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Importance of the work: Palm kernel cake (PKC), a by-product from the palm oil industry
containing 14%-—18% protein, is well-known as an alternative protein ingredient to reduce the
cost of animal feed. However, the utilization of cellulosic PKC as an animal feed ingredient
is still limited. Improving the nutritional value and protein content of PKC based on solid
state fermentation (SSF) with useful probiotics would expand the utilization of PKC as
an ingredient in poultry or monogastric animals.

Objectives: To investigate the effects of SSF of PKC using Bacillus velezensis, together with
adding supplements, to help increase microbial growth and biological production levels.
Materials and Methods: Suitable conditions were investigated for culturing B. velezensis based

on SSF using PKC as a substrate with the addition of reducing sugar (RS) from molasses and
nitrogen (N) from urea as microbial supplements. The total viable count (TVC), enzyme activity
levels and protein content of the fermented PKC were considered for the conditions selected.
Results: Fermentation of PKC with the addition of 20 g RS/kg sample and without N addition
for 5 d produced high values for TVC (10.05 log CFU/g sample, 1.16 x 10'° CFU/g sample),
soluble protein content (17.51 mg/g sample on a dry basis, d.b.) and high levels of protease and
amylase activity levels (49.41 international units (U)/g sample (d.b.) and 739.13 U/g sample (d.b.),
respectively). The crude protein content based on proximate analysis of the fermented samples
increased from 13.79% to 20.98%, which was 1.52-fold higher than for only PKC, while the crude
fiber of the fermented PKC was slightly reduced from 27.11% to 25.40% (a 0.94-fold decrease).
Main finding: Processing of PKC based on SSF using B. velezensis with the addition of RS at
20 g RS/kg sample for 5 d was a suitable biological production process to improve the microbial
growth and nutritional value of fermented PKC and would be applicable for probiotic production.
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Introduction

The production of palm oil in Thailand has received
considerable attention each year. Palm kernel cake (PKC)
is one of the main by-products of the palm oil industry
and involves agricultural industrial waste (Bello et al., 2018).
PKC contains high amounts of crude protein (14-18%),
fat (3-9%) and crude fiber (12-20%) (Sathitkowitchai et al.,
2018; Azizi et al., 2021). Consequently, it has been applied as
an alternative animal feed ingredient to reduce costs, replace
insufficient protein in animal feed and to add product value
to agricultural waste (Azizi et al., 2021). The crude fiber of
PKC is acceptable to most ruminants; however, it may not
be suitable if included at high levels in poultry diets, with the
recommended inclusion level of PKC in broiler diets being
up to 20-30%, which did not affect their growth performance
or feed efficiency (Egenuka et al., 2018). However, an increase
in the percentage of PKC utilization in poultry is still of interest
for low-cost production.

Solid state fermentation (SSF) is an attractive means to
process animal feed due to its low production cost and high
product yield (Lomthong et al., 2021). It has been used in
a wide range of applications to improve the biomass and
nutritional values of by-products. Most Bacillus probiotics
are used in SSF to improve the nutritional value of the
products. For example, Zeng et al. (2021) reported that Bacillus
velezensis K8 efficiently degraded lignocellulose in both
brewer's spent grain and ultrasonic-pretreated brewer's spent
grain, enhancing the soluble sugar and protein contents using
SSF. In addition, B. velezensis is a probiotic used as an additive
to improve health for use in animal feed (Khalid et al., 2021).
Cui et al. (2024) studied the effect of Bacillus velezensis as
supplementation on Campylobacter jejuni colonization in
chickens. They reported that the growth of C. jejuni decreased
from 7.46 log,, colony forming units (CFU)/mL to 1.02 log,,
CFU/mL when B. velezensis was applied for 48 hr. In addition,
Zhu La et al. (2024) reported that dietary supplementation
with Bacillus velezensis CML532 promoted chicken growth
and improved digestive and absorptive functions, intestinal
morphology and barrier function. Products obtained using
SSF, such as digestive enzymes (including protease, amylase
and xylanase), can be utilized for animals. Pranay et al. (2019)
investigated amylase production from agrowastes using SSF
with Bacillus subtilis KR1. Wheat bran yielded the highest
amylase production (82.60 international units (units per gram
of substrate, U/gds), while rice bran produced 80.51 U/gds.

Similarly, Selo et al. (2021) demonstrated that SSF of wheat
straw using Bacillus sp. BBXS-2 resulted in protease and
amylase activity levels of 12,200 U/g dry matter and 6,900 U/g
dry matter, respectively.

Protease and amylase are well-known as effective enzymes
that can enhance intestinal digestibility and promote the growth
performance of animals (Yin et al., 2018). Protease is a class of
enzyme that catalyzes the reaction by breaking down proteins
through the hydrolysis of peptide bonds (Morohashi and
Tomita, 2013). Proteases can be produced by animals, plants
and microbes that have potential applications in industries
such as food processing, pharmaceuticals, and animal feed
(Ojo-Omoniyi et al., 2024). Supplementation of animal feed
with exogenous protease improves protein digestibility.
For example, Oxenboll et al. (2011) demonstrated that the
addition of protease in poultry feed enhanced the protein
digestibility of broilers and improved nitrogen utilization.
Qiu et al. (2023) studied the effects of protease concentrations
on the amino acid digestibility of broilers. They reported that
dietary supplementation with 250 mg/kg of protease increased
the apparent ileal digestibility of crude protein and amino acids,
while only cysteine, aspartic acid and glycine increased when
500 mg/kg of protease was applied. Furthermore, they noted
that the addition of protease led to protein hydrolysis, inducing
the absorption of intact protein and improving the growth
performance of the broilers. Amylase is a digestive enzyme
that breaks down starch into sugar molecules and is normally
used in animal feeds to enhance nutrient digestion and promote
growth performance (Stefanello et al., 2017). Gracia et al.
(2003) mentioned that the addition of exogenous a-amylase
in broiler feed (corn-soybean meal diet) could improve daily
gains by 9.4% on day 7. The daily gain of broilers on days
0-21 and days 21-42 increased by 3.6% and 5.5%, respectively.
Consequently, supplementation of a-amylase in a corn-soybean
meal diet enhanced the digestibility of nutrients and the growth
performance of broilers. Kaczmarek et al. (2014) reported
that adding protease and amylase in broiler chicken feeds
(corn-soybean meal-based diets) improved broiler chickens’
body weight gain and feed conversion ratio during the first
2 wk of growth. Additionally, preliminary study to the present
research on the enzyme-producing ability of B. velezensis
before SSF showed that enzymes produced by Bacillus
velezensis (protease and amylase) had the highest hydrolytic
enzyme activity levels of 1,067.02 U/g dry weight of biomass
and 14,834.98 U/g dry weight of biomass after culturing
in selective media for 96 hr.
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Thus, it seems useful to enhance microbial growth and
biological production by adding inexpensive supplements
to fermentation. Molasses, a low-value by-product from
the sugar industry, has been applied widely in animal feed
for many years (Sjdlin et al., 2022). The major components
of molasses are 31.05% (weight per weight, w/w) reducing
sugar (RS), 9.49% (w/w) glucose, 1.16% (w/w) galactose,
9.95% (w/w) fructose and 2.90% (w/w) sucrose. Furthermore,
molasses contains 2.5-4.5% crude protein, vitamins and
minerals such as iron, zinc and copper (Heidari et al., 2011).
Besides its nutritional benefits and availability, molasses-rich
reducing sugar (RS) has been used to promote microbial growth
in various applications (Vinale et al., 2020). Additionally,
nitrogen (N) is recommended as a crucial source for microbial
growth. Almost all microorganisms can grow better in organic
nitrogen (present in some amino acids, such as peptone
and tryptone, and urea) than in inorganic sources (Berovic
and Podgornik, 2016). Urea contains 46% N and usually is
utilized in feed as a protein supplement because it is cheap and
non-toxic to animals (Lunsin et al., 2018). Nitrogen from urea
can be applied as a nitrogen source for microorganisms to use
as a precursor of protein synthesis and a source of energy,
as well as for a nutritional additive, providing a source of
non-protein nitrogen for ruminants (Niazifar et al., 2024).
Wang (2012) reported that the addition of 1% (w/w) urea
to soluble distiller’s dried grains undergoing SSF using
Trichoderma reesei led to the highest xylanase activity (51.7
U/g) compared to other treatments. Recently, Wang et al.
(2023), who studied the use of different carbon sources to
improve the nutritional values of corn straw and rice straw
via SSF using Phanerochaete chrysosporium, suggested
that molasses and glucose were the most effective
carbon sources to improve the crude protein contents as well
as reducing the lignin in the corn straw and rice straw after
fermentation for 14 d. Nevertheless, limited information
is available regarding adding RS from molasses and N
from urea at different concentrations into fermented PKC
during SSF.

Therefore, the present work aimed to investigate suitable
conditions for applying SSF to PKC using Bacillus velezensis,
which is a probiotic bacterium, together with adding molasses
and urea as supplements to improve microbial growth
(measured as the total viable count, TVC), enzyme activity and
the protein content.

Material and methods

Material, microorganism and chemicals

Palm kernel cake (PKC) containing 14% crude protein at
a moisture content of around 7% (wet basis, w.b.) was obtained
using an expeller-pressed processor (Kim Kee Kicharoen Co.,
Ltd.; Thailand).

Bacillus velezensis was reidentified from Bacillus
licheniformis TISTR 013 using 16S rRNA gene sequence
analysis, which is commonly used for bacterial identification
(Jenkins et al., 2012). This bacterium was received from the
Thailand Institute of Scientific and Technological Research,
Thailand.

Bovine serum albumin was obtained from Capricorn
Scientific (Germany), while D-glucose was purchased from
Ajax Finechem (New Zealand). L-tyrosine was obtained from
Sigma-Aldrich (USA).

Preparation of inoculum

B. velezensis was cultured in a yeast extract peptone
dextrose (YPD) broth containing 0.5 g yeast extract,
1 g peptone and 1 g D-glucose for a total volume of 50 mL.
The inoculum was incubated at 37°C and shaken at
200 revolutions per minute (rpm) in an incubator shaker
for 24 hr. The optical density at 600 nm (ODy,,) of around 1.0
was selected as the final inoculum dilution.

Preparation of palm kernel cake sample

First, the PKC sample was prepared by mixing PKC
with 100 mM phosphate buffer to reach a final pH and
moisture content of the mixing sample of 6.5-7.0% and
50-65% (w.b.), respectively. Then the prepared PKC was divided
into the designated experiments: 1) negative control sample
(non-fermented sample without RS and N additions);
2) fermented PKC without RS and N additions; and 3) fermented
PKC with RS and N additions.

The samples of the prepared fermented PKC with RS and
N additions were allocated to added molasses containing RS at
2.5 g RS/kg sample, 5 g RS/kg sample, 10 g RS/kg sample, 15
g RS/kg sample and 20 g RS/kg sample. Notably, the RS was
derived from molasses, which was obtained from Rajburi Sugar
Co., Ltd., Thailand and had 44% (weight per weight, w/w) RS.
The N was derived from urea and was fixed at 1 g N/kg sample
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and also added into all fermented samples. Next, 30 g of each
mixed sample was placed in a 250 mL Erlenmeyer flask,
which was covered with cotton and aluminum foil. Then,
all flasks were sterilized at 121°C for 15 min and subsequently
cooled to room temperature prior to SSF. The suitable RS
concentration was selected for further study based on the
addition of N from urea at 5 N/kg sample, 10 N/kg sample,
15 N/kg sample, 20 N/kg sample or 25 g N/kg sample.

Solid state fermentation

The 10% (v/w) inoculum of B. velezensis was mixed
with 30 g each of the sterilized PKC samples containing RS
and N additions (but not with the negative control sample).
All samples were fermented at 37°C for 9 d. Subsamples
were collected at days 0, 1, 3, 5, 7 and 9 for analysis.

Determination of total viable count

A sample (1 g) of fermented PKC was mixed with 9 mL of
sterilized water; with sufficient diluted suspension to make at
least three different dilutions. Then, 100 pL of the suspension
was spread on a YPD agar plate. A sterile stainless-steel
spreader was used to distribute a microbial population of
bacteria on the plate. Then, the plate was covered and placed
in a sealed plastic bag prior to incubation at 37°C for 24 hr.
A countable range of colonies was defined as 25-250 colonies/
plate. Colony counts were expressed as colony forming units
per gram of sample (log CFU/g sample).

Determination of moisture content

A sample (5 g) of PKC was placed in an aluminum can;
the samples were spread uniformly prior to drying. Moisture
content analysis was conducted by drying at 105°C for 24 hr,
following Association of Official Analytical Chemists (2012).
pH measurement

Each PKC sample (1 g) was mixed with 10 mL of distilled
water. Then, the mixture was measured for pH using a pH
meter.

Determination of reducing sugar content

The RS content of each sample was determined using
the dinitrosalicylic acid (DNS) method following Saqib and

Whitney (2011), with some modifications. Each PKC sample
(5 g) was mixed with 50 mL of reverse osmosis (RO) water
and the mixture solution was stirred at 200 rpm for 15 min.
About 250 pL of the mixture was placed in a test tube.
Then, | mL of DNS reagent was added into the tube.
The tube was covered and placed in boiling water for 5
min and subsequently rapidly cooled to room temperature.
The absorbance was measured at 540 nm using an ultraviolet-
visible light spectrophotometer (Metertech; SP-830 PLUS;
Taiwan).

Protease activity assay

The protease activity was determined using a modified
method from Boratyiiski et al. (2018). Each PKC sample
(5 g) was mixed with 50 mL of 20 mM phosphate buffer
(pH 7.2). The mixture solution was stirred at 200 rpm for
15 min prior to centrifugation at 9,000 xg for 5 min. Next,
0.5 mL of supernatant was mixed with 1 mL of 0.6% (weight
per volume, w/v) casein in 0.1 M Tris-HCI (pH 8.0) at 37°C
for 10 min; Tris buffer at pH 8.0 and 37 °C was used as the
reported most effective condition for protease activity assay
(Banik et al., 2018). About 2.5 mL of 0.11 M trichloroacetic
acid was added to stop the reaction. Then, 1 mL of the
mixture was mixed with 5 mL of 0.4 M sodium carbonate and
1 mL of 3x dilution of Folin-Ciocalteu reagent, respectively.
The reaction mixture was carried out at 37°C for 20 min;
the absorbance of the mixture was measured at 660 nm.
Tyrosine concentrations (0-500 ppm) were used to develop
a standard curve. One unit of enzyme was defined as
an amount of the enzyme required to liberate 1 pmol of
tyrosine per min. Protease activity was expressed as a unit
(U)/g sample (d.b.).

Ampylase activity assay

The amylase activity was determined following the method
of Afrisham et al. (2016), with some modifications. Each PKC
sample (5 g) was mixed with 50 mL of 100 mM phosphate
buffer (pH 7.0). The mixture solution was stirred at 200 rpm for
15 min and then centrifuged at 9,000 xg for 5 min to separate
particles from the solution. About 0.5 mL of supernatant
phosphate buffer (pH 7.0) was mixed with 0.5 mL 1% (w/v)
soluble starch solution. The optimum buffer and pH for
amylase activity assay were reported in the pH range 4.5-7.0
(Yadav and Prakash, 2011). The reaction was carried out for
15 min at 50°C, which has been reported to be the optimum
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temperature for amylase activity (Bano etal., 2011). Then 1 mL
of DNS reagent, prepared following Saqib and Whitney (2011)
with some modifications, was added to the mixture and
boiled for 5 min prior to cooling to room temperature.
The reaction mixture was measured at 540 nm and D-glucose
at concentrations of 0—1,000 ppm was used to develop
a standard curve. One unit of enzyme was defined as the
amount of the enzyme required to liberate 1 pmol of glucose
per min. Amylase activity was expressed as a U/g sample (d.b.).

Determination of soluble protein content

The soluble protein content in each PKC sample was
determined following Bradford (1976), with some
modifications. Each PKC sample (5 g) was mixed with 50 ml of
RO water and stirred at 200 rpm for 15 min. Then, the mixture
was centrifuged at 9,000 xg for 5 min. Subsequently, 10 pL of
supernatant was mixed with 200 pL of Bradford dye reagent.
The mixture was left at room temperature for 15 min and
then measured at 595 nm. The protein content was calculated
from a standard curve of bovine serum albumin based on
concentrations in the range 0-1,000 pg/L.

Determination of proximate chemical compositions

Standard methods were applied to determine the proximate
chemical components (crude protein, crude fiber, ash and
fat contents). Specifically, the crude protein and crude fiber
contents of each sample were determined according to the
standard method of Association of Official Analytical Chemists
(2012). The ash content was determined according to the
standard method of American Society for Testing and Materials
D3174-12 (2012), while the fat content was analyzed based on
the standard method of American Public Health Association
(2017).

Statistical analysis

Experimental data were presented as mean = SD values after
being subjected to analysis of variance analysis. Duncan's new
multiple range test was used to determine differences in mean
values, which were considered at the 95% confidence level for
significance (p < 0.05) using the SPSS® software version 17
(SPSS Inc.; USA) for statistical analysis. All experiments
were independently carried out at least in duplicate.

Results and discussion

Initially, RS at different concentrations was added to the
PKC samples that had undergone SSF using B. velezensis to
determine a suitable RS concentration that would enhance the
TVC, enzyme activity and the protein content. The selected
RS concentration was later applied to determine the suitable
fermentation process of PKC by varying N at different
concentrations.

Addition of reducing sugar at different concentrations

RS from molasses at different concentrations was added,
while N from urea was fixed at 1 g N/kg sample. Both the RS
and N were mixed with PKC before fermentation for 9 d.

Fig. 1 A shows the TVC values of B. velezensis on fermented
PKC that had undergone RS additions of 0 g RS/kg sample,
2.5 g RS/kg sample, 5 g RS/kg sample, 10 g RS/kg sample,
15 g RS/kg sample or 20 g RS/kg sample with 1 g N/kg
sample compared to the negative control sample. At day 0,
the initial TVC of all fermented samples was in the range
6.11-6.35 log CFU/g sample (or 1.30 x 10°-2.24 x 10° CFU/g
sample). The TVC values increased continuously until reaching
their maxima of 10.05 log CFU/g sample, 9.99 log CFU/g
sample and 10.07 log CFU/g sample (or 1.13 x 10'° CFU/g
sample, 1.24 x 10" CFU/g sample and 1.17 x 10'* CFU/g
sample) for the fermented samples with 5 RS/kg sample, 10
RS/kg sample and 15 g RS/kg sample, respectively, at day 5
and of 10.07 log CFU/g sample and 10.14 log CFU/g sample
(or 1.18 x 10" CFU/g sample and 1.37 x 10'® CFU/g sample)
for the fermented samples with 2.5 RS/kg and 20 g RS/kg
at days 9 and 7, respectively. The maximum TVC for
the fermented samples without RS addition (0 g RS/kg)
was 9.89 log CFU/g (or 7.75 x 10° CFU/g sample) on day 5.
There was no significant difference in the microbial population
compared to the other fermented samples, suggesting that
the RS nutritional value of PKC as a substrate might be
adequate for bacterial growth during fermentation.
After that, the TVC of almost all the fermented samples
remained unchanged until the end of fermentation. Notably,
there was no noticeable growth of bacterial colonies in the
negative control samples during fermentation. Therefore,
B. velezensis could grow on the fermented PKC with and
without RS addition.
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Fig. 1 Changes in total viable count (TVC), reducing sugar (RS) contents, enzyme activity levels and soluble protein contents of palm kernel cake with
added 1 g N/kg sample in different RS amounts undergoing solid state fermentation at 37°C for 9 d: (A) TVC; (B) RS content; (C) protease activity;

(D) amylase activity; (E) soluble protein content. Bars with the same lowercase letters within the same sample and the same uppercase letters within

the same fermentation time are not significantly (»p > 0.05) different.

Generally, an increase in the TVC of bacteria depended on
several parameters, including moisture content and pH during
SSF. For example, the moisture contents of fermented samples
that had undergone RS addition increased slightly during
fermentation due to cellular respiration in microorganisms

that affect water release (Epstein, 2017), while the negative
control sample showed no change in moisture content
(Table 1). The pH values of all the fermented samples
clearly increased on day 3 and reached their maxima during
days 3 and 5, with values in the range 7.41-7.76 (Table 2).
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Table 1 Changes in percentage moisture content of palm kernel cake with different additions of reducing sugar (RS) and of N at 1 g N/kg sample

undergoing solid state fermentation at 37°C for 9 d

Sample Day 0 Day 1 Day 3 Day 5 Day7 Day 9
Negative control sample 57.24+0.31%*  57.35+0.70%*  57.43+£0.35**  56.02+2.10**  56.594+2.16%*  54.92+0.85%*
Fermented sample (0 g RS/kg sample) 60.63+£0.20%¢  60.74+0.45%5  61.96+£0.47">5  62.14+0.82>F  61.67+0.58">F  61.354+1.26% B¢
Fermented sample (2.5 g RS/kg sample) 61.00+£0.65%¢  61.76+£0.23*85C  63.54+0.60%5  62.38+0.32>F  61.67+0.60">"  61.49+0.47 B¢

Fermented sample (5 g RS/kg sample)

Fermented sample (10 g RS/kg sample)
Fermented sample (15 g RS/kg sample)
Fermented sample (20 g RS/kg sample)

60.82+0.26%¢
61.06+0.34%¢
60.58+0.72%¢
60.02+0.91% 8

61.57+0.13%8¢
62.24+0.22:¢
61.0141.52%8¢
60.91+0.348

62.43+1.47~8
62.81+1.02%8
62.23+1.64%8
62.55+0.47%"

61.99+0.34%8
62.38+0.34 B
61.53+0.238
61.92+0.400 B

60.02+2.62%8
62.22+0.65"8
60.28+1.198
61.16+1.098

62.00+0.12% B¢
61.47+1.13BC
62.38+0.84*¢
60.64+0.35% 8

Values (mean + SD) with the same lowercase superscript letters within the same sample and the same uppercase superscript letters within the same

fermentation period are not significantly (p > 0.05) different.

Table 2 Changes in pH of palm kernel cake with different additions of reducing sugar (RS) and of N at 1 g N/kg sample undergoing solid state

fermentation at 37°C for 9 d

Sample Day 0 Day 1 Day 3 Day 5 Day7 Day 9

Negative control sample 6.64+0.04%P 6.46+0.06%P 6.37+0.05%4 6.24+0.03%4 6.26+0.03%4 6.21£0.034
Fermented sample (0 g RS/kg sample) 6.71£0.01%P 6.46+0.06%P 7.66+0.03¢4P 7.74+0.05¢ P 7.52+0.02¢P 7.51+0.07%¢
Fermented sample (2.5 g RS/kg sample) 6.53+0.05>¢ 6.34+0.03* B¢ 7.66+0.05%P 7.76+0.05%P 7.53+0.01«P 7.51£0.02% "
Fermented sample (5 g RS/kg sample) 6.44+0.13%¢ 6.3840.01="  7.65+0.03%P 7.75+0.02%P 7.54+0.01%P 7.54+0.01"F
Fermented sample (10 g RS/kg sample) 6.34+0.01*8 6.27+0.03*8 7.5240.01%¢ 7.66+0.03%¢ 7.45+0.07%¢ 7.40+0.02¢P
Fermented sample (15 g RS/kg sample) 6.27+0.01*8 6.30+0.06*8 7.49+0.02¢¢ 7.65+0.01%¢ 7.39+0.02¢8 7.31+0.05>¢
Fermented sample (20 g RS/kg sample) 6.12+0.04~4 6.14+0.08*4 7.41+0.048 7.51+0.048 7.34+0.03%8 7.214£0.05>B

Values (mean + SD) with the same lowercase superscript letters within the same sample and the same uppercase superscript letters within the same

fermentation period are not significantly (p > 0.05) different.

This was probably because the microorganisms had consumed
organic acids that were produced during SSF, inducing increases
in pH values (Williams, 2013). Notably, pH values of around
7 have been reported to be the optimum for the production of
amylase (Nusrat and Rahman, 2007). Nevertheless, the pH
of the samples in the present study decreased slightly during
days 7-9.

The RS of the fermented and negative control samples
is shown in Fig. 1B. Before RS addition, the contents of
all samples were 12.28-14.24 g RS/kg sample. After adding
RS, the RS of almost all fermented samples increased according
to their concentrations. The RS of all the fermented samples
had a declining trend toward the end of fermentation,
since the RS had been utilized as a carbon source for cell
proliferation (Jung, 2016). Decreases in the RS contents of
all the fermented samples corresponded well with the increases
in microbial populations, as presented in Fig. 1 A.

The protease and amylase activity levels of the fermented
samples, with and without RS addition, and of the negative
control samples are illustrated in Fig. 1C and 1D (however, no
measurements were carried out on day 0). The activity levels
of these enzymes of the fermented samples, especially at 10
g RS/kg sample, 15 g RS/kg sample and 20 g RS/kg sample,

increased and reached their maxima on day 3, with protease
activity levels of 13.22 U/g sample (d.b.), 12.86 U/g sample
(d.b.) and 14.56 U/g sample (d.b.) and amylase activity levels
of 65.76 U/g sample (d.b.), 93.36 U/g sample (d.b.) and 138.63
U/g sample (d.b.), respectively. The protease and amylase
activity levels of the other fermented samples also increased;
however, their levels were lower than those obtained from
the fermented samples mentioned previously. Higher RS
concentrations (10 RS/kg sample, 15 RS/kg sample and 20 g
RS/kg sample) induced higher enzyme activity levels, probably
because of their increased utilization during cell growth and
maintenance, improving enzyme production. Nevertheless, the
enzyme activity levels of all the fermented samples decreased
after day 3, perhaps due to the number of cells not increasing
during the stationary phase because of nutrient exhaustion
or the accumulation of enzyme repressors (Alrumman
et al., 2018), leading to decreases in enzyme production.
The fermented sample at 20 g RS/kg had the highest level
for amylase activity and also had a high activity level for
protease. Notably, the protease and amylase activity levels of
the negative control sample were negligible until the end of the
experiment.
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Fig. 1E shows soluble protein contents of the fermented and
the negative control samples. The contents of soluble protein
in all the fermented samples clearly increased on day 3 and
reached their maxima on day 5 in the range 16.60-16.77 mg/g
sample (d.b.); these contents were not significantly different.
The soluble protein contents of the fermented samples were
related to their TVCs as the cell numbers increased, the soluble
protein contents of all fermented samples increased. For the
negative control sample, the soluble protein content of this
sample changed only slightly during fermentation.

From the above-mentioned discussion, the fermented sample
at 20 g RS/kg sample had the highest amylase activity compared
to the other fermented samples, as well as high protease activity,
bacterial populations and soluble protein content, similar to those
of other conditions. Thus, this condition was selected for further
study of N addition at different concentrations to optimize the
fermentation process of the fermented PKC.

Addition of nitrogen at different concentrations

Based on the results in the previous section, 20 g RS/kg
sample was selected as the suitable RS concentration of fermented
PKC and applied in this section to investigate the optimum
fermentation process.

There was an increase in the TVC of B. velezensis in the
fermented samples with and without N additions (Fig. 2A).
The bacterial viable counts of almost all the fermented samples
increased continuously and reached their maxima during days
3 and 5; the TVC of these samples remained almost unchanged
until the end of fermentation. On day 3, the fermented samples
at 20 g RS/kg sample without N addition had a maximum
viable count (9.64 log CFU/g sample (4.60 x 10° CFU/g
sample)) similar to that of the fermented sample at 20 g RS/
kg sample with 5 g N/kg, 10 g N/kg and 15 g N/kg, which had
maxima of 10.18 log CFU/g sample, 10.00 log CFU/g sample
and 9.79 log CFU/g sample, respectively, (or 1.54 x 10"
CFU/g sample 1.12 x 10'° CFU/g sample and 6.15 x 10° CFU/g
sample, respectively). The fermented samples at 20 g RS/kg
sample with 20 N/kg sample and 25 g N/kg sample, had lower
TVCs than those of the other conditions. Thus, it seemed that
high cell numbers were obtained when the fermented samples
at 20 g RS/kg sample had low added N concentrations (0 g N/g
sample, 5 g N/g sample, 10 g N/g sample and 15 g N/g sample).
The cell metabolism of bacteria might have been disrupted
by a high concentration of N, causing inadequate absorption
of other essential nutrients and inducing the inhibition of cell
growth (Chai and Adnan, 2018). Li et al. (2023) studied the

effect of the carbon-to-nitrogen (C:N) ratio using sucrose as a
carbon source and NH,Cl as a nitrogen source on the product
per substrate (Y,s) and product per biomass (Y,) to improve
Bacillus subtilis 168 growth. The optimum C:N ratio for Y,
and Y, was 11.68:1, producing Y, and Y, values of 0.076
g/g and 0.46 g/g, respectively. However, a C:N ratio of 7:1 led
to a decrease in Y, and Y,y because the excess amount of N
reacted with the C source, affecting the growth and metabolism
of the bacteria. Nonetheless, the maximum TVCs of these
fermented samples were similar to that obtained from the
fermented sample at 20 g RS/kg sample with added 1 g N/kg
sample (as presented in the previous section) in almost all cases
and were in the range of probiotics (Marinova et al., 2019).
According to the Ministry of Agriculture and Cooperatives in
Thailand (2016), the quantity of microorganisms mixed into
animal feed must be at least 1 x 105 CFU/kg of feed.

The moisture content and pH values (Tables 3 and 4) increased
slightly in almost all cases. As presented in Fig. 2B, the decrease
in RS was related to the increase in fermentation period and cell
numbers due to greater utilization of the RS by the microbial cells.

No protease or amylase activity levels were observed on
day 0 (Fig. 2C and 2D). The protease activity levels in all the
fermented samples, especially at 20 g RS/kg sample without
N addition, increased and reached their maxima of 49.41 U/g
sample (d.b.) on day 5, as discussed above-this value was
higher than those produced by the other fermented samples.
The increase in N concentration could have generated regulatory
responses that led to the expression of protease genes, affecting
the reduction of enzymes (Dwitaviani et al., 2024), as illustrated
by the decreases in the number of cells for the same fermentation
period. Nevertheless, the protease activity levels of almost
all the fermented samples decreased after day 5 because of
nutrient reductions during fermentation, resulting in unfavorable
conditions for microbial growth and producing a subsequent
decrease in enzyme production. The amylase activity level of the
fermented samples at 20 g RS/kg sample with added 5 g N/kg
sample, 10 g N/kg sample, 15 g N/kg sample, 20 g N/kg sample
and 25 g N/kg sample reached their maxima during days 3 and 5,
with most of these activity levels remaining relatively constant
thereafter. The amylase activity of the fermented sample at
20 g RS/kg sample without any added N increased continuously
until the end of fermentation and was higher than those of the
other conditions. High N concentrations might have affected the
growth of microorganisms and suppressed amylolytic activity,
causing enzyme inhibition (Sharma et al., 2012; Dash et al.,
2015). There was no protease or amylase activity in the negative
control sample at the end of fermentation.
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Fig. 2 Changes in total viable count (TVC), reducing sugar (RS) contents, enzyme activity levels and soluble protein contents of palm kernel cake with
the addition of RS at 20 g RS/kg sample and different additions of N undergoing solid state fermentation at 37°C for 9 d: (A) TVC; (B) RS content;
(C) protease activity; (D) amylase activity; (E) soluble protein content. Bars with the same lowercase letters within the same sample and the same
uppercase letters within the same fermentation time are not significantly (p > 0.05) different.
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Table 3 Changes in percentage of moisture contents of palm kernel cake with additions of RS at 20 g RS/kg sample and different levels of N undergoing

solid state fermentation at 37°C for 9 d

Sample

Day 0

Day 1

Day 3

Day 5

Day7

Day 9

Negative control sample

Fermented sample (0 g N/kg sample)
Fermented sample (5 g N/kg sample)
Fermented sample (10 g N/kg sample)
Fermented sample (15 g N/kg sample)
Fermented sample (20 g N/kg sample)
Fermented sample (25 g N/kg sample)

59.53+2.59+4
59.39+1.05%*
60.77+£0.35%»
59.13£0.91>4
58.89+0.54»4
58.34+£1.3724
58.63+£0.58%4

58.29+43.60%4
60.58+0.76"ABC
63.1140.05"¢
61.65+0.23% B¢
61.53+0.53% B¢
60.23+0.73%ABC
59.89+1.22:.48

58.41+0.49%*
63.79+0.32>°
62.70+0.04% <P
63.55+0.50°¢-P
62.84+0.39% P

61.56+0.53b B¢

60.60+1.60* 7

57.15£1.07%A
65.86+1.23%P
63.09+0.60> €
63.53+1.08¢
62.57+0.78< 8¢
62.38+0.265¢
61.06+0.07>8

58.48+0.56%A
66.95+0.54%F
60.37+1.24%8
62.59+0.71b P
62.81+0.32%P
61.37+0.83% B¢
60.86+0.21>B

57.78+1.01%A
66.78+1.62%F
60.99+0.50* B¢
64.56+1.13%P
59.28+0.73A8
61.58+0.27%¢
60.39+0.94" B¢

Values (mean + SD) with the same lowercase superscript letters within the same sample and the same uppercase superscript letters within the same

fermentation period are not significantly (» > 0.05) different.

Table 4 Changes in pH of palm kernel cake with additions of reducing sugar (RS) at 20 g RS/kg sample and different levels of N undergoing solid state

fermentation at 37°C for 9 d

Sample Day 0 Day 1 Day 3 Day 5 Day7 Day 9
Negative control sample 6.5540.048 6.84+0.04>8 6.47+0.014 6.51£0.04-A 6.48+0.014 6.42+0.06%4
Fermented sample (0 g N/kg sample) 6.86+0.044 6.76+0.59%4A 7.5040.06%8 6.88+0.15%8 7.234+0.28%8 7.41+0.42%8
Fermented sample (5 g N/kg sample) 7.10+0.03*¢ 7.53+0.08" ¢ 8.34+0.01¢P 8.37+0.044¢ 8.23+0.04< ¢ 8.17+0.08¢
Fermented sample (10 g N/kg sample) 7.56+0.07*P 7.83+0.18>“P  8.18+0.07¢ 8.57+0.06%P 8.56+0.06%P 8.51£0.06%P
Fermented sample (15 g N/kg sample) 7.74+0.04% " 7.98+0.04%PF  8.54:+0.04°F 8.60+0.07¢P 8.61+0.00%P 8.51+0.05%P
Fermented sample (20 g N/kg sample) 7.87+0.03*F 7.96+0.02>PF  8.52+0.01%F 8.51+0.10=®  8.59+0.02¢4P 8.61+0.02¢P
Fermented sample (25 g N/kg sample) 8.15+£0.01»¢ 8.30+0.01>F 8.52+0.02¢F 8.40+0.08<¢ 8.49+0.03<-P 8.49+0.08<- P

Values (mean + SD) with the same lowercase superscript letters within the same sample and the same uppercase superscript letters within the same

fermentation period are not significantly (» > 0.05) different.

The soluble protein contents of all the fermented
samples increased slightly and reached their maxima in the
range 14.03—-17.51 mg/g sample (d.b.) at day 5 (Fig. 2E).
After that, the soluble protein contents of these samples
decreased until day 9, except for the fermented samples
containing 20 g RS/kg sample without N addition, which had
unchanged content. On day 5, the maximum soluble protein
contents of the fermented sample containing 20 g RS/kg
sample without N addition (17.51 mg/g sample (d.b.)) and
the fermented sample containing 20 g RS/kg sample with
added 5 g N/kg sample (17.47 mg/g sample (d.b.)) were
slightly higher than those of other fermented samples, though
their contents were not significantly different. The soluble
protein content of the negative control sample (4.65-5.33 mg/g
sample (d.b.)) did not change significantly throughout the
fermentation period.

The fermented sample at 20 g RS/kg sample without N
addition (0 g N/kg sample) had similar maximum viable counts
and soluble protein contents to those of the 20 g RS/kg samples
with added 1 g N/kg sample, 5 g N/kg sample, 10 N/kg sample

or 15 g N/kg sample. The maximum protease activity of this
fermented sample on day 5 was higher than those for the other
conditions and also 3.39-fold higher than that obtained from
the fermented sample at 20 g RS/kg sample with added 1 g N/kg
sample. Although the maximum amylase activity of this
fermented sample was on day 9, the overall results indicated
that the fermentation of PKC together with RS at 20 g RS/kg
sample without N addition for 5 d was sufficient to produce cell
counts sufficient to be referred to as probiotics. Notably, the
amylase activity of the fermented sample at 20 g RS/kg sample
without N addition on day 5 was 739.13 U/g sample (d.b.) and
much higher than that of the fermented sample at 20 g RS/kg
sample with added 1 g N/kg sample, representing an increase
of 5.33-fold. Therefore, the fermentation of PKC with the
addition of only RS at 20 g RS/kg sample on day 5 was selected
as the most suitable fermentation process, which had a TVC
of 10.05 log CFU/g sample (1.16 x 10'° CFU/g sample),
a soluble protein content of 17.51 mg/g sample (d.b.) and protease
and amylase activity levels of 49.41 U/g sample (d.b.)
and 739.13 U/g sample (d.b.), respectively.



P. Pongmalai et al. / Agr. Nat. Resour. 59 (2025) 590206 11

Proximate chemical compositions

The proximate chemical components of PKC (untreated
sample) and fermented PKC at 20 g RS/kg sample without
N addition were determined on a dry matter basis, as illustrated
in Table 5. The crude protein content of fermented PKC
at 20 g RS/kg sample without N addition (20.98%) was
significantly higher than that of only PKC (13.79%),
indicating that this fermented sample could increase the
crude protein content 1.52-fold due to the breakdown of
complex ingredients into amino acids by microbial enzymes,
as well as the increase in the number of cells enhancing
protein biomass (Wang et al., 2023). The crude fiber of
the fermented PKC (25.40%) was slightly reduced by
0.94-fold compared to PKC (27.11%) and was allied with
hemicellulose degradation in the fermented PKC from
29.48% to 22.14% (w/w). These results were similar to
those reported by Wattanakul et al. (2012), which indicated
that the fermentation of palm kernel meal (PKM) using
SSF with mixed microorganisms (photosynthetic bacteria,
lactic acid bacteria, nitrogen-fixing bacteria, yeast and
Bacillus sp.) resulted in an increase in the crude protein
content from 13.13% to 15.86% and a reduction of crude
fiber content from 38.74% to 24.62% compared to only PKM.
The ash content of the fermented sample (8.65%) was higher
than that achievable from only PKC (4.90%) by 1.77-fold,
due to the degradation of organic compounds during
fermentation (Marini et al., 2008). However, the fat contents
of the fermented PKC and PKC were not significantly
different.

Table 5 Proximate chemical compositions of palm kernel cake (PKC)
and fermented PKC by B. velezensis at 20 g reducing sugar (RS)/kg
sample without N addition and fermentation for 5 d

Chemical component PKC Fermented PKC by B. velezensis

(% weight per weight) at 20 g RS/kg sample without
N addition and fermentation for 5 d

Crude protein 13.79+0.78° 20.98+0.71°

Crude fiber 27.11+£0.31° 25.40+0.24°

Ash 4.90+0.09° 8.65+0.04°

Fat 5.94+0.38° 6.39+0.14°

N-free extract 48.26+1.36° 38.59+1.60°

Values (mean + SD) in each row with the same lowercase superscript
letters are not significantly (p > 0.05) different.

Conclusions

The SSF of PKC using Bacillus velezensis and adding RS
from molasses and N from urea as supplements improved
microbial growth and biological production based on the TVC,
protein content and enzyme activity levels of the fermented
samples. The addition of only 20 g RS/kg sample without
N addition for 5 d fermentation provided suitable fermentation
conditions based on the high levels of TVC 10.05 log CFU/g
sample or 1.16 x 10 CFU/g sample), soluble protein content
(17.51 mg/g sample (d.b.)) and enzyme activity levels
of protease and amylase (49.41 U/g sample (d.b.) and 739.13
U/g sample (d.b.), respectively). The crude protein content
of PKC for these selected optimal conditions increased
1.52-fold (from 13.79% to 20.98% after 5 d of fermentation),
while the crude fiber content of the fermented PKC (25.40%)
slightly decreased 0.94-fold compared to PKC (27.11%).
Overall, the conventional utilization of PKC as an alternative
protein source in animal feed using solid state fermentation
of PKC should be of interest to improve the nutritional value
of fermented PKC and also for its application for probiotic
production.
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