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Abstract. Surianti, Zainuddin, Aslamyah S, Azis HY. 2025. Fermentation of duck bone meal using Bacillus sp., Saccharomyces sp., and
Rhizopus sp. for sustainable shrimp (Litopenaeus vannamei) feed. Biodiversitas 26: 4333-4345. Sustainable aquaculture necessitates
alternatives to fishmeal because of its elevated cost and environmental impact. Duck bone waste, an underutilized by-product of poultry
processing, can be valorized into feed ingredients, reducing organic waste and supporting a circular bioeconomy. This is the first study
to assess Fermented Duck Bone Meal (FDBM) using mixed microbes (Bacillus sp., Saccharomyces sp., and Rhizopus sp.) as a fishmeal
substitute in vannamei shrimp diets. Duck bone meal was fermented at inoculum doses of 0.5, 1, and 1.5 mL/100 g and fermentation
durations of 12, 24, and 36 h. A control diet contained 100% fishmeal, while four experimental diets substituted fishmeal with optimally
fermented duck bone meal (1.5 mL inoculum, 36 hours) at inclusion rates of 25%, 50%, 75%, and 100%, were fed to juvenile shrimp
(0.19+0.01 g) for 60 days. Growth, survival, proximate composition, and amino acid profiles were analyzed. Proximate analysis of
optimally fermented FDBM (1.5 mL, 36 h) revealed increased crude protein (42.72%), reduced crude fiber (1.49%), and elevated crude
lipid (23.46%). Essential amino acids, such as lysine (2.77%) and glutamate (3.54%), were enhanced in the feed, aligning with higher
amino acid retention in shrimp muscle (lysine: 4.85%, leucine: 4.57%). Shrimp fed the 75% FDBM diet (Feed D) had the highest final
weight (23.04+0.09 g) and biomass weight gain (20.63+£0.47 g), compared to the control diet (19.74+1.03 g) and the 25% FDBM diet
(19.61+0.53 g), which exhibited the lowest values. Survival rates showed no significant differences among treatments (p>0.05). The
75% substitution of fishmeal with fermented duck bone meal improves prawn growth and feed quality, while reducing reliance on

fishmeal, offering a cost-effective and environmentally responsible strategy for sustainable shrimp aquaculture.
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INTRODUCTION

Protein in modern aquaculture applications provides
essential amino acids for tissue growth, enzyme activity,
and physiological functions in white shrimp (Lifopenaeus
vannamei (Boone, 1931)) aquaculture (Wang et al. 2019;
Chen et al. 2022). Traditional sources like fishmeal and
soybean meal offer high digestibility and balanced amino
acid content (Shi et al. 2016; Shao et al. 2025). However,
fishmeal faces challenges from overfishing, supply
fluctuations, and high costs (Yuan et al. 2023; Siddik et al.
2024). The sector is shifting toward sustainable alternatives
utilizing underutilized biomass, food processing by-products,
insect meal, and microbial fermentation (Sampathkumar et
al. 2023). Developing nutritionally appropriate, economically
viable fishmeal alternatives is critical for sustainable global
aquaculture practices.

Bioprocessing  technologies, including microbial
fermentation, enzyme hydrolysis, and biowaste utilization,
transform waste streams such as slaughterhouse by-products,
fish processing waste, poultry products, agricultural by-
products, and oyster shells, considered as recent aquaculture
nutrition innovations, utilize agricultural and fishery food
products as sustainable feed ingredients into valuable

protein and mineral sources (Nisar et al. 2022). These
methods reduce fishmeal reliance while mitigating
environmental impacts through organic waste conversion
and reduced nutrient emissions (Lal et al. 2024). Circular
bioeconomy principles in feed production enhance
environmental sustainability and economic resiliency
through improving feed efficiency, gut health, and disease
resistance (Zhang et al. 2020a).

Duck Bone Meal (DBM), a poultry processing by-
product, provides vital protein and minerals for aquaculture
feeds. It contains 40-41% protein and high calcium and
phosphorus levels essential for skeletal construction,
exoskeleton development, and optimal growth (Qisti et al.
2021; Saputra et al. 2023). However, DBM use is limited
by low digestibility, which is requires biopreparations like
microbial fermentation to improve digestibility, due to high
mineral (ash) content and dense collagen matrix, hindering
enzymatic nutrient access and reducing bioavailability
(Vasyliuk et al. 2023). High ash content reduces growth
performance and impairs nutrient absorption in shrimp and
fish (Saputra et al. 2023). Fermentation enhances the
digestibility of low-value animal by-products like DBM.
Mixed microbial cultures, including filamentous fungi
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(Rhizopus sp.), lactic acid bacteria, yeast (Saccharomyces
sp.), and proteolytic bacteria (Bacillus sp.), improve
nutritional quality by increasing protein digestibility,
releasing bound minerals, and degrading antinutritional
factors (Nkhata et al. 2018; Dawood and Koshio 2020).
Bacillus sp. produces proteases, amylases, and cellulases
(Salim et al. 2017; Pham et al. 2022), enhancing nutrient
utilization and weight gain in carp (Mingmongkolchai and
Panbangred 2018). Saccharomyces cerevisiae improves
fish growth performance through better gut health (del
Valle et al. 2023). Rhizopus sp. produces enzymes that
hydrolyze structural polysaccharides (Canoy et al. 2024).
Fermented proteins show improved digestibility and enhanced
nutrient absorption (Siddik et al. 2024; Li et al. 2025). The
use of this approach promotes aligning aquaculture with
environmental conservation goals as a sustainable resource.

Despite growing interest in alternative protein sources,
a knowledge gap exists regarding microbial fermentation of
mixed bone-derived by-products for shrimp feed. Recent
studies demonstrated single-strain fermentation effectiveness
for plant proteins (Wang et al. 2024) and animal by-products
(Wei et al. 2023). The integrated approach between bacteria,
yeast, and fungi represents a novel bioprocessing strategy
that leverages their distinct metabolic capabilities for
comprehensive substrate conversion. However, no research
addresses microbial consortia enhancement for duck bone
meal in L. vannamei feed. Bone-based substrates require
specialized microbial consortia producing diverse enzymes,
including proteases and collagenases (Gariglio et al. 2019;
Siddik et al. 2024). Single-strain fermentation lacks enzymatic
diversity for complex substrates (Casillas-Hernandez et al.
2022). This study uses strategically selected Bacillus sp.,
Saccharomyces sp., and Rhizopus sp. based on complementary
enzymatic profiles (Mohammed et al. 2024).

This study hypothesizes that mixed microbial fermentation
of DBM will revolutionize shrimp farming by significantly
increasing crude protein content, enhancing essential amino
acid bioavailability, and eliminating antinutritional factors,
ultimately resulting in superior growth and higher survival
rates in Vannamei shrimp. This innovative fermentation
process is expected to contribute to reducing problematic
ash content while enhancing mineral properties to match
shrimp nutritional requirements, solving a critical challenge
in aquaculture feed sustainability and poultry waste
enhancement. Therefore, this study aims to evaluate the
effect of mixed microbes fermentation of DBM on nutrient
contents and vannamei shrimp growth performance, for
sustainable aquaculture feed applications.

MATERIALS AND METHODS

Sample collection and preparation
Preparation of Duck Bone Meal (DBM)

Duck bones were collected from a local Palekko duck
food vendor in Sidrap Regency, South Sulawesi, Indonesia.
The preparation of duck bone meal followed the protocol
described by Putranto et al. (2016), with modifications. The
bones were manually cleaned, rinsed with distilled water,
chopped into small pieces, and boiled in a pressure cooker
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at 121°C for 60 minutes to soften the matrix. The softened
bones were then oven-dried at 60°C for 20 hours or sun-
dried under hygienic conditions. Once dried, the bones
were pulverized using a high-speed blender and sieved
through a 0.25 mm mesh to obtain uniform Duck Bone
Meal (DBM) particles.

Microbial strains and activation

Three microbial strains were used for fermentation:
Bacillus sp., Rhizopus sp., and Saccharomyces sp. All
strains were commercially obtained and selected based on
their well-documented proteolytic and fermentative capacities.
The Bacillus sp strain (1.5 x 108 CFU/mL) was provided by
Biopocall MSME, Makassar. This strain was isolated from
the hepatopancreas of healthy wild shrimps. Rhizopus sp.
(1.6 x 107 CFU/g) was obtained from PT Aneka Fermentasi
Industri (AFI), Bandung, and was isolated from traditional
tempe fermentation. Saccharomyces sp. (1.2 x 108 CFU/g)
was obtained from PT Sangra Ratu Boga, Indonesia, and
isolated from a common baker’s yeast strain. All strains
were characterized by the suppliers using standard
microbiological methods, including bacterial identification,
colony morphology assessment, and microscopic spore
identification for fungal strains. The selection leveraged
strains adapted to protein-rich environments (shrimp
hepatopancreas),  cellulose-rich  substrates  (soybean
fermentation), and carbohydrate metabolism, providing
complementary enzymatic profiles for bone meal
processing.

The microbial activation protocol was adapted from
Aslamyah et al. (2017), with slight modifications. Each
microbe was cultured separately: 2 mL of Bacillus sp. was
cultured in a growth medium containing 2 L of coconut
water and 500 g of sugar, then incubated in a glass jar at
room temperature for 24 hours. Rhizopus sp. and
Saccharomyces sp. were cultured by mixing 10 g of sugar
dissolved in 100 mL of sterile distilled water and stirred
using a magnetic stirrer at 120 rpm at room temperature for
one hour. Microorganisms were mixed using the method
described by (AOAC 2016) with some modification,
homogenized, and diluted according to the following
treatments: (i) Treatment A: 0.5 mL Bacillus sp. + 0.5 g
Saccharomyces sp. + 0.5 g Rhizopus sp., (ii) Treatment B:
1 mL Bacillus sp. + 1 g Saccharomyces sp. + 1 g Rhizopus
sp., (iii)) Treatment C: 1.5 mL Bacillus sp. + 1.5 g
Saccharomyces sp. + 1.5 g Rhizopus sp.

Fermentation of duck bone meal

Fermentation was conducted to improve the nutritional
profile of Duck Bone Meal (DBM). This study used a
factorial completely randomized design with two factors:
microbial dosage (Al: 1.5 mL/100 g DBM, A2: 3.0
mL/100 g DBM, A3: 4.5 mL/100 g DBM) and incubation
time (B1: 12 hours, B2: 24 hours, B3: 36 hours), which
resulted in 9 treatment combinations with three replicates
(27 experimental units). For each treatment, pre-weighed
DBM was placed in sterile polyethylene bags, and the
microbial mixture was applied using a fine mist sprayer to
ensure uniform distribution. The bags were sealed to
maintain semi-anaerobic conditions and incubated at room
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temperature (28-30°C) for the specified fermentation
duration. The moisture content was carefully adjusted to
45-50% to support optimal microbial metabolism. At the
end of each incubation period, the fermented material was
briefly steamed at 60°C for one minute to inactivate the
microbial enzymes, then cooled at room temperature
(25°C) before storage. Chemical composition of crude
protein, crude fat, crude fiber, ash, and nitrogen-free extract
was evaluated at the Feed Chemistry Laboratory, Faculty of
Animal Science, Universitas Hasanuddin, using proximate
analysis according to AOAC (2016) methods.

Test feed manufacturing

The test feed used was pellet feed formulated according
to the experimental treatments. The raw materials and their
compositions (dry matter basis) for each test feed. The feed
preparation process began with drying and grinding the
ingredients into a powder. The raw materials used included
fishmeal, fermented duck bone meal, soybean meal, shrimp
head meal, corn meal, CMC (Carboxymethyl Cellulose),
vitamin and mineral mix, and fish oil. Each ingredient was
weighed according to the composition listed in Table 1.

These ingredients were then mixed until homogeneous,
starting with the smallest percentage of ingredients and
gradually adding the larger percentage. The homogeneous
mixture was then moistened with 6% water (by weight) and
kneaded into dough, which was extruded using a pellet-
making machine. The pellets were cut into small pieces
approximately +0.5 cm in length and then dried. This size
was adjusted according to the age and mouth gape of the
juvenile vannamei shrimp to ensure proper ingestion and
reduce feed loss.

Physical test

The physical evaluation of the feed included water
stability, hardness level, sinking speed, and attractiveness.
The sinking speed test was conducted by dropping 5 feed
pellets into a 500 mL graduated cylinder filled with water
to a height of 20 cm. The time required for the feed to
reach the bottom of the container was recorded using a
stopwatch (Aslamyah and Karim 2012).

Table 1. Percentage of test feed ingredients for each treatment
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Organoleptic test

The organoleptic evaluation of the test feed, included
texture, aroma, and color. Feed texture was assessed based
on its smoothness, fiber content, and porosity, which were
influenced by the fineness of raw materials, fiber content,
and type of binder used. The aroma of feed determined its
quality, as it was closely related to the feed's attractiveness
to shrimp. Furthermore, the colour of feed depended
largely on the type of raw materials used.

Chemical analysis

The chemical evaluation of the feed included the
analysis of its nutritional composition through proximate
analysis and amino acid content analysis in both the feed
and shrimp body.

Proximate analysis

The proximate analysis of feed was carried out
according to the standard methods by the Association of
Official Analytical Chemists (AOAC 2016). The following
nutrients were analyzed: moisture, Crude Protein (CP),
Crude Fat (CF), and ash. Energy content (Kcal/100 g).
Moisture content was estimated by gravimetric analysis
after oven drying at 105°C for 12 hr. Crude Protein (CP)
was determined by Kjeldahl method (N x 6.25) after acid
hydrolysis. Crude fat was calculated gravimetrically after
extraction with petroleum ether in a Soxhlet system. Total
ash was determined gravimetrically by ignition at 600°C
for 6 hr in a muffle furnace. Crude fiber was estimated
gravimetrically after acid and alkali digestion and loss in
mass by combustion at 600°C for 3 hr. Nitrogen Free
extract (NFE) was calculated from 1000-(crude protein +
crude lipid + crude fibre + total ash). The Gross Energy
(GE) content of the diets was estimated according to the
following equation: Feed Gross Energy (GE) (kcal/100 g
Dry Matter) = (protein content x 5.64) + (lipid content X
9.44) + (carbohydrate (NFE) content x 4.11) (NRC 2011).

Ethical statement

This study has been approved by the Ethics Committee
at Universitas Muslim Indonesia, Makassar, Indonesia.
(protocol number: 551/A.1/KEP-UMI/X11/2024).

Percentage (%)

Raw materials Treatment A

Treatment B

Treatment C Treatment D Treatment E

Fish meal 34 25.5
Fermented duck bone meal 0 8.5
Shrimp head meal 31 18
Soybean meal 9 33
Corn flour 20 9
CMC 2 2
Fish oil 2 2
Vitamins and minerals 2 2

17 8.5 0
17 25.5 34
14 10 14
40 45 40
6 5 6
2 2 2
2 2 2
2 2 2

Note: The tested treatments involved substituting a fishmeal with duck bone meal, which was explained below: A. Control diet (100%
fishmeal and 0% duck bone meal), B. (75% fishmeal and 25% duck bone meal), C. (50% fishmeal and 50% duck bone meal), D. (25%
fishmeal and 75% duck bone meal), E. (0% fishmeal and 100% duck bone meal). The 0-100% substitution approach was selected to
assess the nutritional viability of DBM as a fishmeal substitute across a full gradient, facilitating the identification of both optimal and
limiting inclusion levels
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Experimental animal and protocol

The experimental design was a Completely Randomized
Design (CRD) with five treatments and triplicate. A total of
three hundred juvenile vannamei shrimp (L. vannamei),
(#0.19 g) were obtained from PL 25 stage originating from
Barru Regency, South Sulawesi, Indonesia. The shrimp
were adapted for one week and then divided randomly into
five experimental groups with three replicates at a rate of
20 juveniles/unit. The study used plastic basins with a
recirculation system, measuring 23 cm in height with a
diameter of 58 cm. Each unit was filled with 45 L brackish
water at a salinity of +20 ppt. Feeding frequencies were
three times a day (7:00 AM, 11:00 AM, 15:00 PM, and
19:00 PM). The feeding rate was adjusted according to the
size of the shrimp (10% biomass per day), throughout 60
days in the experimental period.

Growth parameters

The shrimp were weighed in grams using the electronic
digital scale (0.01 mg). Every week, the total biomass in
each basin was counted to assess their survival and growth.

— Biomass weight gain (%) = Final weight (g) — initial weight (g)

Survival rate (%) = Final number of fish
urvivairate () = Initial number of fish

Amino acid analysis

Amino acid analysis followed the AOAC (2023) method
using High-Performance Liquid Chromatography (HPLC)
with a C18 reversed-phase column (4.6 x 150 mm). The
mobile phase consisted of a mixture of water and methanol,
with added Trifluoroacetic Acid (TFA) to enhance
separation efficiency. Furthermore, in the gradient elution
profile, 95% water and 5% methanol, gradually shifted to
30% water and 70% methanol over 30 minutes. Injection
volume: 5 pL, flow rate: 0.5 mL/min, detection: UV-Vis
detector at 280 nm. The HPLC system was calibrated using
albumin standards, and standard amino acid solutions were
used to validate separation and detection, which ensured
accuracy and precision. A calibration curve was generated
using different amino acid standard concentrations, and
multiple analyses were conducted to ensure result reliability.

Data analysis

The analysis of proximate composition and amino acid
contents were analyzed descriptively to illustrate qualitative
differences in amino acid profiles. The results were
presented as a means with Standard Deviations (SD)
(mean+SD). After checking for normality (Shapiro-Wilk
test) and homogeneity (Levene’s test) when assumptions
were met the data of growth performance and survival rate
were analyzed by One-Way Analysis of Variance (ANOVA)
to determine if significant differences occured among the
dietary treatments followed by Tukey’s test to compare
differences between treatment means when significant
values were observed. The mean values were considered
significantly different when p<0.05. Statistical analysis was
performed using SPSS (Statistical Package for Social
Sciences, Version 25, IBM Corporation, New York, USA).
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RESULTS AND DISCUSSION

Proximate compositions of fermented duck bone meal

The proximate composition result are presented in
Table 2. The results showed that microbial inoculum
dosage and fermentation duration significantly affected the
nutritional quality of Duck Bone Meal (DBM) (p<0.05).
Crude protein levels increased from 40.43% in A1B1 to
42.72% and 42.70% in A3B2, which were considerably
higher (p<0.05) compared to treatments with reduced
microbial inoculum. The lowest crude protein content was
recorded in treatment A1B1 (40.43%). Similarly, crude fat
also differed significantly, with the highest value found in
A3B3 (23.46%) and the lowest in A1B1 (20.63%). Crude
fibre reduced significantly across treatments, with the
lowest value in A3B1 (1.40%), A3B2 (1.56%), and A3B3
(1.49%), whereas A1B1-A1B3 had higher values (2.31-
2.48%). Nitrogen-Free Extract (NFE) values also varied
significantly (p<0.05), with the highest value found in
AI1BI (32.41%) and the lowest in A3B2 (29.84%). The ash
and calcium concentration showed no significant differences
among treatments (p>0.05).

Degree of hydrolysis of fermented duck bone meal

The degree of hydrolysis of fermented duck bone meal
is presented in Table 3. The results revealed significant
variations in the hydrolysis of crude fiber, protein, fat, and
NFE across treatments (p<0.05). The most effective
hydrolysis consistently occurred in A3B3 (1.5 mL/36 h),
yielding the highest rates for protein (4.93%), crude fiber
(49.05%), and NFE (12.41%), alongside the lowest residual
fat (5.91%). Conversely, the lower hydrolysis was recorded
in A1B2 for protein (0.51%) and fat (16.74%), while crude
fiber (16.66%) and NFE (7.09%) were lowest in A1BI.
Fermentation with 1.5 mL inoculum for 36 h proved most
effective, maximizing protein, fiber, and carbohydrate (NFE)
hydrolysis while lowering residual fat, thus enhancing the
nutritional quality of duck bone meal.

Table 2. Proximate composition of duck bone meal fermented
with different microbial doses and incubation times

Treatments Protein Crude Crude NFE Ash Calcium
% fat % fiber % % % %
Al Bl 40.434 20.63¢  247° 7.85% 28.892 9502
Al B2 40.499 20.75¢4  2.48 7912 28.34% 9802
Al B3 40.93¢ 20.85¢ 231 7.36% 28.54* 9.55°
A2 Bl 41.32b 21.53¢d 228 723b° 27.63> 9.682
A2 B2 41.01%¢ 20.85¢ 2272 7.522b 28342 10.032
A2 B3 41.09> 22.56% 1.51% 6.534 28.30%* 10.412
A3 Bl 41.34> 2220 140 6.75¢4 28212 9552
A3 B2 42722 22832 156 6.47¢ 26.40° 10.25°
A3 B3 42.70*0 2346 1.49% 6479 2593° 10.46°

Note: Different letters in the same column indicate significant
differences between treatments at the 95% confidence level.
(P<0.05). Al BI: 0.5mL/ 12h, Al B2: 0.5mL/ 24h, Al B3:
0.5mL/ 36h, A2 Bl: ImL/ 12h, A2 B2: 1 mL/ 24h, A2 B3:
ImL/_36h, A3_BI: 1.5 mL/_12h, A3 B2: 1.5 mL/_24h, A3 B3:
1.5 mL/_36h
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Table 3. Degree of hydrolysis of fermented duck bone meal
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Treatments

Degree of protein hydrolysis Degree of fat hydrolysis

Degree of hydrolysis of crude  Degree of NFE hydrolysis

(%) (%) fibre (%) (%)
Al Bl 0.66+£0.27° 17.24+1.254 16.66+7.53? 7.09+0.962
Al_B2 0.51+0.10? 16.74+1.384 14.7743.40° 7.91£0.192
Al B3 1.15+0.03* 16.36+0.28¢ 17.69+3.64* 4.16+0.67*
A2 Bl 1.52+1.04° 13.61x1.50¢ 18.89+1.46* 3.41£1.92°
A2 B2 0.76+0.172 16.36+2.214 30.40+4.61° 2.66+0.86*
A2 B3 0.97+£0.05° 9.52+1.61%° 35.90+4.13% 10.84+6.85%
A3 Bl 1.57£0.07* 10.58+0.79%¢ 51.71+0.24¢ 7.9143.09a°
A3 B2 4.35+1.50P 8.40+1.04% 46.10+2.82°¢ 11.73£0.77°
A3 B3 4.93+0.37° 5.91+£2.58? 49.05+0.60° 12.41£1.73°

Note: Different letters in the same column indicate significant differences between treatments at the 95% confidence level (P<0.05).
Al BI1: 0.5mL/ 12h, A1 _B2: 0.5mL/ 24h, A1 B3: 0.5mL/ 36h, A2 B1: ImL/ 12h, A2 B2: 1 mL/ 24h, A2 B3: 1mL/ 36h, A3 B1:

1.5mL/_12h, A3_B2: 1.5 mL/ 24h, A3_B3: 1.5 mL/_36h

Table 4. Data on various organoleptic and physical test parameters
for each experimental feed

Treatments

Parameters Feeds A Feeds B Feeds C Feeds D Feeds E

Organoleptic testing

Aroma 3.8 3.8 3.6 3.9 2.5

Color 3.1 3.8 3.8 3.7 2.7

Texture 2.4 2.8 3.7 3.9 23
Physical testing

Water stability 3.5 3.1 3.1 32 3.9

(minutes)

Feed hardness 2.9 2.6 3.1 32 2.7

level (%)

Sinking speed 3.7 34 3.7 3.8 4

(cm/sec)

Attractability 3 32 3.8 3.8 3

(cm/sec)

Note: A. 100% fishmeal and 0% duck bone meal), B. 75%
fishmeal and 25% duck bone meal, C. 50% fishmeal and 50%
duck bone meal, D. 25% fishmeal and 75% duck bone meal, E.
0% fishmeal and 100% duck bone meal. Color Scale: 1. Light
Brown, 2. Brown, 3. Dark Brown, 4. Blackish Brown, 5. Black.
Aroma Scale: 1. Odorless, 2. Slightly Aromatic, 3. Fish-Scented,
4. Strongly Fish-Scented, 5. Very Strong Fish Aroma. Texture
Scale: 1. Very Coarse, 2. Coarse, 3. Moderately Fine, 4. Fine, 5.
Very Fine. Water Stability Scale: 1. Feed dissolved quickly in
water, 2. The feed started dissolving within 30 minutes, 3. The
feed started dissolving within 60 minutes, 4. Feed remained intact
for about 2 hours, 5. Feed remained stable and intact for more
than 3 hours. Feed Hardness Scale: 1. Very Hard, 2. Hard, 3.
Moderate, 4. Soft, 5. Very Soft. Sinking Speed Scale: 1. Very
Slow, 2. Slow, 3. Moderate, 4. Fast, 5. Very Fast. Attractability
Scale: 1. Very Low, 2. Low, 3. Moderate, 4. High, 5. Very High

Organoleptic and physical tests

Organoleptic and physical tests are methods to assess
the sensory quality and physical characteristics of artificial
feed. The results of various organoleptic and physical test
parameters on each experimental feed that has been
fermented using mixed microbes are presented in Table 4.
The organoleptic assessment indicated distinct variations among
the treatments. Feeds A-D resulted in higher scores for
aroma, color, and texture compared to Feed E, which
consistently showed the lowest values, indicating reduced
sensory acceptability. Texture was particularly improved in
Feeds C and D, reaching scores of 3.7-3.9, suggesting better

pellet integrity. Physical testing further supported these
findings, where Feeds C and D demonstrated superior
hardness, sinking speed, and attractability, highlighting
their higher functional quality. Conversely, Feed E showed
better water stability but lower overall performance in
organoleptic traits and physical strength. These results
suggest that fermentation and formulation processes in
Feeds C and D produced diets with more desirable sensory
and physical properties, making them more suitable for
practical feeding applications.

Proximate analysis of feed

The results of proximate analysis of the treatment feed
that substituted fishmeal with duck bone meal are presented
in Table 5. The crude protein content was highest in Feed
A at 40.15% and showed a gradual decline with increasing
inclusion of duck bone meal, reaching the lowest level in
Feed E (37.18%). Conversely, crude fat content increased
notably with the incorporation of duck bone meal, peaking
in Feed D (15.04. Crude fiber and Nitrogen-Free Extract
(NFE) exhibited minimal variation across treatments,
indicating that these components were not substantially
affected by the replacement strategy. Interestingly, ash
content was consistently elevated in feeds containing
higher proportions of duck bone meal, with the highest
value recorded in Feed E (24.80%). Crude fat content
increased notably with the incorporation of duck bone
meal, peaking in Feed D (15.04%).

Amino acid profile of feed

Amino acid composition is an important indicator to
assess the quality of protein in feed. The result of amino
acid compositions of the experimental diets is presented in
Table 6. Essential amino acids including lysine, histidine,
and arginine increased markedly with higher inclusion of
duck bone meal, with Feed E containing the highest
concentrations (lysine: 2.77%; histidine: 0.88%; arginine:
1.74%). In contrast, threonine, methionine, and isoleucine
were relatively consistent throughout treatments. Among
the non-essential amino acids, glutamic acid and aspartic
acid increased consistently with higher inclusion of duck
bone meal, peaking in Feed E (3.54% and 2.75%
respectively). Proline levels also increased significantly
(from 1.26% in Feed A to 1.92% in Feed E).
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Table 5. Results of proximate analysis of treatment feed (%)

Treatments Compositions
feed Crude protein Crude fat Crude fiber NFE Ash
% % % % %

Feed A 40.15 8.49 6.16 19.82 25.38
Feed B 39.7 11.1 5.56 20.35 23.29
Feed C 39.55 14.75 5.49 18.84 21.37
Feed D 38.24 15.04 5.26 19.49 21.98
Feed E 37.18 14.23 5.05 18.74 24.8

Note: A. 100% fishmeal and 0% duck bone meal), B. 75% fishmeal
and 25% duck bone meal, C. 50% fishmeal and 50% duck bone
meal, D. 25% fishmeal and 75% duck bone meal, E. 0% fishmeal
and 100% duck bone meal

Table 6. Amino acid composition at different feed levels (%
g/100 g feed)

Treatments

Amino acids Feed A FeedB FeedC FeedD FeedE

(%) (%) (%) (%) (%)
Aspartic acid  2.12 243 2.65 2.71 2.75
Glutamic acid ~ 3.11 32 3.26 3.33 3.54
Serine 1.28 1.26 1.33 1.37 1.42
Glycine 1.55 1.56 1.64 1.71 1.71
Histidine 0.44 0.71 0.83 0.81 0.88
Arginine 1.36 1.44 1.42 1.74 1.74
Threonine 0.75 0.79 0.77 0.75 0.75
Alanine 1.34 1.36 1.38 1.42 1.45
Proline 1.26 1.46 1.84 1.88 1.92
Tyrosine 0.92 0.95 0.99 0.88 0.88
Valine 1.53 1.27 1.33 1.31 1.31
Methionine 0.66 0.67 0.66 0.68 0.68
Cysteine 0.57 0.74 0.87 0.91 0.91
Isoleucine 1.18 1.18 1.22 1.18 1.18
Leucine 2.33 2.44 2.47 2.52 2.62
Phenylalanine  1.03 1.21 1.26 1.29 1.32
Lysine 2.26 2.31 2.36 2.52 2.77

Note: A. 100% fishmeal and 0% duck bone meal), B. 75%
fishmeal and 25% duck bone meal, C. 50% fishmeal and 50%
duck bone meal, D. 25% fishmeal and 75% duck bone meal, E.
0% fishmeal and 100% duck bone meal

Table 7. Growth performance and survival rate of vannamei
shrimp

Survival
rate (%)

Initial Final Weight

Treatments weight weight gain

3.03+£0.04* 19.74+1.03* 16.44+0.60* 86.66+2.88*
2.85+0.09* 19.61+0.53* 16.75+0.63* 88.66+2.88*
2.94+0.08* 21.90+0.04% 18.95+1.00* 90.00+0.00°
3.15+0.33% 23.04+0.09° 20.63+0.47¢ 95.00+0.00*
3.0620.55* 21.0120.17%® 17.34+0.62%* 86.66+2.88°

Mg Qw >

Table 8. Range of water quality analysis during the experimental
period

DO Ammonia

Treatments Temperature pH (ppm) _ (ppm) Salinity
A 26.9 7.8 5.85 0.079 26
B 27 7.8 597 0.038 26
C 27 7.8 6.02 0.023 26
D 27 7.8 6.08 0.022 27
E 26.9 7.8 592 0.017 27
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The graphical representation reveals a strong positive
relationship between duck bone meal inclusion and amino
acid concentration (Figure 1). The trend line demonstrates
a a clear upward trend in amino acid levels as duck bone
meal content and fermentation increase in the feed
mixtures. This pattern indicates that duck bone meal, when
fermented, has a more concentrated amino acid profile than
fish meal.

Growth performance and survival rate of vannamei
shrimp

The results of the growth performance of vannamei
shrimp under different treatments presented in Table 7.
Initial fish weights were not significantly different among
feeding treatments (p>0.05). Growth parameters of
vannamei shrimp were significantly influenced by the level
of fishmeal replacement with Fermented Duck Bone Meal
(FDBM) (p<0.05). Shrimp fed the 75% FDBM diet (Feed
D) exhibited the highest final weight (23.04+0.09 g) and
weight gain (20.63+£0.47 g). The lowest final weight and
weight gain were observed in control diet and the 25%
FDBM diet (Feed B) (19.74+1.03 g and 19.61+0.53 g,
respectively). The survival rates of the experimental fishes
were not significantly different among treatments (P>0.05),
varying in the ranges of 86.66-95.00%.

Water quality parameters

Water quality parameters recorded in this trial are
shown in Table 8. The averages of water temperature, and
water pH recorded in this trial were in the range of (26-
27°C) and (pH 7.8), respectively. Dissolved Oxygen (DO),
total ammonia, and salinity in the range of (5.85-6.08
ppm), (0.017-0.079 ppm), and (26-27) respectively. The
results of the measurement showed that water quality
parameters were within the range of acceptable limits for
vannamei shrimp during the experimental period (60 days).

Amino acid profile of vannamei shrimp

The amino acid composition of vannamei shrimp under
different treatments is presented in Table 9. Vannamei D
consistently had the highest concentrations of several
essential amino acids, including lysine (4.85%), leucine
(4.57%), and phenylalanine (4.35%), indicating high protein
quality. Similarly, Vannamei A also showed elevated levels
of lysine (4.65%) and leucine (4.21%). In contrast, Vannamei
E had the lowest amino acid concentrations across most
metrics, with significantly lower values for lysine (2.70%),
phenylalanine (0.98%), and methionine (0.86%).

Figure 2 demonstrates that vannamei shrimp amino acid
concentrations decrease with increased duck bone meal in
the feed. The results showed that treatments B and D
demonstrated the highest amino acid content compared to
other treatments. The lowest amino acid concentrations
were observed in treatment E.

Discussion

The application of microbial fermentation in feed
biotechnology offers the combined advantages of
improving nutritional quality and promoting environmental
sustainability. This study investigated Fermented Duck
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Bone Meal (FDBM) using a microbial consortium consisting
of Bacillus sp., Rhizopus sp., and Saccharomyces sp. as a
promising replacement for fishmeal in aquaculture feed,
revealing significant improvements through optimized
fermentation parameters and demonstrating its potential
contribution to sustainable aquaculture practices.
Fermentation with mixed microorganisms improved
proximate composition by facilitating the enzymatic
breakdown of complex proteins and fibres as observed in
the treatments with higher microbial inoculum
concentrations and longer fermentation times, particularly
treatments A3B2 and A3B3. The major process involves
microbially generated phytase enzymes that catalyze the
stepwise dephosphorylation of phytic acid, resulting in
stable chelate complexes with important minerals such as
calcium, magnesium, iron, and zinc (Nkhata et al. 2018).
This enzymatic breakdown, together with the acidic pH
environment formed during fermentation, enhances the
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dissociation of mineral-phytate complexes, resulting in a
significant increase in soluble calcium, iron, and zinc
(Gupta et al. 2015). Simultaneously, the diverse enzymatic
profile of fermenting microorganisms, particularly Bacillus
sp. with extracellular lipolytic, proteolytic, cellulolytic, and
amylolytic activities, degrades antinutritional factors such
as tannins and additional phytate while breaking down cell
wall polysaccharides that physically entrap minerals
(Samtiya et al. 2020; Sharma et al. 2020). The fermentation
process further improves feed quality through partial
protein hydrolysis into digestible peptides and amino acids,
reduction of crude fiber and non-starch polysaccharides,
and production of beneficial metabolites including
digestive enzymes (proteinase, amylase, cellulase), organic
acids that improve palatability and gut health, vitamins, and
bioactive compounds that collectively optimize nutrient
utilization and explain the superior growth performance
(Siddik et al. 2024).

Amino Acid Composition across feed formulations (%)

25

2.0

Percentage (%)

0.5

Feed
Feed A
& Feed B
—o— Feed C
—a— Feed D
Feed E

Amino Acids

Figure 1. Trend of increasing amino acid levels in various feed formulations fermented using mixed microbes

Amino Acid Composition of Vannamei Shrimp (%)

Percentage (%)

Amino Acids

Figure 2. Trend of increasing levels of amino acids in vannamei shrimp in various feed formulations fermented using mixed microbes
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Table 9. Amino acid composition of vannamei shrimp under different treatments (%)

Amino acids

Vannamei A (%) Vannamei B (%)

Aspartic acid 4.58 3.89
Glutamic acid 4.12 4.02
Serine 2.21 2.14
Glycine 1.19 1.34
Histidine 2.22 2.06
Arginine 3.23 3.12
Threonine 1.21 1.06
Alanine 1.65 1.77
Proline 1.43 1.36
Tyrosine 1.96 1.75
Valine 3.89 3.25
Methionine 3.69 3.24
Cysteine 1.22 1.22
Isoleucine 1.65 1.65
Leucine 421 424
Phenylalanine 4.22 4.26
Lysine 4.65 4.65

Treatments
Vannamei C (%) Vannamei D (%) Vannamei E (%)

3.7 4.89 3.32
4.11 475 3.65
2.04 2.05 1.56
1.22 1.18 1.67
2.22 2.36 0.83
2.89 3.25 1.3
1.21 1.25 0.83
1.56 1.74 1.29
1.28 1.24 1.87
1.9 1.98 0.84
345 3.89 1.16
3.55 3.77 0.86
1.25 1.45 1.21
1.45 1.35 1.2
3.85 4.57 3.12
3.57 4.35 0.98
3.22 4.85 2.70

Note: Vannamei A: Shrimp treated with 100% fishmeal and 0% duck bone meal, Vannamei B: Shrimp treated with 75% fishmeal and
25% duck bone meal, Vannamei C: Shrimp treated with 50% fishmeal and 50% duck bone meal, Vannamei D: Shrimp treated with 25%
fishmeal and 75% duck bone meal, Vannamei E: Shrimp treated with 0% fishmeal and 100% duck bone meal

The increase in crude fat content associated with
increased microbial dosages and prolonged fermentation
duration is likely attributable to microbial lipid metabolism
and augmented lipase activity, which facilitate the
liberation and synthesis of fatty acids during fermentation.
This microbial synthesis aligns with deamination processes
that divert carbon flow toward lipid biosynthesis pathways,
as reported in fermented animal by-products including
poultry and fish offal (Marcinc¢ak et al. 2018; Wei et al.
2020; Djulardi et al. 2023; Weng et al. 2023). The notable
decrease in crude fibre content indicates the effective
action of microbial fibrolytic enzymes, including cellulase,
hemicellulase, and xylanase, generated by species such as
Rhizopus sp. and Bacillus sp. These enzymes hydrolyze
complex polysaccharides, enhancing feed digestibility and
palatability critical elements for optimizing aquaculture
performance (Lynd et al. 2002; Mugwanya et al. 2022;
Wilazto et al. 2022; Anwar et al. 2023). Fluctuations in
nitrogen-free extract levels further indicate active microbial
metabolism of soluble carbohydrates as fermentative
microbes, including S. cerevisiae and Bacillus species,
consume available sugars during substrate fermentation
(Dewi et al. 2021).

Enhanced mineral parameters, specifically ash and
calcium concentrations, result from heightened mineral
solubilisation driven by organic acid production from
fermentative yeasts and bacteria like Saccharomyces sp.,
thereby enhancing mineral bioavailability (Wang et al.
2022; Rizwanuddin et al. 2023). These findings are
consistent with mineral concentration effects during
organic matter degradation in fermented fish bone and meat
waste substrates (Rakib et al. 2019; Eliopoulos et al. 2022;
Kostova et al. 2022). While crude protein content slightly
decreased owing to the inherently higher protein density of
fish meal relative to duck bone meal, fermentation
enhances protein availability through the proteolytic action

of Bacillus spp., which secrete potent collagen-degrading
enzymes that break down protein matrices into absorbable
peptides, improving overall digestibility and nutritional
quality (Bowzer et al. 2014; Salim et al. 2017; Coelho et al.
2019; Pham et al. 2022). Furthermore, fermentation improves
amino acid composition by increasing important amino
acids including glutamic acid, lysine, and proline, hence
raising the feed's nutritional value (Gariglio et al. 2019).
Overall, the results confirmed that the microbial dose of 1.5
mL/100 g with a fermentation time of 36 hours (A3B3)
provided the most consistent and optimal improvement in
all proximate parameters, thus making it the most effective
treatment to improve the nutritional quality of duck bone
meal as an alternative feed ingredient.

The combination of microbial inoculum concentration
and incubation time has a significant impact on hydrolysis
efficiency in Fermented Duck Bone Meal (FDBM). The
degree of hydrolysis is mostly dependent on the microbial
inoculum concentration. More hydrolytic enzymes can be
produced as a result of enhanced microbial activity brought
on by a higher concentration (Zinina et al. 2021). It has
been shown that optimal hydrolysis conditions, such as
those involving particular proteases, provide high protein
content. High protein content and good digestibility have
been shown to result from optimal hydrolysis conditions,
such as those involving certain proteases, highlighting the
significance of enzyme selection and process optimisation
(Prandi et al. 2024). Fermentation processes not only enhance
nutrient breakdown but also improve the nutritional value
and digestibility of agricultural waste products, offering
sustainable alternatives for animal feed (Yasmeen and
Ahmad 2024). This highlights the potential for broader
applications of optimized fermentation techniques beyond
FDBM. This synergistic interplay is vital, as evidenced by
the comparatively lower hydrolysis percentages recorded in
treatments utilizing reduced inoculum levels and shorter
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incubation periods. In those cases, limited microbial
biomass and curtailed enzymatic activity fail to achieve
optimal substrate degradation, as also reported in studies on
the fermentation of other animal byproducts and plant
materials (Wang et al. 2024).

The combined assessment of organoleptic and physical
qualities demonstrates their importance in evaluating feed
quality, palatability, and overall efficiency in shrimp
farming. Organoleptic characteristics such as aroma, color,
and texture are essential in assessing feed palatability and
acceptance by shrimp. Fermentation-derived changes in
these attributes can influence feed intake, as reported by
Fahrudin et al. (2023), who noted that darker color and
balanced texture are often associated with higher-quality
ingredients. The shift in sensory attributes observed in
feeds containing higher proportions of duck bone meal
suggests that ingredient substitution alters the sensory cues
used by shrimp to identify feed, potentially affecting
feeding motivation and efficiency. Also, the physical
properties, such as water stability and hardness, are crucial
for preserving feed quality in aquatic ecosystems. Stability
ensures that pellets remain intact long enough for shrimp to
consume them, reducing nutrient leaching and environmental
pollution, while appropriate hardness prevents feed
disintegration or rejection during handling and ingestion.
These principles are consistent with earlier reports
highlighting that optimized texture and hardness directly
support nutrient retention and efficient consumption, while
reducing waste outputs in culture systems (Almuqaramah
et al. 2018; Kurniawan et al. 2019). Furthermore, sinking
speed and feed attractiveness also influence feeding
performance, since pellets must reach prawns effectively
while remaining detectable by chemical and physical cues.
Prior research has shown that sinking dynamics affect both
consumption rates and feed waste, with intermediate
sinking velocities increasing feeding synchronisation and
lowering competition (Walsh et al. 2022). Similarly, Nunes
et al. (2024) stated that balanced protein formulations
improve palatability, guaranteeing that prawns quickly
consume the meal. The current findings support these
observations, demonstrating that feed formulation techniques
must optimise not only nutritional composition but also
sensory and physical qualities in order to maximise feeding
efficiency, growth, and sustainability. These findings suggest
that sensory and physical characteristics must be examined
concurrently, as their interactions ultimately impact feed
acceptability, nutrient utilization, and environmental
sustainability in shrimp farming.

The gradual substitution of fishmeal with FDBM
consistently increased the essential amino acid content in
all feed formulations. The fermentation process utilizes a
synergistic microbial consortium consisting of Bacillus sp.,
Rhizopus sp., and Saccharomyces sp., all of which are
producers of extracellular proteolytic enzymes known as
proteases, peptidases, and aminopeptidases. These enzymes
actively hydrolyze collagen and other structural proteins,
accelerating the release of key amino acids, especially
proline, glutamate, and glycine (Salim et al. 2017; Pham et
al. 2022). In addition, Rhizopus sp. and Saccharomyces sp.
contribute to mineral dissolution and degradation of
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residual fibrous tissues, further promoting amino acid
liberation and nutrient bioaccessibility. Yeh et al. (2023)
noted that Bacillus subtilis and B. siamensis showed high
proteolytic efficiency in fermenting animal by-products
such as meat and bone meal, increasing peptide production
and improving feed digestibility.

The findings of this study are in line with previous
studies by Nnaji (2014) and Swain et al. (2023), who
reported that fermented poultry bone waste significantly
improved the amino acid profile compared to conventional
fishmeal. Similarly, Bowzer et al. (2014) highlighted the
unique advantage of fermented duck bone in increasing the
levels of glutamate and leucine, two amino acids essential
for energy metabolism and muscle protein synthesis in
aquatic organisms. These amino acids are physiologically
indispensable for promoting growth, immune function, and
tissue differentiation in L. vannamei, with lysine and leucine
playing a central role in stimulating growth hormone
secretion and facilitating muscle protein translation (Purba
and Prasetyo 2014; Fauzi and Sari 2018). Fermentation
using mixed microbial cultures not only enhances the levels
of free amino acids but also improves overall protein
quality through a multiphase enzymatic mechanism an
advantage not typically achieved with single-strain
fermentation. These results support the work of Guntari et
al. (2022), which indicated that FDBM is a promising and
cost-effective alternative protein source, rich in essential
amino acids, compared to conventional fishmeal. This is
further supported by the literature on duck blood plasma
composition, which confirms the abundance of glutamate,
arginine and lysine, three amino acids that play an important
role in immune modulation and tissue development.
Therefore, incorporating TTBF in feed formulations not
only offers superior nutritional solutions, but also
opportunities for the feed industry to develop more
functional, efficient and sustainable products.

The research indicated that the partial substitution of
fishmeal with Fermented Duck Bone Meal (FDBM)
markedly enhanced the growth of vannamei shrimp.
Research indicates that incorporating Fermented Soybean
Meal (FSBM) and other fermented plant proteins as
substitutes for fishmeal in whiteleg shrimp (L. vannamer)
consistently enhances growth performance, feed efficiency,
and immune parameters when partially replacing 30-75%
of the fishmeal, compared to control diets devoid of
fermented protein or with minimal substitution levels (Shao
et al. 2018; Hamidoghli et al. 2020). Vannamei shrimp
survival rates across all FDBM treatments were high
(>86.66%) and did not differ substantially, despite variations
in growth performance. This suggests that FDBM inclusion
does not jeopardize shrimp health or survivability. This is
consistent with research employing alternative fermented
protein sources, which revealed higher survival rates and
no negative impacts on animal wellbeing (Huervana et al.
2024).

The amino acid profiles of L. vannamei exhibited
substantial variation across feed treatments, clearly influenced
by the progressive substitution of fishmeal with Fermented
Duck Bone Meal (FDBM). This is in accordance with the
opinion of Purba and Prasetyo (2014) that amino acids are
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the building blocks of protein, and protein is essential for
various biological functions of shrimp, including growth
and tissue repair. This finding is in line with previous
studies showing that fish meal is a rich source of essential
amino acids, which are important for the growth and
development of aquatic species (Klahan et al. 2023;
Tejeda-Miramontes et al. 2023; Bagwald et al. 2024). The
improvement was mechanistically linked to microbial
fermentation during TTBF production, where mixed
cultures of Bacillus sp., Rhizopus sp., and Saccharomyces
sp. introduce broad enzymatic repertoires enhancing
protein digestibility and nutrient bioavailability. Bacillus
sp. secretes extracellular alkaline and neutral proteases
hydrolyzing macromolecular proteins into dipeptides and
free amino acids (Salim et al. 2017), while Rhizopus sp.
contributes to collagen fiber degradation through
collagenolytic activity, releasing structural amino acids
such as proline, glutamate, and glycine (Pham et al. 2022).
Saccharomyces cerevisiae plays a dual role by fermenting
residual carbohydrates and producing low molecular
weight peptides while facilitating calcium and phosphorus
solubilization through acidification and organic acid
production (Swain et al. 2023). Lysine, crucial for muscle
tissue formation and enzyme synthesis, showed a
significant reduction that could slow growth when not
compensated by other nutrient sources, as this essential
amino acid plays key roles in protein synthesis and overall
growth performance (Allen et al. 2019; Medeiros et al.
2022; Li et al. 2023). Glutamic acid is essential for osmotic
control and antioxidant defense (Jin et al. 2022). As a key
component of the urea cycle and semicarbazide production,
arginine supports osmoregulation and adds to shrimp taste
and nitrogen metabolism (Zhang et al. 2022). The decline
in amino acid levels observed in Feed E, indicates a
biological threshold in TTBF inclusion where excessive
substitution may disrupt nutrient balance, affect feed
palatability, or result in incomplete fermentation leading to
less digestible residues or potential antinutritional factors.
These findings agree with Bowzer et al. (2014) and Nnaji
(2014), who reported that fermented animal by-products
such as poultry bone and duck offal could improve feed
quality up to certain inclusion rates, beyond which
performance plateaued or declined. Comparable trends
have been reported in studies involving fermented poultry
offal (Swain et al. 2023), fish viscera (Obirikorang et al.
2018), and animal blood meals (Luthada-raswiswi et al.
2022), all demonstrating improved amino acids and growth
response in aquaculture species when fermentation was
optimized.

Aquafeed containing Fermented Duck Bone Meal
(FDBM) provides a variety of benefits for aquaculture
sustainability. Nutritionally, microbial fermentation greatly
improves the digestibility and quality of animal byproducts,
boosting nutrient bioavailability and encouraging improved
feed efficiency and growth performance in cultured species
(Zhang et al. 2020b). Environmentally, the usage of FDBM
promotes waste valorization by transforming chicken industry
leftovers into high-value feed ingredients, lowering organic
waste and fostering a circular bioeconomy. Improved
digestibility of fermented components also results in lower
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nitrogen and phosphorus excretion, reducing eutrophication
hazards and improving the environmental sustainability of
aquaculture operations (Macusi et al. 2023). Poultry by-
products are an economically viable alternative to
traditional fishmeal, with the potential to reduce feed costs
and increase shrimp farming profitability (Siddik et al.
2024). Although no Life Cycle Assessment (LCA) data
were obtained in this study, further evaluations using tools
such as the Global Feed LCA Institute (GFLI) database
might be useful in assessing the environmental advantages
and carbon footprint reduction related to FDBM
incorporation in shrimp diets. Together, these qualities
make FDBM a viable ingredient that supports both the
environmental and economic pillars of sustainable
aquaculture.

This study concluded that Fermentation of Duck Bone
Meal (FDBM) with Bacillus sp., Rhizopus sp., and
Saccharomyces sp. at 1.5 mL/100 g for 36 hours significantly
improved its nutritional profile, including protein hydrolysis,
amino acid enrichment, and mineral solubilisation
(P<0.05). When used in prawn diets, partial replacement of
fishmeal with FDBM resulted in significant benefits: the
75% inclusion level optimised growth performance,
maintained a high survival rate, and provided acceptable
feed quality in terms of stability, texture, and appeal. These
findings confirm that FDBM can successfully minimise
dependency on traditional fishmeal while maintaining
Vannamei shrimp performance and feed functionality,
making it an attractive alternative for environmentally
friendly aquafeeds.

To advance application, future research should include
digestibility tests to confirm nutrient utilization, cost-benefit
assessments to determine economic feasibility, and long-
term or farm-scale feeding studies to validate performance
under commercial production conditions. These follow-ups
will be crucial in determining the scalability and practical
sustainability of FDBM as a substitute for fishmealin
aquaculture.
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