started to enter stationary 
phase before entering the death phase.

P. acidilactici Kp10 has the highest cell population 
when using starch-derived glucose as the carbon source, 
which has resulted in maximum OD600 of 2.26. This was 
followed by fermentation using commercial glucose as 
carbon source, with maximum OD600 of 1.86. The cell 
concentration of P. acidilactici Kp10 was the lowest when 
using cellulosic materials from pineapple plant stem 
hydrolysate as the carbon source; however, the growth 
was only slightly behind fermentation using commercial 
glucose, where OD600 of 1.69 has been reported.

An initial of 10 g/L sugars was provided in the fermen-
tation medium using glucose and reducing sugars from 
hydrolysates as carbon sources. The remaining reducing 
sugars left in the fermentation medium after 24 h of incu-
bation showed the amount of glucose consumed by P. 
acidilactici Kp10 for the cell to reach its maximum con-
centration. Highest sugar consumption was observed in 
starch-based fermentation, where a high value of 9.86 g/L 
reducing sugars was consumed. This has resulted in the 
highest population of cell growth under the same con-
dition. Sugar consumption using commercial glucose 
as carbon source was the lowest at 8.38 g/L, lower than 
using cellulosic materials from pineapple plant stem 
hydrolysates as carbon source, where 9.09  g/L sugars 
were consumed for cell growth.

The initial carbon source in the culture medium was 
supplied in a low concentration of 10  g/L, enough to 
support the consumption for cell growth. Fermentative 
production of methionine usually involves 10% glucose 
or 5% maltose as the carbon source, in addition to other 
supplementation, such as inorganic salts, biotin and vita-
min [53]. Using a low sugar concentration, total culture 
period of the strain can be reduced, with a decreased in 
the duration for lag phase, and in some cases will lead to 
an increase in amino acids yield. This is due to the for-
mation of by-products, such as acetate and lactate, which 
might lead to inhibition of cell growth or reduction of 
production yield when a high concentration of sugar at 
20%, which is usually used in amino acid fermentation, is 
present in the medium [64]. Higher initial glucose con-
centration may also lead to catabolic repression effect, 
causing reduction of amino acids yield from 0.11 to 
0.06  mol/mol methionine with increasing glucose con-
centration when initial glucose concentration of 40  g/L 
was used, in comparison with 20 g/L of the glucose [65].

At 10  h of incubation, the cell population of P. acidi-
lactici Kp10 in all conditions only showed a slight differ-
ence in which the OD600 was around 1.60 using cellulosic 
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materials and 1.90 when starch was used as carbon 
source. During this period, the cell was almost at the 
end of the log phase. This result indicated that both glu-
cose and cellulosic materials have the same efficiency as 
carbon sources, where the same amount of sugars was 
consumed to result in the same concentration of the 
cell population. It is interesting to mention that the cell 
was observed to consume more carbon source in starch 
hydrolysate as compared to cellulosic hydrolysate. This 
situation might be due to the presence of glucose in 
starch hydrolysate, while in cellulosic hydrolysate com-
prised of mixture of sugar monomers. Although micro-
organisms generally utilise glucose as preferred sugar 
during fermentation due to carbon catabolite repression, 
utilisation of other reducing sugars produced from sac-
charification of cellulosic materials was still possible [66].

P. acidilactici can be used as the amino acids producing 
bacteria, because it can hydrolyse the protein found in 
MRS medium. It can produce and accumulate proteinase 
in the fermentation medium, which helps in the accumu-
lation of amino acids by hydrolysing the protein [16]. The 
accumulation of amino acids, including methionine and 
lysine, can be promoted by utilising citrulline, cysteine 
and glycine [16, 58].

Unlike secondary metabolites which are produced 
during stationary growth of the bacteria, known as idi-
ophase, primary metabolites are formed during tropho-
phase, where the products are formed at the same time as 
the cells grow, which causes the production curve to be 
parallel to the logarithmic growth phase. This phenom-
enon can be seen in the production of amino acids, which 
usually belong to primary metabolites [67]. Therefore, 
samples from the first 12  h were picked for methionine 
and lysine determination using HPLC, before P. acidilac-
tici Kp10 started to enter stationary phase after 12 h.

Increment of methionine and lysine concentration in 
the cell-free supernatant indicated that the cell has the 
ability to produce amino acids extracellularly [16]. This is 
important for overproducing microorganisms, whereby 
the accumulation of product intracellularly would require 
an additional downstream process for cell disruption, 
which is more expensive in an industrial scale. Negative 
side effects caused by the accumulation of intracellular 
accumulation of amino acids in the cytosol may also lead 
to decreasing production rate due to cell signalling to 
avoid intracellular destruction [68].

The overall production of methionine and lysine 
showed an increasing amount for the first 4 h, followed 
by a decline in the production of the amino acids using 
starch and cellulosic materials as the carbon source. This 
result was supported by Toe et  al. [16], where P. acidi-
lactici UP-1 showed a maximum concentration of lysine 
production at 4  h of incubation. However, a different 

trend can be seen in the production of both amino acids 
when glucose was used as the carbon source up to 12 h 
of incubation, where methionine demonstrated a con-
tinuous decline in production, whereas lysine showed an 
increasing production. The declination of methionine in 
the glucose-based fermentation indicated that the amino 
acid was continuously utilised for the cell growth dur-
ing the exponential growth of P. acidilactici Kp10. The 
bacteria have numerous nutritional requirements which 
include amino acids as its nitrogen source. In medium 
containing easily convertible nitrogen, especially amino 
acids, it can be stimulated to grow faster and reach 
higher densities [59]. The utilisation of methionine by 
other metabolic pathways may also lead to a decrease of 
methionine concentration during fermentation [65]. Low 
amount of amino acids may be supplied in the fermenta-
tion medium of P. acidilactici Kp10 which will act as the 
primary nitrogen source to avoid the consumption of the 
amino acid produced by the cell during the exponential 
phase. In the presence of initial amino acids as nitrogen 
source, the cells would be able to consume those amino 
acids for their growth, thus producing the required 
amino acids in excess. This may reduce the possibility of 
continuous decreased in amino acid production during 
the log phase of the bacteria.

Lysine was continuously produced as the cells grow, 
indicating that the strain was able to produce the amino 
acid in excess. A high amount of glucose was consumed 
after 4 h of incubation, where the cells were undergoing 
exponential grow. Within this period, a high amount of 
amino acids was produced, and the amino acids were 
then utilised for cell growth in the following hours. The 
concentrations of lysine produced in this study were 
comparable to starch-based glucose from cassava, sor-
ghum, and sweet potato, with lysine production of 
1.01 g/L, 1.02 g/L and 1.07 g/L, respectively, using Bacil-
lus laterosporus as the inoculum [69].

Different carbon sources resulted in different pro-
duction yield and productivity, as indicated in Table  2. 
Although starch-based fermentation has the maximum 
cell growth and the highest amount of overall sugar con-
sumption, it has the lowest production yield for both 
methionine and lysine. However, it showed higher pro-
ductivity for methionine as compared to cellulosic-based 
fermentation. Maximum product formation and product 
yield were the highest for both amino acids when com-
mercial glucose was used as the carbon source for P. aci-
dilactici Kp10. The performance of cellulosic materials as 
the carbon source used in amino acids production was 
comparable to commercial glucose, especially in the pro-
duction of lysine, in which the product yield was same as 
using glucose as carbon source. In term of productivity, 
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cellulosic-based glucose has resulted in the highest pro-
ductivity for lysine.

The production of methionine and lysine in the fer-
mentation using P. acidilactici Kp10 indicated that the 
strain has the ability to produce amino acids. This was 
supported by Lee et al. [70], who reported an increasing 
amount of amino acids in the fermentation by P. acidi-
lactici, but a decreased in the production of methionine 

and lysine when L. salivarius and L. plantarum was used 
as the inoculum. In comparison, this study has produced 
a comparable methionine production with KiBeom et al. 
[58]. Toe et al. [16] also reported that P. acidilactici UB-6 
consumed the amino acid present in the medium at the 
initial stage of fermentation for the cell growth, followed 
by maximum production of amino acids at the later stage 
of fermentation.

Table 2  Comparison of methionine and lysine production by P. acidilactici Kp10 using different carbon sources

Parameters Carbon Source

Glucose Starch Cellulosic materials

Maximum cell growth (OD600) 1.86 ± 0.02 2.26 ± 0.05 1.69 ± 0.05

Overall sugar consumption (g/L) 8.38 ± 0.08 9.86 ± 0.01 9.09 ± 0.01

Maximum product formation

 Methionine (mg/L) 75.50 ± 1.41 40.25 ± 0.71 37.31 ± 0.91

 Lysine (g/L) 1.61 ± 0.13 0.97 ± 0.02 0.84 ± 0.01

Incubation time for maximum production (h)

 Methionine 2 4 4

 Lysine 12 10 4

Substrate consumed at respected time (g/L)

 Methionine 5.15 ± 0.06 5.71 ± 0.07 3.70 ± 0.01

 Lysine 6.98 ± 0.00 8.76 ± 0.01 3.70 ± 0.01

Maximum product yield

 Methionine (mg/g) 14.66 7.04 10.08

 Lysine (g/g) 0.23 0.11 0.23

Maximum productivity

 Methionine (mg/L/h) 37.75 10.06 9.33

 Lysine (g/L/h) 0.134 0.097 0.21

Table 3  Comparison of methionine production by various microorganisms and carbon sources

a Extracellular methionine at maximum concentration

Microorganism Carbon source Initial sugar 
concentration(g/L)

Methionine References

Concentration 
(mg/L)

Yield (mg/g) Productivity 
(mg/L/h)

P. acidilactici Kp10 Starch from pineapple 
plant stem hydro‑
lysate

10 40.25 7.04 10.06 This study

P. acidilactici Kp10 Cellulosic materials 
from pineapple plant 
stem hydrolysate

10 37.31 10.08 9.33 This study

P. acidilactici Kp10 Commercial glucose 10 75.70 14.66 37.75 This study

Streptomyces sp. Sucrose 8 372.00 50.00 310.00 [72]

Lactobacillus from ogi Glucose 10 5.10a 0.51 0.22 [73]

Yeast from ogi Glucose 10 6.60a 0.66 0.23 [73]

Bacillus sp. Glucose 10 1200.00 120.00 50.00 [74]

Bacillus cereus Glucose 20 4550.00 60.00 60.00 [75]

P. acidilactici Glucose 15 64.70 4.31 8.09 [58]

Lactobacillus salivarius Glucose 15 18.6L 1.24 2.33 [58]
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Production of methionine and lysine can be achieved 
using various carbon sources and biomass, as well as 
different microorganisms for fermentation. Tables  3 
and 4 show the comparison of methionine and lysine 
production, respectively, using various microorganisms 
and carbon sources. Based on Table 3, the productivity 
of methionine using starch-based and cellulosic-based 
of pineapple plant stem hydrolysates produced by P. 
acidilactici Kp10 was slightly higher than the produc-
tivity of methionine using glucose as a carbon source 
by P. acidilactici as studied by KiBeom et  al. [58]. For 
lysine production (Table  4), the productivity was the 
highest using cellulosic materials from pineapple plant 
stem hydrolysate as a carbon source. The productiv-
ity was similar to lysine production by C. glutamicum 
using raw corn starch as a carbon source as studied 
by Tateno et  al. [71]. For starch-based fermentation 
from pineapple plant stem hydrolysate by P. acidilac-
tici Kp10, the result obtained in this study was slightly 
higher than lysine productivity using grass silage juice 
as a carbon source by C. glutamicum. Lysine produc-
tivity using commercial glucose as the carbon source 
in this study has recorded the same value as lysine fer-
mentation using jackfruit seed hydrolysate as a carbon 
source by C. glutamicum. This situation may be resulted 
by the composition of monomers in the hydrolysate, 
since the starch-based medium was mainly glucose is 
present, thus resulted in preference for the bacteria.

Production yields in the fermentation process may 
be affected by several parameters, including aeration, 
agitation, pH and temperature [65, 79]. Distribution of 
the sugar and oxygen in the fermentation medium may 

affect the cell physiology of the inoculum, where unde-
sirable stress response might be triggered, which is able 
to switch biosynthesis from the desired amino acids to 
undesirable by-products, such as carbon dioxide, acids, 
and biomass. In addition to that, the medium composi-
tion also strongly influenced the fermentation process. 
Natural organic substances, such as soybean hydro-
lysate, corn steep liquor, yeast extract or peptone, are 
sometimes used in lysine fermentation, with the addi-
tion of various carbon and nitrogen sources, inorganic 
ions and trace elements, amino acids, vitamins and 
numerous complex organic compounds [79].

The ability of P. acidilactici Kp10 to produce methio-
nine and lysine using starch-based and cellulosic-based 
fermentable sugars from pineapple stem hydrolysates 
indicated that pineapple plant stem is potential bio-
mass to be utilised in the production of amino acids by 
P. acidilactici Kp10. This present as an added value for 
the pineapple plant industry in the effort of converting 
waste to wealth and producing amino acids to cater the 
increasing needs of methionine and lysine, especially in 
the animal feed industry.

Conclusions
As a conclusion, pineapple plant stem is potential bio-
mass for amino acids production due to its high starch 
content at 77.78%. The lignocellulosic composition of 
pineapple plant stem consisted of 46.15% hemicellulose, 
31.86% cellulose and 18.60% lignin. Starch-based hydrol-
ysis of pineapple plant stem has resulted in 57.57  g/L 
fermentable sugars. Cellulosic-based saccharification of 
pineapple plant stem produced 24.67 g/L of fermentable 

Table 4  Comparison of lysine production by various microorganisms and carbon sources

a Simultaneous saccharification and fermentation (SSF)

g/g g substrate/g biomass, n.d not determined

Microorganism Carbon source Initial sugar 
concentration (g/L)

Lysine References

Concentration 
(g/L)

Yield (g/g) Productivity 
(g/L/h)

P. acidilactici Kp10 Starch from pineapple plant 
stem hydrolysate

10 0.97 0.11 0.10 This study

P. acidilactici Kp10 Cellulosic materials from 
pineapple plant stem 
hydrolysate

10 0.84 0.23 0.21 This study

P. acidilactici Kp10 Commercial glucose 10 1.61 0.23 0.13 This study

C. glutamicum DM1729 Jackfruit seed hydrolysate 60 8.00 0.13 0.13 [76]

C. glutamicum Corn stovera hydrolysate 51.6 14.70 0.29 0.31 [77]

C. glutamicum Grass silage juice n.d 1.70 0.24 0.09 [78]

C. glutamicum Raw corn starch 50 5.28 0.14 0.22 [71]

C. glutamicum Soluble starch 50 6.04 0.16 0.25 [71]

P. acidilactici Glucose 15 0.22 0.014 0.03 [58]

Lactobacillus salivarius Glucose 15 0.12 0.008 0.02 [58]
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sugars. Methionine and lysine were successfully pro-
duced from pineapple plant stem hydrolysates through 
microbial fermentation using P. acidilactici Kp10. Starch-
based fermentation has produced 40.25  mg/L methio-
nine and 0.97  g/L lysine, higher than cellulosic-based 
fermentation, which produced 37.31  mg/L methionine 
and 0.84 g/L lysine using pineapple plant stem as a sub-
strate. This study has successfully indicated the potential 
of pineapple stem as feedstock in the production of lysine 
and methionine using microbial fermentation. The pro-
duction of these amino acid can be further improved in 
several approaches, including the better understanding in 
fermentation effects as well as statistical tools utilisation.
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