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Abstract. This study aimed to enhance the nutritional value of brown
seaweed, Sargassum crassifolium, through Fermentation. This study
employed a completely randomised design (CRD) with two factors: LMO
type (Rice, Fruit, Banana Stalk) and fermentation duration (1, 2, 3 weeks).
Three duplicates of each treatment were made. Moisture content, dry matter,
organic matter, crude fiber, crude protein, fatty acid profile, amino acid
profile, and bioactive substances were measured. The results showed that
the fermentation duration significantly affected the moisture and dry matter
contents of S. crassifolium (p < 0.05), although no significant interaction
was observed (p > 0.05). The type of LMO had a substantial effect on
organic matter (p < 0.05), but no interaction was observed with fermentation
duration (p > 0.05). A significant interaction between LMO type and
fermentation duration was found in reducing crude fiber content (p < 0.05),
whereas no significant interaction was observed for crude protein
enhancement (p > 0.05). Fermentation increased the levels of amino acids,
fatty acids, and bioactive compounds post-fermentation. In conclusion,
fermentation of brown seaweed S. crassifolium using a rice-based LMO for
three weeks was the most effective treatment for reducing crude fibre and
enhancing crude protein, amino acid, fatty acid, and bioactive compound
profiles.

1 Introduction

Rapid growth in Indonesia’s poultry industry is driven by increasing local demand for
affordable, readily available animal protein. However, Indonesia still relies heavily on
imported feed ingredients, such as corn, which are prone to price volatility. From January to
June 2023, Indonesia imported 416,022 tons of corn. In the same period in 2024, corn imports
surged to 1,003,099 tons, representing a 141.12% increase. Corn is the largest proportion of
poultry feed formulation. Therefore, alternative feed ingredients are needed to partially
replace imported components to maintain the stability of the poultry industry in Indonesia.
One such potential alternative is brown seaweed. Several researchers have reported using
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various types of brown seaweed in poultry feeds [1-6]. Although earlier research has
emphasised the general advantages of brown seaweed for chickens, little is known about how
the S. crassifolium species is processed and utilised, particularly in poultry nutrition.

S. crassifolium grows abundantly in nearly all Indonesian marine waters. 10.86% lignin,
11.21% NaCl, 8.65% alginate, 0.87% fucoidan, 0.75 mg/g fucoxanthin, 1.38% calcium,
0.93% phosphorus, 3.57% cellulose, 5.16% hemicellulose, 6.42% crude protein, 0.9% crude
fat, and 14.99% crude fiber are all present in this brown seaweed. Sargassum spp. include
bioactive substances such as meroterpenoids, terpenoids, flavonoids, fucoidan, and
fucoxanthin [7]. These bioactive compounds, such as fucoidan, carotenoids, phenolics, and
flavonoids are known to support health by acting as anticancer, antiviral, and anti-
inflammatory agents [8]. Additionally, flavonoids, tannins, and alkaloids exhibit
antimicrobial, fungicidal, and antioxidant properties, which can help protect intestinal
epithelial cells from damage caused by pathogenic bacteria and enhance immune responses
in poultry. Thus, S. crassifolium has the potential to serve as a functional feed ingredient in
poultry diets, providing both essential nutrients and health-promoting bioactive compounds.
However, its high salt and crude fiber content limit its inclusion level in poultry feed.

The immersion of S. crassifolium in running water for 15 hours can lower its salt content
by up to 74.13% [9]. Desalted S. crassifolium can be included in broiler diets at up to 18%,
replacing 21.24% of corn in the ration [4]. Nevertheless, the inclusion rate could be further
increased if its crude fiber content is reduced. This presents a clear opportunity for further
research. For instance, fermenting Turbinaria murayana brown seaweed with LMOs derived
from fruit waste for seven days reduced the crude fibre content from 17.08% to 5.27% [9].
LMOs are naturally occurring microorganisms in various substrates that can produce
enzymes capable of hydrolyzing complex compounds into simpler forms. Different types of
LMOs and fermentation durations may have varying effectiveness in reducing crude fiber
and enhancing the nutrient content of fermented substrates. Several LMOs can be used as
fermentation inoculants, including those derived from rice, fruit, and banana stalks.

Accordingly, this study assessed the effects of fermenting S. crassifolium with various
LMO types of LMOs and fermentation durations on improving its nutritional profile. The
goal is to develop S. crassifolium as a functional feed ingredient and reduce the dependency
on imported feed materials in poultry production.

2 Materials and Methods

2.1 Collection of S. crassifolium

Using basic random sampling, S. crassifolium was gathered randomly from Sungai Nipah
Beach in Pesisir Selatan, West Sumatra, Indonesia. In this investigation, the whole seaweed
was used.

2.2 Fermentation of S. crassifolium using various types of LMOs

This study employed a semi-solid fermentation method. Before Fermentation, S. crassifolium
was soaked in running water for 15 hours to reduce its salt content. After soaking, the
seaweed was cut into pieces approximately 5 cm in length to increase the surface area for
Fermentation. Fermentation was carried out using three types of LMOs: rice-based LMO,
banana stalk-based LMO, and fruit-based LMO, following the method described by [10]. The
ratio of fresh S. crassifolium to LMO was 1:2 (w/w). The mixture of seaweed and LMO was
placed in a plastic fermentation container, which was then sealed tightly to maintain
anaerobic conditions. Furthermore, the fermentation containers of all LMOs were connected
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to a secondary container filled with water using a 20 cm-long, 5 cm-diameter hose to capture
the CO: gas produced during Fermentation. The fermentation process was incubated for
different durations according to the experimental treatments: 1, 2, and 3 weeks. After
Fermentation, the seaweed was dried in an oven at 60°C, then ground into powder and
prepared for subsequent analysis.

2.3 Experimental design

Three replications per treatment and a 3x3 factorial design were used in the study's
Completely Randomized Design (CRD). The type of LMO (rice-based LMO, fruit-based
LMO, and banana stalk-based LMO) was factor A. The fermentation durations (1, 2, and 3
weeks) were factor B.

2.4 Measurements

Using conventional techniques, the moisture content, dry matter, organic matter, crude fiber,
and crude protein of powdered post-fermented S. crassifolium were measured. The proximate
composition of the best fermentation treatment was further analysed for its amino acid profile
using UPLC-PDA, fatty acid profile using GC-FID, and alginate content, following the
method. Total phenolics, flavonoids, and tannins were quantified using spectrophotometry.

2.5 Analysis of statistics

The methodology involved analysing data using ANOVA, and mean differences between
treatments were assessed using Duncan's Multiple Range Test (DMRT).

3 Results and Discussions

3.1 Moisture content, dry matter, and organic matter

The moisture content and dry matter of S. crassifolium fermented were significantly impacted
(p < 0.05) by fermentation duration, but there was no significant interaction (p > 0.05)
between LMO type and fermentation duration (Tables 1 and 2). Furthermore, the type of
LMO had a significant effect (p<<0.05) on the organic matter of S. crassifolium, but there was
no interaction (p>0.05) between the type of LMO and fermentation duration (Table 3).

This study found that fermentation duration significantly increased the water content and
decreased the dry matter content of S. crassifolium. It is due to microbial activity during
Fermentation, which degrades organic components such as carbohydrates and proteins into
simpler compounds. This process often releases bound water from the breakdown of
polymers, increasing the water content of the fermented substrate. Fermentation of seaweed
with bacteria can increase water content caused by the degradation of organic matter due to
microbial activity during Fermentation. Furthermore, the absence of interaction between the
type of LMO and fermentation duration on water content and dry matter indicates that the
effect of fermentation duration on both parameters is consistent, independent of the type of
LMO used. This phenomenon aligns with several studies that have found the effect of
fermentation duration to be more pronounced in altering water content and dry matter
compared to variations in microorganisms, as long as the microbial population used can
ferment effectively in the same medium [12]. The longer the fermentation duration, the
higher the observed water content. This is consistent with the decrease in dry matter, as a
reduction in dry matter typically accompanies an increase in water content during
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Fermentation. This finding aligns with the statement that the decrease in dry matter is driven
by microbial activity, as available carbohydrates are utilised for growth and energy. As the
water content increases, the biodegradation rate and extent also increase, resulting in a
decrease in dry matter and organic matter.

Table 1. Mean moisture content of S. crassifolium post-fermentation with different types of lmos and
fermentation durations (%).

Type of F er{nentation P-value P-value
Nutrients LMO Duration (Weeks) Mean | (Type of (fermentation
1 2 3 LMO) duration)
Rice-based
LMO 10.12 7.86 9.11 9.03
. Fruitbased | 5,1 | 655 | 995 | 780
Moisture LMO 0.098 0.000
Content Banana ’ ’
stalk-based | 7.60 4.18 10.52 743
LMO
Mean 8.31° | 6.09° | 9.862

Note: Means within the same column bearing different superscripts differ significantly (p < 0.05).

Table 2. Mean dry matter content of S. crassifolium post-fermentation with different types of LMOs
and fermentation durations (%).

Type of Fermentation Duration P-value P-value
Nutrients LMO (Weeks) Mean | (Type of (fermentation
1 2 3 LMO) duration)
Rice-based
LMO 89.88 92.14 90.89 | 90.97
Fruit-
Dry based 92.79 93.75 90.05 | 92.20
LMO 0.098 0.000
Matter
Banana
stalk-based | 92.40 95.82 89.48 | 92.57
LMO
Mean 91.69* | 93.912 | 90.14¢

Note: Means within the same column bearing different superscripts differ significantly (p < 0.05).

Table 3. Mean organic matter content of S. crassifolium post-fermentation with different types of
Imos and fermentation durations (%).

Type of Fermentation Duration P-value P-value
Nutrients LMO (Weeks) Mean | (Type of (fermentation
1 2 3 LMO) duration)
Rice based .
LMO 11.60 10.8 123 | 11.57
| Fruitbased 1607 1 1677 | 1697 | 16.73°
Organic LMO 0.000 0330
Matter Banana ’ '
stalk based | 17.83 | 18.43 | 18.07 | 18.11*
LMO
Mean 15.30 15.33 15.78

Note: Means within the same column bearing different superscripts differ significantly (p < 0.05).

Furthermore, interestingly, in this study, organic matter content was influenced by the
type of LMO, with the lowest organic matter content found in the Rice-based LMO type
(Table 3). Theoretically, the decrease in dry matter due to microbial degradation also reduces
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organic matter content. This is in line with the report, which states that the use of organic
substrates by microbes as an energy source typically results in a decrease in organic matter
during Fermentation.

3.2 Crude fiber

The kind of LMO and the length of Fermentation had a substantial (p < 0.05) impact on the
crude fiber content of S. crassifolium (Table 4). In comparison to LMOs based on fruit and
banana stalks, the rice-based LMO with a three-week fermentation period had the lowest
crude fibre level, indicating its higher efficacy in fibre degradation. This finding indicates
that rice-based LMO was more effective in reducing crude fiber than fruit-based and banana-
stalk-based LMOs. This suggests that the microbial composition in rice-based LMO
possesses superior capabilities in degrading crude fiber components in S. crassifolium.
Fermentation conditions, including duration and the type of microorganism used as an
inoculum, significantly influence the final fermentation outcome. It is presumed that rice-
based LMO supports the growth of more cellulolytic microorganisms, which produce
cellulase enzymes capable of hydrolyzing crude fiber in S. crassifolium. In addition to the
LMO type, fermentation duration was a critical factor in determining the extent of crude fibre
reduction. The results showed that more extended fermentation periods resulted in greater
reductions in crude fibre content. This is because Fermentation requires microorganisms to
grow, adapt, and produce optimal enzymes. That microorganisms need sufficient time to
adapt and multiply during Fermentation to maximize enzyme synthesis. The cellulase
enzymes produced, particularly by microorganisms in rice-based LMOs, are responsible for
breaking down the complex fibre structure into simpler compounds that can be utilised for
microbial proliferation. Therefore, the longer the fermentation duration, the more time is
available for fibre degradation, resulting in a more substantial reduction in crude fibre. [13],
It was also reported that fermentation time affects crude fibre content, as microorganisms,
such as lactic acid bacteria, produce fibre-degrading enzymes during Fermentation, leading
to a reduction in crude fibre in the substrate.

Table 4. Mean crude fiber content of S. crassifolium post-fermentation with different types of Imos
and fermentation durations (%).

Type of Fermentation Duration P-value P-value
Nutrients LMO (Weeks) Mean | (Type of (fermentation
1 2 3 LMO) duration)
lebzgsed 936¢ | 9224 | 843 | 9.00
Fruit
Crude based 11.18% | 9.18¢ | 9.01% | 9.79
Fiber LMO 0.000 0.330
Banana
stalk based | 10.58> | 11.38* | 10.28° | 10.75
LMO
Mean 10.37 9.93 9.24
Note: Means in the same row or column with different superscripts indicate statistically significant
differences (p < 0.05).

3.3 Crude protein, amino acid profile, fatty acid profile

The interaction between LMO type and fermentation period did not substantially impact the
crude protein content of S. crassifolium (p > 0.05) (Table 5). However, the crude protein
content increased as a result of both factors acting independently, which had a significant
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effect (p < 0.05) (Table 5). The crude protein content of fermented S. crassifolium seaweed
is influenced by the type of LMO used and the fermentation time. Each of these factors plays
a crucial role in increasing crude protein levels (Table 5). According to [14], solid-state
Fermentation can be utilised to enhance the protein content of certain brown seaweeds. The
variation in crude protein improvement post-fermentation is associated with the microbial
population and the extracellular enzymes they produce. An increase in microbial biomass
contributes to the elevated oil protein content of the fermented product, as protein content
reflects the microbial cell mass. Microorganisms produce enzymes that degrade complex
compounds into simpler ones and synthesize proteins as part of the microbial protein
enrichment process.

Table 5. Mean crude protein content of S. crassifolium post-fermentation with different types of Imos
and fermentation durations (%).

T f Fermentation Duration P-value P-value
Nutrients KK; ((; (Weeks) Mean | (Type of (fermentation
1 2 3 LMO) duration)
Rice based a
LMO 16.37 16.75 1573 | 16.28
Fruit
based 8.41 8.92 8.12 8.48°
Crude LMO 0.000 0.018
Protein Banana
stalk- 767 | 72712 | 790 | 7.76°
based
LMO
Mean 10.82% | 11.132 | 10.58

Note: Means within the same row and column that carry different superscripts differ significantly (p <
0.05).

Table 6. Amino acid profile of brown seaweed S. crassifolium before and after Fermentation with
rice-based Imo for 3 weeks (mg/kg).

Amino Acid Profile Before Fermentation Post Fermentation
L-Alanine 3630.65 15301.63
L-Arginine 2243.17 7045.04
L-Aspartic Acid 5868.73 20243.11
Glycine 3288.31 12684.46
L-Glutamic Acid 5996.15 3091.95
L-Histidine 895.39 3533,50
L-Isoleucine 1446.23 8356,16
L-Leucine 3785.91 15126,45
L-Lysin 2112.19 8454,75
L-Methionine 634.84 796,33
L-Tryptophan <402.34 <402,34
L-Valine 1963.14 10357,27
L-Phenylalanine 2284.23 10186,18
L-Proline 2234.32 10587,79
L-Serine 2879.96 10020,20
L-Threonine 2372.19 9569,37
L-Tyrosine 1488.78 3429,39

In addition to the increase in crude protein, Fermentation enhanced the amino acid profile
of S. crassifolium, except for L-glutamic acid, which showed a slight decrease (Table 6). One
of the contributing factors to this improvement is the microbial degradation of proteins into
amino acids, especially by the microbes found in rice-based LMO. The microbial breakdown
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of complex proteins during the fermentation process is responsible for the rise in valine and
methionine levels observed in wheat grains fermented with Lactobacillus casei, Lactobacillus
rhamnosus, Bifidobacterium bifidum, and Saccharomyces cerevisiae. Furthermore, [11]
observed that Fermentation of pineapple stems with Bacillus subtilis ATCC 6051 enhanced
total amino acid content.

In this experiment, LMO fermentation of S. crassifolium brown seaweed changed its lipid
composition and resulted in a rise in saturated, unsaturated, polyunsaturated, and
monounsaturated fatty acids (Table 7). In general, the fatty acid concentration of S.
crassifolium increased after Fermentation. Eicosenoic acid, eicosapentaenoic acid (EPA),
erucic acid, docosahexaenoic acid (DHA), and two more long-chain unsaturated fatty acids,
on the other hand, showed a minor decrease. Since brown seaweeds naturally contain
important omega-3 polyunsaturated fatty acids (PUFAs) along with eicosenoic acid and
erucic acid as part of their lipid profile, Fermentation of brown seaweed can increase the
content of certain fatty acids, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). The improvement in EPA and DHA content during Fermentation may be due to
microbial synthesis/modification or enhanced enzymatic hydrolysis that releases these fatty
acids from complex lipids.

Table 7. Fatty Acid Profile of Brown Seaweed S. crassifolium Before and After Fermentation with
Rice-Based LMO for 3 Weeks (%).

Fatty Acid Profile Before Fermentation Post Fermentation

Arachidonic Acid 0.0864 0.1099
Omega-3 Fatty Acid 0.0350 0.0400
Omega-6 Fatty Acid 0.1988 0.5680
Omega-9 Fattay Acid 0.1948 0.6165
Linoleic Acid 0.1039 0.4431
Linolenic Acid 0.0226 0.0463
Oleic Acid 0.1862 0.6165
C 12:0 (Lauric Acid) 0.0049 0.0279
C 14:0 (Myristic Acid) 0.0456 0.0593
C 14:1 (Myristoleic Acid) Not detected 0.0033
C 15:0 (Pentadecanoic Acid) 0.0043 0.0053
C 15:1 (Pentadecanoic Acid) Not detected 0.0051
C 16:0 (Palmitic Acid) 0.5167 1.0789
C 16:1 (Palmitoleic Acid) 0.0723 0.0537
C 17:0 (Heptadecanoic Acid) 0.0046 0.0085
C 17:1 (Heptadecanoic Acid) 0.0048 0.0083
C 18:0 (Stearic Acid) 0.0189 0.1485
C 18:1 WI9C (C-Oleic Acid) 0.1862 0.6165
C 18:2 W6 (Linoleic Acid / W6) 0.1039 0.4431
C 18:2 W6C (C-Linoleic Acid) 0.1039 0.4431
C 18:3 W3 (Linolenic Acid/ W3) 0.0207 0.0400
C 18:3 W6 (Linolenic Acid/ W6) Not detected 0.0063
C 20:0 (Arachidic Acid) 0.0048 0.0227
C 20:1 (Eicosenoic Acid) 0.0074 0.0063
C 20:2 (Eicosadienoic Acid) Not detected 0.0138
C 20:3 W6 (Eicosatrienoic Acid/W6) 0.0066 0.0088
C 20:4 W6 (Arachidonic Acid) 0.0864 0.1099

C 20:5 W3 (Eicosapentaenoic Acid) 0.0092 Not detected
C 22:0 (Behenic Acid) 0.0107 0.0138

C 22:1 (Erucic Acid) 0.0086 Not detected

C 22:6 W3 (Docosahexaenoic Acid) 0.0051 Not detected
C 24:0 (Lignoseric Acid) 0.0056 0.0296
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Fatty Acid Profile Before Fermentation Post Fermentation

C 24:1 W9 (Nervonic Acid) Not detected 0.2561
C 8:0 (Caprylic Acid) Not detected 0.0031

DHA 0.0051 Not detected

EPA 0.0092 Not detected
Saturated Fat 0.6168 1.3989
Unsaturated Fat 0.5132 1.5711
Polyunsaturated Fat 0.2338 0.6218
Monounsaturated Fat 0.2793 0.9493

The lipids found in brown seaweed are high in polyunsaturated fatty acids like
arachidonic acid and EPA, as well as glycoglycerolipids. They also contain useful substances
like fucoxanthin, which have antioxidant properties and prevent these fatty acids from
oxidizing. By boosting enzyme activities that break down complex molecules and potentially
enriching PUFA content, including EPA and DHA, fermentation processes —often involving
lactic acid bacteria or fungal strains —can enhance nutritional quality [14]. Microbial activity
during Fermentation can increase the amount of fatty acids, and these results are in line with
their findings.

3.4 Bioactive compounds

The levels of bioactive compounds, alginate, tannins, flavonoids, and total phenols in S.
crassifolium increased after Fermentation with rice-based LMO (Table 8). This finding is
consistent, which states that Fermentation significantly enhances the bioactive compounds.
However, the substrate and fermentation conditions may affect the amount of growth.
Similarly, found that employing Lactobacillus rhamnosus to ferment bee pollen enhanced the
amount of bioactive substances, including flavonoids, phenolic acids, and total phenols. The
study on plant materials indicates that, due to microbial activity that breaks down cell
structures, releases bound chemicals, and possibly synthesises new phenolics, Fermentation
tends to enhance the total flavonoid and total phenolic content. The ester bonds that bind
phenolics to cell wall components are broken by enzymatic hydrolysis by microorganisms
during Fermentation, raising the overall concentration of phenols, tannins, and flavonoids.
The enzymes of fermenting microorganisms, including B-glucosidase and esterases, play a
crucial role in releasing these beneficial chemicals from their bound forms. The use of fungi,
bacteria, and yeasts in solid-state Fermentation significantly increases the levels of free
phenolics and flavonoids, thereby enhancing their antioxidant and potential health benefits.
Fermentation can also improve the antioxidant activity of seaweeds, such as Sargassum
species, which are associated to higher quantities of phenolic compounds [15].

Table 8. Analysis of bioactive compounds (phenols, flavonoids, tannins, and alginate) in brown
Seaweed S. crassifolium before and after Fermentation with rice-based LMO for 3 weeks.

Bioactive Compounds Before Fermentation Post Fermentation
Total Phenols (mgGAE/g) 37.80 358.7
Flavonoids (%) 0.02 0.90
Tannins (%) 1.72 8.70
Alginate (%) 8.65 16.59

4 Conclusion

Fermentation of brown seaweed S. crassifolium using a rice-based LMO for a three-week
duration was found to be the most effective treatment for reducing the crude fibre content
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and enhancing the crude protein, amino acid, fatty acid, and bioactive compound profiles.
Under this condition, the seaweed contained 8.43% crude fiber, 9.11% moisture, 90.89% dry
matter, 12.30% organic matter, 15.73% crude protein, and 1.5711% unsaturated fat.
Eicosenoic acid, eicosapentaenoic acid (EPA), erucic acid, docosahexaenoic acid (DHA),
and two other types of unsaturated fatty acids, however, all showed a minor decline.
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