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ABSTRACT

This study examines the impact of solid-state fermentation of alligator weed using Rhizopus oligosporus on
the chemical composition, antioxidant activity, antibacterial properties, and apparent digestibility in Nile
Tilapia. Fermentation was conducted for 3 and 5 days, with unfermented material used as a control
specimen. Fermentation significantly increased crude protein content and reduced crude fiber and
antinutritional factors, including phytate, tannin, and oxalate. The fermented samples exhibited enhanced
antioxidant capacity, as evidenced by increased phenolic content and radical-scavenging activity.
Antibacterial activity against major fish pathogenic bacteria was also improved following fermentation.
Digestibility trials showed significantly higher Apparent Digestibility Coefficients (ADCs) of dry matter,
protein, and energy in diets containing fermented alligator weed, with the highest values observed after 5
days of fermentation. These results demonstrate that Rhizopus oligosporus fermentation effectively
improves the nutritional quality, functional properties, and digestibility of alligator weed, indicating its
potential application as a sustainable functional feed ingredient for Nile Tilapia aquaculture.
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I.  INTRODUCTION

The expansion of global aquaculture has increased the
demand for sustainable and efficient feed ingredients,
particularly for widely farmed species such as Nile Tilapia
(Oreochromis niloticus). Conventional protein sources,
including fish meal, face challenges related to high cost,
limited availability, and environmental sustainability [1],
prompting extensive research into alternative plant-based feed
resources [2]. Although plant ingredients are generally more
sustainable, their utilization in aquafeeds is often constrained
by high fiber content and the presence of antinutritional factors
[3], which reduce nutrient digestibility and growth performance
in fish [4].

Aquatic macrophytes have received great attention as
alternative feed ingredients due to their high biomass
productivity and ability to utilize excess nutrients from aquatic
environments [5]. However, their direct inclusion in fish diets
remains limited due to the presence of structural carbohydrates
and antinutritional compounds, such as phytate, tannins, and
oxalates, which negatively affect mineral availability, protein
utilization, and intestinal function [6]. These compounds are
known to interfere with digestive enzymes and nutrient
absorption, thereby reducing feed efficiency.

Fermentation is a widely used bioprocessing technique for
enhancing the nutritional value of plant materials [7]. Solid-
state fermentation using filamentous fungi has been shown to
reduce antinutritional factors and enhance nutrient availability
through enzymatic degradation of complex carbohydrates and
phytate complexes [8]. Rhizopus oligosporus, commonly used
in traditional fermented food products, such as tempeh,
produces extracellular enzymes, including proteases, cellulases,
and phytases, which can enhance protein content and
digestibility while reducing fiber and antinutrient levels [9].

In addition to nutritional improvement, fermentation may
improve the functional properties of plant-based feed
ingredients. Fermented substrates can exhibit increased
antioxidant activity due to the release of bound phenolic
compounds and the formation of bioactive metabolites [10].
Furthermore, microbial activity associated with fermentation

may contribute to antibacterial effects, which are beneficial in
aquaculture systems where disease prevention and reduction of
antibiotic use are major concerns.

Digestibility is an important factor determining the
suitability of alternative feed ingredients for fish. Ingredient
processing and enzymatic activity can significantly influence
nutrient digestibility and intestinal function in Nile Tilapia and
other cultured species [11]. Improving digestibility through
fermentation is therefore essential to ensure efficient nutrient
utilization and to minimize negative effects on gut health.

Alligator weed (Alternanthera philoxeroides) is an invasive
aquatic plant with high biomass productivity and potential
nutritional value. However, its application in aquafeeds has
received limited attention, particularly following the use of
fungal fermentation. Information regarding the effects of
Rhizopus oligosporus fermentation on the chemical
composition, antioxidant and antibacterial properties, and
digestibility of alligator weed for Nile Tilapia is scarce.

In the context of this study, the term "functional properties"
refers specifically to biological functional properties, including
antioxidant and antibacterial activities that may contribute to
fish health and disease resistance, rather than techno-functional
feed properties such as water-holding capacity or oil-holding
capacity. Therefore, the present study aims to evaluate the
effects of solid-state fermentation of alligator weed using

Rhizopus  oligosporus on its chemical composition,
antinutritional  factors, biological functional properties
(antioxidant and antibacterial activities), and apparent

digestibility in Nile Tilapia.
II. MATERIALS AND METHODS

A. Raw Material Preparation

Fresh alligator weed (Alternanthera philoxeroides) was
collected from freshwater wetlands in Kediri, East Java,
Indonesia. The plant material was thoroughly washed with tap
water to remove adhering soil and debris and then rinsed with
distilled water. The cleaned biomass was chopped into small
pieces (approximately 1-2 cm) and oven-dried at 60 °C for 48
h. It was subsequently ground into a fine powder using a
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laboratory grinder. The powdered material was stored in
airtight containers at room temperature until further use.

B. Microorganism and Inoculum Preparation

Rhizopus oligosporus was obtained from a certified culture
collection and maintained on Potato Dextrose Agar (PDA) at
30 °C. A spore suspension was prepared by flooding the agar
surface with sterile distilled water and gently scraping the
spores with a sterile loop. The spore concentration was
determined with a hemocytometer and adjusted to
approximately 1 x 10° spores mL.

C. Fermentation Process

Solid-state fermentation was conducted by mixing alligator
weed powder with sterile distilled water at a 1:1 (w/v) ratio to
achieve a suitable moisture content. The substrate was
autoclaved at 121 °C for 15 min and then cooled to room
temperature before inoculation. The substrate was inoculated
with Rhizopus oligosporus at a 10% (v/v) concentration and
incubated at 30 °C for 3 and 5 days. The selection of 3 and 5
days of fermentation was justified based [12] reporting
effective enzymatic activity and antinutrient reduction by
Rhizopus oligosporus within this time frame, and to represent
an early and extended fermentation phase without over-
fermentation [12]. Unfermented alligator weed served as the
control sample. After fermentation, samples were oven-dried at
50 °C, ground, and stored at —20 °C for subsequent analyses.
The final moisture content of the substrate during solid-state
fermentation was approximately 55-60%, which is within the
optimal range for fungal growth under solid-state conditions.
Each fermentation treatment (unfermented control, 3-day
fermentation, and 5-day fermentation) was conducted in three
independent fermentation batches, which were considered
biological replicates (n = 3). Samples obtained from each
independent batch were subsequently analyzed in triplicate for
chemical composition, antinutritional factors, antioxidant
activity, and antibacterial activity. The mean value of each
batch was used for statistical analysis.

D. Proximate Composition Analysis

Proximate composition, including moisture, crude protein,
crude lipid, crude fiber, and ash content, was analyzed
following standard AOAC procedures [13]. Crude protein was
determined using the Kjeldahl method (N x 6.25), crude lipid
by Soxhlet extraction, crude fiber by acid—alkali digestion, and
ash content by combustion at 550 °C. Nitrogen-free extract was
calculated by difference.

E. Determination of Antinutritional Factors

Phytate content was determined using a colorimetric
method based on ferric—phytate complex formation. Tannin
content was measured using the Folin—Denis method, while
oxalate content was analyzed by titration following acid
digestion. All measurements were performed in triplicate.

F. Antioxidant Activity Analysis

Total phenolic content was determined employing the
Folin—Ciocalteu method, and was expressed as mg Gallic Acid
Equivalents (GAE) per gram of dry sample. Antioxidant
activity was evaluated using the DPPH radical scavenging

assay [14], and the percentage of inhibition was calculated. ICso
values were determined from the linear regression of inhibition
percentage against extract concentration [15].

G. Antibacterial Activity Assay

Antibacterial activity was evaluated using the agar well
diffusion method. Fermented and unfermented alligator weed
samples were extracted with methanol at a 1:10 (w/v) ratio for
24 h by maceration at room temperature. The extracts were
filtered through Whatman No. 1 filter paper and concentrated
under reduced pressure to obtain crude extracts. Bacterial
cultures of Aeromonas hydrophila, Streptococcus agalactiae,
and Vibrio parahaemolyticus were adjusted to 108 CFU mL,
and were evenly spread on Mueller—Hinton agar plates. Wells
(6 mm diameter) were filled with 100 uL of extract (100 mg
mL). Methanol was used as a negative control, while a
standard antibiotic (oxytetracycline, 30 pug) served as a positive
control. Plates were incubated at 37 °C for 24 h, and inhibition
zones were measured in mm, excluding the well diameter.

H. Experimental Fish and Digestibility Trial

Juvenile Nile Tilapia (Oreochromis niloticus), with an
average initial body weight of 12.5 + 0.6 g, were used for the
digestibility trial. Prior to the experiment, the fish were
acclimated to laboratory conditions for two weeks and fed a
reference diet. Experimental diets were formulated by replacing
30% of the reference diet with either fermented or unfermented
alligator weed meal and by adding chromium oxide (Cr20s) to
each diet at a concentration of 0.5% as an inert internal marker.

Fish were randomly stocked in 200 L fiberglass tanks at a
density of 15 fish per tank. The digestibility trial lasted 21
days, consisting of a 14-day dietary adaptation period, followed
by a 7-day fecal collection period. Each dietary treatment was
conducted in triplicate tanks (n = 3), with each tank considered
as an independent experimental unit. The fish were fed to
apparent satiation twice daily throughout the experimental
period. Fecal samples were collected by gentle siphoning
approximately 6 h after feeding to minimize nutrient leaching.
Collected feces were immediately dried and stored at —20 °C
until further chemical analysis.

1. Apparent Digestibility Coefficient Calculation

ADC:s for dry matter, crude protein, and gross energy were
calculated using the indicator method based on the relative
concentrations of chromium oxide in the diets and feces.
Chromium oxide (Cr20s) concentration in experimental diets
and fecal samples was determined deploying the acid digestion
and spectrophotometric method described in [16], modified for
fish digestibility studies. Briefly, dried diet and fecal samples
were finely ground, digested with a mixture of nitric and
perchloric acids until complete oxidation, and diluted with
distilled water. Chromium concentration was quantified using a
UV-visible spectrophotometer at 350 nm, and Cr.Os content
was calculated from a standard calibration curve prepared with
analytical-grade chromium oxide. The ADC (%) was
calculated using:

ADC(%) = 100 — [100 x (C”O“ﬁe‘) x (N“t“e“t‘““)] )

Cra03.0 Nutrientg;e
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where Cr20sgier and Cr2Oseces represent the chromium oxide
concentration in the diet and feces, respectively, and Nutrientgie
and Nutrientres represent the concentration of the
corresponding nutrient in the diet and feces.

J. Statistical Analysis

For all parameters, independent fermentation batches (n =
3) were considered biological replicates. Analytical
measurements were performed in triplicate for each biological
replicate, and the averaged values were used in the statistical
analysis. All data were expressed as mean + standard deviation.
Statistical analysis was performed using one-way Analysis of
Variance (ANOVA) to evaluate the effect of fermentation
duration. Differences among treatment means were analyzed
using Tukey's post-hoc test at a significance level of p < 0.05.

III.  RESULTS

A. Proximate Composition

Fermentation with Rhizopus oligosporus significantly
altered the chemical composition of alligator weed (Table I).

TABLE III. ANTIOXIDANT ACTIVITY OF FERMENTED
ALLIGATOR WEED
3 days of 5 days of
Parameter Unfermented fermentation | fermentation
Total phenolic content . b .
(mg GAE g 1) 8.72 £0.34 12.85+0.41 16.94 £0.53
DPPH scavenging | 35 194 1 10¢ | 48774145 | 61,39+ 1.68
activity (%)
ICso (mg mL1) 4.87+0.21° 321+0.18° 2.14 £0.15¢

D. Antibacterial Activity

Fermentation significantly enhanced the antibacterial
activity of alligator weed extracts against all tested fish
pathogenic bacteria (Table IV).

TABLEIV.  ANTIBACTERIAL ACTIVITY (INHIBITION ZONE
DIAMETER, mm)
Test bacteria Unfermented 3 days O.f 5 days O.f

fermentation fermentation

Aeromonas 6.12 +0.38 9.84+0.420 | 132740510
hydrophila

Streptococeus 5.48 +0.29¢ 876+036" | 12.11+047
agalactiae

Vibrio 6.34 £0.33¢ 1021 +039 | 14.06 £0.58

parahaemolyticus

TABLE L. PROXIMATE COMPOSITION OF FERMENTED
ALLIGATOR WEED (% DRY MATTER)
Parameter Unfermented 3 days o.f 5 days o‘f

fermentation | fermentation

Crude protein (%) 18.42+0.31¢ | 21.76 £0.45° | 24.89 +0.522
Crude lipid (%) 2.11 £0.08¢ 2.47 +0.09° 293 +0.11*
Crude fiber (%) 24.85 +0.622 | 20.14 £0.55°> | 16.72 +0.48¢
Ash (%) 15.33 £0.29* | 14.87 £0.33® | 14.25+0.27*
Nitrogen-free extract (%)| 39.29 +0.74° 40.76 £0.68* | 41.21 £0.71*

E. Apparent Digestibility in Nile Tilapia
The ADCs of dry matter, crude protein, and energy were

significantly improved in fish fed diets containing fermented
alligator weed (Table V).

The values in Tables I-V are expressed as mean = SD of
three independent fermentation batches (biological replicates, n
= 3). Different superscript letters within the same row indicate
significant differences (one-way ANOVA, Tukey's test, p <
0.05).

B. Antinutritional Factors

The concentrations of antinutritional compounds were
significantly reduced following fermentation (Table II).

TABLEV.  ADCS (ADC, %) IN NILE TILAPIA
3 days of 5 days of

Parameter Unfermented fermentation fermentation

ADC dry 58.47 + 1.42¢ 68.92+£136° | 7588%151
matter (%)

ADC crude 64.73 £ 1.28¢ 76.45 + 1.34 83.67 + 1.228
protein (%)
AD(éGZ‘)lergy 60.82 £ 1.37¢ 7116+ 144> | 78.94+149

TABLE II. REDUCTION OF ANTINUTRITIONAL FACTORS
Parameter Unfermented 3 days o‘f 5 days o.f
fermentation fermentation
Phytate (mg g'!) 14.26 +0.48* 9.84 +0.36° 6.31 +£0.29¢
Tannin (mg g'!) 6.78 £ 0.27* 4.39+£0.21b 2.86 £0.18¢°
Oxalate (mg g'!) 5.92 +0.24° 3.87 +£0.19° 2.14 £0.13¢

The contents of phytate, tannin, and oxalate decreased
markedly with increasing fermentation time, with the lowest
values observed in the 5-day fermented treatment.

C. Antioxidant Activity

Fermented alligator weed exhibited significantly enhanced
antioxidant properties compared to the unfermented control
sample (Table III).

The highest digestibility values were recorded in the 5-day
fermented treatment, indicating improved nutrient availability
following fermentation.

IV. DISCUSSION

The functional properties evaluated in this study were
limited to biological activities, specifically antioxidant and
antibacterial effects, which are relevant to fish health and
disease prevention in aquaculture systems. The present study
demonstrates that solid-state fermentation of alligator weed
with Rhizopus oligosporus significantly improves its nutritional
quality, functional properties, and digestibility for Nile Tilapia.
These improvements underscore the effectiveness of fungal
fermentation as a processing strategy for enhancing the
nutritional value of plant-based feed ingredients that have
inherent limitations.

The increase in crude protein content observed after
fermentation can be attributed to the accumulation of microbial
biomass and the synthesis of fungal proteins during substrate
colonization. Similar protein-enhancing effects have been
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reported in fermented plant meals and legumes used in
aquafeeds, where fermentation increases nitrogen availability
and protein digestibility [17]. Additionally, the extracellular
proteolytic enzymes produced by Rhizopus oligosporus may
have contributed to partial protein hydrolysis, thereby
improving nutrient accessibility. The significant reduction in
crude fiber content following fermentation indicates effective
degradation of structural carbohydrates by fungal cellulases
and hemicellulases. High dietary fiber levels negatively affect
feed intake and nutrient utilization in fish [18]. Therefore, fiber
reduction is an important factor contributing to the improved
digestibility observed in fish fed fermented alligator weed.
Similar findings have been reported in [19], which evaluated
fermented chickpea meals and other plant-based ingredients for
Nile Tilapia diets [19]. Fermentation has also significantly
reduced antinutritional factors such as phytate, tannins, and
oxalates. The degradation of phytate is commonly associated
with phytase activity during fermentation, which enhances
mineral bioavailability and reduces the chelating effects of
phytic acid [20]. The reduction of tannins and oxalates is
particularly important, as these compounds can inhibit
digestive enzymes and impair nutrient absorption [21].

The enhancement of antioxidant activity observed in
fermented alligator weed is likely related to the release of
bound phenolic compounds and the formation of bioactive
metabolites during fermentation. Similar increases in
antioxidant capacity have been reported for plant extracts and
fermented feed additives used in aquaculture, where improved
antioxidant status has been associated with enhanced
physiological performance and stress resistance [22]. Increased
antioxidant potential in feed ingredients may help mitigate
oxidative stress in cultured fish, thereby supporting overall
health.

The observed antibacterial activity against fish pathogenic
bacteria further supports the functional value of fermented
alligator weed. Fermentation-associated microbial metabolites,
including organic acids and phenolic derivatives, have been
shown to inhibit pathogenic microorganisms. The incorporation
of feed ingredients with natural antibacterial properties aligns
with current strategies aimed at reducing antibiotic usage and
enhancing disease resistance in aquaculture systems [23].

Improvements in the ADCs of dry matter, crude protein,
and energy confirm the positive impact of fermentation on
nutrient utilization by Nile Tilapia. Enhanced digestibility can
be attributed to the combined effects of fiber degradation,
reduction of antinutrients, and enzymatic pre-digestion of
macromolecules during fermentation. Processing methods and
enzymatic activity significantly influence digestibility and
intestinal function in Nile Tilapia [24]. Overall, the findings of
the current study suggest that fermentation duration plays a
significant role in determining the nutritional and functional
quality of alligator weed, with longer fermentation periods
yielding more pronounced improvements. The results support
the feasibility of converting invasive aquatic plants into value-
added feed ingredients through fungal fermentation,
contributing to  sustainable feed development and
environmentally responsible aquaculture practices.

V. CONCLUSIONS

The present study demonstrates that solid-state
fermentation of alligator weed using Rhizopus oligosporus
effectively enhances its nutritional quality, functional
properties, and digestibility for Nile Tilapia. Fermentation
increased crude protein content while reducing crude fiber and
key antinutritional factors, thereby improving nutrient
availability. In addition, fermented alligator weed exhibited
enhanced antioxidant and antibacterial activities, indicating its
potential role as a functional feed ingredient. The Apparent
Digestibility Coefficients (ADCs) of dry matter, protein, and
energy were significantly improved in diets containing
fermented material, with the most pronounced effects observed
after extended fermentation. These findings suggest that fungal
fermentation is a viable strategy for converting invasive aquatic
plants into value-added feed resources, thereby supporting the
development of sustainable and efficient aquaculture feed
systems. The need for future studies on scale-up feasibility,
long-term feeding trials, and economic evaluation of fermented
alligator weed is evident.
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