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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Siyun Wang Terasi, a traditional Indonesian seafood product made from shrimp, undergoes fermentation facilitated by a
consortium of microorganisms, including Lactic Acid Bacteria (LAB) and yeast, which contribute to its distinctive
umami flavor. This study investigates the microbial dynamics and production of key metabolites, including
Terasi y-aminobutyric acid (GABA), during terasi fermentation. Total Plate Count (TPC) and High-Performance Liquid

Microbial fermentation Chromatography (HPLC) were used to monitor changes in glutamate and GABA levels, with glutamate increasing

Keywords:

il;l\l::g:;tyric acid (GABA) from 105.18 mg/mL on day 3-139.19 mg/mL on day 14, and GABA rising from 90.49 mg/mL to 106.98 mg/mL
Metagenomics over the same period. Metagenomic analysis using high-throughput sequencing of bacterial 16 S rRNA identified

Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidota as dominant phyla. While LAB populations
remained relatively stable, yeast became detectable from day 4. Notably, core bacterial genera such as Vibrio,
Macrococcus, Staphylococcus, Exiguobacterium, Jeotgalicoccus, Prevotella, Salinicoccus, Bacillus, Pseudarthrobacter,
and Vagococcus were highly abundant and played significant roles in GABA production, likely due to their
glutamate decarboxylase activity. These findings reveal a clear correlation between microbial succession and
metabolite production, offering valuable insights into the fermentation process of terasi. This study enhances the
understanding of traditional food fermentation and presents opportunities to optimize beneficial compounds in
terasi products.

1. Introduction

Terasi, a well-known processed seafood in Indonesia, is indeed
traditionally made from rebon shrimp, which are small white shrimp
belonging to the Acetes genus (Surya et al., 2024). The process of
making terasi involves fermenting the rebon shrimp with salt, allowing
natural enzymes and microorganisms to develop the characteristic
umami flavor associated with terasi (Helmi et al., 2022). Some terasi
variations incorporate additional raw materials such as shrimp and fish.
The fermentation process of terasi encompasses a diverse consortium of
microorganisms, including Lactic Acid Bacteria (LAB), halophilic bac-
teria, lipolytic bacteria, and proteolytic bacteria. Halophilic bacteria
found in fermented shrimp paste demonstrate proteolytic and lipolytic
activities, facilitating the breakdown of proteins and fats, while LAB
contribute to carbohydrate hydrolysis (Pongsetkul et al., 2017).

Karim et al. (2014) how that rebon shrimp exhibits a protein content

of 35.10 + 0.57%, surpassing other raw materials used in terasi pro-
duction, such as fish and anchovy. The protein content of raw materials
significantly influences glutamate production, with higher protein levels
correlating to increased glutamate compound formation. Glutamate, an
amino acid known for its umami flavor, is often produced during the
fermentation process through the autolysis of yeasts and the proteolytic
activity of LAB (Franceschi et al., 2023).

Terasi aerobic fermentation generates simple compounds like
glutamate, contributing to the savory taste known as umami through its
interaction with 5'-ribonucleotide. Glutamate, functioning as a second-
ary metabolite, is synthesized by microorganisms during the fermenta-
tion process (Amalia et al., 2018). Research indicates that aerobic
fermentation tends to yield higher amino acid concentrations, including
glutamate, compared to anaerobic conditions (Z. Wang et al., 2023).

The fermentation process involves various microorganisms that
convert glutamate compounds into y-aminobutyric acid (GABA) through
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the action of glutamic acid decarboxylase (GAD) (Hong and Kim, 2019;
Soma et al., 2017). The activity level of GAD enzymes plays a crucial role
in determining the quantity of GABA formed, with each microorganism
exhibiting distinct GAD enzyme activity (Ohmori et al., 2018). Several
factors influence GABA formation during fermentation, including pH,
temperature, incubation time, and substrate composition (Wu et al.,
2018).

Substrate composition also plays a critical role in GABA synthesis,
with the addition of glutamate compounds resulting in higher GABA
yields. For instance, yogurt-amazake containing 2709 pM glutamate
yields 1096 pM of GABA after 5 days of fermentation (Ohmori et al.,
2018). Moreover, fermentation of various substrates, including soybeans
and fruits, can lead to significant GABA production. For instance, Levi-
lactobacillus brevis has been shown to effectively ferment soybean
sprouts, yielding high concentrations of GABA in yogurt-like products
(Y. Zhang et al., 2023).

Furthermore, the addition of pyridoxal phosphate as an enzyme
cofactor, sulfur ions, and calcium in the form of compounds such as
CaCly, MgS0y4, and MnSO4 has the potential to activate the enzyme GAD
and enhance the production of GABA (Wu et al., 2018). Various studies
have identified the presence GABA in a range of fermented foods and
beverages, such as tempeh, curd, durian acid, cassava tape, budu fish,
sake, yogurt-sake, sourdough, and mulberry beer (Anggraini et al.,
2019; Aoki et al., 2014; Coda et al., 2010; Ohmori et al., 2018; Zhang
et al., 2019).

GABA is involved in various physiological processes and has been
associated with properties such as antidepressant, antidiabetic, and
antihypertensive effects (Cifelli et al., 2020; Melini et al., 2019; Sahab
et al., 2020). Research has highlighted the importance of GABA in
controlling neurological diseases, including epilepsy, schizophrenia,
depression, anxiety, chronic pain, and neurodevelopmental disorders
(Pan, 2012; Wahab et al., 2019; Yuan et al., 2015). The physiological
functions of GABA extend beyond its role as a neurotransmitter; it has
been linked to anti-hypertensive, anti-inflammatory, and
anti-depressant effects (J. Han et al., 2023).

The synthesis of GABA is attributed to several microorganisms,
including Aspergillus oryzae, Rhizopus oligosporus, L. plantarum, Strepto-
coccus thermopillus, L. futsaii, and Bifidobacterium adolescentis (Ando and
Nakamura, 2016; Aoki et al., 2014; M. Han, 2020; Ohmori et al., 2018;
Sanchart et al., 2018; Strandwitz et al., 2018; Zhang et al., 2019).
Furthermore, the metabolic pathways involved in glutamate production
are intricately linked to the overall microbial community dynamics
during fermentation, where different LAB species may contribute var-
iably to glutamate synthesis (Shangguan et al., 2023).

Traditional fermented foods like terasi harbor various yeast and LAB
species. Yeasts identified in terasi include Candida membranaefaciens, C.
tropicalis, and Debaryomyces hansenii var. Fabryi, while LAB species such
as L. futsaii, L. plantarum, and L. lactis LA43 have also been documented
(Amalia et al., 2018; Sanchart et al., 2018; Suzuki et al., 1987; T. T.-T.
Vo and Park, 2019). Such insights are crucial for optimizing fermenta-
tion processes and improving the quality of fermented foods, as they can
inform the selection of starter cultures and the management of
fermentation conditions (Jin et al., 2024).

The growth of microorganisms during terasi production, including
salting, drying, and fermentation stages, significantly influences their
abundance. Rinsing inhibits the growth of pathogenic microorganisms
and decay, decreasing the total microbial count. Similarly, the drying
process reduces water content and water activity (Aw) in the material,
thereby inhibiting the growth of pathogens and decay (Charmpi et al.,
2020; Pongsetkul et al., 2017; Devanthi and Gkatzionis et al., 2019; X.
Yang et al., 2020).

During fermentation, microbial populations fluctuate, with LAB
dominating from day O to day 5, while yeast predominates from day 9 to
day 15 (Pongsetkul et al., 2017). LAB and yeast in terasi influence the
conversion of glutamate to GABA, mediated by GAD enzyme activity.
This enzyme activity, contributed by both yeast and LAB, affects the
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quantity of GABA produced during terasi fermentation (Hong and Kim,
2019; C. Wu et al., 2018). However, little is known about the presence of
GABA in terasi. This study aims to elucidate the microbial succession
and dynamics during spontaneous fermentation, investigating the rela-
tionship between microbiota and changes in glutamate and GABA
production.

2. Materials and methods
2.1. Sample processing

The production process of terasi, as outlined by Sumardianto et al.
(2019) with modifications. Initially, rebon shrimp are washed, followed
by the addition of 5% salt and 10% mashed sugar using a blender.
Subsequently, the mixture undergoes two drying phases, each con-
ducted at 30-35 °C using a food dehydrator for durations of 2 and 18 h,
respectively. The fermented process then occurs spontaneously at room
temperature. Samples are collected at various intervals for analysis
(Fig. 1).

2.2. Total lactic acid bacteria and total yeast

The total analysis of LAB was conducted following the methods
outlined by Ohmori et al. (2018) and following the protocols established
by National Standardization Agency (2015) for total yeast analysis.
Samples were extracted and diluted using 0.85% NaCl solution at di-
lutions ranging from 10! to 107°. Subsequently, 1 mL of the diluted
samples at dilutions of 10~#, 107>, and 106 was plated onto sterile cups
containing 15-20 mL of De Man, Rogosa, and Sharpe Agar (MRS) sup-
plemented with 1% (w/v) CaCOs for LAB analysis, and Yeast Mannitol
Agar (YMA) media supplemented with amoxicillin for total yeast anal-
ysis. Incubation was carried out at 37 °C for two days for LAB analysis
and at 25 °C for five days for yeast analysis, followed by colony counting
(CFU) to determine viable counts.

2.3. Microbial community analysis
1) DNA genome extraction

Samples were collected on dry ice during processing and stored at
—80 °C until DNA extraction. Total DNA from terasi was extracted using
the CTAB/SDS method. The concentration and purity of DNA were
assessed on a 1% agarose gel, and based on concentration, DNA was
diluted to 1 ng/pL using sterile water.

2) Amplification of the 16 S rRNA gene

The bacterial 16 S rRNA gene was amplified using Polymerase Chain
Reaction (PCR) with Phusion® High-Fidelity PCR Master Mix (New

Fig. 1. Rebon shrimp terasi.
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England BioLABs). Universal primer pairs 341 F (5-CCTAYGGGRBG-
CASCAG-3) and 806 R (5-GGACTACHVGGGTWTCTAAT-3), targeting
the V3-V4 region of the bacterial 16 S rRNA gene, were utilized for
amplification. The amplified PCR products were then subjected to
pyrosequencing for detailed analysis. The metagenomic sequencing data
have been deposited in the BioProject database under accession number
PRJNA1165198, corresponding to the 16 S rRNA Metagenomic Ampli-
con of terasi.

3) Quantification and qualification of PCR products

Quantification and qualification of PCR products were performed by
mixing equal volumes of 1X loading buffer (containing SYB green) with
PCR products and running electrophoresis on a 2% agarose gel. Samples
exhibiting bright main strips between 400 and 450 bp were selected for
further analysis. PCR products were mixed at equal density ratios.

4) Purification and Refinement of PCR Products

Mixed PCR products were purified using the Qiagen Gel Extraction
Kit (Qiagen, Germany). Subsequently, library construction was carried
out using the NEBNext® UltraTM DNA Library Prep Kit for Illumina, and
the library was quantified using a Qubit® 2.0 Fluorometer (Thermo
Scientific) and Q-PCR, before being analyzed on the Illumina platform.

5) Bioinformatic analysis of amplicon sequencing data

Base pair reads were obtained based on barcode and primary
sequence information. The obtained reads were paired using FLASH
(V1.2.7). Quality filtering of raw tags was performed using QIIME
(V1.7.0) under specific filtering conditions to obtain high-quality clean
tags (Ramirez-Guzman et al., 2004). Subsequently, tags were compared
to the SILVA database using the UCHIME algorithm to detect chimera
sequences until effective tags were obtained (Edgar et al., 2011).

6) Preparation of OTU clusters

Using Sequence analysis was conducted using UPRASE Version
7.0.1090 software, with sequences classified into operational taxonomic
units (OTUs) at 97% similarity. Representative sequences for each OTU
were filtered for further analysis. QIIME (Version 1.7.0) was employed
for taxonomic annotation against the SSUrRNA database using the
MOTHUR method, with further species annotation performed using the
SILVA database. Phylogenetic relationships were determined using
MUSCLE (Version 3.8.3) from all OTU representative sequences. OTU
abundance information was normalized, and alpha and beta diversity
analyses were conducted based on normalized data.

2.4. Glutamate and GABA analysis

Glutamate and GABA analysis was conducted using High-
Performance Liquid Chromatography (HPLC), combining standard
curve construction by calculating the ratio of peak areas to analyte
concentrations with linearity assessed through calibration curves
derived from glutamate and GABA standard solutions (Pencheva et al.,
2023). The methodology also incorporated protocols from previous
studies (Shi et al., 2013; Woraharn et al., 2014). For sample preparation,
1 g of dried and ground terasi was dissolved in 10 mL of distilled water,
vortexed for 15 min, and centrifuged at 10,000 rpm for 20 min to
concentrate the extract. A 200 pL aliquot of the supernatant was com-
bined with 100 pL of phenyl isothiocyanate (PITC) and 100 pL of trie-
thylamine (TEA), then stirred for 1 h. Following this, 400 pL of hexane
was added, and the mixture was allowed to settle for 10 min. The lower
layer of the solution was filtered through a 0.45 pm membrane. The
resulting filtrate was injected into an HPLC system fitted with an Agi-
lent® C18 column (250 x 4.6 mm x 5 pm). Detection was performed at a
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wavelength of 254 nm, with the column maintained at 36 °C, an injec-
tion volume of 5 pL, and a flow rate of 1 mL/min. The mobile phase
comprised 45% phase A (sodium acetate) and 55% phase B
(acetonitrile).

2.5. Data analysis

Descriptive analysis examined the relationship between bacterial
dynamics during fermentation, glutamic acid, and GABA production.
Average values and standard deviations were calculated from collected
data, and the results were analyzed descriptively.

3. Result and discussion

3.1. Dynamic characteristics of LAB and yeast growth

Terasi, a traditional Indonesian shrimp paste, undergoes sponta-
neous fermentation, where microorganisms are naturally selected
through the addition of salt and drying to reduce water activity, inhib-
iting spoilage microorganisms (Pongsetkul et al., 2017). The presence of
6-8% salt effectively limits the growth of these organisms (Pongsetkul
and Benjakul, 2021). In addition to salt, terasi contains 10% sugar,
which also decreases water activity, further inhibiting decay. The in-
clusion of sugar further lowers the water activity, restricting microbial
activity and contributing to the stability of the product (Chirife and
Buera, 1994).

Fig. 2 shows the growth patterns of LAB and yeast during the spon-
taneous fermentation of terasi from day O to day 14. LAB growth remains
relatively stable, maintaining a high concentration of about 6.32-7.64
log CFU/g throughout the fermentation process. This consistency in LAB
levels highlights their dominance in the early stages of fermentation,
where they rapidly consume available nutrients and produce lactic acid,
creating an acidic environment that suppresses the growth of competing
microorganisms.

In contrast, yeast growth becomes detectable only after day 4, with a
steady increase in its population reaching approximately 1 log CFU/g by
the end of the fermentation period. The delay in yeast detection can be
attributed to the initial dominance of LAB, which lowers the pH and
reduces oxygen levels, conditions that are more favorable for yeast
growth. During the early stages of fermentation, yeast may undergo an
adaptation phase, resulting in a minimal count that is undetectable. By
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the 4th day of fermentation, the total yeast count reaches 2.30 log CFU/
g, steadily rising to 6.65 log CFU/g by the 13th day of fermentation.

The fermentation process is driven by LAB and yeast. LAB, in
particular, play a crucial role in flavor and aroma development by
breaking down proteins into peptides and amino acids via protease ac-
tivity (Pongsetkul et al., 2016). Throughout the 14-day fermentation
period, LAB counts remain stable, aligning with prior findings where
LAB populations in high-salt fermented foods typically range from 4 to 6
log CFU/g (Kobayashi et al., 2003). The stable LAB count is likely due to
the contribution of LAB from the raw shrimp used in the process.
Research have identified various LAB present in terasi, including
Lactobacillus, Pediococcus, Streptococcus, and Enterococcus (Sanni et al.,
2002; Stefanny and Pamungkaningtyas, 2023). Common LAB species in
high-salt environments include Tetragenococcus halophillus and
T. muriaticus, with L. plantarum being the dominant strain in terasi,
known for producing glutamate, a flavor-enhancing compound (Amalia
et al., 2018).

Yeast detection in terasi initiates on the 4th day of fermentation, with
levels gradually increasing until the 14th day. By the 4th day, yeast
count reaches 2.30 log CFU/g, escalating to 6.65 log CFU/g by the 13th
day. Yeast growth was observed to initiate after day 4 of fermentation,
likely due to the initial dominance of LAB. During the early phase, LAB
rapidly consume available nutrients and produce lactic acid, leading to a
reduction in pH, which subsequently creates favorable conditions for
yeast proliferation. Furthermore, as oxygen levels decline due to LAB
activity, the environment becomes more conducive to yeast growth,
which thrives in anaerobic and acidic conditions. As LAB reduce oxygen
levels through their metabolic activities, the anaerobic and acidic con-
ditions become more suitable for yeast growth (Maicas, 2020). The
delayed yeast growth may also be attributed to a lag phase, wherein
yeast requires time to adapt to the complex microbial environment
before its population can expand significantly. These findings are
consistent with previous studies on microbial interactions during
spontaneous fermentation, which highlight the role of LAB in modu-
lating the fermentation environment for yeast development
(Alvarez-Martin et al., 2008; Ravyts et al., 2012).

Yeasts contribute to fermentation through enzymatic activities,
including amylolysis and the production of bioactive compounds,
playing a secondary yet essential role in the fermentation (J. et al., 1944;
Rai et al., 2019). The proteases responsible for this hydrolysis can be of
microbial or indigenous origin, contributing to the transformation of
proteins during fermentation (Y. Huang et al., 2017). Compared to LAB,
yeast’s enzymatic action can lead to a higher likelihood of producing
novel bioactive peptides through protease-mediated hydrolysis. The
co-culturing of different bacteria and yeasts has been shown to accel-
erate the process of proteolysis and generate bioactive peptides in fer-
mented foods (Chaudhary et al., 2021). Different microorganisms
possess unique pools of proteolytic enzymes, influencing the extent of
protein hydrolysis and the resulting bioactive peptide production
(Tonini et al., 2024).

3.2. Bacterial community profile during spontaneous fermentation

Further identification through an amplicon metagenomics approach
was conducted on samples collected on days 0 (DO) and 7 (D7) (Fig. 3),
coinciding with a significant increase in GABA levels. Amplicons were
sequenced on the Illumina platform to generate raw paired-end reads of
250 base pair, which were subsequently merged and processed to obtain
clean tags. After removing chimeric sequences, effective tags were ob-
tained, totaling 137,417 reads for DO and 117,870 reads for D7
(Supplementary Table S1). The sequencing depth was deemed sufficient
for subsequent analysis, as indicated by the a-rarefaction curve results
(Supplementary Fig. 2). A total of 120,740.5 phyla, 120,707 classes,
120,534.5 orders, 119,032 families, and 115,421.5 genera were iden-
tified from the 16 S amplicon dataset (Supplementary Figs. 1 and 3).
Firmicutes dominated on both DO (51%) and D7 (51%), followed by
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Proteobacteria (43% on DO and 36% on D7), Actinobacteriota, Bacter-
oidota, Acidobacteriota, Myxococcota, and Chloroflexi.

The genera-level analysis of bacterial communities during the
fermentation process of terasi demonstrated significant shifts in the
relative abundance of various bacterial taxa. On Day 0 (D0), the genus
Vibrio dominated the microbial community, accounting for 39% of the
total abundance. However, by Day 7 (D7), Vibrio was almost entirely
replaced by Macrococcus, which became the dominant genus, consti-
tuting 25% of the microbial composition (Table S2). This notable tran-
sition is indicative of the dynamic microbial ecology inherent to the
fermentation process.

Several genera exhibited marked fluctuations in abundance over the
seven-day fermentation period. For instance, Bacillus and Pseudar-
throbacter demonstrated substantial increases in abundance. These
genera are known for their roles in fermentation, likely contributing to
the biochemical transformations occurring during the process, such as
the production of bioactive compounds like glutamate and GABA, which
are essential for enhancing the umami taste and health benefits of terasi.
Research indicates that specific strains of Bacillus, such as B. velezensis
and B. licheniformis, can produce GABA through fermentation processes
involving substrates like brewer’s spent grain (Kim et al., 2022). The
enzymatic pathways involved in the conversion of glutamate to GABA
are facilitated by enzymes such as glutamate decarboxylase, which is
present in these Bacillus strains (Jang et al., 2021; Kim et al., 2022).

The dynamic nature of these microbial shifts suggests intricate in-
teractions between specific bacterial taxa and the production of desired
fermentation products. The rise of Bacillus and Pseudarthrobacter aligns
with their known roles in protein degradation and fermentation, pro-
cesses that are likely linked to the formation of glutamate and GABA.
These compounds not only contribute to the sensory attributes of terasi
but may also provide health benefits, such as neuroprotective effects and
improved gastrointestinal function.

Conversely, other genera, including Prevotella, Macrococcus, Vibrio,
Vagococcus, and Salinicoccus, displayed significant reductions in relative
abundance, with decreases ranging from 34% to 100% by D7. The
dramatic decline of Vibrio may be linked to the increasing acidity and
other environmental shifts in the fermentation matrix, favoring acido-
philic and halotolerant genera such as Bacillus. The reduction in genera
such as Macrococcus and Vibrio is also noteworthy, as their diminished
presence may signal a shift from an initial rapid fermentation phase
dominated by opportunistic or spoilage-related microbes to a more
controlled fermentation phase driven by beneficial, fermentation-
specific bacteria. These findings underscore the importance of moni-
toring microbial dynamics to optimize the safety and quality of tradi-
tionally fermented products.
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Furthermore, examining the o diversity between DO and D7 samples,
it was observed that the a diversity indices (Shannon, Simpson, Chaol,
and ACE) were higher in the D7 sample compared to the DO sample
(Table 1). Specifically, there were 259 OTUs unique to the DO samples,
1102 OTUs unique to the D7 samples, and 269 OTUs shared between the
DO and D7 samples (Fig. 4). This indicates that fermentation leads to an
increase in bacterial richness and diversity. These findings suggest that
the majority of active bacteria were present in both the raw material and
the fermentation environment during the initial stages, and as the
spontaneous fermentation progressed, bacteria from the fermentation
environment continued to naturally inoculate the terasi mass.

Based on the bacterial abundance observed in the DO and D7 sam-
ples, we identified 20 bacteria representing the core microbiome. The
network analysis of core microbiome communities during the fermen-
tation of terasi revealed distinct shifts in bacterial associations between
Day 0 (D0) and Day 7 (D7) of the fermentation process (Fig. 5). Using
Cytoscape, we visualized the bacterial interactions, highlighting the
changes in microbial composition driven by fermentation dynamics.

On DO, a diverse group of bacteria formed the core microbiome, with
several genera exclusively present during the early stage of fermenta-
tion. These included Prevotella, Muribaculaceae, Eubacterium, Pre-
votellaceae, Subdoligranulum, Ailoprevotella, and Agathobacter, all of
which are primarily associated with carbohydrate fermentation and
anaerobic digestion. Their presence at this initial stage suggests that
they may play a role in breaking down complex carbohydrates in the raw
materials, contributing to early fermentation activities. Prevotella spe-
cies are abundant in the rumen of herbivorous animals, where they
facilitate the breakdown of fibrous plant materials, thus enhancing en-
ergy extraction from the diet (Bailoni et al., 2021; Deusch et al., 2019; Li
et al., 2022). Muribaculaceae, another family within the Bacteroidetes
phylum, has been identified as a significant player in the fermentation of
complex carbohydrates. These bacteria are predominantly found in the
gastrointestinal tracts of mammals, where they thrive on plant-derived
polysaccharides (Maidment et al., 2023; Ozbayram et al., 2018). Eu-
bacterium, particularly Eubacterium nodatum, is also recognized for its
role in degrading indigestible carbohydrates and producing single chain
fatty acids, which are vital for colonic health (X. Han, 2023).

By D7, significant shifts were observed in the core microbiome, as
several bacterial genera from DO either diminished or were completely
absent. In contrast, new genera such as RB41, Nitrospira, Bryobacter, and
Candidatus solibacter emerged. These genera are typically found in more
specialized niches and are known for their roles in nitrogen cycling and
organic matter degradation. Their presence on D7 indicates that as the
fermentation environment matures, it selects for bacteria capable of
surviving in the more acidic and nutrient-depleted conditions, as
fermentation progresses. Nitrospira species are known for their ability to
oxidize nitrite to nitrate, a process that is vital in the nitrogen cycle.
They possess unique metabolic pathways that allow them to thrive in
low-nutrient environments (Daims et al., 2015). Bryobacter species are
known for their ability to degrade complex organic compounds,
including polysaccharides and aromatic compounds. Bryobacter can
utilize a variety of substrates, including sugars, polysaccharides, and
organic acids, which are products of organic matter decomposition
(Guerra et al., 2022; J. Huang et al., 2024; Rosier et al., 2021). Candi-
datus Solibacter species are characterized by their capacity to degrade a
wide range of organic compounds, contributing to the cycling of carbon.
It has been reported that this genus produces enzymes that facilitate the
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breakdown of complex organic compounds, thereby enhancing the
decomposition process (J. Huang et al., 2024).

The differences in bacterial community structure between DO and D7
reflect the dynamic nature of microbial interactions during fermenta-
tion. The disappearance of Prevotella and Agathobacter, coupled with the
rise of RB41 and Candidatus solibacter, points to a microbial succession
pattern that optimizes the fermentation environment. This microbial
shift could influence key fermentation parameters, such as the produc-
tion of bioactive compounds, flavor profiles, and the overall safety of the
fermented product. The replacement of early carbohydrate-degrading
bacteria with nitrogen-cycling and organic matter-degrading bacteria
suggests a shift in metabolic activities that are crucial for the completion
of the fermentation process.

3.3. Dynamic characteristics of glutamate and GABA

The examination of glutamate and GABA concentrations across the
fermentation timeline revealed distinct patterns. Glutamate concentra-
tions exhibited a noticeable rise from 105.18 mg/mL on the 3rd day to
107.04 mg/mL on the 7th day, culminating in a significant increase to
139.19 mg/mL by the 14th day of fermentation (Fig. 6). Concurrently,
GABA concentrations followed a similar trend, albeit with slight fluc-
tuations. Starting at 90.49 mg/mL on the 3rd day, GABA levels increased
to 103.42 mg/mL by the 7th day and finally reached 106.98 mg/mL by
the 14th day. This observed progressive augmentation in glutamate and
GABA concentration highlight the dynamic of microbial activity during
fermentation. The data trend suggests a gradual accumulation of these
compounds over time, indicating ongoing biochemical processes
throughout fermentation. Such insights underscore the intricate meta-
bolic transformations occurring within the terasi matrix, emphasizing
the importance of monitoring fermentation kinetics for elucidating the
underlying mechanisms driving flavor development and nutritional
enhancement.

Glutamate levels during terasi fermentation steadily increased. This
trend is consistent with previous studies on fermented shrimp paste
(kapi) and tuna condensate waste, where prolonged fermentation leads
to higher glutamate concentrations (Pongsetkul et al., 2017; Sanchart
et al., 2018). The increase in glutamate can be attributed to the break-
down of proteins during fermentation, a process driven by microbial
proteolysis (Amalia et al., 2018).

Glutamate, an essential compound in microbial metabolism, plays a
pivotal role in the synthesis of GABA. During fermentation, glutamate
serves as the precursor for GABA production through the action of the
enzyme GAD. As glutamate levels increased throughout the fermenta-
tion process, a corresponding rise in GABA concentration was observed,
indicating a direct relationship between the availability of glutamate
and the synthesis of GABA. This upward trend highlights the dynamic
interaction between these two compounds, driven by microbial activity
during fermentation.

GABA concentrations were recorded at 90.49 mg/mL on day 3,
103.42 mg/mL on day 7, and 106.98 mg/mL on day 14. This increase
correlates with longer fermentation times, in line with findings from
Sanchart et al. (2017), who observed a rise in GABA levels during the
fermentation of kung-som (fermented shrimp), with concentrations
reaching up to 12,000 mg/kg after 21 days. The results confirm that
prolonged fermentation enhances both glutamate and GABA levels,
demonstrating the metabolic relationship between these compounds in

Table 1
Bacterial diversity during fermentation.
Sample Observed Species Diversity Index Richness Estimator Good Coverage (%) PD Whole Tree
Shannon Simpson Chaol ACE
TerasiDO 528 4.298 0.871 561.016 564.059 0.999 52.021
TerasiD7 1371 5.725 0.916 1317.306 1375.634 1.000 121.096
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Fig. 4. (a) Taxonomic annotation analysis terasi day 0, (b) Taxonomic annotation analysis terasi day 7, (c) Comparisons of dominant bacteria (>1%) at the genera

level between terasi DO and D7.
fermented foods.

3.4. Association of the terasi LAB and yeast dynamics characteristic with
glutamate and GABA production

The relationship between LAB growth, yeast proliferation, and the
concentrations of glutamate and GABA during terasi fermentation is

illustrated in Fig. 7. On the 3rd day of fermentation, glutamate levels
reached 105.18 mg/mL, and GABA measured 90.49 mg/mL, with high
LAB counts at 7.22 log CFU/g, but no detectable yeast growth. By the 7th
day, glutamate increased to 107.04 mg/mL, and GABA rose to 103.42
mg/mL, accompanied by a slight rise in LAB count (7.37 log CFU/g) and
significant yeast growth (2.87 log CFU/g). This indicates a correlation
between increased glutamate and GABA production and microbial
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Fig. 6. Amount of glutamate and GABA during the spontaneous fermentation
process of D3, D7, and D14.

growth.

On the 14th day, glutamate concentration peaked at 139.19 mg/mL,
while GABA reached 106.98 mg/mL. Despite a decrease in LAB count to
6.63 log CFU/g, yeast count continued to rise, reaching 5.51 log CFU/g.
Interestingly, even with declining LAB, glutamate concentration
increased by 32.15 mg/mL. These results highlight the complex rela-
tionship between microbial activity and the production of bioactive
compounds during terasi fermentation.

During terasi fermentation, glutamate and GABA, synthesized by
microorganisms like L. plantarum and L. futsaii, play critical roles as
primary and secondary metabolites, respectively (Abdel-Aziz et al.,
2017; Anggraini et al., 2019; Su et al., 2003). LAB utilize carbohydrates
through glycolysis, generating pyruvate and acetyl CoA, which are then
converted into intermediates such as a-ketoglutarate, precursors for
glutamate and GABA synthesis (Watanabe et al., 2002). Proteolytic
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Fig. 7. The relationship curve between LAB growth and yeast and the amount
of glutamate and GABA detected in D3, D7, and D14.

activity by LAB and yeasts further enhances glutamate and GABA for-
mation through protein degradation (Braun, 2015; Hecht et al., 2014;
Savijoki et al., 2006). The symbiotic interaction between these microbes
during fermentation, as observed by Sanchart et al. (2017), creates
favorable conditions for metabolite synthesis, with LAB’s acid produc-
tion promoting yeast growth, which supplies essential nutrients for
further LAB activity.

On day 3 of fermentation, glutamate and GABA levels were recorded
at 105.18 mg/mL and 90.49 mg/mL, respectively. Despite the absence of
yeast growth at this stage, the high LAB count (7.22 log CFU/g) suggests
their active role in glutamate and GABA production, consistent with the
proteolytic and GAD activity of LAB (Sanchart et al., 2017; Savijoki
et al.,, 2006). By day 7, both glutamate and GABA concentrations
increased to 107.04 mg/mL and 103.42 mg/mL, with total LAB rising to
7.37 log CFU/g, and yeast reaching 2.87 log CFU/g, indicating a
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correlation between microbial growth and metabolite levels.

On day 14, glutamate peaked at 139.19 mg/mL, while GABA reached
106.98 mg/mL. Despite a decrease in LAB to 6.63 log CFU/g, yeast
continued to proliferate, reaching 5.51 log CFU/g. The significant rise in
glutamate without a proportional increase in GABA suggests possible
yeast utilization of GABA as a nitrogen source, limiting its accumulation
(Ando and Nakamura, 2016). Moreover, bacterial enzymatic conversion
of GABA via GABA transaminase may have further reduced GABA levels
(Yogeswara et al., 2020).

Further characterization of the correlation between dynamic bacte-
ria and the increased amounts of GABA and glutamate was explored
through metagenomic identification. Bacterial shifts observed on days
0 and 7 of fermentation appear to be linked to the increasing levels of
GABA, indicating a potential positive relationship between certain
bacterial species and GABA production. These findings highlight the
complexity of microbial ecosystems in spontaneous fermentation, where
bacteria interact to facilitate metabolic processes (Fig. 7 & Supple-
mentary Fig. 5).

Key bacterial genera, including Bacillus, Exiguobacterium, Pseudar-
throbacter, Staphylococcus, and Jeotgalicoccus, exhibited significant
growth by day 7. Bacillus showed the most prominent increase, likely
due to its role in glutamic acid synthesis, a precursor to GABA. Bacillus
also produces glutamate synthase, an enzyme critical for glutamate
biosynthesis (Kimura and Kobayashi, 2020). Research suggests that
Bacillus, when grown in specific conditions (1% glucose, 2% soybean
hydrolysate), can yield GABA concentrations as high as 1.623 g/L with a
productivity of 541.2 mg/L/day (Lin and Lan, 2018). Additionally, Ba-
cillus enhances LAB growth, suppresses pathogens, and promotes an
environment conducive to GABA accumulation through co-fermentation
with LAB (Z. Yang et al., 2021). Due to these properties, Bacillus has been
extensively studied for its genetic potential in GABA production (Kim
et al., 2022; Park and Oh, 2006; Rochaddi et al., 2019; H. Wang et al.,
2018).

Other genera like Exiguobacterium, Pseudarthrobacter, Staphylococcus,
and Jeotgalicoccus also increased on day 7. Exiguobacterium possesses
metabolic pathways for GABA biosynthesis (Kanehisa et al., 2021).
While Pseudarthrobacter contributes to GABA degradation via the
succinate-semialdehyde pathway, reducing GABA levels (Caspi et al.,
2016). These enzymes facilitate the conversion of GABA into L-gluta-
mate, NAD+, and NADH via the succinate-semialdehyde pathway,
consequently reducing the concentration of GABA formed.

Staphylococcus showed an increase, while Macrococcus exhibited a
decrease during fermentation on D7. Genera Staphylococcus and Mac-
rococcus are monophyletic, sharing intergenera 16 S rRNA sequence
similarities of 93.4%-95.3% (Mazhar et al., 2018). This finding corre-
lates with the abundant presence of Staphylococcus and Macrococcus in
shrimp paste. Various Staphylococcus sp. have also been identified in
Vietnamese and Korean fermented fish, such as Staphylococcus pasteuri,
Staphylococcus piscifermentans, Staphylococcus carnosus, and Staphylo-
coccus hominis, with reported GABA production yields ranging from
10.62 to 434.75 mM (T. T. T. Vo and Park, 2019).

The genera Prevotella, Macrococcus, Vagococcus, Vibrio, and Salini-
coccus exhibited a decline in abundance by day 7 of the fermentation
process. Notably, the relationship between Vagococcus and Salinicoccus
and the production of glutamate and GABA remains largely unexplored.
However, the reduction of Vibrio, a pathogenic bacterium associated
with fermented fish products (Jones and Oliver, 2009; Letchumanan
et al., 2015). is a beneficial outcome of the fermentation process. This
decrease underscores the critical role of LAB and other beneficial mi-
crobes in pathogen suppression during fermentation (Pongsetkul et al.,
2017).

Macrococcus, known for its potent proteolytic activity, facilitates the
release of peptides and amino acids, some of which exhibit bioactive
properties (Mazhar et al., 2018). Its involvement in amino acid synthesis
may be linked to its competitive advantage over anaerobic LAB in
oxygen-rich environments (Afshari et al., 2020).
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Despite the decrease in Vagococcus and Lactobacillus—members of
the LAB group—during the fermentation process, LAB have been linked
to GABA production in other fermentation contexts. For example, in
cheese fermentation, a positive correlation between Lactobacillus pres-
ence and GABA levels has been observed (Afshari et al., 2020). This
connection stems from the ability of LAB strains to express GAD, the
enzyme responsible for converting glutamate into GABA (Yogeswara
et al., 2020). The observed LAB dynamics in this study may be influ-
enced by fermentation time and temperature, both of which are critical
factors in optimizing GABA production. For instance, L. brevis has
demonstrated time-dependent GABA synthesis, reaching a peak con-
centration of 255 mM after 48 h of fermentation at 30 °C with 270 mM
monosodium glutamate (MSG) in MRS medium (Villegas et al., 2016).
To further enhance GABA production, process modifications such as the
supplementation of pyridoxal-5-phosphate may be effective, given its
role in activating GAD in LAB (Yogeswara et al., 2020).

This study suggests that the microbiota present during terasi
fermentation, particularly LAB, may play a pivotal role in the dynamics
of GABA production. However, further research into the functional roles
of these microbial communities and metabolic pathways of these mi-
crobial communities could help elucidate their exact roles in the
biosynthesis of key fermentation products, such as glutamate and GABA,
potentially guiding improvements in fermentation techniques for
enhanced product quality and safety.

4. Conclusion

During the 14-day fermentation of terasi, LAB populations remained
stable while yeast became detectable after day 4, likely due to LAB’s
early dominance, nutrient consumption, and pH reduction, which
created favorable conditions for yeast growth. Yeast growth was further
delayed due to a lag phase as it adapted to the acidic environment.
Notably, glutamate levels increased from 105.18 mg/mL on day
3-139.19 mg/mL on day 14, while GABA levels rose from 90.49 mg/mL
to 106.98 mg/mL during the same period. Metagenomic analysis
revealed a diverse microbial ecosystem, with core bacteria such as
Vibrio, Macrococcus, Staphylococcus, Exiguobacterium, Jeotgalicoccus,
Prevotella, Salinicoccus, Bacillus, Pseudarthrobacter, and Vagococcus
playing crucial roles in glutamate and GABA production. These findings
underscore the importance of microbial interactions in producing key
metabolites, offering potential for optimizing GABA yields through
further research at the genetic and metabolic levels.
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