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ABSTRACT

Watermelon rind, a major agricultural by-product of watermelon, is often
discarded as waste despite its edibility. Fermentation in sifu offers a sustainable
approach to reintegrating such underutilized materials into the food value chain by
enhancing preservation, safety, and bioactive compounds. This study aimed to
optimize fermentation conditions to enhance L-citrulline, the predominant functional
amino acid in watermelon rind with known health benefits. Natural fermentation was
carried out by varying salt concentration (2%, 4%, and 6%), temperature (25, 30, 35,
and 40 °C), and duration, and their effects on microbial dynamics, acidification,
amino acid profile including citrulline and its metabolic flux, and other phytochemical
properties were evaluated. Microbiological analysis demonstrated that 6% salt
facilitated the highest lactic acid bacteria (LAB) growth, reaching peak populations
across all temperatures. At 30°C, sustained LAB growth was observed with the
minimum final pH (3.2340.01), establishing it as the optimal temperature for
controlled fermentation. Enterobacteriaceae, initially present at high levels (7.35-7.72
log CFU/g), became undetectable in all samples by day 5, while yeast and mold
populations were suppressed within 2 to 6 days. Subsequent fermentation at 30°C for
48 h demonstrated that amino acids involved in the arginine deiminase (ADI) pathway
were strongly influenced by both salt concentration and fermentation time. While
low-salt conditions (2% and 4%) led to citrulline depletion through its conversion to
ornithine, 6% salt inhibited subsequent citrulline metabolism, resulting in significant
accumulation reaching 737.12+£12.50 mg/kg at 12 hours, compared to 652.41+7.77
mg/kg in the unfermented sample. Although citrulline levels declined thereafter, they
remained significantly higher than the initial concentration throughout fermentation.

These findings indicate that fermentation for 12 h at 6% salt concentration represents



the optimal condition for enhancing citrulline content. Total phenolic content (TPC)
increased significantly across all treatments, with the 2% salt sample showing the
highest relative increment (71.59%). DPPH radical scavenging activity more than
doubled after 48 h, reaching 1.189-1.281 mg TE/g FW. Among free amino acids,
glutamic acid and aspartic acid were more abundant at lower salt levels, suggesting
greater umami character, while proline, threonine, histidine, lysine, and glutamine
were elevated at higher salt concentrations. In case of color parameters, 6% salt better
preserved rind lightness and yellowness, although greenness declined across
treatments due to acid-induced chlorophyll degradation. These findings demonstrate
that higher salt concentration not only promotes higher LAB counts but also drives
citrulline overproduction, particularly at short fermentation durations. These findings
support the valorization of watermelon rind by defining optimized fermentation
conditions for citrulline enhancement, contributing to both agricultural waste

reduction and the development of functional fermented products.

Keywords: Watermelon Rind, Fermentation, Citrulline, Lactic Acid Bacteria,

Valorization, Amino Deiminase Pathway
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CHAPTER 1

INTRODUCTION

1.1 Introduction to the Research Problem and Its Significance

Watermelon (Citrullus lanatus) is the second most produced fruit in the world
after bananas. The total worldwide production accounts for more than 100 million
tons, with approximately 80% concentrated in Asia as of 2022 data (FAO, 2024). The
evidence of watermelon cultivation dates back over 5000 years in African regions but
it is now celebrated worldwide for its juicy flesh as a thirst-quenching and heat-
relieving drink especially in tropical regions (Paris, 2015). The rind is the firm and
pale layer located between peel and flesh. It makes up about 30% of the total fruit
weight and is usually discarded during consumption and processing. According to
2022, the rind alone accounts for more than 30 billion tons (FAO, 2024; Zia et al.,
2021). This contributes substantially to urban waste and to missed opportunities for
sustainable food use. The United Nations Sustainable Development Goals (SDG) for
2030 emphasize reducing food waste as a critical step towards eradicating hunger and
promoting sustainability (Proki¢ et al., 2022). Efforts to incorporate food waste, like
watermelon rind, into circular economy models could help alleviate environmental
pressures while enriching food systems (Campos et al., 2020).

Previous studies indicate that watermelon rind is edible and a valuable source
of nutrients like minerals, dietary fibers, phenolic compounds and other
phytochemicals that contribute to its therapeutic properties; such as antioxidant
(Neglo et al., 2021), anti-diabetic (Asari & Sugiyanta, 2020; Daughtry et al., 2023),
antihypertensive (Abu-Hiamed, 2018), anti-carcinogenic (Reddy et al., 2023), and
anti-inflammatory effects (Saiharini & Padmaja, 2022). Notably, watermelon is
recognized as one of the richest natural sources of citrulline, a non-protein amino acid
with significant physiological benefits. Interestingly, several studies have reported
that citrulline concentration is higher in the rind than in the edible pulp (Du et al.,

2022; El Gizawy et al., 2022; Neglo et al., 2021). Citrulline is a metabolic



intermediate in the urea cycle and serves as a precursor to L-arginine, a key substrate
for nitric oxide synthesis. These roles give citrulline broad pharmacological and
nutritional relevance, including potential in managing diabetes (Azizi et al., 2021;
Bagheripour et al., 2023), obesity and associated complications (Daughtry et al.,
2023; Holguin et al., 2019; Smeets et al., 2021) erectile dysfunction (Cormio et al.,
2011; Sulyman et al., 2025), and improving exercise performance (Agarwal et al.,
2017; Martinez-Sanchez et al., 2017). Despite the multiple benefits mentioned above,
watermelon rind is not consumed due to its bland taste and other safety issues (Du
et.al., 2022).

Fermentation, particularly by lactic acid bacteria (LAB), is a traditional and
cost-effective method widely used for food preservation, flavor development, and
enhancement of nutritional quality (Sionek et al., 2023). Fermented products like
kimchi, sauerkraut, miso, soy sauce, and fermented cucumber are widely accepted by
consumers. In addition, scientific evidence has shown that fermented foods and their
associated microorganisms offer various health benefits and safety enhancement,
including enhanced bioactive compounds and antioxidants, improved bioavailability,
and reduced pathogens and spoilage organisms (Rul et al., 2022; Tamang et al., 2020;
Zapasnik et al., 2022). However, limited research has been conducted on the
fermentation of watermelon rind, and existing studies have not adequately addressed
the effects of fermentation and associated parameters on microbial dynamics,
acidification, and physicochemical properties. Most of the available studies are
restricted to evaluating changes in proximate composition (Ao & Es, 2016).

Beyond general fermentation benefits, LAB possess the arginine deiminase
(ADI) pathway, which is of direct relevance to watermelon rind. In this pathway,
arginine is first converted to citrulline by the enzyme arginine deiminase (encoded by
arcA), and citrulline is subsequently converted to ornithine by ornithine
transcarbamylase (encoded by arcB), with the concomitant generation of ATP and
ammonia (Liu & Pilone, 1998). This pathway serves as an acid stress response
mechanism in LAB, enabling cells to stabilize intracellular pH under acidic
fermentation conditions (Zhang et al., 2016). A number of LAB species, including
Lactobacillus brevis, Lactobacillus hilgardii, Lactobacillus buchneri, Pediococcus

pentosaceus, Lactobacillus fermentum, Weissella confusa, Pediococcus acidilactici,



Leuconostoc mesenteroides, Weissella koreensis and Lactobacillus plantarum have
been studied for their capacity to accumulate the citrulline from the arginine using
different substrates, for example, soy sauce, wine and sourdough (Araque et al., 2011;
Vrancken et al., 2009; Zhang et al., 2016). Nevertheless, these studies have largely
been conducted using substrates with low natural levels of citrulline or arginine, often
supplemented externally, and under controlled single-strain conditions. Watermelon
rind is unique in that it naturally contains high concentrations of both arginine and
citrulline, making it the first natural substrate to be investigated for citrulline
enhancement through LAB fermentation under mixed-culture conditions. Critically,
however, the ADI pathway presents a dual metabolic possibility: citrulline may either
accumulate as an intermediate or be further converted to ornithine, depending on
fermentation parameters and microbial dynamics (Zhou et al., 2021). It needs the
systematic study of the fermentation condition, to enhance the accumulation of
citrulline in natural condition, which remains unexplored.

Therefore, this study aims to systematically optimize lactic acid fermentation
parameters including salt concentration, temperature, and fermentation duration to
maximize citrulline content in watermelon rind, while evaluating their effects on
microbial dynamics, acidification, amino acid composition, and phytochemical
properties. By leveraging the rind’s natural amino acid composition and exploring
mixed LAB cultures, the research aims to transform an underutilized waste product
into a palatable, nutrient-dense and safe food ingredient with enhanced citrulline. The
findings will contribute to sustainable food innovation, waste reduction, and the
development of health-promoting fermented products, bridging a critical gap in both

food science and sustainability research.

1.2 Objectives

1.2.1 To study the effects of salt concentration, fermentation time and
temperature on the chemical and microbial properties of watermelon rind during

natural fermentation.



1.2.2 To optimize the salt concentration and fermentation duration regarding
the citrulline content in fermented watermelon rind.
1.2.3 To study the effect of salt concentration and fermentation duration on the

amino acids, color, phytochemical properties and metabolites of the watermelon rind.

1.3 Scope of Research

The goal of the study was to employ watermelon rind through natural
fermentation with solid substrates to observe changes in its chemical, microbiological
and physical characteristics as well as the generation of citrulline during fermentation
process. The watermelon rind of Kinnaree variety was obtained from Triple J Food
and Beverage Company Limited, Chiang Rai. The rind was washed, peeled and
fermented in situ at different temperatures and salt concentrations. Total titratable
acidity (TTA), pH, microbiology specifically LAB, yeast and mold and
Enterobacteriaceae were observed over time for 10 days. Based on these results, the
optimal fermentation temperature was determined and applied in subsequent
experiments. The fermentation duration was then adjusted according to the growth of
lactic acid bacteria and the pH of the substrate. Following this, the effect of salt
concentration and fermentation duration was observed for the amino acids in ADI
pathway; arginine, citrulline and ornithine with the aim of enhancing citrulline. In
addition, variations in other amino acids, phytochemical properties, color, and
metabolites were also assessed during the fermentation process. Due to resource

issues, identification of organisms involved in fermentation could not be done.



CHAPTER 2

LITERATURE REVIEW

2.1 Watermelon

Watermelon is a famous fruit in tropical areas mainly consumed due to its
refreshing taste, sweetness, appealing color, and thirst-quenching behavior (Meghwar
et al., 2024). National Bureau of Agricultural Commodity and Food Standards,
Ministry of Agriculture and Cooperatives, Government of Thailand defines the fresh
watermelon fruit as “watermelon of genus Citrullus which is commonly referred to
cultivar of the species C. lanatus (Thunb.) Matsum. & Nakai (synonym: C. vulgaris
Schard) of the family Cucurbitacae to be commercially produced for fresh
consumption”. This definition limits the freshly consumed watermelon. The fruit is
widely produced and consumed in the Asian region (FAO, 2024). However,
archeological studies trace its origin in the African region. Archaeological research
found seeds from around 5,000 years ago in northeastern Africa, which suggests that
watermelons have been cultivated or consumed since early civilization. Additionally,
Egyptian tomb art features an image of a large, striped, oblong fruit on a tray, which
historians believe depicts as a watermelon and dates back 4,000 years (Paris, 2015).

The scientific classification of watermelon is as follows (Usman et al., 2023).

Kingdom: Plantae

Phylum: Tracheophyta

Class: Magnoliopsida

Order: Cucurbitales

Family: Cucurbitaceae

Genus: Citrullus

Species: lanatus



2.2 Watermelon Production

Watermelon is cultivated across tropical regions worldwide, with Asia
accounting for 80% of global production. It is the second most produced fruit
following bananas with global production of about 103 million tons as per 2022 data
(FAO, 2024). China alone contributes around 60% of this total, followed by Turkey,
India, and Algeria. The top ten watermelon producers, and their production volume
from 2019-2022 are represented in Figure 2.1.

The Southeast Asian region is also a significant producer of watermelon due to
favorable climatic conditions (Saediman et al., 2020). Within this region, Vietnam
leads in production, with Indonesia following, while Laos, Malaysia, the Philippines,
and Thailand produce nearly equal amounts (Figure 2.2).
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Figure 2.1 Watermelon production by countries

Globally, Thailand ranks 55" in watermelon production, and in 2022, the total
global production reached 166 thousand tons (FAOSTAT, 2024). In Thailand,
watermelon has become an economically valuable crop, with cultivated areas
expanding, especially in the northern provinces including Chiang Mai, Phayao,
Kamphaeng Phet, Phichit, Sukhothai, and Phitsanulok. (Khuna et al., 2024). The

country has two watermelon harvesting seasons, from January to May and mid-



October to December (Nuangmek, 2023). In 2023, Thailand's watermelon exports
reached a value of over 2.47 million USD, with an export volume of 3.17 million kg

(Tridge, 2026).
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Figure 2.2 Watermelon production in southeast Asia

Kinnaree variety is one of the famous varieties of watermelon consumed in
Thailand due to its sweetness and refreshing taste (Petchsomrit, 2021; Wongkalasin et
al., 2021). Most watermelon in Thailand is consumed fresh due to its refreshing taste
and high-water content. In addition to fresh consumption, it is widely commercialized
in processed forms such as juice, nectar, fruit cocktails, and concentrates. Value-added
products, including dried watermelon and watermelon-flavored foods, have also
gained popularity in recent years (Wanwimolruk et al., 2015). However, some
industries, such as Triple J Food and Beverage Co. Ltd, in Mae Sai, Chiang Rai also
produce processed products including fried Crispy Watermelon in Thailand (Figure

2.3).



Source Triple J Food and Beverage Co. (2026)
Figure 2.3 Crispy watermelon produced by Triple J Food and Beverage Co. Ltd.,
Chiang Rai, Thailand

2.3 Watermelon Waste

Food waste has become a critical challenge with significant implications for
both society and the environment. On the one hand, millions face hunger, and
available agricultural land is increasingly scarce for meeting the needs of a growing
population. On the other hand, food loss and waste are on the rise, creating a stark
contrast between scarcity and excess. The environmental impact of this problem is
compounding, which has become a worldwide concern. Not only does wasted food
represent a loss of valuable resources, but its decomposition releases greenhouse
gases that contribute to climate change, amplifying environmental problems even
further (FAO, 2023).

Considering this fact, the UN SDG has identified waste reduction and
utilization as one of the goals. The SDG 12.3 states that “by 2030, halve per capita
global food waste at the retail and consumer levels and reduce food losses along
production and supply chains, including post-harvest losses.” However, in 2022, 19%
of global food was wasted, totaling 1.05 billion tons, with household waste
accounting for 60%. This waste generates significant greenhouse gas emissions,
costing over $1 trillion annually, while 783 million people suffer from hunger (United
Nations Secretary General, 2024). It is now well documented that reducing global
food waste can create a ‘win-win’ situation for nutrition security and environmental

sustainability (FAO, 2023).



Watermelon waste is a significant source of waste at household, retail and
industrial levels. Watermelon itself comprises skin, rind, flesh, and seeds (Figure 2.4),
with the flesh accounting for only about 60 % of the fruit’s total mass. The edible
watermelon rind makes up roughly 30 % of the mass but is frequently discarded as
waste. This direct disposal of rind contributes to environmental issues, although some
reuse approaches have been explored on a laboratory scale (Du & Ramirez, 2022).
Given current watermelon production, rind waste alone amounts to approximately 30
billion tons globally (FAO, 2024; Zia et al., 2021). Unfortunately, over 90% of this
rind is discarded directly into the environment, adding to environmental challenges.
Presently, limited research has explored converting rind waste into valuable products,

resulting in it being largely dumped as solid waste (Bellary et al., 2016).

Flesh

Seed

Figure 2.4 Different parts of watermelon (Al Image)

Further, watermelon rind contains significant amounts of water and nutrients,
which makes it perishable and hosts large categories of pathogenic microorganisms.
When watermelon rind is disposed improperly, it adds to the growing issue of organic
waste accumulation in landfills. In such environments, the rind's high moisture
content can accelerate anaerobic decomposition process, leading to the emission of
methane, a potent greenhouse gas that contributes to climate change (Athanasiadis et

al., 2023).
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2.4 Watermelon Rind Chemical and Bioactive Compounds

Fresh watermelon is characterized by a high moisture content, typically
exceeding 90%. Beyond its water content, the rind of watermelon is nutritionally
significant, containing substantial amounts of carbohydrates, crude fiber, and protein
as analyzed in rind powder (Table 2.1). Notably, it serves as a rich source of vitamins
and minerals. Carbohydrates in the rind include starch, non-starch polysaccharides,
sugars, resistant starch, oligosaccharides, and pectin (Meghwar et al., 2024). The
mineral profile is marked by elevated levels of manganese, copper, iron, and zinc (EI-
Badry et al., 2014). Vitamins present in the rind (per 100 g) include vitamin A (52.13
ng), vitamin B1 (1.23 mg), vitamin B2 (2.71 mg), vitamin B3 (4.25 mg), vitamin B6
(5.34 mg), and vitamin C (8.46 mg). Notably, the concentrations of vitamins B1, B2,
and B6 exceed the recommended daily intake (RDI) established for Thailand (Gladvin
etal., 2017).

Watermelon rind is further distinguished by its abundance of bioactive
compounds, including citrulline, flavones, saponins, sterols, terpenoids, and phenolic
compounds, which confer antioxidant and health-promoting properties. Citrulline is a
dominant bioactive compound linked to many of the rind’s health benefits (Meghwar
et al., 2024).

Various studies emphasize its phytochemical richness, with research by Ho et
al. (2018) reported total phenolic content values ranging from 127.93 to 218.39 mg
GAE/100 g, alongside DPPH free radical scavenging activity, alongside DPPH free
radical activity ranging from 23.49-80.88 % as ascorbic acid between different
cultivar and extraction solvents. Furthermore, Priastomo et al. (2024) reported the
TPC values between 1.63 to 3.57 mg GAE/g DM in the watermelon rind from
different parts of Indonesia. Long et al. (2024) reported even higher values of
phenolic content in the range of 7.13 to 8.20 mg GAE/g DM in watermelon rind
powder of different particle sizes. They reported other phytochemical indices as total
flavonoids (4433-4720 mg quercetin equivalents (QE)/kg), total anthocyanins (393—
315 mg cyanidin-3-glucoside equivalents (CGE/kg), DPPH scavenging activity
(27,186-34,820 pumol Trolox equivalents (TE)/kg), and Fe(Ill) reducing power
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(11,862-21,141 pmol TE/kg) However, Neglo et al. (2021) reported lower total
phenolic content as 0.026 +0.006 mg GAE/g sample. They also reported that DPPH
radical scavenging activity was 34.48 +1.63 % inhibition. However, they found that
the phenolics and antioxidant activity in watermelon rind were significantly higher
than that of flesh.

Table 2.1 Proximate composition of watermelon rind powder

Proximate
Percentage (%)
composite
Moisture 10.61 11.25 12.05 7.88 9.6
Ash 13.09 12.93 11.9 12.55 9.25
Fat 2.44 2.21 2.33 1.98 2.15
Protein 11.17 8.7 8.95 8.64 9.6
Crude fiber 17.28 16.8 15.85 15.98 13.7
Carbohydrate 56.02 76.16 76.82 60.85 65.3
Reference (Al-Sayed  (El-Badry (Saed, (Saed et al., (Hassan et
& Ahmed, etal., 2014) 2018) 2018) al., 2017)

2013)

Phenolic compounds identified in watermelon rinds include gallic acid,
synapic acid, hydroxycinnamic acid, quercetin, m-coumaric acid, chlorogenic acid,
syringic acid, p-coumaric acid, myricetin, caffeic acid, vanillic acid, 4-
hydroxybenzoic acid, and p-anisic acid (Zia et al., 2021). These findings collectively
underscore the rind’s potential as a functional food ingredient with significant
antioxidant and nutraceutical value. The health effects of the watermelon rinds due to
presence of bioactive compounds is summarized in Table 2.2.

Table 2.2 Health effects of watermelon rind

Part Health Benefits Health Effects References
Rind Cardiovascular Adding 10% watermelon rind to the diet of (Abu-
powder health/ Rat hypercholesterolemic rats significantly lowered their ~ Hiamed,

experiment serum total cholesterol and low-density lipoproteins. ~ 2018)

The rats also showed improved liver tissue structure

compared to untreated hypercholesterolemic rats.
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Part Health Benefits Health Effects References
Rind Anticarcinogen/ In- Watermelon rind polysaccharide (Dammak et
polysaccharide vitro showed cytotoxic effects on human al., 2019)
laryngeal carcinoma Hep-2 cells in a
dose- and time-dependent manner,
with a 25.93% inhibition rate at 2.5
pg/mL and 65.02% at 10 pg/mL.
Rind water extract ~ Antidiabetic/ Rat Watermelon rind water extract can (Asari &
experiment help lower blood glucose levels, with ~ Sugiyanta,
an optimal dose of 500 mg/kg body 2020)
weight per day, while 1000 mg/kg
bw/day was most effective in rats. NO
formation induced by citrulline might
have the effect.
Rind Cardiovascular Ingestion of Watermelon Rind (Fan et al.,
benefits/In vivo increased the citrulline, arginine, and ~ 2020)
phenolic metabolites in human
plasma, significance in cardiovascular
benefits.
Rind aqueous Anticarcinogenic/In-  The rind aqueous extract significantly  (El Gizawy
extract vitro inhibited cell migration and induced et al., 2022)
apoptosis in HCT116 and Hep2 cells
by causing cell accumulation in the S
phase and increasing both caspase-3
activity and the BAX/BCL-2 ratio.
Rind ethanol Anticarcinogenic/ In ~ Watermelon rind extract demonstrates  (Reddy et
extract vitro a dose- and time-dependent reduction  al., 2023)
in human renal cell adenocarcinoma
cells (HRAC-769-P) cell proliferation
in vitro.
Microencapsulated  Endothelial function/  Watermelon rind increases the plasma  (Volino-
rind In vivo citrulline and arginine level in plasma  Souza et al.,
and improved flow-mediated dilation ~ 2023)

in young adult.
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Part Health Benefits Health Effects References

Rind Antidiabetic & anti- Methanolic Extract of Watermelon rind shows (Saiharini &

extract  inflammatory/in- inhibition effect on carbohydrate hydrolyzing Padmaja,
vitro enzymes, pancreatic lipase enzyme and 2022)

hyaluronidase enzyme in vitro. The presence of

dietary fiber, total phenolics, flavonoids and

flavanols might have the effect.

2.5 Watermelon Rind Utilization

Due to the high volume of watermelon rind as waste and its health promoting

properties, some initiatives are going on to align the watermelon rind in the food

chain. Studies have shown the rind use in the preparation of salted pickle (Simonne et

al., 2003), leather (Siskawardani et al., 2018), and candy (Rezagholizade-Shirvan et

al., 2023). It has been used in pineapple pulp to increase the volume. Further,

watermelon rind in powder form is used for the preparation of cookies (Ashoka et al.,
2021; Naknaen et al., 2016), biscuits (Ogo et al., 2021), cakes (Hassan et al., 2017;
Imoisi et al., 2023) and noodle products (Chakrabarty et al., 2020; Long et al., 2024).

The details of relevant research are presented in Table 2.3.

Table 2.3 Products from the watermelon rind

Product Part

Findings

References

Candy Watermelon rind

Pickle Watermelon rind

Candy preparation with osmosis temperature
of 40°C, with sugar concentration 70%, and
immersion duration 5 h was found to be best
on sensory score. However, antioxidant
activity, phenolic and flavonoid content
significantly decreased after osmotic
dehydration

Watermelon rind pickles prepared by
differentiating the soaking pretreatment
before brining and canning. Lime-soaked
pickles were preferred over brine and water-

soaked pickle

(Rezagholizade-
Shirvan et al.,

2023)

(Simonne et al.,

2003)
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Product Part Findings References
Leather  Watermelon rind Ten percent replacement of pineapple pulp (Siskawardani et
had the best sensory quality al., 2018)
Cake Watermelon rind Up to 40 % of replacement observed. (Imoisi et al.,
powder Incorporation resulted in an increase in 2023)
protein content and reduction in fat content.
Cake Watermelon rind Up to 40 % replacement is possible, no (Hassan et al.,
powder significant difference in sensory quality up to ~ 2017)
20 % replacement. Incorporation improved
the Ca, K and Mg, content and cake volume
but decreased all textural parameters.
Wheat Watermelon rind Incorporating rind, rind powder and rind (Ben Romdhane
bread powder, rind polysaccharide and hemicellulose et al., 2024)
polysaccharide and  concentrations ranging from 0.5 to 1.5% into
rind hemicellulose wheat flour enhanced the rheological
characteristics of the dough. Enriching wheat
flour with rind improved the bread’s volume,
texture and sensory quality in comparison to
its derivatives.
Cookies  Watermelon rind Incorporating up to 20% rind powder in (Naknaen et al.,
powder cookie production enhances antioxidant 2016)
activity, boosts dietary fiber content, and
lowers the predicted glycemic index.
Cookies  Watermelon rind Thirty percent replacement has the highest (Ashoka et al.,
powder sensory score, better than control. The final 2021)
product was high in some essential minerals.
Biscuit ~ Watermelon rind Biscuit samples were made using blends of (Ogo et al.,
powder wheat flour with watermelon rind and orange ~ 2021)
pomace flours, with up to 10% substitutions
without negatively impacting their overall
quality.
Toast Watermelon rind About 9 % incorporation of rind powder (Shivapour et
powder positively affected water absorption, dough al., 2020)

development, stability time, and extensibility
values for the optimal sample compared to the

control
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Product Part Findings References
Biscuit ~ Watermelon rind Biscuit samples were made using blends of (Ogo et al.,
powder wheat flour with watermelon rind and orange 2021)
pomace flours, with up to 10% substitutions
without negatively impacting their overall
quality.
Toast Watermelon rind About 9 % incorporation of rind powder (Shivapour et
powder positively affected water absorption, dough al., 2020)
development, stability time, and extensibility
values for the optimal sample compared to the
control
Noodle = Watermelon rind The incorporation of rind powder improved (Chakrabarty et
powder cooking yield and cooking loss. Ten percent of  al., 2020)
rind-incorporated noodles were found best
among the incorporated noodles; however,
control was preferred more.
Pasta Watermelon rind Replacing 10% of durum semolina with finely ~ (Long et al.,
powder ground watermelon rind powder increases 2024)
soluble dietary fiber and total phenolic content,
extends optimal cooking time, enhances water
absorption, and reduces cooking loss in pasta,
without impacting sensory acceptability.
Pork Rind extract Ethanolic extract of watermelon rind (Kumar et al.,
patty incorporated at 0.10% level in pork patties 2018)
showed a significantly (P < 0.05) lowering
effect of TBARS, free fatty acids and peroxide
value as compared to control.
Beef Watermelon rind Replacing 6-9% of the burger patty with (Saed et al.,
patty powder watermelon rind powder enhances fiber, ash, 2018)

and soluble carbohydrate content while
reducing fat. This addition also inhibits
microbial growth, decreases lipid oxidation,
and maintains good sensory quality in the beef

patties.
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Despite the nutritional, phytochemical, and health benefits of fruit peels,
including watermelon rind, their utilization remains limited due to sensory issues,
safety concerns, and technological challenges. Efforts to incorporate rind in food
products, such as bread and cookies, have focused on partial substitution, typically up
to 40% wheat flour replacement (Imoisi et al., 2023). However, higher substitution
levels can negatively affect sensory and technological properties. Watermelon rind is
more commonly used in products like jams and fruit leather, but broader market
adoption is hindered by its bland taste and concerns over potential hazards, including
microbial contamination, pesticide residues, and heavy metal accumulation. Public
concerns about the safety of fruit peels further limit their consumption (Coderoni &
Perito, 2021).

Watermelon rind’s  susceptibility to contamination by pathogenic
microorganisms, heavy metals, and anti-nutritional factors poses significant
challenges. Its direct contact with soil increases exposure to soil-borne pathogens and
pollutants, such as pesticides and industrial waste (Scutarasu & Trinca, 2023; Steffan
et al., 2020). Microbial contamination is exacerbated by poor field hygiene and
handling, especially in developing countries, where studies have shown high levels of
bacterial contamination in fresh produce (Balali et al., 2020). Fermentation has shown
promise in addressing these issues, offering a low-cost processing method to reduce
contaminants, mitigate antinutritional factors, and enhance sensory qualities, making

watermelon rind a safer and more appealing ingredient (Tamang et al., 2015)

2.6 Citrulline

Citrulline (CAS: 372-75-8) is a non-protein amino acid with the chemical
formula CeHi3N30s3. The presence of the ureido group in the structure makes it
different from other amino acids (Figure 2.5). This unique feature underpins its
biological significance, as the chemical reactivity of the ureido group plays a central
role in its function. Notably, citrulline is closely related to arginine, sharing a
functional group connection that is critical to its role in metabolic pathways,

particularly in the urea cycle and nitric oxide synthesis (Curis et al., 2005).
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In the human body, the endogenous synthesis of L-citrulline primarily takes
place in the enterocytes, the cells lining the small intestine. A variety of enzymes work
to convert dietary amino acids into L-citrulline. A key example of this process occurs
in the urea cycle, a vital pathway for detoxifying ammonia. During this cycle, the
enzyme ornithine carbamoyltransferase catalyzes the conversion of L-ornithine into
L-citrulline. Additionally, L-glutamine and L-arginine serve as indirect precursors for
L-citrulline. L-arginine is converted into L-ornithine by the enzyme arginase,
while ornithine aminotransferase utilizes L-glutamine to produce L-ornithine, which
can then be further metabolized into L-citrulline (Figure 2.6). These interconnected
pathways highlight the importance of L-citrulline in nitrogen metabolism and

ammonia detoxification (Aguayo et al., 2021).
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Source Curis et al. (2005)

Figure 2.5 Chemical structure of L-Citrulline

Citrulline plays a pivotal role in human health primarily through its ability to
regenerate arginine, a precursor for nitric oxide (NO) synthesis. When arginine is
metabolized by nitric oxide synthase (NOS), it produces NO and is reconverted into
citrulline, creating a cyclic pathway known as the citrulline-arginine-NO cycle (Figure
2.7). This cycle underscores citrulline’s unique value, oral supplementation effectively
elevates plasma arginine levels, enhancing its bioavailability for NO production.
Numerous bodily functions such as regulating vasodilatation, blood flow,
mitochondrial respiration and platelet function are significantly influenced by NO
(Aguayo et al., 2021).

Due to its numerous health benefits, citrulline is sold as a dietary supplement,
with its market steadily growing. Some of the leading brands are represented in Figure

2.8. In 2023, the global L-citrulline market generated revenue of USD 1,601.7 million
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and is projected to reach USD 2,276.0 million by 2030, reflecting an expected CAGR
of 5.1% from 2024 to 2030 (Grand View Research, 2024).

UREA CYCIF ,’

Source Yokoyama and Simmons (2021)

Figure 2.6 Citrulline metabolism in the human body
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Figure 2.7 Citrulline-arginine-NO cycle
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Figure 2.8 Citrulline supplements available in the market
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2.7 Citrulline in Watermelon Rind

Citrulline is not widely distributed in nature. It is particularly found in the
Cucurbitaceae family crops. Watermelon, cucumbers, pumpkins, bitter melons and
some legumes are natural sources of citrulline. In fact, watermelon is the principal
source of that amino acid in the diet; the name citrulline comes from Citrullus
lanatus (Thunb.), the scientific name for watermelon (Hartman et al., 2019). Citrulline
concentration in watermelon depends on the type of cultivar and usually ranges
between 0.5 and 3.6 g/kg of fresh weight (Rimando & Perkins-Veazie, 2005). Several
studies found that the citrulline content in watermelon is higher in rind than in pulp
(Du et al., 2022; El Gizawy et al., 2022; Neglo et al., 2021). In contrast, Gu et al.
(2023) found that citrulline content is higher in pulp (1505 + 66.9 uM) than in rind
(780.5 = 232 uM). However, the study found that the citrulline from the watermelon
rind showed the higher cytotoxicity against the Caco-2 cells as compared to that from
pulp. Nguyen et al. (2019) measured the amino acids in watermelon rind powder and
discovered that L-citrulline was found highest at 18.2 nmol/mg, followed by L-
arginine at 2.72 nmol/mg. Other amino acids quantified were L-alanine, L-glutamine,
L-valine, L-phenylalanine, L-isoleucine, L-serine, L-tyrosine, and y-amino butyric
acid (GABA). Similar amino acid profile was reported by Du et al. (2022). They
found the concentration of citrulline as 61.43 mg/100 g fresh weight followed by
arginine (53.77 mg/100 g FW), serine (18.02), aspartic acid (7.09) and alanine (6.78).
The amino acid profile of watermelon rind found by different researchers is presented
in Table 2.4.

Table 2.4 Amino acid profile of watermelon rind

Fresh (mg/100 g fresh

Amino Acid Powder (nmol/mg) Powder (g/100g)
weight)

Phenylalanine 2.69 0.76+0.03 0.17
Isoleucine 2.37 0.47+0.02 0.35
Valine 3.24 0.78+0.03 0.42
Leucine 0.61 - 0.53
Methionine Not detected -

Histidine Trace - 0.22

Lysine Trace - 0.56
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Table 2.4 (continued)
Amino Acid Fresh (xgllgll??) g fresh Powder (nmol/mg) Powder (g/100g)

Arginine 57.33 2.72+0.10 1.01

Citrulline 61.43 18.2+0.71 -

Alanine 6.78 0.97+0.04 0.69

Serine 18.02 0.37+0.01 0.23

Proline 3.31 - 0.12

Glycine 0.37 - 0.65

Aspartic Acid 7.09 - -

Asparagine 2.71 - -

Ornithine 1.71 - -

Glutamine - 0.84+0.03 1.13

Tyrosine - 0.32+0.02 0.29

GABA - 0.85+0.09 -

References Du et al. (2022) Nguyen et al. (2019) Saed et al. (2018)

2.8 Health Effects of Citrulline

Citrulline plays a crucial role as an intermediate in the urea cycle, aiding in the
elimination of ammonia through urea production (Burgos et al., 2022). In recent
years, extensive research has focused on L-citrulline and its impact on exercise
performance. Its ability to enhance NO production and facilitate waste removal during
physical activity has drawn significant interest from researchers (Theodorou et al.,
2021). As a result, both arginine and citrulline have gained popularity as supplements
for promoting health and enhancing athletic performance. Interestingly, studies
suggest that citrulline supplementation is more effective than arginine in increasing
plasma arginine levels. Unlike direct arginine supplementation, citrulline bypasses
hepatic metabolism, allowing more efficient systemic distribution and sustained
arginine availability (Agarwal et al., 2017).

Furthermore, research indicates that citrulline-enriched watermelon extract can
help delay fatigue during high-intensity exercise by promoting ammonia removal and

reducing lactic acid buildup via the urea cycle. It also supports aerobic metabolism by
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maintaining lower plasma lactate concentrations, ultimately contributing to improved
recovery and exercise performance (Martinez-Sanchez et al., 2017).

Beyond its role in exercise, citrulline has been studied for its potential benefits
in managing diabetes and related cardiovascular diseases. Reduced NO bioavailability
is associated with the pathophysiology of Type II diabetes and its complications.
Since citrulline serves as a precursor to NO production, it has been proposed as a
promising therapeutic agent for Type II diabetes. Studies in both humans and animals
suggest that citrulline supplementation can elevate circulating levels of citrulline and
arginine while lowering blood glucose and free fatty acid levels, as well as improving
dyslipidemia (Bagheripour et al., 2023). A clinical study on diabetic patients found
that one month of citrulline supplementation reduced arginase activity by 21%,
increased plasma NO levels by 38%, and led to modest improvements in HbAlc
levels (Shatanawi et al., 2020). Similarly, another study on overweight and obese
individuals with Type II diabetes reported improvements in glucose homeostasis, lipid
profiles, and inflammatory markers following L-citrulline supplementation (Azizi et
al., 2021). Animal studies have also demonstrated that citrulline supplementation may
prevent or alleviate diabetes-induced kidney dysfunction more effectively than
arginine (Persson et al., 2014). Additionally, in STZ-induced Type I diabetic rats, L-
citrulline exhibited protective effects on the kidneys by significantly reducing urinary
albumin excretion, tubulointerstitial fibrosis, and kidney hypertrophy (Romero et al.,
2013).

Citrulline has also shown promise in addressing obesity and its associated
complications. Short-term L-citrulline supplementation was found to improve asthma
control and suppress fractional exhaled nitric oxide (FeNO) levels in obese
individuals with asthma (Holguin et al., 2019). In healthy adults, long-term citrulline
supplementation improved brachial artery flow-mediated vasodilation by 0.9
percentage points, while prolonged watermelon consumption reduced pulse wave
velocity by 0.9 m/s and lowered postprandial glucose concentrations by 0.6 mmol/L,
suggesting potential vascular benefits (Smeets et al., 2021). Additionally, a study
conducted on overweight and obese adolescents found that consuming blended
watermelon helped stabilize postprandial glucose levels and enhance satiety, with

researchers attributing these effects to its citrulline content (Rasmussen et al., 2025).
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Another study reported that watermelon consumption led to improvements in
cardiometabolic risk factors, including BMI, BMIp, body fat percentage, and HbAlc,
with citrulline-induced NO bioavailability likely playing a role (Daughtry et al.,
2023).
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Figure 2.9 Health effects of L-Citrulline in humans

Moreover, L-citrulline has demonstrated potential in managing mild erectile
dysfunction (ED). Its ability to enhance NO production facilitates the activation of
soluble guanylate cyclase, leading to increased levels of cyclic guanosine
monophosphate (cGMP), which promotes penile smooth muscle relaxation and
improved erectile function. Studies show that short-term L-citrulline supplementation
can enhance erection hardness scores from 3 (mild ED) to 4 (normal function) and
increase the frequency of intercourse per month (Cormio et al., 2011). Another
proposed mechanism suggests that citrulline, particularly from watermelon, may
stabilize and inhibit PDES, indicating its potential as an alternative or adjunct therapy
for ED (Sulyman et al., 2025). Since PDES inhibition is crucial in ED management,
this finding is particularly significant. Additionally, research suggests that NO-
mediated increases in clitoral blood flow and velocity following the topical
application of a gel containing L-arginine and L-citrulline could contribute to
reducing female sexual dysfunction (Lovie & Marashi, 2022). The health effects of

citrulline are summarized in Figure 2.9.
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2.9 Food Fermentation

Food fermentation is one of humanity's oldest preservation techniques, with
roots extending back thousands of years. Steinkraus (1995) gave an elaborate
definition of fermented foods as "food substrates that are invaded or overgrown by
edible microorganisms whose enzymes—such as amylases, proteases, and lipases—
break down polysaccharides, proteins, and lipids into nontoxic products with flavors,
aromas, and textures that appeal to human consumers." Historical records reveal that
fermented beverages were consumed in Babylon around 5000 years ago, and bread
was already common in Egypt by 1500 BCE. The practice of fermenting mixed
vegetables likely originated in China. Scientific studies show evidence of fermented
vegetable consumption dating back to the workers who constructed the Great Wall in
the 3rd century BCE (Tamang et al., 2020).

Beyond preservation, fermentation improves taste and flavor, adding a unique
appeal to traditional diets. As a result, diverse cultures continue to embrace fermented
foods. Lactic acid fermentation has gained popularity across many regions, giving rise
to distinctive products: kimchi in Korea, sauerkraut in Europe, naw-mai-dong and
hom-dong in Thailand, sunki in Japan, burong mustala in Indonesia, and gundruk,
sinki, and khalpi in Nepal and many others in different parts of the world (Tamang et
al., 2015).

Lactic Acid Fermentation

Lactic acid fermentation is one of the common fermentations among food
fermentations. In lactic fermentation, foods are overgrown with LAB mainly from the
environment. LABs are Gram-positive, catalase-negative bacteria that produce large
amounts of lactic acid (Mokoena, 2017). The bacterial groups that make up the LAB
are among the most familiar to humans, because of their association with the human
environment, and with a wide range of naturally fermented dairy products, grain
crops, vegetables, and so on. Due to very long history of safe use of these microbial
species, they have generally recognized as safe (GRAS) status (Wang et al., 2021).
The LAB comprise a large bacterial group consisting of about 380 species in 40

genera of 6 families, belonging phylogenetically to the order Lactobacillales within
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the phylum Firmicutes (Stiles & Holzapfel, 1997). Common genera of the LAB
isolated from various fermented foods of the world are Alkalibacterium,
Carnobacterium,  Enterococcus,  Lactococcus,  Lactobacillus,  Leuconostoc,
Oenococcus, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and
Weissella (Tamang et al., 2015).

The benefits of lactic acid fermentation extend beyond taste and preservation.
According to Tamang et al. (2015), lactic acid fermentation in foods serves four
primary purposes: (1) extending shelf life and enhancing safety, (2) improving
nutritional and health benefits, (3) enriching sensory qualities, and (4) generating
bioactive compounds of interest. These combined effects make lactic acid
fermentation a valuable and versatile method of food processing across various

cuisines and cultures.

2.10 General Physicochemical and Microbial Dynamics during Lactic

Acid Fermentation

2.10.1 Acidification and Microbial Dynamics

Fermentation is a natural microbial process that has been utilized for centuries
to preserve food and enhance its nutritional value. In spontaneous fermentation,
microorganisms are selected based on the nature of the substrate or the dominance of
naturally occurring microbes in the environment (Voidarou et al., 2021). Generally, in
vegetable fermentation, the initial population of LAB is relatively low. Despite this,
LAB gradually dominate the substrate due to their ability to produce acid. The
acidification process, combined with the low buffering capacity typical of most
vegetables, leads to a rapid decline in pH. Simultaneously, redox potential decreases
due to microbial respiration, metabolic activity, and atmospheric changes driven by
CO2 production. These conditions create a selective advantage for LAB, making it
difficult for other microorganisms to thrive. As a result, spoilage organisms such as

aerobic bacteria, pathogenic enterobacteria, yeasts, and molds are effectively inhibited

(Miiki, 2004).
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The general pathogenic bacteria in food are categorized as Enterobacteriaceae.
Enterobacteriaceae represent a large group of Gram-negative bacteria commonly
associated with human diseases. They are predominantly found in the intestinal tract
and include genera such as Salmonella, Escherichia, Klebsiella, and Shigella.
Therefore, monitoring Enterobacteriaceae is a key indicator of food safety (Kang et
al., 2018). These organisms are very sensitive to pH drop. Proliferation of these
bacteria is significantly reduced with the presence of organic acids (Zhang et al.,
2025a). Presence of unwanted yeast and mold is taken as the indicator of spoilage in
vegetable fermentation (Peréz-Diaz et al., 2013). However, in the course of lactic acid
fermentation, the acidic environment and specifically the anaerobic condition makes
the environment harmful for survival of these strict aerobic microflorae (Miki, 2004).

Carbohydrates, particularly simple sugars, serve as the primary energy source
for fermentation. In lactic acid fermentation, lactic acid is the dominant byproduct,
whereas yeast fermentation mainly produces alcohol and carbon dioxide. Other
nutrients, including proteins, lipids, vitamins, nucleic acids, and minerals are essential
for cellular synthesis. Since fermentative bacteria have limited biosynthetic
capabilities, these nutrients must be supplied externally for proper growth.
Fortunately, most food sources naturally contain adequate amounts of these essential
components to support the active proliferation of fermentative microorganisms
(Tamang et al., 2015).

The conversion of sugars to lactic acid occurs in the absence of oxygen.
Therefore, in vegetable fermentation, the substrate is often pressed to eliminate air
and maintain anaerobic conditions (Abedi & Hashemi, 2020). In the energy
generation process, sugars in microbial cells undergo enzymatic conversion to
pyruvate, producing chemical energy in the form of adenosine triphosphate (ATP) and
reduced equivalents such as NADH (Figure 2.10). In order to recycle these reduced
equivalents, in anaerobic conditions, microorganisms convert the pyruvate into the

more reduced lactic acid (Figure 2.11).
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Figure 2.10 General glycolysis process in cell

The chemical energy generated during this process is utilized for various
cellular functions, including growth, maintenance, and, in some cases, motility. The
end product of energy generating process is not the same. Based on the metabolite
produced LAB are broadly classified into two types: homofermentative and
heterofermentative (Figure 2.12). Homofermentative LAB primarily produce lactic
acid as their main metabolic byproduct, whereas heterofermentative LAB generate a

mix of lactic acid, acetic acid, ethanol, and carbon dioxide (Mokoena, 2017).
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Figure 2.11 Anaerobic conversion of pyruvate to lactate

The composition of LAB in a fermentation process varies depending on the
substrate, available nutrients, and environmental conditions. Different LAB species
emerge and disappear throughout the process, adapting to the changing fermentation
environment. The composition of LAB in a fermentation process varies depending on

the substrate, available nutrients, and environmental conditions. Different LAB
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species emerge and disappear throughout the process, adapting to the changing

fermentation environment.
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Figure 2.12 Glycolytic pathway for homofermentative and heterofermentative LAB

In sauerkraut fermentation, the process begins with heterofermentative LAB,
predominantly Leuconostoc mesenteroides, which thrive due to their lower acid
tolerance, microaerophilic nature, and shorter generation time compared to other LAB
species. These bacteria metabolize the fermentable sugars in cabbage—mainly
glucose and fructose—into lactic acid, mannitol, acetic acid, ethanol, and carbon
dioxide (Zabat et al., 2018). The production of lactic and acetic acids lowers the pH,
creating an anaerobic environment crucial for fermentation. Reducing oxygen levels
is essential to prevent spoilage microorganisms from thriving while allowing LAB to
continue their succession. As the acid concentration reaches 0.3-0.7% (w/w) and the
pH drops below 4.0, Leuconostoc species are gradually replaced by more acid-tolerant
homofermentative LAB, such as Lactobacillus plantarum and Lactobacillus brevis.
These bacteria further ferment any remaining sugars, continuously producing lactic
acid until a fully fermented and stable product is achieved (Fleming et al., 1988).

Similarly, in gundruk fermentation, a traditional fermented leafy vegetable
product, the dominant LAB species change over time. During the initial stages,
Lactobacillus brevis and Pediococcus pentosaceus are the primary fermenters. As
fermentation progresses, the indigenous LAB community undergoes spontaneous

shifts, and by the final stage, P. pentosaceus and L. plantarum become the
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predominant species (Tamang & Tamang, 2010). Studies on watermelon fermentation
are rare. A study done on fermentation of watermelon rind, particularly focusing on
proximate composition change, reported the presence of L. plantarum, L. acidophilus,
L. fermetum, L. casei, L. bulgaricus, L. delbrueckii, S. epidermis, S. lactis, S. aureus,
B. cereus, B. subtilis, Micrococcus luteus on spontaneous fermentation of watermelon
rind based on microscopic and biochemical observations (Ao & Es, 2016).

2.10.2 Color

Color is one of the most important quality attributes of vegetables, as it
directly affects consumer perception and acceptability (Zhang et al., 2025b). During
fermentation, a series of biochemical, enzymatic, and physicochemical changes occur,
which can alter the natural pigments present in vegetables (Sawant et al., 2025).
Vegetable color is primarily determined by natural pigments such as chlorophyll
(green), carotenoids (yellow to orange), and anthocyanins (red to purple). These
pigments are sensitive to environmental conditions like pH, temperature, oxygen
availability, and enzymatic activity—all of which are affected during fermentation.
One of the most significant factors in fermentation is the production of organic acids,
particularly lactic acid, by lactic acid bacteria. This leads to a decrease in pH, creating
an acidic environment that strongly influences pigment stability (Singh et al., 2023).

Chlorophyll, responsible for the green color in vegetables like cabbage,
cucumber, watermelon rind and leafy greens, is highly sensitive to acidic conditions
(Zhou et al., 2025). During fermentation, the drop in pH causes chlorophyll to convert
into pheophytin, resulting in a dull olive-green or brownish color (Figure 2.13). The
extent of this change depends on factors such as fermentation duration, salt
concentration, and temperature. Longer fermentation duration enhances the color
degradation due to higher acidification and pH drop (Koca et al., 2007). Generally,
salt concentration resists the enzymatic degradation of the chlorophyll, which causes
the slowing degradation process (Chung et al., 2020). Furthermore, salt also has

preventive effect on enzymatic browning.
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Figure 2.13 Chlorophyll degradation pathway

In addition to pigment transformations, enzymatic activities also contribute to
color changes. Enzymes such as polyphenol oxidase (PPO) can cause enzymatic
browning in the presence of oxygen, leading to undesirable darkening. Salt
concentration is a key factor influencing the extent of this browning in fruits and
vegetables. Elevated salt levels inhibit PPO activity, thereby markedly reducing
enzymatic browning. In addition, higher salt concentrations decrease oxygen
solubility in the medium, further limiting the browning process (Ma et al., 2021).

2.10.3 Phytochemical Changes

Lactic acid fermentation is widely recognized not only for preserving
vegetables but also for transforming their nutritional and functional properties.
Among these changes, the modification of phytochemicals is of significant scientific
and technological interest. These changes are strongly influenced by fermentation
conditions, especially salt concentration and fermentation duration, which govern
microbial activity, enzymatic reactions, and metabolite stability (Dissanayake et al.,
2025).

Phenolic compounds are a diverse group of secondary metabolites naturally
present in vegetables, including phenolic acids, flavonoids, and tannins. They are well
known for their antioxidant properties, contributing to free radical scavenging and

oxidative stability (Ahmad et al., 2025). During lactic acid fermentation, these
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compounds undergo dynamic transformations due to microbial metabolism and
endogenous enzymatic activity. LAB produce enzymes such as esterases, phenolic
acid decarboxylases, and glycosidases, which hydrolyze complex phenolics into
simpler and more bioavailable forms. As a result, bound phenolics are released from
the plant matrix, often leading to an initial increase in detectable TPC. The mild acidic
environment generated by lactic acid production further aids in solubilizing phenolic
compounds (Dissanayake et al., 2025). However, as fermentation progresses, the trend
may not remain linear. Prolonged fermentation can lead to degradation,
transformation, or polymerization of phenolic compounds. Kao and Lin (2023) found
that natural fermentation of cucumber led to the increase of total phenolic content up
to day 8, thereafter it started to decline.

In parallel with phytochemical changes, significant modifications occur in the
amino acid profile of fermented vegetables. Proteolytic enzymes from both plant
tissues and LAB hydrolyze proteins into peptides and free amino acids. This results in
an overall increase in total free amino acid content, particularly during the early and
mid-stages of fermentation (Toe et al., 2019). Amino acids such as glutamic acid and
aspartic acid, known for their contribution to umami taste, may increase and enhance

the sensory quality of fermented products (Chen et al., 2021).

2.11 Factors Influencing Vegetable Fermentation

The fermentation of vegetables is a complex process influenced by various
factors that directly impact on the quality, safety, and sensory characteristics of the
final product. These factors can be broadly categorized into intrinsic and extrinsic
factors. Intrinsic factors are inherent to the vegetables themselves, such as natural
microflora, carbohydrate content, pH, and water activity. On the other hand, extrinsic
factors include environmental and processing conditions like temperature, salt
concentration, oxygen availability, and fermentation duration. Additionally, the
presence of antimicrobial compounds, the type of starter cultures used, and hygienic
conditions during fermentation play a crucial role in determining the overall success

of the process (Rolfe & Daryaei, 2020).
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2.11.1 Temperature

Among the extrinsic factors, temperature plays an important role in vegetable
fermentation, significantly affecting microbial growth and metabolite production.
Since microbial enzymes are highly sensitive to temperature changes, maintaining an
optimal temperature range ensures efficient fermentation, desirable flavor
development, and an ideal texture in the final product. Higher temperatures can
accelerate microbial activity, leading to rapid lactic acid production, which in turn
lowers the pH quickly. While this may speed up fermentation, excessive acidification
at elevated temperatures can negatively impact the texture and taste of the final
product (Rolfe & Daryaei, 2020). Furthermore, temperatures above the optimal
growth range, LAB commonly experiences an excessive increase in cell membrane
fluidity, as the lipid bilayer loses its structural integrity under heat stress, which might
cause permanent damage of cell (Fonseca et al., 2019). In contrast, lower
temperatures slow down fermentation, prolonging the process and potentially
affecting product consistency. Therefore, maintaining fermentation within an optimal
temperature range is essential for achieving high-quality fermented vegetables (Rolfe
& Daryaei, 2020).

For vegetable fermentation, different temperature ranges yield different
outcomes. Studies indicate that at 18-22°C, lactic acid production occurs steadily,
promoting well-balanced flavors and a firm texture. However, at 30-37°C,
fermentation speeds up, but the resulting product may have an overly sour taste and
softer texture due to increased lactic acid production by thermotolerant microbes.
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