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Abstract: Single-cell protein (SCP) from agro-waste material has gained increased attention in the
recent past as a relatively cheap and alternative protein source to meet the nutritional demand
generated by the fast-growing population. Furthermore, bioconversion of these wastes into SCP such
as value-added products reduce the environmental-related issues. In this study, locally available
pineapple (Ananas comosus), watermelon (Citrullus lanatus), papaya (Carica papaya), sour orange
(Citrus medica), banana (Musa acuminata) and mango (Mangifera indica) peel wastes were investigated
for their suitability to produce SCP using palmyrah (Borassus flabellifer) toddy carrying natural mixed
yeast and bacteria culture under liquid state fermentation system. Moreover, this study attempted
to select the best substrate and the optimized process condition for SCP production to increase the
protein yield. The physicochemical properties of selected fruit peels were analyzed. The sterilized
peel extracts (10%, v/v) were inoculated with 5 mL of palmyrah toddy and allowed to ferment
in a shaking incubator at 100 rpm for 48 h in triplicate At the end of fermentation, the sediments
were collected by centrifugation at 1252× g, oven-dried, and the dry weight was taken to determine
the protein content. The biomass yield ranged from 5.3 ± 0.6 to 11.7 ± 0.8 g/L, with the least
biomass yield being observed with watermelon peels while the maximum yield was observed with
papaya peels. Papaya peel generated a significantly higher (p < 0.05) amount of protein (52.4 ± 0.4%)
followed by pineapple (49.7 ± 1.3%), watermelon (45.2 ± 0.7%), banana (30.4 ± 0.6%), sour orange
(29.5 ± 1.2%) and mango (24.6 ± 0.2%) peels. The optimum condition for the fermentation of papaya
waste was pH 5.0, 25 ◦C, and 24 h. Nucleic acid reduction treatment significantly reduces dry weight
and protein content of biomass. It can be concluded that papaya peel waste is a suitable substrate for
protein-rich cell biomass production using the natural toddy mixed culture of palmyrah.

Keywords: amino acid; fruit peel; liquid state fermentation; nucleic acid reduction; optimization;
single-cell protein

1. Introduction

The increasing population has created the demand for the formulation of innovative,
unconventional, and alternative proteinaceous food sources [1]. Microorganisms have been
explored in food production since antiquity [2]. On the other hand, globally significant
amount of fruit waste is generated with increasing production which goes into waste.
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Although fruit waste is biodegradable, improper management can constitute a public health
risk and environmental crisis. Bioconversion of fruit waste into value-added products can
minimize the effect of organic waste disposal on the environment [1]. Fruit waste is used
to produce substances of economic importance, such as organic acids, single-cell protein
(SCP), single-cell oils, enzymes, biocolors, flavors, aroma esters, cellulose, pectin, and other
polysaccharides, antibiotics, biopesticides, and plant growth regulators can be used to
generate bioethanol, biogas, and biohydrogen [3–5]. The present study aimed at studying
the potential of bioconversion of locally available various fruit wastes into SCP in a liquid
state fermentation system.

SCP has drawn much attention for its high efficiency in substrate conversion and high
productivity. SCP production does not require large extent land and is independent of
climatic and seasonal changes [6,7]. SCP contains a significant amount of protein, which
accounts for 60–82% on a dry weight basis, essential amino acids lysine and methionine
limiting in most plant and animal sources, and other nutritional components, including car-
bohydrates, fat, vitamins, and minerals [8]. Widespread usage of SCP human consumption
is limited by high nucleic acid content and poor cell wall digestion, the two most important
factors limiting the nutritional value of SCP [6].

SCP refers to the dead, dried microbial cell or total protein derived from pure or mixed
microbial cell culture of bacteria, filamentous fungi, yeast, and algae, including unicellular
algae and prokaryotic cyanobacteria, which grow on different carbon sources [8–11]. De-
spite the name suggesting single cell, biomass produced from fungi and some algae, which
are multi-cellular, have also been considered as SCP [12].

SCP is widely used in animal feed and food applications, particularly in the food
industry used as meat substitutes, texturizing agents, flavor enhancers, vitamin carriers,
emulsifiers, and to improve the nutritive value of food products [8,13]. Moreover, SCP
is commercially produced under different commercial names such as Quorn®, AlgaVia®,
Marmite®, Vitam-R®, Pruteen®, Brovile®, and FermentIQ™ [14,15].

A wide variety of microorganisms and substrates, including agro-industrial wastes,
various fruit wastes, cellulosic biomass, molasses, corn starch, dextrose, sucrose, soybean
meal, brewery residues, industrial wastewater, biogas, ethanol, CO2, are utilized for SCP
production [16–18]. Of them, substrates rich in sugar are most widely used for SCP
production [14].

Sri Lanka produced 0.97 metric tons (MT) of fruits in 2019, which contributed to 0.11%
of world production [19]. The most common fruits consumed are banana, papaya, mango,
and pineapple and their consumption has been increasing in the past decade [20]. Peels
are the primary by-product representing nearly 30% of the total weight of fruit [21], and
their extract mainly contains simple sugars such as sucrose, glucose, and fructose and a
significant amount of minerals and nitrogen content [22]. Therefore, fruit peels can be used
as carbon and energy sources for microbial growth, and thus, in SCP production. Since the
cost of SCP and the economic viability of its production depend largely on substrate cost,
waste from various fruits is a good alternative.

Palmyrah (Borassus flabellifer) palm is mostly grown in the north and eastern parts
of Sri Lanka and other tropical parts of the world, including India, Burma, Thailand,
Bangladesh, Vietnam, Malaysia, Indonesia, and East Africa [23,24]. Sap collected from
tapping the inflorescence of the palmyrah is widely used for the production of meera (palm
nectar/pathaneer in Tamil), toddy (fermented sap), and arrack (distilled spirit), wine, treacle,
palm sugar, and jaggery [24]. Fermented sweet sap palmyrah (toddy), a local palm wine, is
an alcoholic beverage produced by uncontrolled natural fermentation of sap by yeast and
bacteria and contains an alcohol content of about 5% (w/v) [24]. Palmyrah toddy contains
mixed cultures of yeast and bacteria, and commonly found microflora is identified as yeast,
Saccharomyces cerevisiae, Saccharomyces chevalieri, Kloeckera apiculata, Schizosaccharomyces
pombe, bacteria, Bacillus cereus, Bacillus sphaericus, and Bacillus firmus. The predominant and
best alcoholic fermenter among yeasts is S. cerevisiae [25]. Further, palmyrah sap is rich in
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reducing sugars and vitamins, particularly vitamin C, vitamin A, and niacin (B3), which
are favorable for microorganisms to grow [26].

Mixed culture in SCP production improves production and the quality of biomass [27].
Some literature mentions the use of palmyrah toddy (mixed culture of yeast and bacteria
or yeast isolates) in various products such as bio-ethanol, vinegar, and arrack [26,28]. Few
mentions of SCP production using palmyrah toddy are found in the literature [29], and
no literature focuses on fruit peel agro-waste. Furthermore, SCP production is influenced
by the type of substrate and microorganism used, substrate concentration, availability
of carbon and nitrogen sources, pH, temperature, aeration, agitation rate, and inoculum
size [30].

In this regard, the present study aimed at exploring the possibilities of producing
SCP from the mixed culture of palmyrah toddy through liquid state fermentation by using
various locally available fruit peels as cheap energy sources. This study also attempted
to select an alternate best substrate for SCP production and optimize fermentation condi-
tions, including pH (3.0–5.5), fermentation temperature (25–40 ◦C), and fermentation time
(24–168 h), in comparison with the control medium (glucose) to improve the protein yield
with the potential substrate and to reduce the production cost.

2. Materials and Methods
2.1. Materials and Chemicals

Pineapple (Ananas comosus), watermelon (Citrullus lanatus), papaya (Carica papaya),
mango (Mangifera indica), sour orange (Citrus medica), and banana (Musa acuminata) peel
were obtained from ripened fruits procured from local markets in Jaffna, the northern part
of Sri Lanka. Palmyrah (Borassus flabellifer) toddy as a source of mixed culture of natural
fermentative yeast and bacteria was collected (6–7 am) from mature palm using sterile
vessels from Palm Products Distilleries, Thikkam, Jaffna, Sri Lanka. All the chemicals used
were of analytical grade procured from Sigma Aldrich, Germany, and VWR chemicals,
the USA.

2.2. Physicochemical Properties of Fruit Peels

The proximate composition of selected fruit peels was determined as per the method
explained in AOAC official methods [31]. The yield percentage measures the dry weight
in a 100 g fruit sample (sample dry weight/wet weight × 100). The moisture content
of fruit peels was determined by drying samples in an oven (Memmert Oven UNB 100,
Schwabach, Germany) at 105 ◦C until constant weight is obtained, crude protein content
was determined using the Kjeldahl method, crude fat content was analyzed by continuous
extraction in the Soxhlet apparatus (LabKits-SZF-06A, Hong Kong, China) at 75 ◦C for 6 h
using petroleum ether as the solvent, and the ash content was determined by keeping the
pre-weighed sample in a muffle furnace (Hobersal-HD-330PA, Barcelona, Spain) at 550 ◦C
for 6 h. Total carbohydrate content was determined by difference [32]. All experiments
were performed in triplicate, and the results were expressed on a dry weight basis, except
for moisture content.

The total soluble solids content (TSS) and pH of each fruit peel were measured us-
ing a refractometer (Atago-DR-A1, Saitama, Japan) and pH meter (Ohaus-Starter 2100,
Parsippany, NJ, USA), respectively. The reducing sugar content was estimated with
3,5-dinitrosalicylic acid (DNS) reagent by measuring absorbance at 540 nm in a spectropho-
tometer (UVmini-1240, Duisburg, Germany) [33].

2.3. Culture Media and Inoculum Preparations

The collected peel samples were cleaned and washed with distilled water, macerated
separately using a laboratory blender, and filtered through a muslin cloth and a Whatman
No 1 filter paper. The fruit peel medium and the control medium were prepared with the
following composition at pH 5.0. The control medium was prepared with 10.0 g D-Glucose,
5.0 g (NH4)2SO4, 1.0 g KH2PO4, 0.5 g MgSO4.7H2O, 0.1 g NaCl, 0.1 g CaCl2 and 1000 mL
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distilled water, whereas 1000 mL of fruit peel medium (10%, v/v) was prepared with 100 mL
fruit juice, inorganic supplements (1.0 g KH2PO4, 0.5 g MgSO4.7H2O, 0.1 g NaCl, 0.1 g
CaCl2), and 900 mL distilled water [34]. Then the media were sterilized in an autoclave at
121 ◦C at 15 psi for 15 min and stored at 4 ◦C. A fresh palmyrah toddy sample was used
as the source of natural mixed culture of yeast and bacteria. The viable cell count was
determined by using a hemocytometer (Assistent, Sondheim, Germany).

2.4. Production of SCP Using Liquid State Fermentation Process

Fifty milliliters of sterilized fruit peel and control medium were transferred
into a pre-sterilized Erlenmeyer flask (250 mL) in triplicate under sterile conditions.
Each sterilized medium was inoculated with 5 mL of fresh palmyrah toddy sample
(1.63 ± 0.15 × 106 cells/mL) after determining the mean viable cell count using a haemo-
cytometer (Assistent, Sondheim, Germany). Then the fermentation was carried out in a
shaking incubator (Lab Companion SI-600, Billerica, MA, USA) at a speed of 100 rpm for a
specific time and temperature. After completion of fermentation, sediment was centrifuged
(1252× g for 20 min, MSE-Minor, London, UK) and the residue was oven-dried at 50 ◦C
for 16 h, and the mean dry weight of biomass was measured. Crude protein content was
quantified using the Kjeldahl method taking 6.25 as the factor [34]. All the experiments
were carried out in triplicate.

2.5. Selection of the Best Substrate for SCP Production

Sterilized diluted (10%, v/v) fruit peel extracts were used without adding any inorganic
supplement to determine the best substrate for SCP production. Each fruit peel medium
(50 mL) was inoculated with 5 mL of palmyrah toddy culture and fermented in a shaking
incubator at 100 rpm for 48 h at 28 ◦C in three replicates. After 48 h of fermentation,
sediment was centrifuged (1252× g for 20 min) and oven-dried (50 ◦C for 16 h) to determine
the mean dry weight. The dried biomass was then analyzed for total nitrogen content by
the Kjeldahl method, and crude protein was estimated by multiplying by 6.25. The results
were compared to find the maximum yield of biomass and protein content to select the
best substrate.

2.6. Optimization of Fermentation Condition and Comparison with Control Medium

Once the best substrate for SCP production was determined, the fermentation condi-
tions were optimized: pH (3.0–5.5), fermenting temperature (25–40 ◦C), and time (24–168 h).
The conditions were optimized by one factor at a time (OFAT) while keeping the other
variables constant [35]. Dry biomass and the crude protein content were determined at
each treatment and the results were compared. Optimization of pH, temperature, and time
was compared with the control medium (glucose 10%, w/v) to study the potential of fruit
peel as a substrate for SCP. All the experiments were carried out in three replicates in a
shaking incubator at 100 rpm under specific fermentation conditions.

2.7. Effect of Nucleic Acid Reduction on SCP Production

Biomass harvested under optimized conditions (10% v/v, 25 ◦C, pH 5, 24 h) was
treated for nucleic acid reduction. The reduction of nucleic acid from microbial cells with
NaOH was carried out in triplicate [36,37]. For this, 5 g of dried microbial mass was treated
with 20 mL of 1N NaOH. Then the nucleic acid content was reduced by placing the treated
sample in a boiling water bath (100 ◦C) for 10 min and cooled in cold water. Then the
solution was centrifuged at 1252× g for 20 min, and the sediment was tested for crude
protein content using the Kjeldahl method.

2.8. Estimation of Amino Acid Content

Amino acid composition of biomass (1 mg) harvested under optimized conditions was
determined using HPLC analyzer (Dionex UltiMate 3000, Thermoscientific, Waltham, MA,
USA) after performing acid hydrolyzation with 6 N HCl at 110 ◦C for 24 h [38]. The results
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were compared with the reference amino acid pattern suggested by FAO/WHO/UNU,
2007 [39].

2.9. Statistical Analysis

The results were reported as mean ± standard deviation of three replicates, and the
statistical analyzes were performed using the Minitab 17 (Minitab Inc., State College, PA,
USA) statistical package. The data were analyzed using one-way ANOVA, and Tukey’s
multiple comparison test was used to determine significant differences at p < 0.05.

3. Results and Discussion
3.1. Compositional Analysis of Substrates

Table 1 shows the physicochemical properties: moisture content, protein, fat, ash,
and carbohydrate, and TSS, pH, and total reducing sugar () of fruit peel from pineapple,
watermelon, papaya, mango, sour orange, and banana.

Table 1. Physicochemical properties of pineapple, watermelon, papaya, mango, sour orange, and
banana peel.

Fruit Peel Yield (%) pH TSS (%) Reducing
Sugar (%) Moisture (%) Ash (%) 1 Fat (%) 1 Protein (%) 1 Total

Carbohydrate (%) 1

Pineapple 15.3 ± 0.9 b 3.7 ± 0.0 e 10.8 ± 0.0 c 2.6 ± 0.1 b 84.7 ± 0.9 b 4.5 ± 0.3 c 0.9 ± 0.1 c 6.9 ± 0.1 c,d 87.7 ± 0.4 b

Watermelon 5.0 ± 0.4 c 5.4 ± 0.0 b 3.2 ± 0.0 f 1.8 ± 0.1 c,d 95.0 ± 0.4 a 5.5 ± 0.2 b,c 1.5 ± 0.1b 10.3 ± 0.3 b 82.6 ± 0.5 c

Papaya 8.4 ± 0.2 c 5.5 ± 0.0 a 6.5 ± 0.0 e 5.8 ± 0.1 a 91.6 ± 0.2 a 6.4 ± 0.4 a,b 1.1 ± 0.1 b,c 11.3 ± 0.6 a 81.2 ± 0.9 c

Sour orange 25.2 ± 2.5 a 4.1 ± 0.0 d 12.3 ± 0.0 b 1.2 ± 0.1 d 74.8 ± 2.5 c 6.1 ± 1.0 a,b 1.4 ± 0.1 b,c 7.2 ± 0.1 c 85.4 ± 0.9 a

Banana 26.1 ± 2.1 a 4.8 ± 0.0 c 7.1 ± 0.0 d 3.1 ± 0.4 b 73.9 ± 2.1 c 7.4 ± 0.3 a 2.6 ± 0.4 a 6.4 ± 0.2 d 83.6 ± 0.7 a

Mango 23.8 ± 0.2 a 4.1 ± 0.0 d 16.8 ± 0.0 a 2.4 ± 0.3 b,c 76.2 ± 0.2 c 4.2 ± 0.5 c 2.5 ± 0.3 a 6.2 ± 0.2 d 87.1 ± 0.8 a

Results are shown as mean ± standard deviation of three replicates, and different superscript letters in the same
column are significantly different (p < 0.05). 1 Values are on a dry weight basis.

Based on the physicochemical analysis, mango showed the highest value of TSS
(16.8%) among the six selected fruit peels, while the lowest TSS was shown by watermelon
(3.2%). In the six fruit peels analyzed, pH was recorded in the range of 3.7 to 5.4.

Sugars, particularly glucose, are common carbon sources for microorganisms [40].
Studies have shown that microbial biomass production is associated with the availability
of reducing sugars [41]. Therefore, estimation of reducing sugar is essential to evaluate the
potential of the fruit wastes as a substrate for fermentation. Results show that the analyzed
fruit peels have reasonable amounts of reducing sugar ranging from 1.2 ± 0.1 g/100 g
(sour orange) to 5.8 ± 0.1 g/100 g (papaya), making these biomass materials a suitable
feedstock for bioconversion of these fruit peels into SCP. The reducing sugar content of
banana, pineapple, and papaya peel was reported in the range of 1.30–4.54 mg/g by
Saheed et al. [41].

The moisture content of fruit peels varied from 73.9 ± 2.1% to 95.0 ± 0.4%; the
minimum level (73.9 ± 2.1%) was found in banana peel while the maximum (95.0 ± 0.4%) in
watermelon (Table 1). The moisture content (84.7 ± 0.9%) of pineapple peel was comparable
with other studies (82.7–82.9%) [42,43]. Morais et al. [43] reported higher values for moisture
content of banana (89.8%) and papaya (86.8%).

Ash content of six peels tested was in the range of 4.2 ± 0.5 to 7.4 ± 0.3%, and the
maximum ash content was recorded in banana peel (7.4 ± 0.3%) followed by papaya
(6.4 ± 0.4) and sour orange (6.1 ± 1.0%) peels. Ash content of pineapple (4.5 ± 0.3%)
and mango (4.2 ± 0.5%) peels was close to the values reported by Dias et al. [42] and
Sánchez-Camargo et al. [44], respectively. Ash content of pineapple, papaya, banana, and
watermelon was lower than the values reported by Morais et al. [43].

Six fruit peels contain a low amount of fat in the range of 0.9 ± 0.1% (pineap-
ple) to 2.6 ± 0.4% (banana). A higher value has been reported for banana peel by
Morais et al. [43]. The fat content of pineapple (0.9 ± 0.1%) was in agreement with
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the findings of Dias et al. (0.99 ± 0.16%) [42], however, lower than the value reported
by Romelle et al. (5.31 ± 0.74%) [21]. Mango contained 2.5 ± 0.3% of fat, which
is similar to the findings of Ajila et al. [45] and higher than the value reported by
Sánchez-Camargo et al. [44] for mango.

Furthermore, papaya peel contained a comparatively high quantity of protein
(11.3 ± 0.6% on a dry weight basis), while watermelon and sour orange contained
10.3 ± 0.3% and 7.2 ± 0.1%, respectively. Mango showed the lowest protein content
(6.2 ± 0.2%), which is at the same level as mentioned in some other studies [21,44,46], how-
ever, lower than the findings recorded by Garcia-Amezquita et al. [47] and Ajila et al. [45].
The protein content of pineapple peel was comparable with other studies (0.3–5%) [48].
The protein content of pineapple, banana, papaya, and watermelon was reported in the
range of 7.3% (pineapple) to 16.9% (papaya) by Morais et al. [43].

Sour orange, banana, and mango peel contain a comparatively higher amount of
carbohydrates, and the values are in accordance with other studies [42,47]. Proximate
composition of fruit peels may vary with variety, origin, geographic location, seasonal
variations, and maturity stage of the fruits [45,49]. Fruit wastes contain high carbohydrates,
minerals, and other nutrients that support microbial growth [50]. Results of this study
indicate that analyzed fruit peels contain adequate nutrient compositions that are useful
carbon and nitrogen sources for microbial growth and can be a potential substrate for
cost-effective biomass production.

3.2. Selection of the Best Substrate for SCP Production

The type of substrate influences microbial biomass production due to the varia-
tion in the rate of nutrient utilization as microorganisms react differently to each sub-
strate [30,51,52]. Moreover, substrate type is one of the factors that affects the nutritional
quality of microbial protein [53]. In this regard, the suitability of pineapple, watermelon,
papaya, mango, sour orange, and banana peel for SCP production using the mixed culture
of palmyrah toddy was determined based on the dry weight and its crude protein content
of biomass (Table 2 and Figure 1).

Table 2. Dry weight and crude protein content of dry biomass produced from various fruit peels.

Fruit Peel Dry Biomass (g/L) Crude Protein Content (%)

Pineapple 9.40 ± 0.53 a,b 49.7 ± 1.3 b

Watermelon 5.33 ± 0.61 c 45.2 ± 0.7 c

Papaya 11.73 ± 0.81 a 52.4 ± 0.4 a

Sour orange 9.13 ± 0.64 a,b 29.5 ± 1.2 d

Banana 7.77 ± 1.88 b,c 30.4 ± 0.6 d

Mango 8.61 ± 0.90 b 24.6 ± 0.2 e

Results are shown as mean ± standard deviation of three replicates, and different superscript letters in the same
column are significantly different (p < 0.05). Liquid state fermentation at 100 rpm with 10% (v/v) substrate
concentration at pH 5.0, 28 ◦C for 48 h.

Based on the findings, biomass (11.73 ± 0.81 g/L) and protein contents (52.4 ± 0.4%)
were significantly (p < 0.05) higher in papaya peel extract. Watermelon peel produced
lesser biomass (5.33 ± 0.61 g/L), which may be due to its lower reducing sugar and high
water contents that could not support the higher growth of yeast [51]. In comparison,
mango-based medium reported a lesser protein content which accounted for 24.6 ± 0.2%.
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Figure 1. Effect of pineapple, watermelon, papaya, mango, sour orange, and banana peel on dry
biomass and protein content of SCP produced from mixed culture of palmyrah toddy. Comparisons
of mean were performed with Tukey’s multiple comparison test at p < 0.05. Different uppercase and
lowercase letters indicate the significant differences in dry biomass and protein content, respectively.

Mondal et al. [50] reported similar findings for protein content (30.5%) of biomass
produced from orange peel using S. cerevisiae in submerged fermentation. A higher value
was reported with S. cerevisiae grown on banana (59%) and mango (40%) peel in solid-state
fermentation at 27 ◦C for 2 days [54]. Variation in the protein yield could result in high
sugar content produced by hydrolysis of the solid substrate containing cellulose, starch,
and pectin by microbial enzymes (cellulase, amylase, and pectinase) [55].

Among the six fruit peels studied, papaya peel extract can be considered the best
substrate to produce SCP with the mixed culture of palmyrah toddy. Higher reducing sugar
content and a reasonable amount of ash content in papaya peel would favor the higher
biomass yield [56] (Table 1).

3.3. Optimization of Process Parameters in the SCP Production

Process parameters such as pH, fermentation temperature, and time were optimized
for the SCP production in liquid state fermentation using the mixed culture of palmyrah
toddy. Fermentation was carried out in glucose and papaya peel medium to study the
potential of papaya peel as substrate.

3.3.1. Optimization of pH for SCP Production

Yeast can grow in a wide pH range of 2.5–8.5 and temperature between 2 and 45 ◦C.
S. cerevisiae is an acidophilic microorganism, thus the optimum growth conditions are
pH 4–6 and temperature 28–33 ◦C [57]. However, it can vary with the substrate type.
Figure 2 compares the effect of initial pH on SCP production using two media under the
same conditions. The biomass and protein content were increased up to pH 5.0 and then
decreased with increasing pH in both papaya peel media and control media (Figure 2).

High dry biomass for papaya peel (23.93 ± 1.69 g/L) and control medium (22.54 ± 1.02 g/L)
was recorded at pH 5.0. At the same time, lower biomass and protein contents were recorded
at pH 3.0 in both media as metabolic activities of yeast were inhibited at lower initial pH
conditions. Significantly (p < 0.05) higher protein content was observed at pH 5.0 for both
media as per Tukey’s multiple comparison test. The observation can be comparable with
the control medium (Figure 2).
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Figure 2. Effect of pH on the dry biomass and protein content of SCP produced from papaya peel and
control media using mixed culture of palmyrah toddy in liquid state fermentation at 100 rpm with
10% (v/v) substrate concentration at 28 ◦C for 72 h: (a) effect of pH on dry biomass; (b) effect of pH
on the protein content. Comparisons of mean were performed with Tukey’s multiple comparison test
at p < 0.05. Different uppercase and lowercase letters indicate the significant differences in papaya
peel medium and control medium, respectively 1 [58].

Based on the results, optimum pH for SCP production using the mixed culture of yeast
and bacteria from palmyrah toddy in papaya peel (10% (v/v) and the control medium was
pH 5.0. Previous studies have also reported similar observations when using okara-wheat
grit substrates to grow Rhizopus oligosporus and Aspergillus oryzae [59], pineapple peel for
S. cerevisiae [60], and Eichornia and banana peel for Aspergillus terreus [61]. Rages and Haider
reported pH 5.5 as the best initial pH for SCP production from Yarrowia lipolytica (formerly
known as Candida lipolytica) using olive fruit wastes [62]. The pH of 7.0 was ideal for the
growth of S. cerevisiae in orange peel [63].

3.3.2. Optimization of Incubation Temperature for SCP Production

Incubation temperature is an important factor affecting microbial growth and thus the
yield of biomass production [30]. Figure 3 show the effect of temperature on SCP produced
from papaya peel extract and control medium.

Figure 3 depicts a similar observation in biomass yield and its protein content when the
fermentation temperature was raised from of 25 ◦C to 30 ◦C in both media. In papaya peel
medium, a significantly (p < 0.05) higher biomass was cropped at 30 ◦C (25.59 ± 2.58 g/L).
When the temperature further increased above 30 ◦C, there was a drop in the yield of
biomass (Figure 3), which could be related to the inactivation of metabolic enzymes and
the disruption of cellular functions at high temperatures. Lower biomass was recorded at
lower temperatures, probably due to the loss of membrane function inhibiting the uptake
of key substrates [64]. Munawar et al. [65] also reported a similar observation with Candida
utilis grown on fruit wastes yielded in liquid fermentation. Milala et al. [63] reported
the maximum yield at 37 ◦C with S. cerevisiae, higher than the temperature reported in
this study.

In contrast, protein content decreased with temperature, and the maximum value was
obtained at 25 ◦C for 10% (v/v) papaya peel medium (54.5 ± 3.6%) (Figure 3). Tukey’s
multiple comparison test results suggest that 25 ◦C would be the optimum temperature for
the mixed culture obtained from palmyrah toddy in papaya peel extract (10% v/v), which is
in line with the results reported for S. cerevisiae harvested in pineapple peel [60]. The most
common temperature used for the incubation of various microorganisms is 25–27 ◦C [30].
Kamal et al. [57] reported that 31 ◦C is the optimum for biomass and protein production
from Aspergillus niger using banana peel. Jaganmohan et al. [52] also reported that 35 ◦C is
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the optimum temperature for A. terreus, which is higher than the optimum temperature
reported in this study.

Fermentation 2022, 8, x FOR PEER REVIEW 9 of 16 
 

 

  
(a) (b) 

Figure 3. Effect of fermentation temperature on dry biomass and protein content of SCP produced 
from papaya peel and control media using mixed culture of palmyrah toddy in liquid state fermen-
tation at 100 rpm with 10% (v/v) substrate concentration at pH 5.0 for 72 h: (a) Effect of fermentation 
temperature on dry biomass; (b) Effect of fermentation temperature on the protein content. Com-
parisons of mean were performed with Tukey’s multiple comparison test at p < 0.05. Different up-
percase and lowercase letters indicate the significant differences in papaya peel medium and control 
medium, respectively [58]. 

In contrast, protein content decreased with temperature, and the maximum value 
was obtained at 25 °C for 10% (v/v) papaya peel medium (54.5 ± 3.6%) (Figure 3). Tukey’s 
multiple comparison test results suggest that 25 °C would be the optimum temperature 
for the mixed culture obtained from palmyrah toddy in papaya peel extract (10% v/v), 
which is in line with the results reported for S. cerevisiae harvested in pineapple peel [60]. 
The most common temperature used for the incubation of various microorganisms is 25–
27 °C [30]. Kamal et al. [57] reported that 31 °C is the optimum for biomass and protein 
production from Aspergillus niger using banana peel. Jaganmohan et al. [52] also reported 
that 35 °C is the optimum temperature for A. terreus, which is higher than the optimum 
temperature reported in this study.  

3.3.3. Optimization of Incubation Time for the SCP Production 
The effect of fermentation time on SCP production from papaya peel extract and con-

trol medium was studied, and the results are presented in Figure 4.  

  
(a) (b) 

Figure 4. Effect of fermentation time on the dry biomass and protein content of SCP produced from 
papaya peel and control media using a mixed culture of palmyrah toddy in liquid state fermentation 
at 100 rpm with 10% (v/v) substrate concentration at pH 5.0 and 25 °C: (a) effect of fermentation time 

40353025

40

35

30

25

20

15

10

M
ea

n 
dr

y 
bi

om
as

s (
g/

L)

Control medium
Papaya peel medium

Temperature (°C)

B

A

B

A,B

b

a

a,b

a

1

40353025

60

55

50

45

40

35

30

M
ea

n 
pr

ot
ei

n 
co

nt
en

t (
%

)

Control medium
Papaya peel medium

Temperature (°C)

1

A

A,B

B

C

a

b

c

d

16814412096724824

30

25

20

15

10M
ea

n 
dr

y 
bi

om
as

s (
g/

L)

Control medium
Papaya peel medium

Time (h)

b

a

a

a

a

a

a

A
A

A A A A
A

1

16814412096724824

65

55

45

35

25M
ea

n 
pr

ot
ei

n 
co

nt
en

t (
%

)

Control medium
Papaya peel medium

Time (h)

A
A,B

A,B,C

C,D
B,C,D

C,D

D

a

b,c

d

b

c,d
c,d

c,d

1

Figure 3. Effect of fermentation temperature on dry biomass and protein content of SCP produced
from papaya peel and control media using mixed culture of palmyrah toddy in liquid state fermenta-
tion at 100 rpm with 10% (v/v) substrate concentration at pH 5.0 for 72 h: (a) Effect of fermentation
temperature on dry biomass; (b) Effect of fermentation temperature on the protein content. Compar-
isons of mean were performed with Tukey’s multiple comparison test at p < 0.05. Different uppercase
and lowercase letters indicate the significant differences in papaya peel medium and control medium,
respectively 1 [58].

3.3.3. Optimization of Incubation Time for the SCP Production

The effect of fermentation time on SCP production from papaya peel extract and
control medium was studied, and the results are presented in Figure 4.
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Figure 4. Effect of fermentation time on the dry biomass and protein content of SCP produced from
papaya peel and control media using a mixed culture of palmyrah toddy in liquid state fermentation
at 100 rpm with 10% (v/v) substrate concentration at pH 5.0 and 25 ◦C: (a) effect of fermentation time
on dry biomass; (b) effect of fermentation time on the protein content. Comparisons of mean were
performed with Tukey’s multiple comparison test at p < 0.05. Different uppercase and lowercase letters
indicate the significant differences in papaya peel medium and control medium, respectively 1 [58].

The highest biomass production for papaya peel extract and control medium was
recorded after fermentation of 168 h (20.79 ± 2.21 g/L) and 144 h (28.43 ± 4.39 g/L),
respectively. Tukey’s multiple comparison test showed no significant difference in the mean



Fermentation 2022, 8, 355 10 of 16

biomass obtained with papaya peel medium, and it fell in line with the biomass production
using Rhodococcus opacus [66]. In contrast, maximum biomass production of C. utilis was
found after 4 days of incubation in liquid state fermentation at 30 ◦C and 120 rpm [65]. The
decrease in biomass yield after 144 h in the control medium may be attributable to nutrient
depletion in the growth media [67]. However, there was a slight increase in biomass yield
at 168 h, probably due to the increase in available soluble sugar [56].

Significantly (p < 0.05) higher protein content was recorded after 24 h of fermentation
in papaya peel medium (59.1 ± 0.8%) and the control medium (55.2 ± 3.1%) and decreased
over time. This phenomenon is probably due to the culture aging and autolysis caused
by nutrient depletion or higher initial inoculum [68,69]. Similarly, in C. utilis, the highest
protein content was observed at the early stage of microbial growth (after 24 h of growth)
and decreased afterward as they store carbohydrates such as starch and glycogen during
aging [70]. Ojokoh and Uzeh [69] observed that viable cell counts were decreased after 1 or
2 days of fermentation in papaya peel medium.

Longer fermentation time was reported in other studies when using various fruit
wastes. Rages and Haider obtained the maximum protein production after 4 days of fer-
mentation when Y. lipolytica (formerly known as C. lipolytica) was grown on olive fruit
wastes [62]. Maximum biomass and protein content were recorded after 6 days of fer-
mentation when A. niger and various fruit waste media, including banana, watermelon,
pineapple, and orange, were used at 28 ◦C and 120 rpm to produce SCP [67].

From the economic standpoint, the optimum fermentation time to grow the mixed
culture of palmyrah toddy in papaya peel extract is 24 h, which could result in lower energy
cost, manpower hours, and high production.

3.3.4. Effect of Optimization on Biomass and Protein Content

Optimal conditions for fermentation using the mixed culture of palmyrah toddy
were pH 5.0, 25 ◦C, and 24 h for papaya peel medium (10%, v/v). Furthermore, the
results show that optimization of process parameters of papaya peel medium generates
significantly (p < 0.05) lower biomass production (23.15 ± 2.31 g/L) than the control
medium (27.75 ± 0.93 g/L) (Table 3). Though, a significantly higher protein content was
observed with papaya peel medium (56.1 ± 0.4%) than the control medium (54.3 ± 0.6%)
(Table 3 and Figure 5). The above results established that papaya peel extract and natural
mixed culture of palmyrah toddy could be used to produce SCP in liquid state fermentation.
Moreover, the present study also confirms the previous findings as they generate a high
amount of protein than the control medium under their optimized condition.
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Figure 5. Dry weight and protein content of biomass produced in papaya peel medium and control
medium under optimization. Comparisons of mean were performed with Tukey’s multiple compari-
son test at p < 0.05. Different uppercase and lowercase letters indicate the significant differences in
dry biomass and protein content, respectively. A,B: Dry biomass; a,b: Protein content.
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Table 3. Dry weight and the protein content of dry biomass produced in papaya peel medium and
control medium under optimized conditions.

Condition Dry Biomass (g/L) Crude Protein Content (%)

Control medium 27.75 ± 0.93 A 54.3 ± 0.6 b

Papaya peel medium 23.15 ± 2.31 B 56.1 ± 0.4 a

Results are shown as mean ± standard deviation of three replicates, and different superscript letters in the same
column are significantly different (p < 0.05).

3.3.5. Effect of Nucleic Acid Reduction

Generally, bacterial and fungal species have a higher nucleic acid content of 9–16% [9].
SCP with high nucleic acid content was only approved for animal nutrition and recom-
mended for animals with a short life span [71]. Human consumption of more than 2 g of
nucleic acid equivalent per day elevates the serum uric acid level from purine metabolism
and may lead to gout and renal calculi [9,14]. Therefore, for human consumption, the
nucleic acid contents of SCP must be reduced below 2% [6]. Alkaline hydrolysis is a com-
promise method that consists of an incubation at pH 9.5 followed by a heat shock, which
precipitates protein [14]. Moreover, the breakdown of cell walls and nucleic acid reduction
would increase the digestibility and palatability [72,73].

Dried weight and the protein content of the biomass obtained before and after the
nucleic acid treatment were determined and compared (Table 4 and Figure 6). Nucleic acid
reduction treatment affected a significant (p < 0.05) reduction in the yield of dried biomass
and protein content of biomass harvested under optimized conditions (Table 4).

Table 4. Dry weight and protein content of dry biomass before and after nucleic acid treatment.

Condition Dry Biomass (g/L) Crude Protein Content (%)

Before nucleic acid reduction treatment 23.2 ± 2.3 A 56.1 ± 0.4 a

After nucleic acid reduction treatment 16.7 ± 1.2 B 45.3 ± 0.3 b

Results are shown as mean ± standard deviation of three replicates, and different superscript letters in the same
column are significantly different (p < 0.05).
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Figure 6. Effect of nucleic acid reduction treatment on the dry biomass and protein content of SCP
produced from papaya peel using mixed culture of palmyrah toddy. Comparisons of mean were
performed with Tukey’s multiple comparison test at p < 0.05. Different uppercase and lowercase
letters indicate the significant differences in dry biomass and protein content, respectively. A,B: Dry
biomass; a,b: Protein content.

Loss in biomass may be due to the diffusion of degraded nucleic acid components
out of the cells, which results in 35–38% biomass loss [71]. Hedenskog and Ebbinghaus
reported a strong decrease in the ribonucleic acid (RNA) content of yeast at higher pH 8–9
after heating at 80–90 ◦C, whereas the addition of NaCl resulted in further reduction of
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RNA [74]. Alkaline treatment using NH4OH also improves the in vitro digestibility of
Candida utilis biomass in addition to the nucleic acid reduction [75].

Furthermore, 70–80% of total nitrogen is represented by amino acids, while the rest
occurs in nucleic acids [6]. Since the protein content was determined based on total nitrogen
content (N×6.25), nucleic acid reduction treatment resulted in the reduction of protein
content. This study also reported a significant (p < 0.05) reduction in mean dried biomass
(28.0%) and mean protein content (19.3%), and still, it can be a good source of protein
(Table 4).

3.3.6. Nutrient Analysis

The nutritive value of SCP varies with the microorganisms used and the substrate
on which the microorganisms grow. The method of harvesting, drying, and processing
conditions also affect the nutritive value of the finished product [76].

Composition of major amino acids is compared with the amino acid requirement
of an adult in Table 5 [39]. Biomass produced using palmyrah toddy culture on papaya
peel wastes contained 56.1% protein with a good amino acid profile comparable to those
required by the FAO for the daily human diet. Leucine (29.2 g/mg) and arginine (22.5 g/mg)
are present in higher concentration. This biomass also contains a considerable amount of
methionine (14.4 g/mg), which is limiting in many plant and animal sources.

Table 5. Comparison of amino acid composition of SCP produced on papaya peel based medium
with amino acid requirement.

Description Amino Acid

His 1 Ile 1 Leu 1 Lys 1 Met + Cys 1,2 Phe + Tyr 1,3 Thr 1 Trp 1 Val 1 Glu Arg

SCP from papaya peel based medium 8.5 14.6 29.2 8.2 14.4 6.5 5.5 9.2 14.7 12.6 22.5

Amino acid requirement
(FAO/WHO/UNU, 2007 [39]) 15 30 59 45 22 38 23 6 39 NR NR

1 Essential amino acid. 2 Sulphur amino acids (methionine + cysteine). 3 Aromatic amino acids (pheny-
lalanine + tyrosine). mg/g protein. Three-letter abbreviation denotes the amino acids; His, histidine; Ile,
isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Cys, cysteine; Phe, phenylalanine; Tyr, Tyrosine; Thr,
threonine; Trp, tryptophan; Val, valine; Glu, glutamate, Arg, Arginine. NR, Not Reported.

The results indicate that the obtained microbial protein can be a suitable protein
supplement as food or feed. The final product should be nutritious and should also pass all
toxicity tests to be commercialized as a food product. Strain identification and long-term
feeding trials should be carried out to identify toxicological effects with special emphasis
on carcinogenicity.

4. Conclusions and Future Perspectives

The present findings reveal that papaya, watermelon, pineapple, banana, mango, and
sour orange peel waste can be used as an effective and alternate carbon source for SCP
production. Papaya peel (11.73 ± 0.81 g/L yield with 52.4 ± 0.4% of protein content) is
the best substrate among the six peels tested for SCP production using the natural mixed
culture obtained from palmyrah toddy through liquid fermentation. Optimum conditions
to ferment papaya peel extract (10%, v/v) using the mixed culture of palmyrah toddy were
pH 5.0, 25 ◦C, and 24 h. After optimization, the protein content of biomass produced from
papaya peel increased slightly (52.4 ± 0.4% to 56.1 ± 0.4%) while the biomass increased by
2-fold (11.73 ± 0.81 to 23.15 ± 2.31 g/L). SCP produced from papaya peel medium exhibited
a higher protein content (56.1 ± 0.4%) than that of the control medium (54.3 ± 0.6%) under
optimized conditions. Nucleic acid reduction treatment has a significant effect on dried
biomass and protein content reduction in SCP (28.1% and 19.3% of reduction, respectively).
Furthermore, amino acid content of SCP produced from papaya peel is comparable with
amino acid requirement recommended by FAO/WHO/UNU. According to the findings
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of this study, papaya peel extract can be the best candidate for SCP production using the
natural mixed culture of palmyrah toddy culture in liquid state fermentation.

The OFAT approach has limitations as it consumes more time, and there is difficulty
in studying the interaction of each factor on SCP production. Though high protein yield
was recorded under this optimized condition, the use of statistical optimization tools
such as response surface methodology (RSM) enhances the process of SCP production by
evaluating the interactions among factors and responses. Generally, agricultural wastes
are limited in nitrogen content thus supplementation with nitrogen sources can further
increase the protein content of SCP [77]. Compared to monoculture, co-cultures enhance
biomass productivity by efficient saccharification and utilization of substrate, or by removal
of inhibitory by-products. Co-culture may reduce the fermentation time and eliminate
the substrate treatment resulting in cost reduction [78]. Therefore, the mixed culture of
palmyrah toddy can be a good source for SCP production. Further, the high amount of
protein content (56.1%) of obtained biomass indicates the potential of natural palmyrah
toddy culture for commercial application. Since no toxicological studies have been made, it
is recommended to carry out further work directed to this area.
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