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ABSTRACT

Background: Protein deficiency remains a global nutritional challenge, particularly in developing countries where malnutrition
and food insecurity are prevalent. According to UNICEF, one in five children in Pakistan suffers from acute malnutrition,
manifesting as stunted growth, muscular weakness, skin lesions, and hormonal imbalances. With increasing economic
instability and reduced accessibility to conventional protein sources, alternative nutrient-rich and low-cost substrates such as
Moringa oleifera, curry leaves, and pea plant waste are being explored for single-cell protein (SCP) production. SCP, derived
from microbial biomass, provides a sustainable protein source capable of addressing dietary deficiencies and supporting public
health.

Objective: The study aimed to evaluate the potential of Moringa oleifera, curry leaves, and pea plant waste as plant-derived
substrates for the production of single-cell protein using Saccharomyces cerevisiae as a microbial model.

Methods: Vegetable waste from pea plants and leaf samples of Moringa oleifera and curry leaves were collected, shade-dried,
powdered, and hydrolyzed using 10% hydrochloric acid. The filtrates were utilized as substrates for yeast fermentation under
controlled conditions (pH 5.5; 25-28°C for 8 days). The S. cerevisiae culture was centrifuged at 4,000 rpm for 15 minutes at
4°C before protein estimation. Protein concentration was determined using the Bradford assay with Bovine Serum Albumin
(2.0 mg/mL) as the standard, and absorbance was measured at 595 nm.

Results: Dried plant substrates showed higher protein concentrations than fresh ones. Moringa oleifera exhibited the highest
protein yield of approximately 28%, followed by pea plant waste at 25%, while curry leaves recorded 18%. Increasing substrate
hydrolysate concentration from 2% to 4% enhanced protein production by 35%. Pea waste and Moringa oleifera demonstrated
well-defined exponential growth phases, while curry leaves showed prolonged lag phases due to inhibitory phytochemicals.

Conclusion: The findings suggest that Moringa oleifera and pea plant waste are effective, sustainable, and low-cost substrates
for SCP production, offering potential solutions to protein deficiency and waste management challenges. The study emphasizes
the value of optimizing plant-derived substrates to improve microbial protein yield for human and animal nutrition.

Keywords: Amino acids; Malnutrition; Moringa oleifera; Protein deficiency; Saccharomyces cerevisiae; Single-cell protein;
Sustainable nutrition.
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INTRODUCTION

Protein deficiency represents one of the most critical nutritional challenges worldwide, particularly in developing regions where access
to high-quality dietary proteins remains limited. With the global population increasing exponentially, the demand for conventional
animal-based protein sources is placing immense pressure on agricultural and feed industries to sustain food security (1). The imbalance
between protein demand and supply has driven researchers to explore alternative, sustainable, and cost-effective protein sources that
can bridge this nutritional gap. One promising solution gaining global attention is Single Cell Protein (SCP), a microbial-derived protein
source that offers both nutritional and environmental advantages. Single Cell Protein refers to the biomass obtained from the cultivation
of microorganisms such as bacteria, fungi, yeast, and algae on various organic substrates (2-4). These microorganisms are capable of
converting inexpensive and renewable materials—such as agricultural residues, fruit and vegetable waste, and even industrial
byproducts—into protein-rich biomass through fermentation processes. SCP can be derived from dead, dried microbial cells or purified
protein extracts and is recognized for its high protein content, rich amino acid profile, and essential vitamins and minerals. Owing to
these attributes, it serves as an excellent dietary supplement, especially for malnourished populations and in conditions where
conventional protein sources are scarce or expensive (5-7). The growing acceptance of microorganisms as a food source is not new; they
have long been used in fermentation industries for the production of bread, cheese, yogurt, beer, and soy sauce. However, modern
advancements in biotechnology and waste valorization have expanded their role toward sustainable protein generation (8).

Utilizing agro-industrial waste and plant-based substrates not only minimizes environmental waste but also contributes to circular
bioeconomy initiatives by converting low-value biomass into high-value nutritional products. Moreover, SCP production can play a
pivotal role in reducing the ecological footprint of livestock farming by substituting or supplementing traditional feed ingredients such
as soybean meal and fishmeal (9-11). The medical and nutritional significance of SCP lies in its ability to combat protein-energy
malnutrition and support balanced nutrition. SCP provides essential amino acids like lysine and methionine, which are often limited in
plant-based diets (12). Its inclusion in human diets or animal feeds enhances growth, immune function, and overall health outcomes. In
the context of increasing global hunger and environmental degradation, SCP represents a scientifically validated approach to achieving
food sustainability and nutritional equity Therefore, this study aims to explore the potential of Single Cell Protein derived from microbial
and agro-waste sources as a sustainable, safe, and nutritionally viable alternative to conventional protein supplies. The objective is to
evaluate its production, nutritional value, and feasibility for addressing the growing global protein deficiency problem through
biotechnological innovation and waste utilization.

METHODS

This experimental study was conducted to evaluate the production of single-cell protein (SCP) using Saccharomyces cerevisiae
cultivated on plant-derived waste substrates. The study followed a laboratory-based design comprising the collection, preparation,
fermentation, and protein estimation phases. Ethical approval for the research protocol was obtained from the Institutional Review Board
(IRB) of the hosting institution and all experimental procedures were performed in accordance with biosafety and ethical research
standards. Vegetable waste from Pisum sativum (pea plant) was collected from the local market, thoroughly washed to remove adhering
soil and impurities, and subsequently air-dried under shade to preserve nutrient content. The dried plant material was crushed into fine
powder and sieved to ensure uniform particle size for consistent fermentation results. In addition, fresh Moringa oleifera and curry
leaves were collected from local gardens, washed, shade-dried, and ground into fine powder to be used as supplemental nutrient sources.
A commercially available culture of Saccharomyces cerevisiae was employed as the microbial source of protein due to its high growth
rate, safety for consumption, and established use in food biotechnology. For substrate processing, 40 grams of pea powder were
hydrolyzed using 10% hydrochloric acid to break down complex carbohydrates and release accessible nutrients. The mixture was
incubated in a water bath at 60°C for one hour to enhance hydrolysis, followed by cooling and filtration through Whatman filter paper.
The obtained filtrate served as a carbon and nitrogen source for yeast growth (13,14). Separately, 1 gram each of Moringa oleifera and
curry leaf powders was homogenized in distilled water using a sterile mortar and pestle.
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The homogenates were centrifuged at 4,000 rpm for 10 minutes, and the resulting supernatants were collected for use as nutrient
supplements in the fermentation medium. For fermentation, a 100 mL nutrient medium was prepared containing ammonium sulfate
(1%), magnesium sulfate heptahydrate (0.1%), monopotassium phosphate (1%), sodium chloride (1%), and calcium chloride (1%). The
pH of the medium was adjusted to 5.5 using dilute acid or alkali as required. The inoculum of S. cerevisiae was introduced aseptically,
and fermentation was carried out under controlled conditions at 25-28°C for eight days. After incubation, the culture was centrifuged at
4,000 rpm for 15 minutes at 4°C to separate the biomass for subsequent protein estimation. Protein quantification was performed using
the Bradford method, a colorimetric assay based on the binding of Coomassie Brilliant Blue dye to protein molecules. Bovine Serum
Albumin (BSA) at a concentration of 2.0 mg/mL served as the standard. The optical density (OD) of each sample was measured
spectrophotometrically at 595 nm to determine the protein concentration. Data were analyzed using standard analytical procedures, and
results were expressed in milligrams of protein per milliliter of sample.

RESULTS

The experimental investigation demonstrated that different plant-derived substrates exerted significant effects on the growth and protein
yield of Saccharomyces cerevisiae. Protein estimation using the Bradford assay revealed that the protein concentration varied
substantially among Moringa oleifera, pea plant waste, and curry leaves under both fresh and dried conditions. Dried samples
consistently showed higher protein concentrations compared to their fresh counterparts. Among the dried samples, Moringa oleifera
exhibited the highest protein concentration of approximately 28%, followed by pea plant waste with around 25%, and curry leaves with
18%. In contrast, fresh samples of these substrates displayed lower protein yields, with Moringa oleifera, pea plant waste, and curry
leaves containing approximately 20%, 17%, and 12% protein, respectively. The results indicated that drying plant substrates enhanced
protein availability, possibly by reducing moisture content and concentrating nutrients. Pea plant waste hydrolysate yielded the highest
protein output among all substrates, highlighting its efficiency in supporting yeast biomass production. The presence of readily
fermentable carbohydrates, amino acids, and nitrogenous compounds in peas likely facilitated microbial growth. Moringa oleifera also
demonstrated considerable potential for single-cell protein production due to its rich composition of amino acids, minerals, and vitamins,
while curry leaves exhibited the lowest efficiency, possibly due to the presence of inhibitory secondary metabolites and antimicrobial
compounds.

Comparative analysis of substrate efficiency revealed that the protein yield of S. cerevisiae improved with increasing substrate
concentration. Hydrolysates prepared at 4% concentration produced higher protein content compared to 2%, confirming that substrate
optimization directly influenced SCP yield. Additionally, the growth of S. cerevisiae varied with substrate composition, showing distinct
lag, log, and stationary growth phases. Cultures grown on pea waste displayed a well-defined log phase with robust multiplication, while
Moringa oleifera supported moderate growth. Curry leaves, however, resulted in a prolonged lag phase and reduced exponential growth,
indicating nutrient limitations and inhibitory effects. The control sugar substrate demonstrated the highest growth rate, reflecting the
optimal conditions provided by simple carbohydrates. The growth pattern observations suggested that the nutrient availability and
chemical composition of each substrate were crucial determinants of yeast performance. Pea waste and Moringa oleifera supported
consistent and sustainable growth, indicating their suitability for microbial protein production. Curry leaves, despite containing
beneficial phytochemicals, were less effective due to their low sugar content and antimicrobial compounds. Overall, the study confirmed
that plant-derived substrates, particularly pea waste and Moringa oleifera, could serve as efficient and low-cost feedstocks for SCP
production. The data supported the hypothesis that substrate type and processing significantly influence protein yield and microbial
growth kinetics.

Table 1: Protein Concentration (%) of Fresh and Dried Plant Substrates

Substrate Protein (%) — Fresh Protein (%) — Dried
Moringa oleifera 20 28
Pea plant waste 17 25
Curry leaves 12 18
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Table 2: Comparative Substrate Efficiency at Different Hydrolysate Concentrations

Hydrolysate Concentration

Relative Protein Yield (%)

Relative Growth Efficiency (%)

2%

100

90

4%

135

125

Table 3: Growth Phases and Efficiency of Saccharomyces cerevisiae on Different Substrates

Substrate Lag Phase (hrs) Log Phase Duration (hrs) Stationary Phase (hrs) Relative Growth (%)
Sugar (Control) 4 24 30 100

Pea waste 6 20 28 85

Moringa oleifera 8 16 26 70

Curry leaves 12 10 22 40
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DISCUSSION

The findings of this study confirmed that different plant-derived substrates had a substantial impact on the growth performance and
protein yield of Saccharomyces cerevisiae, supporting the potential of plant-based wastes as low-cost raw materials for single-cell
protein (SCP) production. The observation that dried samples exhibited higher protein concentrations than fresh ones aligns with
previous studies that emphasized moisture reduction as a critical step for enhancing nutrient density and microbial accessibility. The
superior protein yield in dried Moringa oleifera (28%) and pea plant waste (25%) suggested that substrate pre-processing improves
protein availability and metabolic efficiency during fermentation. This outcome is consistent with earlier reports indicating that plant-
derived substrates with higher carbohydrate and nitrogen content promote enhanced microbial biomass formation during yeast
fermentation (12-14). Pea plant waste proved to be an efficient substrate, most likely due to its balanced amino acid profile, moderate
sugar levels, and nitrogenous compounds that facilitate optimal yeast metabolism. Its growth kinetics showed a well-defined logarithmic
phase and consistent stationary phase, indicating a stable nutrient-to-growth relationship. Moringa oleifera also demonstrated significant
potential, as its nutritional composition—including essential amino acids, vitamins, and minerals—supports microbial protein synthesis.
However, the slightly lower growth rate compared to pea waste might be attributed to the presence of phenolic and tannin compounds
that can inhibit yeast activity. This observation is supported by earlier findings that secondary metabolites in Moringa can restrict
microbial proliferation unless subjected to pre-treatment such as blanching or enzymatic degradation (15,16). In contrast, curry leaves
exhibited poor substrate efficiency, with low protein yield (18%) and a prolonged lag phase. This can be attributed to their high
concentration of antimicrobial alkaloids, essential oils, and phenolics that impede microbial growth. Similar inhibitory effects have been
reported in studies utilizing other aromatic plants, suggesting that these natural compounds reduce yeast growth through membrane
disruption or enzyme inhibition mechanisms (17). Despite this limitation, the mild protein content of curry leaves still supports their
potential for co-fermentation if blended with other nutrient-rich substrates, which could minimize inhibitory effects and improve overall
yield.

The study also revealed that increasing the substrate concentration from 2% to 4% resulted in higher protein output, demonstrating the
influence of substrate optimization on SCP yield. This aligns with prior experimental observations where elevated substrate
concentrations enhanced biomass yield by improving carbon and nitrogen availability (18). However, excessive substrate loading can
sometimes lead to substrate inhibition, nutrient diffusion limitations, or pH fluctuations that adversely affect microbial metabolism.
Thus, future studies should focus on optimizing substrate concentrations and hydrolysis conditions to balance nutrient availability with
microbial tolerance. In terms of growth patterns, the yeast cultures grown on pea waste exhibited a longer and more productive log phase
compared to those grown on Moringa or curry leaves, confirming the superior fermentable carbohydrate composition of pea waste. The
control sugar substrate showed the highest growth rate, validating its role as an ideal carbon source (19,20). The distinct differences in
growth dynamics across substrates emphasize that carbon source type and nutrient complexity govern yeast metabolism and SCP yield
efficiency. The implications of these findings extend beyond laboratory-scale production. Utilizing plant residues such as pea waste and
Moringa oleifera for SCP generation offers a sustainable and eco-friendly solution to the global protein deficiency challenge. The
integration of agricultural waste management with biotechnological fermentation addresses both environmental and nutritional goals.
SCP production through yeast fermentation also offers advantages such as short generation time, high protein yield per biomass unit,
and minimal land requirement compared to conventional livestock-based protein production. These advantages make it a promising
alternative for addressing malnutrition, especially in resource-constrained regions where animal protein sources are limited or
unaffordable (21,22).

One of the notable strengths of this study lies in its application of commonly available agro-wastes as substrates, demonstrating practical
feasibility and environmental relevance. The use of S. cerevisiae as the microbial strain provided additional advantages due to its
established safety, ease of cultivation, and high protein digestibility. The study design effectively compared multiple plant substrates
under controlled fermentation conditions, allowing for a clear understanding of substrate-specific effects. However, several limitations
were observed. The study lacked quantitative data on dry biomass yield, cell count, and nitrogen assimilation rate, which are critical for
determining fermentation efficiency. Additionally, the experiment did not include a detailed compositional analysis of the produced SCP
to assess amino acid balance or possible toxin formation. The absence of statistical analysis also limited the ability to draw definitive
conclusions about the significance of the observed differences. Future research should incorporate replicative statistical validation,
compositional analysis using chromatographic methods, and molecular evaluation of yeast metabolic pathways under varying substrate
conditions. Future studies should analyze SCP safety parameters (such as nucleic acid content and potential toxin accumulation) and
conduct amino acid profiling to ensure suitability for human consumption (23). Additionally, energy efficiency and cost-effectiveness
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analyses are recommended to determine the feasibility of industrial-scale implementation. In summary, the study demonstrated that pea
plant waste and Moringa oleifera represent efficient, nutrient-rich, and sustainable substrates for SCP production, while curry leaves
showed limited suitability due to inhibitory phytochemicals. The observed variations in growth patterns and protein yields highlighted
the importance of substrate optimization and pre-treatment in microbial protein synthesis. These findings contribute to the growing
evidence supporting the valorization of agricultural byproducts as alternative protein sources and provide a foundation for scaling up
SCP production for food and feed industries.

CONCLUSION

This study concluded that plant-based substrates such as pea plant waste and Moringa oleifera serve as effective, sustainable, and low-
cost sources for single-cell protein production using Saccharomyces cerevisiae. The findings emphasized that these substrates provide
essential nutrients that enhance microbial growth and protein synthesis, offering a promising alternative to conventional protein sources.
The approach not only addresses global nutritional challenges but also contributes to waste valorization by converting agricultural
residues into valuable protein biomass. The study reinforces the potential of microbial biotechnology in achieving food security and
sustainable agro-waste management, while highlighting the need for future research to optimize fermentation conditions and expand
industrial applications of single-cell protein for human and animal nutrition.
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