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Abstract— This study aimed to enhance the nutritional value of the freshwater macrophyte Lemna minor (duckweed) for use
as an aquafeed ingredient through Solid-State Fermentation (SSF). A phytase-producing bacterium, Bacillus
subtilis (HM352551), isolated from the gut of the teleost fish Labeo bata, was used as the fermenting agent. Key SSF parameters
were optimized for maximum phytase yield. The highest phytase activity of 15.26 = 0.09 U/g was achieved after a 10-day
incubation at 35°C, with an initial substrate moisture content of 50% and a moistening media pH of 7.0. An inoculum size of
4% (v/w) also yielded high activity (14.28 £ 0.11 U/g). Proximate composition analysis of the fermented leaf meal revealed a
significant increase (p < 0.05) in crude protein, lipid, ash, and mineral content (Na, K, Ca, Mg, P, Zn, Fe, Cu, Mn). The levels
of all essential amino acids increased. Concurrently, there was a significant reduction (p < 0.05) in antinutritional factors,
including crude fibre, phytic acid, trypsin inhibitor, and tannin. Concentrations of heavy metals (Pb, Cd, Cr, Ni) were also
reduced. The results demonstrate that SSF using a host-derived gut bacterium is an effective strategy for the bioconversion of
low-cost aquatic weeds into a nutritionally enhanced, safer, and sustainable component for aquafeed formulations.
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l. INTRODUCTION

In recent years, diverse terrestrial and aquatic macrophytes have been incorporated into carp diets as partial replacements for
costly fishmeal [1]. As protein is a critical component for fish growth, alternative plant protein sources have been explored
from the early days of freshwater aquaculture [2]. Duckweed, Lemna minor, is considered a promising natural feed for carps
[3,4] due to its relatively high protein content, favourable amino acid profile, and small size [5]. Its leaves contain low fibre,
and the cell walls have low lignin content [6]. Duckweed is also a source of trace minerals like potassium and phosphorus, as
well as pigments such as carotenes and xanthophylls [7].

However, plant-based ingredients contain antinutritional factors (ANFs) like tannins, phytic acid, trypsin inhibitors, and
saponins, which reduce nutrient digestibility and bioavailability [8]. Solid-State Fermentation (SSF) using exo-enzyme-
producing microorganisms is an effective method to reduce ANFs [8]. SSF is often preferred over submerged fermentation due
to its higher product concentration, lower energy and wastewater output, simpler operation, and reduced space requirements

[9].

Indigenous phytase-producing bacteria from fish guts are advantageous for fermenting plant materials. Their enzymes can offer
precise activity, protease resistance, and high catalytic efficiency compared to fungal alternatives [9]. Using invasive aquatic
weeds as an SSF substrate provides economic benefits via low-cost biomass and enables sustainable nutrient recovery.

The primary objective of this research was to ferment Lemna minor leaves using an autochthonous fish-gut bacterium, Bacillus
subtilis (HM352551), to degrade ANFs and improve nutrient bioavailability, thereby evaluating its potential as a beneficial
ingredient in aquaculture feeds.
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1. MATERIALS AND METHODS
2.1 Microorganism and Inoculum Preparation:

The phytase-producing bacterium used was isolated from the gut of Labeo bata and identified as Bacillus subtilis (GenBank
Accession No. HM352551) via 16S rRNA gene sequencing [10]. The culture was maintained on modified phytase screening
medium (MPSM) agar [11]. Inoculum was prepared by growing the culture in MPSM broth at 35°C for 48 hours, yielding a
suspension containing approximately 5.6 x 107 cells mL™.

2.2 Substrate Collection and Processing:

Lemna minor leaves were collected from local water bodies in Burdwan, West Bengal, India (23°12' N, 87°45' E). The fresh
leaves were oven-dried at 70°C for 48 hours, ground into a fine powder using a laboratory blender, and stored as Lemna Leaf
Meal (LLM) for use as the solid fermentation substrate.

2.3 Solid-State Fermentation (SSF):

Five grams of dry LLM was placed in a 250 mL Erlenmeyer flask. The substrate was moistened with 3 mL of MPSM broth
(lacking sodium phytate and agar) and additional distilled water to achieve the desired final moisture level. The flask was
plugged with cotton and sterilized at 121°C and 15 psi for 20 minutes. After cooling, the substrate was aseptically inoculated
with 1 mL of bacterial suspension. Fermentation was carried out at 35°C for 72 hours. All experiments were performed in
triplicate.

2.4 Optimization of SSF Parameters:

SSF was conducted to maximize phytase production and phytate hydrolysis. The following parameters were optimized:
incubation temperature (25-50°C), initial pH of the moistening medium (pH 5-9), fermentation period (24-144 hours),
inoculum size (1-5 mL), and initial substrate moisture content (10-100%).

25 Enzyme Extraction and Phytase Assay:

After fermentation, phytase was extracted from the solid substrate [8]. Phytase activity was assayed using sodium phytate as
the substrate [12]. One unit (U) of phytase activity was defined as the amount of enzyme required to release 1 g of inorganic
phosphorus per minute under assay conditions. Activity was expressed as units per gram of dry substrate (U/g). The soluble
protein in the crude extract was estimated by the Lowry method [13] using bovine serum albumin as the standard.

2.6 Proximate, Mineral, and Antinutrient Analysis:

Proximate composition (crude protein, lipid, fibre, ash) of raw and fermented LLM was analyzed using standard AOAC
methods [14]. Mineral elements (Na, K, Ca, Mg, P, Zn, Fe, Cu, Mn) were analyzed by atomic absorption spectrophotometry
(PerkinElmer Analyst 700) and flame photometry. Tannin [8], phytate [15], and trypsin inhibitor activity [16] were determined.
Amino acid profiles were analyzed using an automated amino acid analyzer (Shimadzu-10AS). Fatty acids were quantified by
GC-MS (Shimadzu GC-MS-QP2010).

2.7 Statistical Analysis:

All data are presented as mean * standard error (SE) of three replicates. A t-test was used to compare means between raw and
fermented LLM. One-way ANOVA followed by the Student-Newman-Keuls test was applied to analyze the effect of different
SSF parameters on phytase yield. Analyses were performed using SPSS Version 16.0, with significance accepted at p < 0.05.

1. RESULTS
3.1 Optimization of SSF Conditions for Phytase Production:

Phytase production was significantly influenced by all tested parameters (p < 0.001, ANOVA). Activity increased with
incubation time, reaching a maximum of 12.39 + 0.09 U/g on day 10, followed by a decline (Fig. 1d). The optimum initial pH
of the moistening medium was 7.0, yielding 12.41 + 0.10 U/g (Fig. 1b). A sharp decline occurred at higher or lower pH. The
optimum incubation temperature was 35°C, resulting in the highest activity of 15.21 + 0.09 U/g (Fig. 1c). The initial substrate
moisture content of 50% was optimal, producing 15.26 + 0.09 U/g (Fig. 1a). An inoculum size of 4 mL (equivalent to 4% v/w)
gave maximum activity (14.28 + 0.11 U/g), with a decline at higher inoculum levels (Fig. 1e).
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FIGURE 1: Effect of different initial moisture content (a), initial pH of moistening media (b), temperature
(c), incubation period (d), and inoculum size (e) on phytase production in solid-state fermentation (SSF).
Bars with different alpha plates are statistically significant (p < 0.001; Student-Newman-Keuls test)

3.2 Effect of Fermentation on Substrate Composition:

Fermentation under optimal conditions significantly altered the composition of LLM (Table 1). Crude protein increased by
9.74%, lipid by 15.30%, and ash by 23.05%. Crude fibre content decreased substantially by 39.87%. All analyzed macro- and
micro-elements showed significant increases (p < 0.05). Concentrations of the antinutritional factors phytic acid, tannin, and
trypsin inhibitor activity were reduced by 70.91%, 67.68%, and 57.50%, respectively. The levels of all essential and non-
essential amino acids increased significantly. The content of individual saturated (SFA), monounsaturated (MUFA), and
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polyunsaturated (PUFA) fatty acids also increased. Furthermore, the concentrations of heavy metals (Pb, Cd, Cr, Ni) were

reduced.

TABLE 1

PROXIMATE COMPOSITION AND CONCENTRATION OF DIFFERENT MINERAL IONS , ANTINUTRITIONAL
FACTORS AMINO ACIDS AND FATTY ACIDS IN RAW AND FERMENTED LEMNA MINOR LEAF MEAL (LLM)

Parameters Raw SSF processed | % Increase / Reduction (4)
Nutrients
Crude Protein 17.87 £ 0.08 19.61+0.11 9.74
Crude Lipid 1.83£0.03 2.11+0.05 15.30
Crude Fibre 11.16 £ 0.05 6.71 £ 0.04 39.87 4
Crude Ash 3.21+0.05 3.95+0.05 23.05
Macro elements (g/kg)
Ca 14.74 £0.11 15.82£0.12 7.32
8.7+0.18 9.4+0.21 8.33
P 6.5+ 0.09 7.41+£0.11 13.85
Na 2.24 +0.06 2.50 +0.05 11.75
Mg 5.1+0.03 5.34 +0.03 4.65
Microelements (mg/kg)
Fe 46 £0.09 53+0.09 15.22
Zn 18 +0.17 19.05+£0.11 5.82
Mn 17+1.05 18.40 £1.03 8.23
Cu 2210.04 2.46 = 0.04 12.03
B 12.24+0.08 13.12+0.09 7.23
Mo 0.3+0.02 0.4+0.02 33.33
Heavy Metals (mg/kg)
Pb 2.29 +0 .05 1.96 £ 0.07 8.304
Cd 0.79+£0.04 0.67 +0.03 15194
Cr 5.73+0.06 4.81+0.02 16.064
Ni 3.11+0.03 2.48+0.03 20.264
Antinutritional factors (g %)
Phytate 1.26 £ 0.03 0.64 +0.03 70914
Tannin 0.99+ 0.03 0.32+0.02 67.68
Trypsin inhibitor 1.20 +0.04 0.51+0.03 57.50 4
Amino acid Composition (g/100g protein)
Alanine 7.4+0.03 7.8+0.04 541
Arginine 3.9+0.04 4.2+0.03 7.70
Cysteine 1.2 £0.05 1.4 £0.05 16.67
Glutamic acid 12.2+0.05 125+0.05 2.46
Methionine 1.7£0.04 1.9+0.03 11.76
Leucine 8.6 £0.05 8.9+0.05 3.49
Valine 6.4 +0.03 6.7 £0.04 4.69
Lysine 5.8+0.04 6.1 +0.05 5.17
Phenyl alanine 6.3+£0.05 6.6 £0.04 4.76
Glycine 4.4 +0.05 4.7+0.03 6.81
Aspertic acid 11.1+0.04 11.4£0.06 2.70
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Parameters Raw SSF processed % Increase ()/ Reduction (¥)
Histidine 2.4+0.03 2.6+0.04 8.33
Serine 5.2+0.05 5.6+0.05 7.69
Proline 4.5£0.04 4.7+0.05 4.44
Tryotophan 1.35+0.02 1.38+0.03 2.22
Fatty cids (g FAME/100 g crude fat)

SFA - saturated fatty acids

C8:0 0.134+0.05 0.142+0.03 5.97
C10:0 0.263+0.02 0.284+0.02 7.98
C12:0 0.210+0.02 0.22340.02 6.19
C14:0 1.312+0.05 1.411+0.04 7.55
C15:0 0.081+0.03 0.092+0.03 13.58
C16:0 11.96+0.09 12.35+0.06 3.26
C17:.0 0.031+0.01 0.036+0.01 16.13
C18:0 4.625+0.04 4.93040.02 6.59
C20:0 0.046+0.01 0.05310.01 15.22
C24:0 0.061+0.02 0.068+0.03 11.48
MUFA — monounsaturated fatty acids

Cl4a:lc7 0.082+0.01 0.087+0.01 6.58
C15:1cl10 0.081+0.02 0.08740.01 7.24
Cl6:1c7 0.173+0.02 0.184+0.02 6.81
C16:1c9 0.168+0.01 0.17840.01 5.99
C16:1c10 0.554+0.01 0.589+0.02 6.32
Cl18:1cl1 0.176+0.02 0.191+0.03 8.26
C18:1¢9 5.763+0.05 6.115+0.05 6.11
PUFA — polyunsaturated fatty acids

C16:2 c9,c12 1.213+0.06 1.313+0.06 8.24
C18:2 ¢9,c12 11.386+0.08 12.226+0.06 7.37
C18:3¢9,c12,c15 15.269+0.08 16.217+0.05 6.21
C20:2 cl1,c14 0.021+0.01 0.02240.02 5.48

V. DiscussION

The results demonstrate that SSF using Bacillus subtilis from fish gut effectively enhanced the nutritional profile of L. minor.
The optimal pH (7.0) and temperature (35°C) for phytase production align with the neutral/alkaline gut environment of the
host fish (L. bata) and the mesophilic nature of the bacterium [11]. The decline in activity beyond optimal moisture (50%) and
inoculum size (4%) is consistent with reports suggesting impeded aeration and nutrient competition at higher levels [22, 24].

The significant reduction in phytic acid, tannin, and trypsin inhibitor is attributable to the extracellular phytase and other
enzymes (e.g., protease, cellulase) produced by B. subtilis [11]. The degradation of the fibrous matrix likely contributed to the
decrease in crude fibre and the concomitant increase in the relative concentration of protein, lipids, and minerals. The increase
in amino acid levels may result from microbial synthesis or the liberation of bound protein fractions. The reduction in heavy
metals, though from low baselines, suggests a potential biosorption or biotransformation capability of the bacterial biomass,
warranting further investigation.

The use of a host-derived probiotic bacterium for feed processing ensures metabolic compatibility and safety for the target
aquatic species. The substantial reduction in ANFs, coupled with improved nutrient density, makes fermented LLM a promising
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alternative protein source for carp diets, potentially reducing reliance on fishmeal and the environmental impact of feed
production [25, 29].

V. CONCLUSION

This study confirms that solid-state fermentation of Lemna minor leaf meal using a phytase-producing Bacillus subtilis strain
isolated from fish gut is a viable bioprocessing strategy. The process significantly degraded antinutritional factors, improved
the bioavailability of nutrients and minerals, and reduced heavy metal content. This approach valorizes a low-cost aquatic weed
into a sustainable, nutrient-enhanced ingredient suitable for incorporation into aquafeeds, offering a pathway to reduce feed
costs and environmental footprint in aquaculture.

ACKNOWLEDGEMENT
The author is grateful to the Principal, Vivekananda Mahavidyalaya, Burdwan, West Bengal, India, for institutional support.
CONFLICT OF INTEREST

The author declares no conflict of interest.

REFERENCES

[1] Mandal, S., & Ghosh, K. (2019). Utilization of fermented Pistia leaves in the diet of rohu, Labeo rohita (Hamilton): Effects on growth,
digestibility, and whole-body composition. Waste and Biomass Valorization, 10, 3331-3342. https://doi.org/10.1007/s12649-018-0336-
4

[2] Khan, A. (2021). Valorization of Wolffia globosa leaves for probable aquafeed ingredient. Uttar Pradesh Journal of Zoology, 42(24),
602-608. https://www.mbimph.com/index.php/UPJOZ/article/view/2755

[3] Paul, M., Barman, A. C., Siddque, M. F., Bhadra, A., & Rahman, M. S. (2013). Effect of use of duckweed powder as a fish feed on
polyculture of carps. Journal of Environmental Science and Natural Resources, 6(2), 213-216.

https://doi.org/10.3329/jesnr.v6i2.22121

[4] Patra, A. K. (2015). Evaluation of the duckweed (Lemna minor) meal as partial replacement for fish meal on the growth performance
of Labeo rohita (Ham.) fry. European Journal of Experimental Biology, 5(10), 18-23.

[5] Aslam, S., Zuberi, A., Kalhoro, M. A., Sarwar, H., & Shoaib, A. (2016). A comparative study on growth performance of Chinese carps
using soybean (Glycine max L.) and duckweed (Lemna minor L.) meals as protein sources. Science International, 28(1), 299-306.
https://doi.org/10.13140/RG.2.1.2556.2485

[6] Chaturvedi, K. M. M., Langote, M. D. S., & Asolekar, R. S. (2003). Duckweed-fed fisheries for treatment of low-strength community
wastewater. WWW TM Newsletter, Asian Institute of Technology, India.

[7]1 Sosa, D., Alves, F. M., Prieto, M. A., Pedrosa, M. C., Heleno, S. A., Barros, L., Feliciano, M., & Carocho, M. (2024). Lemna minor:
Unlocking the value of this duckweed for the food and feed industry. Foods, 13(10), 1435. https://doi.org/10.3390/foods13101435

[8] Mandal, S., & Ghosh, K. (2010). Accumulation of tannin in different tissues of Indian major carps and exotic carps. Aquaculture
Research, 41, 945-948. https://doi.org/10.1111/j.1365-2109.2009.02371.x

[9] Pandey, A. (2003). Solid-state fermentation. Biochemical Engineering Journal, 13(2-3), 81-84.

[10] Khan, A., & Ghosh, K. (2013). Evaluation of phytase production by fish gut bacterium Bacillus subtilis for processing of Ipomoea
aquatica leaves as a probable aquafeed ingredient. Journal of Aquatic Food Product Technology, 22(5), 508-519.
https://doi.org/10.1080/10498850.2012.669032

[11] Khan, A., & Ghosh, K. (2012). Characterization and identification of gut-associated phytase-producing bacteria in some freshwater fish
cultured in ponds. Acta Ichthyologica et Piscatoria, 42(1), 37-45. https://doi.org/10.3750/A1P2011.42.1.05

[12] Howson, S. J., & Davis, R. P. (1983). Production of phytate-hydrolyzing enzyme by some fungi. Enzyme and Microbial Technology, 5,
377-382. https://doi.org/10.1016/0141-0229(83)90012-1

[13] Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement with the Folin phenol reagent. Journal of
Biological Chemistry, 193, 265-276.

[14] Association of Official Analytical Chemists. (1990). Official methods of analysis (16th ed.). AOAC.

[15] Vaintraub, I. A., & Lapteva, N. A. (1988). Colorimetric determination of phytate in unpurified extracts of seeds and products of their
processing. Analytical Biochemistry, 175, 227-230.

[16] Smith, C., Van Megen, W., Twaalhoven, L., & Hitchcock, C. (1980). The determination of trypsin inhibitor levels in foodstuffs. Journal
of the Science of Food and Agriculture, 31, 341-350.

[17] Zar, J. H. (1999). Biostatistical analysis (4th ed.). Pearson Education.

[18] Ramesh, M. V., & Lonsane, B. K. (1987). Solid-state fermentation for production of a-amylase by Bacillus megaterium 16M.
Biotechnology Letters, 9, 323-328.

[19] Greiner, R., & Konietzny, U. (2006). Phytase for food application. Food Technology and Biotechnology, 44(2), 125-140.

[20] Esakkiraj, P., Immanuel, G., Sowmya, S. M., lyapparaj, P., & Palavesam, A. (2009). Evaluation of protease-producing ability of fish
gut isolate Bacillus cereus for aquafeed. Food and Bioprocess Technology, 2(4), 383-390. https://doi.org/10.1007/s11947-007-0046-6

Page | 92


https://doi.org/10.1007/s12649-018-0336-4
https://doi.org/10.1007/s12649-018-0336-4
https://www.mbimph.com/index.php/UPJOZ/article/view/2755
https://doi.org/10.3329/jesnr.v6i2.22121
https://doi.org/10.3390/foods13101435
https://doi.org/10.1016/0141-0229(83)90012-1
https://doi.org/10.1007/s11947-007-0046-6

International Journal of Environmental & Agriculture Research (IJOEAR) ISSN:[2454-1850] [Vol-11, Issue-12, December- 2025]

[21] Sabu, A., Sarita, S., Pandey, A., Bogar, B., Szakacs, G., & Soccol, C. R. (2002). Solid-state fermentation for production of phytase by
Rhizopus oligosporus. Applied Biochemistry and Biotechnology, 102-103, 251-260.

[22] Roopesh, K., Ramachandran, S., Nampoothiri, K. M., Szakacs, G., & Pandey, A. (2006). Comparison of phytase production on wheat
bran and oil cakes in solid-state fermentation by Mucor racemosus. Bioresource Technology, 97, 506-511.
https://doi.org/10.1016/j.biortech.2005.02.046

[23] Pandey, A. (1992). Production of starch saccharifying enzyme in solid cultures. Starch/Stérke, 44, 75-77.

[24] Gautam, P., Sabu, A., Pandey, A., Szakacs, G., & Soccol, C. R. (2002). Microbial production of extracellular phytase using polystyrene
as inert support. Bioresource Technology, 83, 229-233.

[25] Bairagi, A., Sarkar Ghosh, K., Sen, S. K., & Ray, A. K. (2004). Evaluation of nutritive value of Leucaena leucocephala leaf meal
inoculated with fish intestinal bacteria in formulated diets for rohu (Labeo rohita) fingerlings. Aquaculture Research, 35, 436-446.
https://doi.org/10.1111/j.1365-2109.2004.01028.x

[26] Kalita, P., Mukhopadhyay, P. K., & Mukherjee, A. K. (2007). Evaluation of the nutritional quality of four unexplored aquatic weeds
from North-East India for formulation of cost-effective fish feeds. Food Chemistry, 103, 204-209.
https://doi.org/10.1016/j.foodchem.2006.08.007

[27] Li, X., Chi, Z., Liu, Z., Yan, K., & Li, H. (2008). Phytase production by a marine yeast Kodamea ohmeri BG3. Applied Biochemistry
and Biotechnology, 149, 183-193. https://doi.org/10.1007/s12010-007-8099-6

[28] Vats, P., & Banerjee, U. C. (2004). Production studies and catalytic properties of phytases (myo-inositol hexakisphosphate
phosphohydrolases): An overview. Enzyme and Microbial Technology, 35, 3-14. https://doi.org/10.1016/j.enzmictec.2004.03.010

[29] Sardar, P., Randhawa, H. S., Abid, M., & Prabhakar, S. K. (2007). Effect of dietary microbial phytase supplementation on growth
performance, nutrient utilization, body composition, and hematobiochemical profiles of Cyprinus carpio fingerlings fed a soy protein-
based diet. Aquaculture Nutrition, 13, 444-456. https://doi.org/10.1111/j.1365-2095.2007.00497.x

[30] Cao, L., Yang, Y., Wang, W. M., Yakupitiyage, A., Yuan, D. R., & Diana, J. S. (2008). Effect of pre-treatment with microbial phytase
on phosphorus utilization and growth performance of Nile tilapia (Oreochromis niloticus). Aquaculture Nutrition, 14, 99-109.
https://doi.org/10.1111/j.1365-2095.2007.00508..x.

Page | 93


https://doi.org/10.1111/j.1365-2109.2004.01028.x
https://doi.org/10.1016/j.enzmictec.2004.03.010
https://doi.org/10.1111/j.1365-2095.2007.00497.x
https://doi.org/10.1111/j.1365-2095.2007.00508.x

