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1. Introduction
  

	 Tilapia is a leading aquaculture commodity in 
Indonesia. Tilapia production in 2023 ranked second 
among aquaculture production (1.36 million tons), 
followed by catfish (1.13 million tons) (KKP RI 2025). 
Tilapia has the potential to be cultivated, especially 
in developing countries such as Indonesia, because it 
grows quickly; has a wide range of adaptations to various 
environmental conditions (temperature, salinity, and low 
oxygen levels); is resistant to stress and disease; is able 
to reproduce at a high capacity and short generation time; 

has a low trophic level; and readily accepts artificial feed 
immediately after hatching (El-Sayed 2020).
	 A significant barrier to aquaculture development 
in developing countries is the restricted access of 
sustainable feed formulations, despite the abundance of 
resources available from agriculture and animal waste 
in these regions (Admasu et al. 2017). The availability 
of quality feed at affordable prices significantly reduces 
production costs and increases profits. The use of local 
feed ingredients that are inexpensive, abundant, and 
sustainable will support the availability of cheaper 
and sustainable feeds. One of the feed ingredients with 
potential for development in Indonesia is palm kernel 
meal (PKM), a byproduct of palm kernel oil extraction. 
Indonesia is the largest palm oil-producing country in the 

This study investigated the potential of palm kernel meal (PKM) as a sustainable feed 
ingredient for red tilapia. Palm kernel meal is a byproduct of palm oil production, 
abundant in Indonesia. Like other plant-based feed ingredients, PKM contains a lot 
of non-starch polysaccharides (NSP), making it difficult to digest, especially for 
monogastric animals. This study aimed to improve the nutritional value, digestibility, 
and dietary supplementation levels of PKM for red tilapia through solid-state 
fermentation (SSF). PKM was fermented using Paenibacillus polymyxa BR25, a 
fibrolytic bacterium isolated from the buffalo rumen. SSF enhanced the nutritional value 
of PKM, as indicated by an increase in dry matter, crude protein, calcium, phosphorus, 
and ash. Essential amino acids, including threonine and methionine+cysteine, were 
also increased, accompanied by decreases in hemicellulose and cellulose, indicating 
effective NSP degradation. In addition, oleic acid and linoleic acid increased, providing 
essential fatty acids for fish health and development. Unfermented PKM negatively 
affected growth at inclusion levels up to 10%, whereas fermented PKM maintained 
growth performance at a 15% dietary inclusion. In addition, SSF significantly 
increased the digestibility of dry matter, protein, and lipid in tilapia, demonstrating its 
potential to enhance PKM utilization in aquafeeds.
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world, with a production volume of 47.5 million metric 
tons in 2024 (Siahaan 2025).
	 This PKM has the potential to be used as a feed 
ingredient because of its year-round availability, 
relatively low cost, high crude protein content (14-18%), 
a fairly complete amino acid profile, and varying levels of 
various minerals (Azizi et al. 2021). However, like other 
plant feed ingredients, the use of PKM in aquaculture 
remains rare. Most plant feed ingredients contain a high 
level of non-starch, which makes them difficult to utilize 
in aquafeeds, especially for carnivorous fish (Vieira et 
al. 2023). NSP is a well-known antinutritional factor 
that inhibits the digestion and absorption of nutrients in 
animal intestines (Choi et al. 2021).
	 Numerous studies have been conducted to enhance 
the nutritional value and digestibility of PKM. Findings 
show that solid-state fermentation of palm kernel meal 
(PKM) using bacteria or fungi enhances its nutritional 
value by reducing crude fiber (CF) levels while 
increasing crude protein (CP), amino acids, and energy 
content (Azizi et al. 2021). Solid-state fermentation of 
PKM with effective microorganisms has been proven to 
increase the nutritional value and level of substitution 
for soybean meal in tilapia feed (Wattanakul et al. 2021). 
Fermented feed has beneficial effects on the ecosystem 
and morphology of the gastrointestinal tract (GIT), 
minimizing GIT pathogen colonization, improving 
immune responses, oxidative status, resistance to 
environmental stressors, growth performance, and feed 
utilization of aquatic animals (Dawood & Koshio 2020).
In general, microbes used for the solid-state fermentation 
of plant feed ingredients must be able to degrade NSP. 
Previous research by Sari et al. (2021) successfully 
isolated fibrolytic bacteria from buffalo rumen. 
Screening results based on the formation of clear zones 
on screening media with single carbon sources, namely 
microcrystalline cellulose, locust bean gum, and PKM, 
showed that these bacteria had the ability to hydrolyze 
cellulose, mannan, and fiber in PKM. Based on the 16S 
rRNA gene sequence, Isolate BR25 with the highest 
hydrolytic activity was identified as closely related to 
Paenibacillus polymyxa (Accession: KR780413.1) with 
a similarity of 98.57%. In addition to their cellulolytic 
and mannolytic activities, these bacteria have proteolytic 
and lipolytic activities (Sari et al. 2022). Based on its 
ability to degrade fiber, proteins, and lipids, P. polymyxa 
BR25 has the potential to be applied to solid-state PKM 

fermentation. Paenibacillus polymyxa has been shown 
to be safe for animals and has potential as a probiotic, 
producing antibacterials to fight pathogens (Gong et 
al. 2021; Zhou et al. 2024). Paenibacillus polymyxa 
(LM31), as a new feed additive, had antioxidant and 
antimicrobial activity, increased growth performance, 
and improved health status of growing Japanese quail 
(Alagawany et al. 2021). This study aimed to improve 
the nutritional value, supplementation level, and 
digestibility of PKM in red tilapia by the application of 
a solid-state fermentation process utilizing P. polymyxa 
BR25.
 
2. Materials and Methods

2.1. Preparation of Inoculum 
	 Paenibacillus polymyxa BR25 was isolated from 
buffalo rumen by Sari et al. (2021). A total of 2.5 mL of 
bacterial culture in NB medium was inoculated into 22.5 
mL of NB medium and incubated at 34°C with agitation 
at 120 rpm for 18 hours or until an optical density of 1 
at a wavelength of 600 nm (Alshelmani et al. 2014; Sari 
et al. 2021).

2.2. Solid-State Fermentation of Palm Kernel 
Meals
	 Solid-state fermentation was carried out under 
conditions according to the optimization results in 
the preliminary study, namely by adding 0.2% urea, a 
substrate: water ratio of 1:2.5 (w/v), and a temperature 
of 30°C, and was incubated for 8 days. The PKM was 
dried at a temperature of 50°C, ground, and then sieved 
with a 40-mesh sieve. A total of 100 g of PKM was added 
to a 1 L Erlenmeyer flask, 0.2 g of urea was added, and 
distilled water was added at a ratio of 1:2.5 (w/v). The 
fermentation medium was sterilized by autoclaving at 
a temperature of 121°C and a pressure of 1 atm for 15 
minutes. A total of 10 mL of inoculum was added to 100 
g of fermentation medium (10% v/w), then mixed with a 
sterile spatula until evenly distributed. The mixture was 
incubated for 8 days at 30°C.

2.3. Experimental Design
	 This research used a completely randomized design 
with 6 feed composition treatments (each with 3 
replications), namely:
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1.	 T0: Standard feed control without the addition of 
palm kernel meal (PKM) or fermented palm kernel 
meal (FPKM)

2.	 TA1: Standard feed with 5% PKM supplementation
3.	 TA2: Standard feed with 10% PKM supplementation
4.	 TB1: Standard feed with 5% FPKM supplementation
5.	 TB2: Standard feed with 10% FPKM 

supplementation
6.	 TB3: Standard feed with 15% FPKM 

supplementation

2.4. Experimental Animals
	 This research used red tilapia var. Nilasa has a weight 
of approximately 13–14 g and a length of between 8.5 
and 9 cm. Red tilapia were obtained from the Balai 
Pengembangan Teknologi Perikanan Budidaya (BPTPB), 
Sleman, Daerah Istimewa Yogyakarta, Indonesia.

2.5. Fish Culture
	 The fish were kept in 18 plastic ponds with a volume 
of 125 L, each equipped with an aeration and water-
circulation system. Each pond was filled with 20 fish. 
Acclimatization was carried out for 7 days on a standard 
feeding regimen. The feed was given twice a day, at 
08:00 and 17:00, at a rate of up to 4% of the fish's weight. 
The feeding treatment lasted 45 days.

2.6. Feed Composition and Preparation
	 The feed composition was formulated according to 
the nutrient requirements of tilapia (NRC 1993). The 
composition of the feed ingredients is shown in Table 
1. A total of 6 feed formulas (Table 2) were formulated 
with a crude protein (CP) content of approximately 32% 
(isoprotein) and digestible energy (DE) of 3,000 kcal 
DE/kg (isoenergy).

Table 1. Nutrient composition of feed ingredients

Table 2. Feed formulation and nutrient composition of the experimental diets

Ingredient

Ingredient
Ingredient

Total
Nutrient composition
Digestible energy (kcal/kg)
Drymatter (%)
Crude protein (%)
Ca (%)
P (%)
Methionine+Cysteine (%)
Lysine (%)
Tryptophan (%)

DW (%)

Proportion (%)

3107.78
90.56
31.91
1.48
1.28
1.37
2.75
0.49

T0

100

40
32
0
0
9
16
2

0.5
0.5

Proportion (%)

3180.14
90.61
32.10
1.50
1.26
1.40
2.75
0.51

TA2

100

40
32
10
0
9
6
2

0.5
0.5

Proportion (%)

3170.92
90.51
31.84
1.50
1.28
1.43
2.75
0.50

TB2

100

40
30
0
10
9
8
2

0.5
0.5

Proportion (%)

3143.96
90.58
32.01
1.49
1.27
1.38
2.75
0.50

TA1

100

40
32
5
0
9
11
2

0.5
0.5

Proportion (%)

3147.24
90.53
32.14
1.49
1.27
1.41
2.77
0.50

TB1

100

40
32
0
5
9
11
2

0.5
0.5

Proportion (%)

3162.86
88.72
32.07
1.52
1.27
1.47
2.77
0.51

TB3

100

40
30
0
15
7
3
2

0.5
0.5

P (%) Trp (%)DE (Kcal/kg)CP (%) Met+Cys (%)Ca (%) Lys (%)
Fish Meal
SBM
PKM
FPKM
Starch
Rice bran
Fish oil
Vitamine C
Mineral mix

Fish Meal
SBM
PKM
FPKM
Starch
Rice bran
Fish oil
Vitamine C
Mineral mix

92
90

91.48*

90.31*

88
91
99
100
100

2.43
0.65
1.17*

1.23*

0
1.37

0
0
22

0.75
0.64
0.37*

0,4*

0
0.21

0
0
0

4200
3010
2890
3000
2700
2110
8800

0
0

50.52
40.55
13.33*

16.43*

0
11,27

0
0
0

2.56
1.27
0.74*

1.25*

0
0.41

0
0
0

3.73
0.3
0.4*

0.46*

0
0.11

0
0

32.5

5.04
2.85
0.48*

0.99*

0
0.54

0
0
0

1046	                                                                                                               	      	             Sari SLA et al.



2.7. Chemical Analysis
	 Dry matter (DM), crude fiber (CF), crude protein 
(CP), crude lipid (CL), phosphorus, calcium, and ash 
contents were determined using the AOAC 2005 method 
(Horwitz 2006). Nutrient contents are presented as 
percentages on a dry-matter basis. The gross energy 
was analyzed with a bomb calorimeter (Azarm and 
Lee 2014). Fiber composition, including acid detergent 
fiber (ADF), neutral detergent fiber (NDF), lignin 
detergent fiber (LDF), cellulose, and hemicellulose, was 
determined according to the methods of Van Soest et al. 
(1991). The amino acid profile was analyzed by using 
a precolumn HPLC gradient system. The free fatty acid 
composition was analyzed via GC‒MS (Wathne et al. 
2018).

2.8. Analysis of Growth Performance and Feed 
Utilization Parameters
	 Weight was measured every 15 days. The growth 
performance and feed utilization parameters were 
determined via the following formulas (Adjanke et al. 
2016):

Daily weight gain (DWG) (g/day)
DWG = (Wf – Wi) / maintenance duration
Note: Wf is the final weight, whereas Wi is the initial 
weight.
Specific growth rate (SGR) (%/day)
SGR = 100*(LnWf – LnWi)/maintenance duration

2.9. Measuring Feed Digestibility
The feed digestibility was determined by the indirect 

method. Acclimatization was carried out for 7 days by 
providing standard feed, followed by feeding according 
to the treatment in the growth test for 14 days. On the 15th 
day, the tilapia were fed a diet supplemented with 0.5% 
Cr2O3 (Sigma). The feed was given at 08:00 and 17:00, 
as much as 4% of the weight of the fish. Before feeding, 
the ponds were cleaned by siphoning. The remaining 
feed was removed by siphoning after 2 hours of feeding. 
Fish feces were collected by siphoning at 07:00 and 
19:00. The feces were centrifuged at 3,000 × g for 15 
minutes and then stored at -20°C. Fecal collection was 
carried out for 10 days. After the feces were collected, 
the dry weight, crude protein content, total fat content, 
and Cr2O3 content in the feces and treatment feed were 
analyzed. Cr2O3 levels were analyzed by using an atomic 
absorption spectrophotometer (AAS). Feed digestibility 
was calculated using the formula described by Vidal et 
al. (2015).

2.10. Statistical Analysis
The data obtained were analyzed by one-way 

analysis of variance (ANOVA) at p>0.05. If there was 
a significant difference, the analysis continued with the 
Duncan multiple-range test (DMRT).

3. Results

3.1. Chemical Composition of Palm Kernel Meal 
(PKM) and Palm Kernel Meal Fermented by 
Paenibacillus polymyxa BR25 (FPKM)
	 The nutrient composition of PKM before and after 
fermentation with Paenibacillus polymyxa BR25 is 
shown in Table 3. The dry matter (DM), crude protein 
(CP), calcium (Ca), phosphorus (P), and ash contents 
relatively increased after solid-state fermentation. 
Changes in fiber composition following SSF indicate 
the NSP-degradation process. The crude fiber, acid 
detergent fiber (ADF), and lignin contents increased 
by 3.3%, 6.38%, and 22.54%, respectively, whereas 
the neutral detergent fiber (NDF), hemicellulose, and 
cellulose contents decreased by 0.06%, 34.48%, and 
2.21%, respectively. The essential amino acid content 
increased, except for arginine, phenylalanine, and 
valine. Threonine and methionine+cysteine increased 
by 76.09% and 68.92%, respectively, whereas valine 
decreased by 11.25%. Long-chain saturated fatty 
acids, including lauric (C12), myristic (C14), palmitic 
(C16), and stearic (C18) acids, decreased, whereas 
short saturated fatty acids, namely, capric acid (C10), 
increased.

3.2. Growth Performance
	 The growth curve of the tilapia after 45 days of 
rearing is shown in Figure 1. The growth of the control 
feed and all the treatments during the first 15 days 
of maintenance seemed to coincide, and the growth 
curve for the 10% PKM supplementation group was 
flatter than that for the other group.
	 Table 4 presents the effects of PKM and FPKM 
supplementation on survival and growth performance. 
Supplementation with PKM and FPKM did not 
affect survival rate but significantly improved growth 
performance (P<0.05). The growth performance in 
the 5% PKM supplementation group did not differ 
significantly from that in the control group. However, 
when PKM supplementation was increased to 10%, 
growth was significantly lower than that in the control 

HAYATI J Biosci                                                                                                               
Vol. 33 No. 4, July 2026 1047



feeding and all the treatments. Solid-state fermentation 
of PKM with P. polymyxa BR25 increased the level 
of PKM supplementation. This was demonstrated by 
the maintenance of growth performance at the FPKM 
supplementation level of 15%.

3.3. Feed Digestibility
	 The effects of PKM and FPKM supplementation on 
feed digestibility in tilapia are presented in Table 5. The 
lowest feed digestibility (dry matter, lipids, proteins) 
among all the treatments occurred with 10% PKM 
supplementation, whereas the highest digestibility 
occurred with 15% FPKM supplementation. 
Digestibility with 10% FPKM supplementation was 
lower than with 5% and 15% FPKM supplementation, 
but still higher than with 10% PKM supplementation. 
These findings indicate that SSF with P. polymyxa 
BR25 can increase the digestibility of PKM in Nile 
tilapia.

4. Discussion

	 The solid-state fermentation of palm kernel meal 
with Paenibacillus polymyxa BR25 enhanced the 
supplementation level of palm kernel meal. The 
maintenance of growth at a 15% supplementation level 
of FPKM suggests the impact of SSF in enhancing 
PKM's nutritional value, presumably through fiber 
reduction, mitigation of antinutritional factors, and 
improved nutrient bioavailability. The findings 
of this study align with those of Alshelmani et al. 
(2016, 2021), who reported that the administration of 
10% or 15% palm kernel meal (PKM) resulted in a 
significant decrease in nutrient digestibility relative to 
the control group, while the inclusion of 10% or 15% 
FPKM utilizing P. polymyxa ATCC 842 significantly 
enhanced nutrient digestibility in broiler chickens. 
Adjanke et al. (2016) indicate that PKM can constitute 
up to 30% of the diet for O. niloticus when subjected 
to technological processing to reduce fiber and anti-
nutritional components. It has been shown that PKM 
can comprise up to 10% of tilapia diets without 

Table 3. Nutrient content of palm kernel meal and after solid-state 
fermentation (FPKM) using Paenibacillus polymyxa BR25

Ingredients PKM FPKM Increased (+)
Decreased (-)

94.09
13.33
19.25

0.4
1.17
4856
4.22

11.25
69.78
33.08
36.70
23.48
8.96

1.87
0.27
0.57
1.17
0.48
0.58
0.77
0.46

-
0.8

0.63
1.44
0.16
2.39
0.43
0.21
0.37
0.25
3.90
0.74

0.86
1.45

45.96
24.42
34.34
0.33
Ttd

15.23
4.74
Ttd

127.3

94.37
16.02
15.41
0.46
1.23
4925
4.77

11.61
69.74
35.34
22.96
22.96
10.98

0.7
0.65
0.72
1.18
0.99
0.68
0.67
0.81

-
0.71

0.72
1.28
0.57
2.17
0.81
0.92
0.77
0.64
0.71
1.25

Ttd
2.12

45.58
17.92
10.33
0.05
Ttd
24

5.21
Ttd

105.21

+0.3%
+20.18%
-19.95%

+15%
+5.13%
+1.42%
+13.03
+3.2%

-0.06%
+6.83%

-34.48
-2.21%

+22.54%

-62.57
+140.7
+26.32

+0.8
+106.25
+17.24
-12.99
+76.09

-
-11.25

+14.29
-11.11

+256.25
-9.21

+88.37
+338.1

+108.11
+156

-81.79
+68.92

+46.21
-0.83

-26.62
-69.92
-84.85

+57.58
+9.92

17.37

Dry matter (%)
Crude protein (%)
Crude lipid (%)
Calcium (%)
Phosphorus (%)
Gross energy(Kal/g)
Ash (%)
Crude fiber (%)
Neutral detergent fiber (NDF), 
Acid detergent fiber (ADF)
Hemicellulose
Cellulose
Lignin
Essential amino acids
Arg
His
Ile
Leu
Lys
Met
Phe
Thr
Trp
Val
Nonessential amino acids
Ala
Asp
Cys
Glu
Gly
Pro
Ser
Tyr 
Arg:lys
Met+Cys
Fatty acid
Caprylic acid (8:0)
Capric acis (10:0)
Lauric acid (12:0)
Myristic acid (14:0)
Palmitic acid (16:0)
Stearic acid (18:0)
Arachidonic acid (20:0)
Oleic acid (18:1(9)
Linoleic acid (18:2(9,12)
Linolenic acid (18:3(9,12,15)
Total fatty acids (%)

60.00

40.00

20.00

50.00

30.00

10.00
0.00

0
Days of fish rearing

15 30 45

Av
er

ag
e 

fis
h 

w
ei

gh
t (

g)

P0 PB1 PB2 PB3PA1 PA2
Figure 1. Growth curves of tilapia that were given control feed (T0), 

supplemented with 5% (TA1) and 10% (TA2) of palm 
kernel meal, supplemented with 5% (TB1), 10% (TB2), 
and 15% (TB3) of fermented palm kernel meal
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impacting apparent nutrient digestibility, growth, or 
overall nutritional composition (León et al. 2022). The 
current study did not assess levels above 15% FPKM 
to avoid potential confounding effects of residual fiber, 
amino acid imbalance, and diminished palatability. The 
main goal was to determine whether SSF could increase 
the supplementation level. Subsequent research using 
elevated inclusion levels, together with digestibility 
and gut health evaluations, is necessary to establish 
the maximum threshold of FPKM application in tilapia 
diets.
	 An increase in the level of PKM supplementation 
could occur due to an increase in the quality and 
availability of nutrients after SSF using P. polymyxa 
BR25. Solid-state fermentation of PKM using P. 
polymyxa BR25 has been shown to increase DM, CP, 
GE, P, and Ca, but decrease CL. Increases in CP and 
DM also occurred after SSF of PKM with P. polymyxa 
ATCC 842 and P. curdlanolyticus DSMZ 10248 
(Alshelmani et al. 2017). Fermentation of PKM using 
effective microorganisms (such as photosynthetic 
bacteria, lactic acid bacteria, nitrogen-fixing bacteria, 
yeast, and Bacillus sp.) increased crude protein and 
total energy content, but crude fat content decreased 
(Wattanakul et al. 2021). The rise in CP content after 
SSF of PKM with P. polymyxa BR25 can be related 
to two complementary mechanisms: the contribution 
of microbial biomass and the breakdown of non-

starch polysaccharides (NSP) (Zhu et al. 2021; Feng 
et al. 2023). During SSF, P. polymyxa BR25 actively 
proliferates on PKM, leading to the accumulation of 
microbial cell material  rich in proteins, nucleic acids, 
and intracellular enzymes. This microbial biomass 
directly contributes to the observed increase in crude 
protein, as microbial cells naturally contain significant 
amounts of nitrogenous compounds. At the same time, 
P. polymyxa produced fibrolytic enzymes capable 
of hydrolyzing complex carbohydrate fractions in 
PKM, thus decreasing the proportion of structural 
polysaccharides and elevating the relative concentration 
of proteins and other nutrients.
	 The enhancement of essential amino acid (EAA) 
profiles during SSF further substantiates the role of 
microbial biosynthesis. The significant increases 
in threonine and methionine+cysteine (76.09% 
and 68.92%, respectively) indicate active de novo 
synthesis of amino acids by P. polymyxa during SSF, 
alongside enhanced release of bound amino acids from 
complex protein-fiber matrices. The partial reduction 
in valine and certain other amino acids may indicate 
their preferred use by the bacterium for growth and 
metabolic processes.
	 The reduced levels of valine and certain other amino 
acids may suggest their preferential use by the bacteria 
for growth and metabolic functions. The improved 
EAA composition indicates a qualitative enhancement 

Table 4. The effects of supplementing with palm kernel meal (PKM) and fermented palm kernel meal (FPKM) on the survival and growth 
performance of Nile tilapia

Table 5. Effects of palm kernel meal (PKM) and fermented palm kernel meal (FPKM) supplementation on the digestibility of dry matter, 
protein, and lipid in tilapia

Different letters in one column indicate significant differences at an α of 5% (p<0.05). T0: control feed, TA1: 5% PKM supplementation, TA2: 
10% PKM supplementation, TB1: 5% FPKM supplementation, TB2: 10% FPKM supplementation, TB3: 15% FPKM supplementation

different letters in one column indicate significant differences at α 5% (p<0.05), P0: control feed, PA1: 5% PKM supplementation, PA2: 
10% PKM supplementation, PB1: 5% FPKM supplementation, PB2: 10% FPKM supplementation, PB3: 15% FPKM supplementation

Treatment

Treatment

Survival rate (%)

digestibility of dry matter (%)

growth performance growth performance

Protein digestibility (%)

growth performance

Lipid digestibility(%)

Treatment Survival rate (%) Total weight gain (W) (g) Daily weight gain (DWG) (g/day) Specific growth rate (SGR) (%/day)
T0
TA1
TA2
TB1
TB2
TB3

P0
PA1
PA2
PB1
PB2
PB3

94.44±1.93ab

93.33±0.00ab

85.56±9.62a

94.44±3.85ab

91.67±3.33ab

96.67±3.34b

87.27±0.21a

81.88±0.31b

71.59±1.08c

85.08±0.40d

74.64±0.19e

85.64±0.19d

34.37±2.17a

33.71±1.70a

21.24±3.70c

29.31±3.31b

26.13±1.50b

34.11±1.42a

0.767±0.050a

0.750±0.036ab

0.470±0.082d

0.653±0.075bc

0.580±0.030c

0.757±0.031a

85.83±0.55a

80.72±0.81b

63.93±2.16c

81.02±0.03b

65.30±0.30c

82.97±0.22d

2.87±0.12ab

2.97±0.30a

2.16±0.26c

2.60±0.2bd

2.44±0.08cd

2.82±0.11ab

92.77±0.09a 
87.24±0.04b

75.89±2.23c 
86.56±1.14b

76.15±4.31c

91.74±0.40a
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in protein, which is nutritionally important for tilapia, as 
substantial amounts of lysine and threonine are required. 
Deficiencies in leucine, threonine, methionine, and 
phenylalanine have been associated with diminished 
growth performance in tilapia (do Nascimento et al. 
2020; Rodrigues et al. 2020). The reduction of crude 
fat during fermentation is associated with the ability 
of microorganisms to metabolize lipids. Paenibacillus 
polymyxa BR25 has lipolytic activity, facilitating the 
breakdown of complex lipids for use as energy sources 
in microbial growth (Sari et al. 2022).After SSF of 
PKM, the level of unsatureted fatty acids, notably 
oleic (18:1 cis-9) and linoleic acid (18:2n-6) acids, 
rose. This increase is most convincingly attributed 
to a combination of microbial lipid modification and 
concentration effects rather than de novo fatty acid 
production. The partial degradation of carbohydrates 
in solid-state fermentation reduces dry matter, leading 
to a relative enrichment of the residual lipid fractions, 
while the selective microbial use of saturated fatty 
acids modifies the fatty acid profile towards unsaturated 
forms. This transition is beneficial nutritionally, as 
linoleic and linolenic acids are necessary fatty acids 
for tilapia and other vertebrates (Ng and Romano 
2013). The linoleic acid requirement for tilapia is 0.5% 
(Takeuchi et al. 1983). Long-chain polyunsaturated 
fatty acids (LC-PUFAs), particularly omega-3 (n-3) and 
omega-6 (n-6), are essential for the nutrition of both 
fish and humans. Certain biomolecules are classified 
as essential fatty acids (EFAs) because they cannot be 
produced de novo and must be obtained from dietary 
sources (Carr et al. 2023). In general, freshwater and 
euryhaline fish species can synthesize LC-PUFA from 
C18 substrates, namely 18:3n-3 and 18:2n-6, while 
most marine predatory fish cannot do so (Xu et al. 
2020). In fish, LC-PUFAs play an important role in cell 
membranes and cellular synthesis, ionic regulation, 
pigmentation, proper development and function of 
the nervous system, reproduction, intestinal barrier 
protection, control of metabolic functions, endocrine 
pathways, and immune function (Carr et al. 2023).
	 The increasing supplementation levels also 
reflect the greater digestibility of feed ingredients. 
SSF of PKM using P. polymyxa BR25 has been 
proven to increase digestibility (dry weight, lipids, 
and protein) in tilapia. Digestibility with 10% PKM 
supplementation was the lowest among all treatments, 
whereas 15% FPKM supplementation yielded the 
highest digestibility. The antinutritional effects of 
plant-based feed ingredients can be caused by the 
content of nonstarch structural polysaccharides 

(NSP), which can increase the viscosity of feed in the 
digestive tract and inhibit digestion. Aquatic animals 
generally do not contain structural polysaccharide-
degrading enzymes in their digestive tract (Kumar 
and Barman 2012). Paenibacillus polymyxa 
BR25 is a bacterium that exhibits cellulolytic and 
hemicellulolytic activities (Sari et al. 2021). During 
SSF, this bacterium decomposed cellulose and 
hemicellulose, resulting in a reduction of 34.48% in 
hemicellulose content and 2.21% in cellulose content. 
The results of this study were similar to those of the 
fermentation of a soybean meal and corn mixture 
using Bacillus subtilis and Enterococcus faecium, 
which reduced NDF and hemicellulose by 38.93% and 
53.2%, respectively, while ADF increased by 2.58% 
(Shi et al. 2017). In addition, P. polymyxa BR25 
has lipolytic and proteolytic activities (Sari et al. 
2022). During SSF of PKM using P. polymyxa BR25, 
proteins and lipids were broken down into simpler 
components, promoting increased digestibility for the 
fish. Arte et al. (2015) confirmed protein breakdown 
during fermentation using protein profile analysis by 
SDS-PAGE, supported by HPLC results from Zhao et 
al. (2017). Paenibacillus polymyxa BR25 produces 
enzymes such as cellulases, hemicellulases, proteases, 
and lipases that may facilitate the degradation of 
certain substrates, such as cellulose, hemicellulose, 
protein, and lipid. This may reduce the viscosity of 
the digesta, facilitating nutrient absorption. Although 
direct evaluations of gut physiological alterations 
were not performed, these pathways may help clarify 
the improved digestibility and continuous growth 
observed at higher FPKM inclusion levels.
	 Our findings indicate that SSF could serve as a 
scalable, cost-efficient bioprocess that local feed 
manufacturers can readily adopt to enhance the 
nutritional quality of PKM. Solid-state fermentation 
(SSF) of palm kernel meal (PKM) may enhance 
nutrient digestibility and mitigate the adverse effects 
of elevated fiber levels, thereby improving feed 
efficiency and perhaps decreasing feed conversion 
ratios (FCR) in real agricultural settings. The current 
study demonstrated sustained growth performance 
under controlled experimental conditions; however, 
further validation through extended feeding trials 
is necessary. Assessments conducted in ponds or 
recirculating aquaculture systems are crucial for 
evaluating performance consistency, feed efficiency, 
fish health responses, and the economic feasibility of 
SSF on a commercial scale.
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