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Abstract

Introduction Terasi is a fermented shrimp paste unique to Indonesia and is used in dishes to add umami and saltiness. In a
previous study, the controlled fermentation of terasi was optimized using starters containing three bacterial isolates: Staphy-
lococcus saprophyticus, Bacillus subtilis, and Lactobacillus murinus. However, the influence of controlled fermentation
using these starters on the metabolites in ferasi has not yet been studied.

Objectives Therefore, this study aimed to investigate the effect of controlled fermentation on taste-related metabolites in
terasi using a metabolomics approach.

Results Non-targeted analysis indicated that amino acids contributed to variations during fermentation. Subsequently, tar-
geted analysis of amino acids revealed that ferasi subjected to controlled fermentation using a starter with a 2:1:2 ratio of
S. saprophyticus, B. subtilis, and L. murinus, respectively, resulted in a product containing p-amino acids, such as D-Asp,
D-Gln, and p-Leu that was unique when compared to other terasi products prepared using controlled fermentation. Genetic
analysis of isolates from the ferasi produced using controlled fermentation was also carried out, and this is the first study to
suggest that Staphylococcus spp. has the potential to produce p-amino acids.

Conclusion In conclusion, the ratio of bacterial species in starter cultures used in controlled fermentation influenced the
amino acid profile of the product and starters with a higher ratio of Staphylococcus spp. may result in the production of
D-amino acids.

Keywords Indonesian fermented shrimp paste - Controlled fermentation - Gas chromatography—mass spectrometry
analysis - Liquid chromatography—mass spectrometry analysis - Metabolomics approach - p-amino acids

1 Introduction

Terasi is a fermented shrimp paste prepared in Indonesia and
is produced from the planktonic shrimp Schizopodes spp. or
Mydes spp. The fermented shrimp paste is dark brown, gray,
or red in color with a strong aroma and is usually mixed
with chili, garlic, and salt to produce sambal-terasi (Hajeb
& Jinap, 2012). In general, making terasi involves four pro-
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cessing steps: (a) salting, (b) drying, (c) kneading, and (d)
fermenting. Approximately 10% (w/w) of salt is added to
oceanic planktonic shrimps. Salt is added to enhance the
flavor and extend the shelf life of the product (Hajeb &
Jinap, 2012). Then, the mixture is dried to a final moisture
content of 50%, which occurs either naturally, where the
mixture is spread on straw mats and sun-dried, or mechani-
cally (Ambarita, 2016). After the initial drying, extra salt
may sometimes be added. The semi-dry mixture of shrimp
is kneaded for homogenization and then pressed tightly into
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wooden tubs to remove excess air. The mixture is fermented
in the tub for a length of time ranging from a few weeks to
several months. The fermented product is dried again and
thereafter packaged for the market (Hajeb & Jinap, 2012;
Surono & Hosono, 1994).

Terasi is commonly produced in a cottage industry,
and preparation methods are often based on family tradi-
tions. In the cottage industry, the process of natural fer-
mentation is customary that can last from a few weeks
to several months (Aryanta, 2000; Hajeb & Jinap, 2012;
Waryono, 2002). and is considered to be complete when
desired aromatic odors are obtained. However, this makes
the fermentation process subjective, because the length of
fermentation is solely dependent on the producer. Because
the fermentation process is not uniform, the quality of the
final product, including its nutritional content and aroma,
varies greatly from region to region (Ambarita, 2016).
Furthermore, the sole use of natural fermentation poses a
higher risk for the entry of microbial pathogens (Cappozi,
2017). Therefore, controlled fermentation is recommended
instead of natural fermentation to produce terasi products
of uniform quality.

In this study, controlled fermentation was defined as the
addition of a starter culture containing specific bacterial spe-
cies at the beginning of the fermentation process. Starter
cultures are used to promote the fermentation process, and
the use of starter cultures to control fermentation has been
demonstrated in several fermented products such as coffee
(Pereira et al., 2015; Ribeiro et al., 2017), kimchi (Moon
et al., 2018), kocho (Andeta et al., 2019), and owoh (Ezekiel
et al., 2015). Starter culture for the controlled fermentation
of terasi has already been isolated from the natural fermen-
tation of Cirebon terasi, that and it includes a mixture of
Staphyloccocus saprophyticus, Bacillus subtilis, and Lacto-
bacillus murinus (Astuti et al., 2018). In addition, a previous
study has shown that controlled fermentation with starter
cultures containing S. saprophyticus, B. subtilis, and L.
murinus suppressed the growth of unwanted microorganisms
and resulted in different microbial compositions compared
with natural fermentation (Sato et al., 2020). Changes in
microbial composition can result in altered enzymatic reac-
tions that can eventually affect food components produced
during fermentation (Sharma et al., 2020). However, the
effect of controlled fermentation on the food components
in terasi has not yet been studied. Understanding changes in
food components, especially those related to taste, is impor-
tant for improving the sensory qualities of terasi.

Metabolomics is an omics approach used to comprehen-
sively analyze endogenous metabolites in biological systems
(Cevallos-Cevallos et al., 2009). In food research, metabo-
lomics techniques have been applied to differentiate sam-
ples based on origin or cultivar, evaluate the stress response,
optimize the post-harvest process, monitor changes during
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growth or fermentation, and predict quality. More specifi-
cally, changes in metabolite profiles have been monitored
during the fermentation of dough (Nakamura et al., 2018),
crab paste (Chen et al., 2016), okara (Mok et al., 2019), fer-
mented soybeans (Oh et al., 2016), and kimchi (Park et al.,
2016). Therefore, metabolomics is an appropriate tool for
investigating the changes in metabolite content during the
terasi fermentation process.

The objective of this study was to use a metabolomics
approach to investigate the effect of controlled fermentation
with starter culture containing S. saprophyticus, B. subti-
lis, and L. murinus on taste-related metabolites in terasi.
A Previous study on non-targeted metabolomics using gas
chromatography/mass spectrometry (GC/MS) indicated that
amino acids are one group of metabolites that change during
terasi fermentation. Therefore, targeted analysis of amino
acids was conducted using liquid chromatography/mass
spectrometry (LC/MS) to determine the specific amino acids
that distinguish terasi produced using natural fermentation
from terasi produced using controlled fermentation. Based
on the hypothesis that the ratio of the bacterial species in
the starter culture influences the amino acid profile, bacte-
ria were then isolated from ferasi prepared using different
starter culture ratios to determine which species were related
to the production of which amino acids.

2 Materials and methods
2.1 Preparation of terasi samples

Starter culture inoculum containing three different ratios of
Staphylococcus saprophyticus, Bacillus subtilis, and Lac-
tobacillus murinus were prepared. Fermentation was then
initiated by adding 10% (v/w) of inoculum to the shrimp
mixture, as shown in Table 1. During the one-month fer-
mentation period, time-course sampling was performed once
every week. Detailed sample preparation of terasi can be
found in a previous study (Sato et al., 2020).

Table 1 Inoculation ratio of starter culture used for ferasi fermenta-
tion

S. saprophyticus ~ B. subtilis L. murinus
Natural - - _
Terasi A 1
Terasi B 1 2
Terasi C 2
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Table 2 List of amino acids
for targeted analysis using

p/L-Alanine p/L-Glutamine

p/L-allo-Isoleucine

Proline

liquid chromatography/mass
spectrometry (LC/MS)

D/L-Arginine p/L-Glutamic acid

D/L-Asparagine Glycine
p/L-Aspartic acid p/L-Histidine

p/L-Cysteine p/L-Isoleucine

p/L-Leucine
p/L-Lysine
p/L-Methionine
p/L-Phenylalanine

p/L-Threonine
p/L-allo-Threonine
p/L-Tryptophan
p/L-Tyrosine

D/L-Valine

2.2 Targeted analysis of amino acids using LC/MS
to determine the influence of starter culture
ratio of controlled fermentation

The purpose of the targeted analysis of amino acids using
LC/MS analysis was to determine the specific amino acids
that differentiate naturally fermented terasi from that pro-
duced using controlled fermentation. A list of targeted amino
acids is shown in Table 2. This section discusses the pre-
treatment of the samples and the analysis conditions of LC/
MS based on those described by Umakoshi et al. (2019).

2.2.1 Extraction of metabolites for LC/MS analysis

Metabolites were extracted based on the procedure shown in
Fig. 1. The reagents used for pretreatment included high-per-
formance liquid chromatography (HPLC)-grade acetonitrile
(Kanto Chemical, Tokyo, Japan), HPLC-grade ethanol (Fuji-
film Wako Pure Chemical, Osaka, Japan), chloroform (Kanto
Chemical), trifluoroacetic acid (TFA) (Fujifilm Wako Pure
Chemical), pL-Alanine-2,2,3,3,-d, (Santa Cruz Biotechnol-
ogy Inc., Dallas, Texas, United States), and ultrapure water.

For LC/MS analysis, 10 g of the prepared powdered sample
was weighed in a 1.5 mL Eppendorf tube. Thereafter, 500
pL of 1% TFA in water was added along with 20 pL of pL-
Alanine-2,2,3,3,-d, (internal standard; 40 pmol/mL). Acidic
water was used to encourage the separation of amino acids
from proteins. Samples were incubated in a shaker incubator
(Thermomixer comfort, Eppendorf, Hamburg, Germany) at
1200 rpm and 4 °C for 30 min. To remove fat, 100 pL of
chloroform was added to the mixed sample, which was then
vortexed and centrifuged at 9170xg at 4 °C for 10 min. Next,
300 pL of the supernatant was transferred to 2.0 mL Eppen-
dorf tubes, and 1400 pL of 70% acetonitrile was added to
remove proteins. Samples were incubated in a shaker incu-
bator at 1200 rpm at 4 °C for 15 min and then centrifuged
at 9170xg at 4 °C for 10 min. Mixtures were concentrated
using a centrifugal concentrator (VC-96R, Taitec, Saitama,
Japan) at 150 rpm and 25 °C for approximately 120 min.
Subsequently, 100 pL of the supernatant was diluted with
400 pL of 80% acetonitrile/20% ethanol solution. Afterward,
100 pL of each sample was transferred into LC-MS vials.

Sample
H,0
111 Separate amino
= 7‘ — acids from proteins De-fat
Lyophilize ’ Grind Weigh Add 500uL Add 100 pL
Terasi 10 mg 1% TFA in H,0 chloroform
(Day 28 sample)
[ S—————
: Transfer Transfer =z
supernatant supernatant a
/‘\ Transfer ::
% // % %\ % to vial
De-protein —
Add 1400 puL Concentrate Add 400 pL
70% ACN ACN:EtOH (80:20)

TFA: trifluoroacetic acid

Fig. 1 Procedure for extracting metabolites from terasi for liquid chromatography/mass spectrometry (LC/MS) analysis
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Table 3 Liquid

Condition

Parameters
chromatography/mass
spectrometry (LC/MS) analysis Column
condition for Shimadzu LCMS-
8060
Mobile phase
Flow rate

Injection volume

Column oven temperature
Ionization mode
Nebulizer gas

Heating gas

Drying gas

Interface temperature

DL block temperature
Heating block temperature
Interface voltage

CROWNAK® CR-I(+) and CROWNAK®
CR-I(—) (Dicel Corp.)
(5 pm, 150 mm X 3.0 mm L.D.)

Acetonitrile/Ethanol/Water/Trifluoroacetic acid
(ACN/EtOH/H,0O/TFA) =80/15/5/0.5 (v/v/vIv)

0.4 mL/min
1 pL

25 °C
Positive
3 L/min
5 L/min
15 L/min
230 °C
250 °C
310 °C
4kV

2.2.2 Performing LC/MS analysis

After samples were transferred into their respective vials,
they were placed in an autosampler. LC/MS analysis was
performed using LCMS-8060 (Shimadzu, Kyoto, Japan),
and the conditions are shown in Table 3. For the analysis, the
automatic valve switching method described by Umakoshi
et al. (2019) was performed using a high-pressure switch-
ing valve FCV-32AH (Shimadzu). Chromatogram and mass
spectrum data were collected during the LC/MS analysis.
For normalization, the peak area value of each compound
was divided by the peak area of p-Alanine-2,2,3,3,-d,, the
internal standard. Metabolites were then annotated using the
amino acid standards in LabSolutions (Shimadzu). Similarly,
principal component analysis (PCA) was performed to dis-
tinguish the differences between naturally fermented terasi
samples and those produced using controlled fermentation.

2.3 Analysis of extracellular amino acids from terasi
isolates

To validate the hypothesis that p-amino acid is produced
from lactic acid bacteria, bacteria were isolated from terasi
samples, and isolates were cultivated in vitro. Then, b-amino
acid production was confirmed by measuring and identifying
extracellular amino acids using LC/MS analysis.

2.3.1 Isolation of bacteria from terasi

The reagents used included peptone (BD Difco, Franklin
Lakes, New Jersey, United States), De Man, Rogosa, Sharpe
(MRS) broth (BD Difco), agar (BD Difco), glycerol (Tokyo
Chemical, Tokyo, Japan), and pure water. Bacteria were iso-
lated from samples of naturally fermented ferasi and terasi
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C. Terasi C was selected because it produced the highest lev-
els of p-amino acids. To isolate bacteria, 1.0 g of powdered
sample (isolated from samples 28 days old as described in
Sect. 2.2.1) were diluted with 9 mL of 0.1% peptone water.
Then, 100 pL was plated on MRS agar and incubated at
37 °C for 48 h. Colonies with distinct characteristics were
chosen as isolates, and the morphology of the bacterial colo-
nies was described based on the characteristics discussed by
Reynolds (2020).

The following cultivation conditions for bacteria were
based on those described by Mutaguchi et al. (2018). For
isolation, selected colonies were cultivated on MRS agar
and incubated at 37 °C for 48 h. Then, isolates were pre-
cultured in 10 mL of MRS medium at 37 °C and 200 rpm
for 24 h. For the main culture, 1 mL of the pre-culture was
transferred into 99 mL of MRS medium and cultivated at
37 °C and 125 rpm for 24 h. To ensure pure colonies of the
isolates, 0.5 mL of main culture was inoculated in 0.5 mL
of sterilized 50% glycerol solution in a screw top tube to
prepare the glycerol stock, which was stored at — 80 °C.

2.3.2 Confirming p-amino acid production by the isolates
First, isolates were cultivated so that a medium containing

extracellular p-amino acids could be obtained. For cultiva-
tion, the glycerol stock was streaked on MRS agar plates and

Table 4 Sampling time points

. Isolate Sampling point
for isolates
A Oh 12h 24h
B Oh 12h 24h
C Oh 10h 25h
D Oh 10h 25h
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incubated at 37 °C for 48 h. Then, isolates were pre-cultured
in 10 mL of MRS medium at 37 °C and 200 rpm for 24 h.
For the main culture, 1 mL of the pre-culture was trans-
ferred into 99 mL of MRS medium and cultivated at 37 °C
at 125 rpm. Next, 1 mL of medium was sampled, centrifuged
at 9170xg at 4 °C for 10 min, and 700 pL of the supernatant
was transferred to a new 1.5 mL Eppendorf tube for use in
LC/MS analysis. The medium was sampled based on the
growth curve of individual isolates (Fig. S1), and Table 4
shows the sampling point.

The extraction method for LC/MS analysis was based
on the procedure described by Konya et al. (2017) and
metabolites were extracted based on the process shown
in Fig. 2. The reagents used for pretreatment included
HPLC-grade methanol (Kanto Chemical), HPLC-grade
acetonitrile (Kanto Chemical), HPLC-grade ethanol (Fuji-
film Wako Pure Chemical), chloroform (Kanto Chemical),
trifluoroacetic acid (TFA) (Fujifilm Wako Pure Chemical),
pL-Alanine-2,2,3,3,-d, (Santa Cruz Biotechnology Inc.),
and ultrapure water. For extraction, 50 pL of the medium
was used as the sample. For the sample, 50 pL of ultrapure
water, 100 pL of 50% methanol, 20 pL of pL-Alanine-
2,2,3,3,-d, (internal standard; 40 pmol/mL), and 300 pL
of methanol were added. The sample was then vortexed
and centrifuged at 9170xg at 4 °C for 10 min. Then, 360
pL of supernatant was transferred to a new tube, and 180
pL of water and 360 pL of chloroform were added. The
sample was then vortexed and centrifuged at 9170xg at
4 °C for 10 min. Next, approximately 400 pL of the sample
was syringe filtered using 0.25 pm filters (Kurabo, Osaka,
Japan). Subsequently, 50 pL of the filtered sample was

Transfer
supernatant

+50 pL sample + 180 pL water

+ 50 pL water
+20 uL IS
+ 300 pL methanol

Transfer
supernatant

‘2 Ng 2\

+ 360 pL chloroform

diluted with 200 pL of 80% acetonitrile/20% ethanol solu-
tion. The diluted sample (100 pL) was transferred to a
vial, and LC/MS analysis was performed as described in
Sect. 2.3.2.

Chromatogram and mass spectrum data were collected
during the LC/MS analysis. For normalization, the peak
area value of each compound was divided by that of p-Ala-
nine-2,2,3,3,-d,, the internal standard. Metabolites were
then annotated using the amino acid standards in LabSo-
lutions (Shimadzu). Univariate analysis was performed
by subtracting the original number of amino acids in the
medium and Student’s t-test in Microsoft Excel.

2.4 Genetic analysis of isolates

Genetic analysis was conducted for isolates A and B. A total
amount of 1.0 pg DNA per sample was used as input mate-
rial for the DNA sample preparations. Sequencing libraries
were generated using the NEBNext® DNA Library Prep Kit
following the manufacturer's recommendations, and indices
were added to each sample. The genomic DNA was ran-
domly fragmented to a size of 350 bp by shearing, and then
DNA fragments were end-polished, A-tailed, and ligated
with the NEBNext adapter for Illumina sequencing. They
were then PCR enriched using P5 and indexed P7 oligos.
The PCR products were purified (AMPure XP system) and
the resulting libraries were analyzed for size distribution
using an Agilent 2100 Bioanalyzer and quantified using real-
time PCR. Non-redundant protein annotation was conducted
to determine the genus of the isolates.

Transfer
to vial

7

Syringe
filter
—

+200 pL
80% ACN/
20% EtOH

Fig.2 Procedure for extracting metabolites from isolate media for liquid chromatography/mass spectrometry (LC/MS) analysis
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3 Results and discussion

3.1 Amino acid profile is dependent on the starter
culture ratio for controlled fermentation

A previous study indicated that amino acids are an impor-

et al., 2020). Therefore, targeted analysis of amino acids
using LC/MS was conducted to further determine the spe-

cific amino acids that differentiate naturally fermented ferasi
from that produced using controlled fermentation. Amino

acid analysis included both p- and L-forms, and a total of 33

tant group of metabolites in the final rerasi product (Sato

compounds were detected, as shown in Fig. 3.

s N [ N
L-amino acids D-amino acids Others
L-Alanine D-Alanine .
L Aswini L-Leucine D-Leucine Glycine
-Arginine D-Arginine g
L-Lysine s D-Lysine DL-Proline
L-Asparagine D-Asparagine
L-Methionine D-Methionine ~ /
L-Aspartic acid D-Aspartic acid
L-Phenylalanine
L-Cysteine
D-Serine

L-Serine
L-Glutamic acid
L-Threonine
L-Glutamine N
L-Tryptophan
L-Histidine Ypiop
L-Tyrosine

L-Valine

L-Isoleucine

L-allo-Isoleucine

D-Glutamic acid
D-Glutamine
D-Histidine

D-Isoleucine

Fig.3 List of 33 amino acids (in black) detected in ferasi using liquid chromatography/mass spectrometry (LC/MS). Amino acids in gray were

not detected in this analysis

(A) (B)
O L-amino acid
@ Natural 0 D-Gln @ D-amino acid
@ Terasi A D-A
6 ) ]Terasi g 0.3 D-Asn  L-Arg L-Asn ® ®
D Terasi D-Leu H D-Met
. o o
[ I — 021 Pch
e X
g 2] gq @po-Asp
% g 0.1+ o @)
~ 0 ~
8 ® o o o 0
A~ -2 ® " = o () O
-0.1
4
-0.2
1 R*=0.702 O
0?=0.538 0.3 . i i i
15 _1'0 _'5 0 5 1'0 0 0.05 0.1 0.15 0.2

PC1 (62.9%)

Ratio of S. staphylococcus : B. subtilis : L. murinus
Terasi A 1:1:1
Terasi B 1:2:2
Terasi C 2:1:2

PC1 (62.9%)

Fig.4 A Principal component analysis (PCA) score plot of the final ferasi products from each fermentation condition. In the score plot, green is
natural fermentation, red is terasi A, blue is terasi B and yellow is terasi C. B Loading plot with the 33 detected amino acids
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To determine the influence of controlled fermentation on
the amino acid profile, PCA was conducted, and Fig. 4 shows
the PCA score plot and results from each fermentation con-
dition. When compared to naturally fermented ferasi, terasi
A had a similar profile and contained comparable L-amino
acids. In contrast, terasi B demonstrated a distinct profile
along PC1, however no specific amino acid distinguished
terasi B from naturally fermented terasi. Lastly, terasi C
showed a distinct profile along PC2, and many p-amino
acids, such as p-asparagine, p-glutamine, and p-leucine, dif-
ferentiated terasi C from naturally fermented zerasi. Based
on these results, the ratio of bacteria in the starter culture
used in controlled fermentation influences the amino acid
profile, and the presence of high levels of p-amino acids
differentiated terasi C from naturally fermented terasi, terasi
A, and terasi B. This study is the first to report the presence
of p-amino acids in ferasi.

With the advancement of analytical techniques, many
reports on the presence of p-amino acids in various fer-
mented products exist, including p-aspartate, b-glutamate,

p-alanine, and p-leucine (Kobayashi, 2019; Marcone et al.,
2020). Many of the p-amino acids that have been previously
reported were also detected in ferasi, especially in terasi C,
and thus, the results were reasonable. In general, fermented
products are known to contain b-amino acids because they
contain microorganisms, specifically lactic acid bacteria,
which can produce high amounts of D-amino acids. In par-
ticular, studies have shown that Lactobacillus species con-
tain several types of racemases, which are enzymes respon-
sible for catalyzing the reversible conversion of L-amino
acids to p-amino acids. This includes racemases necessary
for building the bacterial cell wall, such as alanine racemase,
aspartate racemase, glutamate racemase, and branched-
chain amino acid racemases, such as valine racemase and
leucine racemase (Kobayashi, 2019; Mutaguchi et al., 2018).
Because the presence of Lactobacillus species has previ-
ously been reported in terasi (Susiloningsih, 2008), it may
also be the source of the p-amino acids detected in this study.
In addition, as shown in Table 1, terasi C contains a greater
ratio of Lactobacillus in its starter culture, which could be

Fig.5 Isolates on De Man, Rogosa and Sharpe (MRS) agar plate. A Isolate A and B Isolate B from terasi C and C Isolate C and D Isolate D

from naturally fermented rerasi
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one of the reasons for the presence of p-amino acids. In
summary, one possible source of p-amino acid production
in terasi C is Lactobacillus.

3.2 Isolates from terasi can produce p-amino acids

To confirm the bacterial production of p-amino acids in
terasi, bacteria were isolated from terasi C because it con-
tained the highest levels of p-amino acids. Bacteria were
also isolated from naturally fermented ferasi as a control. A
total of two bacterial isolates were found in terasi C, which
are shown in Fig. 5. Isolate A, shown in Fig. 5A, was circu-
lar, with white colonies with raised elevation and a glisten-
ing surface. Isolate B, shown in Fig. 5B, was circular, with
tan colonies with raised elevation and a dull surface. Two
bacterial isolates were found in natural ferasi as well. Isolate
C, shown in Fig. 5C, was circular, with white colonies with
raised elevation and a glistening surface. Isolate D, shown
in Fig. 5D, was filamentous, with tan colonies, crateriform
elevation, and filiform margins.

These isolates were individually cultivated, and extra-
cellular p-amino acid levels were measured to determine
whether the isolates could produce p-amino acids. As shown
in Fig. 6, isolates A and B, originating from terasi C, showed
increased levels of p-alanine, p-glutamate, and p-valine,
indicating that these isolates have the potential to produce
D-amino acids during the fermentation process. Contrarily,
as shown in Fig. 6, isolates C and D, coming from natu-
rally fermented terasi, only showed an increase in b-alanine
and p-glutamate. In brief, both isolates have the potential

to produce extracellular p-amino acids during fermentation.
These results suggested that these isolates could be respon-
sible for p-amino acid production in terasi. It is reasonable
to detect an increase in levels of p-alanine, p-glutamate, and
D-valine because bacteria contain racemase, the enzyme
responsible for catalyzing the conversion of L-amino acids
to b-amino acids. A previous study has shown that the gene
for racemase is conserved throughout the bacterial kingdom
(Mutaguchi et al., 2015).

Furthermore, the results indicated that isolates A and B,
from terasi C, both produced extracellular p-glutamate and
their presence could be the reason why terasi C contained
more D-glutamate than those in natural ferasi (Fig. 4). How-
ever, to confirm that isolates from terasi C demonstrated
a higher potential for p-amino acid production, it would
be best to compare the production titer between strains.
Furthermore, extracellular p-amino acid production was
measured in vitro in pure culture, which did not reflect the
complex biological environment where the fermentation pro-
cess took place. Therefore, in the future, measuring extracel-
lular p-amino acid production in co-culture or with other,
more natural substrates, such as raw shrimp, would also be
desirable.

In addition, genetic analysis was conducted for isolates
A and B. Non-protein redundant annotation revealed that
isolate A shares 1188 genes with Staphylococcus carnosus,
and other possible candidates included different species of
Staphylococcus (Fig. 7A). For isolate B, 1165 genes matched
with Staphylococcus carnosus, and similarly, other possi-
ble candidates included different species of Staphylococcus

Isolates from terasi C Isolates from natural terasi

[solate A: D-Ala

0.10

Isolate A: D-Glu

0.07 0.002
0.08

*
] * 0.06
006 0.05 0.002
0.04
0.04 003 0.001
0.02 002 0.001
0.01
0.00

0.00
: ' : 0.000
Ohre  12hs 24 Ohr  12hr 24hr oOhr

[solate B: D-Ala Isolate B: D-Glu
0.10 0.06 0.002

0.08

*

* 0.05 0.001

. 0.001

0.06 0.001

0.03 0.001

0.04 0.02 0.001

o =
0.00

0.00 0.000
0 hr 12hr 24 hr 0 hr 12hr 24 hr 0 hr

Isolate A: D-Val

*
* 0.06 0.030
0.05 0.025
0.04 0.020
0.03 0.015
0.02 0.010
0.01 0.005 |_-1_|
0.00 == 0.000 T

I[solate B: D-Val

* %
*

020 0.15
0.15

0.10
0.10
005 0.05
0.00 —=— 0.00

Isolate C: D-Glu
0.035 %k

I[soalte C: D-Ala

0.07

24 hr 0 hr 10 br 25 hr 0hr 10bhr  25hr

Isolate D: D-Ala Isolate D: D-Glu

025 0.20

24 hr 0 hr 10bhr  25hr 0 hr 10 hr 25 hr

Fig.6 p-amino acids that increased during the cultivation of isolates A, B, C, and D. Asterisks (*) indicate significant differences (p <0.05) cal-

culated using Student’s t test
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Fig. 7 Non-redundant protein annotation for A isolate A and B isolate B

(Fig. 7B). However, based on their morphological charac-
teristics and biochemical properties (Table S2), isolates A
and B are most likely two different strains of bacteria. In
this study, it was feasible to find Staphylococcus species as
isolates because terasi C was inoculated with a starter con-
taining a higher ratio of Staphylococcus species than the
starters used for either terasi A or terasi B (Table 1). This
finding suggests that a higher ratio of Staphylococcus in the
starter results in b-amino acid production that distinguishes
the amino acid profile of terasi C from those of naturally fer-
mented ferasi, terasi A, and terasi B (Fig. 4). Furthermore,
this is the first study to suggest that Staphylococcus spp. has
the potential to produce p-amino acids and could possibly be
used as a b-amino acid producer in the industry.

4 Conclusion

The objective of this study was to investigate the effect of
controlled fermentation on taste-related metabolites in ferasi
using a metabolomics approach. In previous study, non-tar-
geted analysis indicated a general trend toward increasing
essential amino acid levels throughout the fermentation of
terasi. Then, targeted analysis revealed that the amino acid
profile of ferasi was dependent on the starter culture ratio
of the controlled fermentation. More specifically, terasi
subjected to controlled fermentation with S. saprophyticus,
B. subtilis, and L. murinus at a ratio of 1:1:1, respectively,
showed a similar amino acid profile to naturally fermented
terasi, whereas terasi subjected to controlled fermentation
with a starter containing S. saprophyticus, B. subtilis, and
L. murinus in a ratio of 2:1:2, respectively, showed a unique
amino acid profile that included p-amino acids. Further-
more, a study revealed that Staphylococcus spp. have the
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potential to produce p-amino acids in vitro, and a higher
ratio of Staphylococcus in the starter culture for controlled
fermentation may account for the unique amino acid profile
of some ferasi products.

Further studies should be conducted to confirm p-amino
acid production in isolated strains. For example, the enzy-
matic activity and gene expression of enzymes involved in
this process should be validated. In addition, because the
amino acid profile greatly differed between naturally fer-
mented ferasi and ferasi made using controlled fermenta-
tion, sensory evaluations should be carried out to determine
whether there is a significant difference in the sensory attrib-
utes of these two products. Based on previous reports, the
taste properties of b-amino acids and their counter L-forms
are different (Mutaguchi et al., 2015), and it would be inter-
esting to investigate whether panelists could detect the dif-
ference in taste properties as well.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11306-022-01902-x.
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