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Preparation of no-salt-added fish sauce
with aroma and umami coexistence from
yellowfin tuna dark meat
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Fish sauce is a popular aquatic condiment with a unique flavor. This study aims to efficiently prepare a
no-salt-added fish sauce from yellowfin tuna dark meat and characterize its flavor profiles. The
enzymatic hydrolysis and fermentation conditions in preparing fish sauce were optimized first based
on single-factor and response surface experiments. The fish sauce obtained had an amino acid
nitrogen content of 0.603 g/100mL and a salt content of 0.128%, and showed favorable improvement
in appearance, odor, and taste. HS-GC-IMS analysis revealed that more esters with pleasant aromas
and fewer aldehydes with fishy odors were produced during fish sauce processing. Furthermore, two
potential umami peptides were identified from fish sauce through LC–MS/MS and virtual screening,
both of which were embeddedwithin the T1R1 subunit via hydrogen bonding. These results provide a
theoretical basis for the efficient production of no-salt-added fish sauce and high-value utilization of
yellowfin tuna dark meat.

Fish sauce is a traditional aquatic condiment with a clear amber-colored
liquid1. Due to its unique aroma, umami, and high nutritional value, fish
saucehas beenwidely consumed inAsia and gradually acceptedworldwide2.
Traditional fish sauce is usually made bymixing fish with salt at a 2:1 or 3:1
(w/w) ratio, and then fermenting for 9–24 months3. The osmotic effect of
high salinity kills or suppresses spoilage microorganisms but also inhibits
themetabolic activity of othermicroorganisms, causing them to take longer
to establish their dominance4. During a long fermentation period, endo-
genous enzymes and halophilic microorganisms break down the proteins
and lipids of fish through various metabolic pathways, contributing to the
specificflavor offish sauce5. Considering the long fermentationperiodof the
traditional fermentationprocess5 and thehealth risksposed to consumersby
high salt content6, there is a pressing need for the development of a no-salt-
added fish sauce with a shorter preparation cycle.

Several rapid-preparation methods, such as adding exogenous
enzymes and inoculatingmicrobial starters, have been explored to accelerate
the fish sauce fermentation process while reducing the amount of salt
added1,4,7,8. The anchovy fish sauce with an addition of 20% salt (w/w) was
successfully prepared by enzymatic hydrolysis with a compound enzyme,
followed by natural fermentation for 7 months8, of which the natural fer-
mentation process was shortened. Moreover, fish sauce made from blue
round scad was fermented by Tetragenococcus muriaticus for 45 days with

an addition of 18% salt (w/w)4. These rapid-preparation methods could
reduce the fermentation time to some extent, but most of the total fer-
mentation process still took over 10 days3,7. Notably, Gao et al.2 prepared a
no-salt-added fish sauce by first hydrolyzing tilapia fish heads with fla-
vourzyme for 3 h, followed by inoculation with Kluyveromyces marxianus
for a 7-day fermentation. Likewise, inoculating Aspergillus oryzae after
enzymatic hydrolysis could shorten the fermentation time of no-salt-added
anchovy fish sauce to 3 days9. These studies suggest that a combination of
enzymatic hydrolysis and microbial inoculation would be an appropriate
choice to accelerate the processing of no-salt-added fish sauce further.

Aroma is one of the key quality parameters to control when
developing fish sauce products, as it plays a vital role in shaping the
overall flavor of fermented foods10. Traditional fish sauce normally takes
a long time to ensure aroma development. Due to the strong ability of
lactic acid bacteria (LAB) to convert amino acids and fatty acids into
multiple volatile metabolites, aroma modification by LAB fermentation
can compensate for the shortcomings in the aroma of rapidly prepared
fish sauce11. The fish sauce inoculated with Lactobacillus fermentum
yielded higher levels of aromatic compounds like alcohols and esters
than those without inoculation12. Similar results were observed in
mackerel seasoning fermented with Latilactobacillus sakei5. These stu-
dies indicated that initial hydrolysis of fish protein by adding exogenous
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enzymes, followed by inoculating LAB for fermentation, may be a better
option to achieve the desired protein degradation effect and ameliorate
the aroma of fish sauce within a short time.

Umami is an outstanding characteristic taste of fish sauce11. In
general, umami is not only produced fromumamimolecules like organic
acids, nucleotides, and amino acids but also from peptides13. Among
them, the umami taste of peptides is induced by binding to umami
receptors, with the heterodimer T1R1/T1R3 being the primary receptor
for the umami taste signals13. At present, varieties of umami peptides,
such as KEVKEEPAEAVGD from Chouguiyu14, DGV from dry-cured
Spanish mackerels15, and four peptides from fermented Atlantic cod16,
have been found in fermented fish products except fish sauce, which
supports that umami peptides contribute significantly to the umami
taste of fermented fish products. Although umami compounds in fish
sauce have been investigated previously, among which are exclusive to
organic acids, amino acids, and nucleotides7,11,12, research on the umami
presentation mechanism of fish sauce from the perspective of umami
peptides is still limited.

Yellowfin tuna (Thunnus albacares) is a significant component of
global fish and seafood resources due to its economic and nutritional
values17. The processing of yellowfin tuna generates many by-products, of
which dark meat is one of the most important by-products18,19. Dark meat
generally amounts to5.8–6.8%of yellowfin tuna’s bodyweight and is usually
discarded, causing environmental pollution and resourcewaste18. Currently,
several studies have reported fish sauce production using fish by-products
(bone, head, and roes)1,12,20. Dark meat contains rich protein and poly-
unsaturated fatty acids, which can be recovered to prepare fish sauce for
humanconsumption19. Thus, this study selected yellowfin tunadarkmeat as
the raw material for the rapid preparation of no-salt-added fish sauce. The
process parameters of enzymatic hydrolysis and fermentation were opti-
mized using single-factor and response surface experiments, and the aroma
profiles and possible umami presentation mechanism of fish sauce were
further explored. Our findings could provide theoretical guidance for the
efficient processing of no-salt-added fish sauce and the comprehensive
utilization of tuna by-products.

Results and discussion
Optimization of enzymatic hydrolysis conditions
Regarding the influence of enzyme dosage on the degree of hydrolysis
(DH) of yellowfin tuna dark meat hydrolysate, five distinct dosages: 2%,
2.4%, 2.8%, 3.2%, and 3.6% were studied. During this process, all other
parameters were kept constant, including the temperature of 55 °C and
pH of 7.5. As shown in Fig. 1A, the DH of yellowfin tuna dark meat
hydrolysate significantly increased with increasing enzyme dosage from
2% to 2.8% (P < 0.05). However, DH equilibrated at higher enzyme
dosages (2.8–3.6%, P > 0.05), whichmay be due to the protein being fully
utilized by the enzyme at a certain enzyme dose, causing only a slight
increase in DH21.

In the case of pH, five values (6.5, 7, 7.5, 8, and 8.5) were examined.
Other parameters, including an enzyme dosage of 2.8% and a tem-
perature of 55 °C, remained unchanged. As illustrated in Fig. 1B, DH
increased with an increase in pH from 6.5 to 8 (P < 0.05), followed by a
significant decrease as pH was further increased to 8.5 (P < 0.05). pH
will affect the rate of enzymatic hydrolysis by influencing protease
activity 22. Thus, trypsin activity was limited when the pH increased
beyond the optimal pH (7.0–8.0), leading to a decrease in DH23.

In investigating the effect of temperature on DH, five values (45, 50,
55, 60, and 65 °C) were examined. During these experiments, other
parameters, including enzyme dosage (2.8%) and pH (7.5), were kept
constant. DH significantly grew when the temperature was raised from
45 to 55 °C (P < 0.05) and then sharply declined with the increasing
temperature (P < 0.05, Fig. 1C). This decrease in DH is due to excessively
high temperatures, which are not conducive to enzyme activity21. Thus,
enzyme dosages of 2.4%, 2.8%, and 3.2%; pH of 7.5, 8, and 8.5; and
temperatures of 50, 55, and 60 °C were selected for the subsequent
experiments.

The RSM method was adopted to further determine the optimal
enzymatic hydrolysis conditions, and the influences of enzyme dosage (X1),
pH (X2), and temperature (X3) on the DH of yellowfin tuna dark meat
hydrolysate were shown in Table 1. The quadratic model expression for the

Fig. 1 |Optimization of the enzymatic hydrolysis process forfish sauce.AEffect of
enzyme dosage on DH. B Effect of pH on DH. C Effect of temperature on DH.
DResponse surface plot ofDH in terms of enzyme dosage vs. pH.EResponse surface

plot of DH in terms of enzyme dosage vs. temperature. F Response surface plot of
DH in terms of pH vs. temperature. Values were expressed as mean ± SEM in each
group (n = 3). Means with different letters differ significantly at P < 0.05.
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response DH was presented as follows:

YðDHÞ ¼ �575:06625þ 95:03125X1 þ 34:1125X2 þ 12:47625X3

� 6:5375X1X2 � 0:16375X1X3 � 0:136X2X3 � 5:34375X2
1

� 0:33X2
2 � 0:10210X2

3

ð1Þ

The results of anANOVAtest of thismodel are shown inTable S1. The
model’s correlation coefficient (R2) was 0.9813, a P-value of the model <
0.0001, and the lack of fit term was insignificant, indicating that the model
was reasonable and available for predicting DH. 3D surfaces of interactive
effects of enzyme dosage, pH, and temperature on the DH are illustrated in
Fig. 1D and E. The model-predicted enzymatic hydrolysis conditions that
maximized DH to optimal values (47.912%) were enzyme dosage of 3.2%,
pH at 8.3, and temperature of 53.3 °C. The actual measured value of DH
obtained at optimal enzymatic hydrolysis conditions was 47.878 ± 0.16%,
whichwas comparable to the predicted value generated by themodel. These
results indicated that the optimized model can be successfully applied to
predict the DH of the actual enzymatic hydrolysis process. The enzyme
dosage of 3.2%, pH at 8.3, and temperature of 53.3 °C were used for further
experiments.

Optimization of fermentation conditions
The effect of glucose dosage (0.1–1.9%) on the amino acid nitrogen (AA-N)
content of fish sauce was first investigated, while the inoculation size and
fermentation time were kept at 5% and 5 days, respectively. As shown in
Fig. 2A, there was an obvious increase in AA-N content as glucose dosage
increased from0.1% to1.3%(P < 0.05). Subsequently, the increasing glucose
dosage (1.3–1.9%, P < 0.05) sharply decreased the AA-N content. The
adequate addition of glucose provided sufficient energy for the growth and
metabolism of L. fermentum, but excessive glucose led to high osmotic
pressure in the fermented solution and thus inhibited the growth of
L. fermentum24.

The effect of different inoculation sizes (2–8%) on the AA-N content of
fish saucewas investigated at the following fixed conditions: glucose dosage of
1.0%, and fermentation time of 5 days. In Fig. 2B, theAA-Ncontent increased
slowly as the inoculation sizewas increased from2%to5%(P < 0.05) and then
decreased as the inoculation size was further increased to 8% (P < 0.05). The
excessive inoculation size would lead to rapid nutrient consumption by L.
fermentum in the early fermentation stage, inhibiting its growth and meta-
bolism in the later stages, which was not conducive to the release of AA-N25.

The effect of different fermentation times (1–7 days) on the AA-N
content of fish sauce was investigated at a glucose dosage of 1.0% and
inoculation size of 5%. The AA-N content raised from 0.369 ± 0.002 to
0.453 ± 0.002 g/100mL as the fermentation time was increased from 1 to
4 days (P < 0.05, Fig. 2C). With the further extension of fermentation time,
theAA-Ncontent significantly reduced to 0.97-fold, 0.96-fold, and0.95-fold
of themaximumvalue on the4thday (P < 0.05), since the small peptides and
free amino acids in fish sauce were further decomposed into nitrogen
oxides26. Thus, glucose dosages of 1%, 1.3%, and 1.6%; inoculation sizes of
4%, 5%, and 6%; and fermentation times of 3–5 days were selected for the
subsequent experiments.

A Box-Behnken design with three factors and three levels was further
used to determine the optimal fermentation conditions for fish sauce to
obtain thehighestAA-Ncontent (Table 2). The regression equation forAA-
N content to three different fermentation parameters, glucose dosage (X1),
inoculation size (X2), and fermentation time (X3), was as follows:

YðAA� NcontentÞ ¼ �1:37546þ 1:36175X1 þ 0:14139X2

þ 0:35650X3 � 0:071750X1X2

� 0:082333X1X3 þ 0:016250X2X3

� 0:28114X2
1 � 0:0097525X2

2 � 0:041378X2
3

ð2Þ

The ANOVA was used to estimate the significance of the fit of the
quadratic multiple regression equation for the experimental data (Table S2).
The R2 and R2adj values of the fitted model were 0.9738 and 0.9401, respec-
tively. Meanwhile, the F-value of the model was 28.91 with a

Table 1 | Design and results of enzyme hydrolysis response
surface experiments

No. Coded
values

Actual values DH (%)

X1 X2 X3 X1: enzyme
dosage (%)

X2: pH X3:
temperature
(°C)

1 −1 0 1 2.4 8 60 40.58

2 1 0 −1 3.2 8 50 46.76

3 0 0 0 2.8 8 55 46.50

4 0 0 0 2.8 8 55 47.03

5 0 0 0 2.8 8 55 47.20

6 0 0 0 2.8 8 55 46.00

7 0 −1 1 2.8 7.5 60 41.52

8 0 0 0 2.8 8 55 47.02

9 −1 1 0 2.4 8.5 55 47.54

10 1 1 0 3.2 8.5 55 47.58

11 0 −1 −1 2.8 7.5 50 44.11

12 1 0 1 3.2 8 60 43.35

13 −1 −1 0 2.4 7.5 55 41.43

14 0 1 −1 2.8 8.5 50 47.39

15 −1 0 −1 2.4 8 50 42.68

16 0 1 1 2.8 8.5 60 43.44

17 1 −1 0 3.2 7.5 55 46.70

Table 2 | Design and results of ferment response surface
experiments

No. Coded
values

Actual values AA-N
(g/
100mL)

X1 X2 X3 X1:glucose
dosage (%)

X2:inoculation
size (%)

X3:time
(day)

1 1 1 0 1.6 6 4 0.5173

2 −1 1 0 1 6 4 0.5890

3 0 1 1 1.3 6 5 0.5600

4 0 1 −1 1.3 6 3 0.5328

5 −1 −1 0 1 4 4 0.5241

6 0 0 0 1.3 5 4 0.5775

7 0 −1 −1 1.3 4 3 0.5248

8 0 0 0 1.3 5 4 0.5911

9 0 0 0 1.3 5 4 0.5760

10 −1 0 1 1 5 5 0.5574

11 1 0 1 1.6 5 5 0.4675

12 1 0 −1 1.6 5 3 0.5132

13 0 0 0 1.3 5 4 0.5698

14 −1 0 −1 1 5 3 0.5039

15 0 −1 1 1.3 4 5 0.4870

16 1 −1 0 1.6 4 4 0.5385

17 0 0 0 1.3 5 4 0.5720
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P-value < 0.0001, and the lack of fit was not significant, indicating that the
model with a better fit was stable and statistically significant. The 3D response
surface plots (Fig. 2D–F) were generated using the full model resulting from
the regression equation. Based on the results of response surface fitting, the
optimal fermentation conditions were determined to be: glucose dosage of

1.02%, inoculation size of 5.99%, and time of 4.68 days. Under these condi-
tions, the AA-N content was measured to be 0.603 ± 0.036 g/100mL, which
closely approximated the theoretical value (0.604 g/100mL). These findings
demonstrated that the fermentation conditions derived through response
surface optimization are accurate and reliable.

Fig. 2 | Optimization of the fermentation process for fish sauce and changes in
various indicators during the fermentation process. A Effect of glucose dosage on
AA-N content. B Effect of inoculation size on AA-N content. C Effect of fermen-
tation time on AA-N content.D Response surface plot of AA-N content in terms of
glucose dosage vs inoculation size.EResponse surface plot of AA-N content in terms
of glucose dosage vs. fermentation time. FResponse surface plot of AA-N content in
terms of inoculation size vs. fermentation time. G Changes of TVC during the

fermentation process.HChanges of pH during the fermentation process. IChanges
in the total acid content during the fermentation process. JChanges of TS-N content
during the fermentation process. K Changes of AA-N content during the fermen-
tation process. L Changes of TVB-N content during the fermentation process.
Values were expressed as mean ± SEM in each group (n = 3). Means with different
letters differ significantly at P < 0.05.
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Changes in chemical properties during fermentation
To further study themechanismofL. fermentum fermentation of fish sauce,
the dynamic changes of chemical properties, including total viable count
(TVC), pH, total soluble nitrogen (TS-N), total acid, AA-N, and total
volatile basic nitrogen (TVB-N), were studied under optimal fermentation
conditions.

The Changes in TVC of L. fermentum during the fermentation are
shown in Fig. 2G. The TVC of L. fermentum exhibited a significant increase
from the initial 7.05 lg CFU/mL to 7.82 lg CFU/mL (the maximum value)
after 1-day fermentation (P < 0.05). During the prolonged fermentation to
4.68th day, the TVC decreased to 0.89-fold, 0.87-fold, 0.83-fold, and 0.83-
fold of the maximum value (7.82 lg CFU/mL, 1st day) at the 2nd, 3rd, 4th,
and 4.68th day (P < 0.05). This indicated that the inoculated L. fermentum
went through logarithmic, stationary, and decline phases during the fer-
mentation process of fish sauce27. In the early stages of fermentation,
L. fermentum adapted to the living environment over time, along with
sufficient and suitable nutrients for microbial growth, resulting in a sharp
increase in TVC28. In the later stages, the depletion of nutrients and/or
metabolic by-products that accumulate in the fermentation environment
may be responsible for the decrease in TVC of L. fermentum over time29.

The growth and metabolism of microorganisms are closely asso-
ciated with changes in pH and total acid content, which eventually
influence the flavor of fish sauce30. As can be seen in Fig. 2H, I, the total
acid content in fish sauce increased significantly from day 0 to day 1
(P < 0.05), while the pH value decreased significantly (P < 0.05). Those
acids were primarily made up of lactic acid and other acids generated by
L. fermentum12. Even though protein degradation during fermentation
may be accompanied by the production of small amounts of alkaline
substances (e.g., TVB-N, produced by amino acid deamidation), these
alkaline substances quickly combine with organic acids in the fer-
mentation broth to form ammonium salts (e.g., ammonium lactate),
which cannot raise the pH significantly31. Therefore, the accumulation
of acids ultimately dominates the pH decrease. The fermentation broth
was somewhat acidic owing to the accumulation of acids from 2 to
4.68 days of fermentation, which might inhibit microbial activity 32,
leading to slower changes in themagnitude of the total acid content and
pH (P < 0.05). This trend was similar to the previous studies on the
fermentation process offish sauce prepared from channel catfish bone20.
The pH dropped to a minimum value of 4.57 ± 0.01, and the total acid
rose to amaximum value of 2.50 ± 0.02 g/L at 4.68 days of fermentation,
giving fish sauce a rich flavor.

The TS-N content is one of the crucial components in determining the
quality of fish sauce30, and the AA-N content reflects the degree of protein
hydrolysis during the fermentation process of fish sauce7. The TS-N and
AA-N contents in the fish sauce gradually increased during fermentation
(P < 0.05, Fig. 2J, K) due to the extracellular proteases secreted by
microorganisms33. The Chinese national standards for fish sauce (GB/T
42463-2023) state that the TS-N and AA-N contents in the qualified fish
sauce product must be higher than 0.5 g/100mL and 0.4 g/100mL,
respectively. At the end of 4.68 days of fermentation, the contents of TS-N

and AA-N in fish sauce reached the maximum values of 0.99 ± 0.01
g/100mLand0.60 ± 0.01 g/100mL, respectively,whichmet the standardof
commercial fish sauce.

TVB-N is an alkaline nitrogen-containing substance generated in
animal foods due to protein degradation by endogenous enzymes and
specific spoilage bacteria during the process of corruption34. TVB-N is
widely recognized as an important indicator of seafood freshness and
spoilage, with higher TVB-N values indicating higher levels of corruption35.
The initial TVB-N content in fish sauce was 21.00 ± 2.80mg/100mL, and
the content gradually increased to 58.53 ± 1.47mg/100mL in 4.68 days
(P < 0.05, Fig. 2L). The results of this study further confirmed previous
studies that fermentation resulted in increased TVB-N1,33. The TVB-N
content of sardine fish sauce after 180 days of fermentation was 4.08 times
higher than before fermentation7.Moreover, theTVB-N contents of shrimp
sauce and Iranian fish sauce produced through traditional fermentation
were 236.27 and 266.2mg/100mL, respectively33,36. In this study, the TVB-
N content in rapidly preparedfish saucewas considerably lower than that of
these traditionally fermented fish sauces, indicating their higher freshness
and safety. These results further suggest that the combination of enzymatic
hydrolysis and fermentation with LAB is of great value in the rapid pre-
paration process of fish sauce.

Salt content of fish sauce
The salt content in fish sauce at the end of fermentation was determined to
be 0.128 ± 0.004% (data not shown). The salt content of Budu, a Malaysian
commercial fish sauce made by traditional fermentation of anchovy for
12 months, was detected to be 21.7%37. Likewise, the salt content of the
Korean traditional fermentedfish saucewas reported to be 25%. In addition,
two low-saltfish sauces (<20% salt)weremade from silver pomfret and blue
round cod with 15% and 18% salt added, respectively38,39. The shorter
preparation cycle eliminates the need for adding salt to prevent the growth
of spoilagemicroorganisms, contributing to the lower salt content of rapidly
prepared fish sauce than traditional commercial fish sauce and low-salt fish
sauce. More importantly, the WHO recommends a salt intake of no more
than 5 g (approximately 2 g sodium) per person per day for adults6 because
of the health risks posed to consumers by high salt content. The lower salt
contentmakes the rapidly preparedfish sauceproduced fromyellowfin tuna
dark meat more consistent with healthy dietary requirements5.

Sensory evaluation
In terms of appearance, the FS group was clearer and had a darker brown
color compared to the control and FH groups (Fig. 3A). Figure 3B shows the
sensory descriptive characteristics of the control, FH, and FS groups based on
the QDA test. The brown color, aroma, caramel, sour, and umami scores
obtained by the FS group were relatively high, while the ammonia, rancid,
fishy, and bitter scores were relatively low. The increased sour score of the FS
group was attributed to the accumulation of organic acids during carbohy-
drate metabolism in L. fermentum40. The developed sour further masked the
bitterness caused by the enzymatic hydrolysis of darkmeat proteins, resulting
in a diminished bitter score of the FS group40. The anchovy fish sauce, rapidly

Fig. 3 | Appearance and sensory evaluation of
control, FH, and FS group. A Pictures of control,
FH, and FS groups.B Sensory profiles of control, FH,
and FS groups. Control: the yellowfin tuna dark
meat–water mixture without enzymatic hydrolysis
and fermentation treatment, FH: the yellowfin tuna
dark meat hydrolysate prepared under optimal
enzymatic hydrolysis conditions, FS: the fish sauce
prepared under optimal enzymatic hydrolysis and
fermentation conditions.
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prepared by enzymatic hydrolysis and fermentation with Aspergillus oryzae,
still retained a certain fishy smell9. It is noteworthy that the fishy smell of the
FS group improved considerably during the fermentation process with L.
fermentum, compensating for the rapid fermentation’s inability to eliminate
undesirable odors5. These results suggested that the FS group showed
favorable appearance, odor, and taste improvement after enzymatic hydro-
lysis and fermentation, and was overall satisfactory.

HS-GC-IMS spectrum analysis of fish sauce
HS-GC-IMS, an emerging technique for food flavor analysis, has gained
popularity due to its high sensitivity, fast response, and visually distin-
guishing variations41. In the present study,HS-GC-IMSwasused to compare
the differences in volatile organic compounds (VOCs) among the control,
FH, and FS groups to further understand theflavor formationmechanism in
the fish sauce during enzymatic hydrolysis and fermentation with LAB.
From the 3D-topographic plot in Fig. 4A, the VOCs of the three groups
exhibited largedifferences. InFig. 4B, the totalVOCsof the threegroupshave
beenplotted as a 2Dvertical view spectrumforbetter horizontal comparison.
The differential spectra (Fig. 4C) of other groups were obtained by sub-
tracting the spectrum of the control group as a reference. The concentration
of some VOCs decreased in the FH group compared to the control group,
which may be because some VOCs were unstable in a heated environment
and tended todecomposeduring enzymatic hydrolysis42.More reddotswere
present in the FS group than in the FH group, indicating that more VOCs
were produced in the FS group after fermentation. In addition, there was a
decrease in the concentration of some other VOCs, which might be attrib-
uted to the fact that fermentation can eliminate the bad flavor of food43,44.

Comparative analysis of HS-GC-IMS fingerprints of fish sauce
The gallery plot was utilized to quantitatively characterize VOCs (Fig. 4D).
A total of 105 VOCs (excluded dimer) were detected, all showing response
signals in all three groups but at different levels. 83 VOCs (excluded dimer)
were identified bymatching with the database, and the remaining 22 VOCs
cannot be fully identified due to database limitations. The identified VOCs
were classified into 9 categories as follows: aldehydes (20), esters (15),
alcohols (12), ketones (14), acids (4), pyrazines (3), furans (4), hydrocarbons
(9) and others (3) (Table S3).

Aldehydes are thought to contribute to the fishy taste of aquatic pro-
ducts owing to their low thresholds45. After enzymatic hydrolysis and fer-
mentation, the concentrations of (E)-2-octenal, nonanal, octanal, hexanal,
pentanal, acrolein, (E)-2-heptanol, and (E)-2-pentenal decreased greatly
(Fig. 4E). Among them, hexanal, octanal, and nonanal were also detected in
yellowfin tuna surimi as fishy odor VOCs46. Heptanal is known to exert a
greasy, spicy, andmusty odor at a high concentration. The large amounts of
heptanal found inAgaricus blazei fish soup resulted in a lower “Smell” score
than that received by other edible fungi fish soups47. (E)-2-octenal, acrolein,
(E)-2-heptenal, and (E)-2-pentenal were described as having a fatty, fishy,
grassy, and offensive odor, respectively48. These results suggested that the
combination of enzymatic hydrolysis and fermentation showed a strong
capacity to reduce some specific aldehydes associated with the unpleasant
odor of fish sauce. Interestingly, the methional content was considerably
higher in the FS group than in the other two groups.Methionalwas reported
to act as a positive allosteric modulator of human umami taste receptor
T1R1/T1R349, and was also detected in steamed sturgeon meat50. A notable
elevation of methional content was detected for the first time in this study
during the preparation of fish sauce, which may promote the expression of
fresh flavor in fish sauce.

Esters impart a desirable fruity taste to meat products and are usually
produced by the non-enzymatic esterification of alcohols and organic acids
or by enzymatic catalysis mediated by microorganisms51. As shown in Fig.
4F, most ester compounds in the FS group increased greatly after fermen-
tation. Likewise, fish saucemade fromNile tilapia fish head inoculated with
L. fermentum produced relatively higher levels of esters after fermentation12,
suggesting esters contribute to the unique flavor of fish sauce. The increase
in esters was critical in forming the refreshing and pleasant aroma of fish

sauce, which can effectively mask the rotten odor of fermented fish
products43, thereby contributing to the high sensory acceptability of the
FS group.

Alcohol compounds are generated by the oxidative decomposition of
oils and fats42. 3-methyl-1-butanol and 2-ethyl-1-hexanol are known for
their malty and floral notes, respectively, while 1,8-cineole possesses a
camphor and cool herbal note52,53. Their levels were greatly increased in the
FS group compared to the FH group, revealing that L. fermentum fer-
mentation increased 3-methyl-1-butanol, 1,8-cineole, and 2-ethyl-1-
hexanol levels (Fig. 4G). An increase in 3-methyl-1-butanol was also
detected in sea bass after 20 days of fermentation53. Alcohols were found in
various fish sauces but had little impact on the overall flavor of fish sauce,
owing to their generally high thresholds4,12,20.

Ketones aremainly produced by amino acid degradation or unsaturated
fatty acid oxidation41.A total of 14 ketoneswere identified in this study,with a
substantial decrease in 1-octen-3-one in the FS group (Fig. 4H). 1-octen-3-
one possesses an earth and mushroom flavor and has been recognized as an
odor-causing compoundassociatedwithfishyodor54. Furthermore, the signal
intensity of 4-methyl-2-pentanone was considerably higher in the FS group
than in the control and FH groups, which may be responsible for the char-
acteristic flavor of milk and sweet butter in fish sauce3.

Hydrocarbons are produced from alkyl radicals through lipid auto-
oxidation processes20. Although nine hydrocarbons were identified in all
three groups (Fig. 4I), their contribution to the characteristic flavor of fish
sauce may be limited owing to their high thresholds. Volatile acid com-
pounds, including pentanoic acid, propionic acid, 2-methylpropanoic acid,
andacetic acid,were detected in the control, FH, andFSgroups (Fig. 4J). The
content of these acids showed a significant increase after fermentation,
reaching their maximum value in the FS group. Likewise, abundant acids
were observed in various reported fish sauce products, such as fish sauce
made from blue round scad, channel catfish bone, and Nile tilapia fish
head4,12,20. Despite the trend of increasing acid content observed after fer-
mentation, they had little effect on the overall flavor of fish sauce owing to
their high thresholds55.

The rest of the compounds in fish sauce include furans, pyrazines, and
others (Fig. 4K). Compared to the control group, 2-pentyl furanwas lower in
the FH and FS groups. These reductions would be desirable since 2-pentyl
furan contributes to a pungent “vegetable-like” odor rather than the inten-
ded “meat-like”56. The concentration of 2-butylfuran increased after enzy-
matic hydrolysis and fermentation, contributing to the formation of a mild,
sweet, and spicy flavor in the fish sauce57. Moreover, dipropyl disulfide has
cooked cabbage and onion flavors53, and the increase in dipropyl disulfide
concentration in theFSgroupcould contribute tofish sauce’s pleasantflavor.

Principal component analysis (PCA) of VOCs
PCA was used to analyze the similarity of VOCs in the control, FH, and FS
groups identified by HS-GC-IMS. As shown in Fig. 4L, the cumulative
contribution rate of the first two principal components of the groups was
97% (PC1 for 61%, PC2 for 36%), indicating that HS-GC-IMS could effi-
ciently identify the differences in VOCs among the three groups. From the
degree of aggregation and dispersion of the groups, it could be seen that the
VOCs among the three groups had great differences. Overall, the combi-
nation of enzymatic hydrolysis and fermentationwas a desirablemethod for
rapidly preparing fish sauce with good flavor, as evidenced by increased
esters with pleasant aromas and reduced aldehydes with fishy odors in the
obtained fish sauce.

Identification of umami peptides from fish sauce
Umami peptides significantly contribute to the taste profile of fermented
products58. Although several umami peptides have been previously identi-
fied from various fermented fish products, there is still a gap in research on
umami peptides obtained from fish sauce15,16. This study identified 357
peptides from the fish sauce (Fig. S1A), of which 342 peptides with scores
above 40 were selected as screening results to ensure the reliability of the
data. Figure 5A showed that peptides with molecular weights (MWs)
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Fig. 4 | Comparison of volatile compounds in control, FH, and FS byHS-GC-IMS
analysis. A The 3D-topographic plots. B The 2D-topographic plots (vertical view).
CThe 2D-topographic plots (difference view).DThe gallery plot fingerprint spectra
(“M” and “D” indicated monomers and dimers of the same compound, and the
numbered peaks indicated unidentified peaks). E–K Heatmap visualization of the

volatile compounds in different groups. L The PCA analysis plot. Control: the
yellowfin tuna dark meat–water mixture without enzymatic hydrolysis and fer-
mentation treatment, FH: the yellowfin tuna dark meat hydrolysate prepared under
optimal enzymatic hydrolysis conditions, FS: the fish sauce prepared under optimal
enzymatic hydrolysis and fermentation conditions.
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between 500–1000 Da were the most abundant, followed by peptides with
MWs above 1500Da, while peptides withMWs of 500–100 Da or <500Da
were present in smaller quantities. The umami intensities of peptides are
related to theirMWs, and umami peptides are typically smallMWpeptides
less than 1500Da59,60. Therefore, the abundant peptides with a MW of less
than 1500Dawere themost likely important umami-presenting substances
for fish sauce in the present study.

From the amino acid distribution results (Fig. 5B), the hydrophobic
amino acid residues constituted a high proportion (52.8%) of the total
amino acids in the peptides obtained from fish sauce. Most of the reported
umami peptides contained hydrophobic amino acids, which served to
enhance the umami expression of umami peptides61,62. Further analysis of
the amino acid composition of peptides revealed that the percentages ofVal,
Leu, Pro, His, and Asp were in the top five of 19 amino acids, which were
13.8%, 9.3%, 9.1%, 9%, and 7.8%, respectively. Asp is a key amino acid
component for umami peptides, and Pro, as a sweet amino acid, can
cooperate with umami amino acids to form flavor63,64. In addition, as
another recognized umami amino acid, Glu accounted for 2.7% of the total
amino acids in the obtained peptides, contributing to the umami of fish
sauce to some extent.

Virtual screening of the potential umami peptides
Virtual screening techniques can be used to screen for umami peptides
rapidly63. 136 peptides with a MW above 1500 Da were eliminated first in
this study, and the remaining 206 peptides (60.2%) entered the next stage of
screening (Fig. 5C). Toxicity is a key indicator of peptides65, and all of these
206 peptides were predicted to be non-toxic. Froma food safety perspective,

the subsequent analyses ignored 84 peptides predicted to be allergenic.
Stability andwater solubility have been considered limiting factors affecting
the perceived taste strength of umami peptides16. Only 49 peptides (14.3%)
were predicted to have good water solubility and stability, and they were
further analyzed for their umami characteristics. After the layer-by-layer
screening described above, 19 (5.6%) peptides were finally shortlisted as
potential umami peptide candidates for further analysis.

The sensory activities of 19 potential umami peptides were further
evaluatedusing theBIOPEP-UWMtool, and the results are shown inTable3.
Active fragments affect the flavor of small peptides, and the higher the fre-
quency of occurrence, the stronger the sensory activity of peptides66. The
peptide with the highest frequency of umami fragments was NWDDMEK
(0.714), followedbyAEREIVRDIKEK(0.5).Theirmass spectra andchemical
structure are shown inFig. S1B–E.Todate, the same amino acid sequences of
these two peptides have not been reported in the BIOPEP-UWM database,
indicating they are novel members of the umami peptide family. Thus, these
two potentially novel umami peptides were selected to further predict the
umami characteristics through molecular docking.

Interaction mechanisms of umami peptides and T1R1/T1R3
Umami perception in the human body begins with the binding of umami
substances to umami taste receptors, among which T1R1/T1R3 located in
the anterior part of the tongue serves as the primary receptors for umami67.
The extracellular Venus flytrap domain (VFTD) of the T1R1 subunit was
primarily responsible for the gustatory perception of umami peptides, with
the T1R3 subunit in charge of additional ancillary features68,69. Therefore,
the T1R1 receptor lumen was selected as the active region for further

Fig. 5 | Identification of umami peptides from fish sauce and interactions with
T1R1/T1R3. A TheMWdistribution of the detected peptides with a score above 40.
BAmino acid composition of the detected peptides with a score above 40. CVirtual
screening results based on toxicity, MW, allergenicity, water solubility, stability, and
bitterness of peptides. D The stereo diagram of AEREIVRDIKEK into the T1R1/

T1R3 active-site cavity. EThe 3D bindingmode of AEREIVRDIKEK to T1R1/T1R3.
F The 2D molecular docking of the binding of AEREIVRDIKEK to T1R1/T1R3.
G The stereo diagram of NWDDMEK into the T1R1/T1R3 active-site cavity.H The
3Dbindingmode ofNWDDMEK toT1R1/T1R3. IThe 2Dmolecular docking of the
binding of NWDDMEK to T1R1/T1R3.
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molecular docking in this study (Fig. S2A, B). Figure 5D–I showed the
results for molecular docking of umami peptides AEREIVRDIKEK and
NWDDMEK with T1R1/T1R3. Both two peptides were embedded in the
T1R1 subunit and exhibited docking energies of−13.7 and−10.9 kcal/mol,
respectively. The umami peptides AEEHVEAVN from chicken breast soup
and GESMTDGF from porcine type I collagen have been reported to bind
with the VFTD of the T1R1 with the energy of −9.69 and −8.6 kcal/mol,
respectively70,71. Compared with these two known umami peptides, the
lower docking energies of AEREIVRDIKEK and NWDDMEK indicated
their substantial binding forces with T1R1/T1R3 receptors and the possible
existence of potent umami tastes.

Besides comparing affinity energy, it is also required to investigate the
binding modes of peptides with T1R1/T1R3. As shown in Fig. 5D–F, the
umami peptide AEREIVRDIKEK formed seven hydrogen bonds with six
amino acid residues (Gly49, Phe68, Glu70, Asp108, His308, andMet375) of
T1R1/T1R3, with key residues Glu70 contributing two hydrogen bonds.
TheumamipeptideNWDDMEK interactedwith sevenaminoacid residues
(Glu70, His71, Asp147, Ala170, Arg277, Arg281, and Ser306) of T1R1/
T1R3 to form nine hydrogen bonds, with Arg277 being particularly
involved in three hydrogen bonds (Fig. 5G–I). It was evident that hydrogen
bonding played a key role in facilitating the robust interaction between the
two umami peptides andT1R1/T1R3, consistent with previous research65,72.
Furthermore, both AEREIVRDIKEK and NWDDMEK could bind to the
Glu70 binding site, which was the most critical binding site65. These results
were also in line with the conclusion that Glu residue was the key residue in
the active site, as earlier demonstrated by Dong et al.73. In addition, it was
observed that NWDDMEK formed three hydrogen bonds with Arg277
residue. Similarly, Zhang et al.71 revealed the important role ofArg277 in the
interactionof six umamipeptideswithT1R1 subunits. In particular, someof
the binding residues identified in this study, including Gly49, His71,
Asp108, Asp147, Ala170, and Ser306, have been definitively reported to be
active residues in the T1R1-peptide complex, where the umami peptides
were derived from porcine bone soup64, chicken breast soup71, and tuna
skeletalmyosin61. In summary, AEREIVRDIKEKandNWDDMEKmay be
the potential umami-presenting substances for fish sauce and offer more
insight into theumami researchoffish sauce.However, further investigation

and validation of the umami characteristics of the two peptides after
synthesis are still required.

In this study, the efficient preparation technology (a combination of
compound enzyme hydrolysis and L. fermentum fermentation) and flavor
profiles of no-salt-added fish sauce made from yellowfin tuna dark meat
were reported for the first time. The results showed that the optimum
enzymatic hydrolysis and L. fermentum fermentation conditions could be
adopted to produce a high-quality fish sauce with a salt content of 0.128%
and an AA-N content of 0.603 ± 0.036 g/100mL. The obtained fish sauce
has a good aroma, as evidencedby an increase in esterswithpleasant aromas
and the reduction of aldehydes with fishy odors. Furthermore, the promi-
nent umami in fish sauce may be due to the release of umami peptides
during the preparation process, with AEREIVRDIKEK and NWDDMEK
standing out for their potential umami attributes. Overall, this study pro-
vided a new way for efficient fish sauce production and better insights into
the potential applications of fish by-products.

Methods
Materials and reagents
Yellowfin tunas were commercially captured and dissected from the South
China Sea (17°24′N, 110°36′E) byHainanOrca Sea Fishing Service Co., Ltd.
Fresh yellowfin tuna darkmeat was collected and stored at−80 °C. Trypsin
and alcalase were provided by Yangshao Biotechnology Co., Ltd. (Henan,
China) and Lonct Enzymes Co., Ltd. (Shandong, China), respectively.
Lactobacillus fermentum (L. fermentum, accession no. BNCC194173) was
obtained from Henan Microbiological Culture Collection Center (Henan,
China). MRS broth and MRS agar medium were purchased from Guang-
dong Huankai Microbial Co., Ltd. (Guangdong, China). Other chemicals
used were all of analytical grade.

Optimization of enzymatic hydrolysis conditions
In our previous work (unpublished data), the compound enzyme (trypsin/
alcalase compound ratio (w/w) = 2:1) showed an excellent enzymatic
hydrolysis effect (highest DH) on yellowfin tuna dark meat, and thus it was
used in thepresent study for enzymatichydrolysis. Yellowfin tunadarkmeat
was ground in a meat grinder and sterilized at 121 °C for 15min. Then, the

Table 3 | Taste characteristic predictions of potential umami peptides

No. Peptide MW (Da) Score umami segments The frequency that the fragments occurred

Umami Bitter Salty Sweet Sour

1 LVK 358.26 40.57 – – 1.333 – 0.667 0.333

2 LDLAGR 643.37 110.17 D 0.167 1.333 0.167 0.333 0.166

3 LFKEHPE 898.45 94.26 E/E 0.286 0.714 – 0.286 0.429

4 LISEVLVK 899.57 104.45 E/EV 0.250 1.125 – 0.500 0.375

5 NWDDMEK 936.36 89.37 D/E/DD/EK 0.714 0.286 0.429 0.143 0.714

6 TMGGLVLTR 946.53 74.92 – – 0.889 – 0.333 –

7 EKSRVTFQ 993.52 87.70 E/EK 0.250 0.500 – 0.250 0.250

8 RLFKEHPE 1054.56 76.48 E/E 0.250 0.875 – 0.250 0.375

9 KNFDLTLPL 1059.60 75.85 D 0.111 1.000 0.111 0.222 0.333

10 LFKEHPETQ 1127.56 64.04 E/EL 0.333 0.556 – 0.222 0.333

11 GATVLKKLGEL 1127.69 73.99 E/EL 0.182 0.909 – 0.545 0.364

12 TVLKKLGELLK 1240.81 78.65 E/EL 0.182 1.272 – 0.455 0.455

13 NFKLISEVLVK 1288.78 64.73 E/EV 0.182 1.000 – 0.454 0.363

14 EHPETQKLFPK 1352.71 57.86 E/ET 0.273 0.909 – 0.364 0.364

15 NNFKLISEVLVK 1402.82 106.29 E/EV 0.167 0.917 – 0.417 0.333

16 DLEANYKELGFSG 1441.67 103.91 D/E/EL/EA 0.385 0.846 0.077 0.308 0.385

17 VLTRLFKEHPET 1468.80 73.27 E/ET 0.250 0.833 – 0.250 0.250

18 KEHPETQKLFPK 1480.80 92.94 E/ET 0.250 0.917 – 0.417 0.417

19 AEREIVRDIKEK 1484.83 91.62 D/E/AE/EK 0.500 0.583 0.083 0.333 0.500
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treateddarkmeatwasmixedwithdistilledwater at a solid–liquid ratio of 1:4.
After a certain dosage of the enzyme (w/w) was added, the mixture was
adjusted to the desired pH, and then subjected to enzymatic hydrolysis at
controlled temperatures for 4 h as per our experimental design. Finally, the
obtained yellowfin tuna darkmeat hydrolysatewas heated in awater bath at
90 °C for 10min to terminate the hydrolysis reaction.

According to the method reported by Yang et al.74 and the optimal
enzymatichydrolysis conditions suggestedby themanufacturer, the enzyme
dosage (2–3.6%), pH levels (6.5~8.5), and temperature (45–65 °C) were
systematically investigated to optimize the enzymatic hydrolysis conditions
of yellowfin tuna dark meat. The DH of the yellowfin tuna dark meat
hydrolysate was used as the evaluation index. One factor was changed in
each experiment, while other factors were kept unchanged.

According to the Box-Behnken principle of the response surface, the
enzyme dosage (X1), pH (X2), and temperature (X3) were selected as the
investigation factors based on the single-factor experiment results, and DH
was used as the response value for optimization experiments. Seventeen
runs with five center points were carried out randomly (Table 1).

Optimization of fermentation conditions
L. fermentum was anaerobically incubated in the MRS broth at 37 °C for
24 h. After centrifugation for 10min at 6000 r/min and 4 °C, L. fermentum
was resuspended in 0.9% sterile saline water (w/v) at a CFU of 107/mL and
used as a starter culture. A certain dosage of glucose was added to yellowfin
tuna dark meat hydrolysate and sterilized at 121 °C for 15min. The ster-
ilized yellowfin tuna dark meat hydrolysate was then mixed with L. fer-
mentum at a certain dosage and fermented at 37 °C for a certain time. At the
end of the fermentation, the fish sauce was obtained by filtering the fer-
mentation supernatant with gauze and sterilizing it at 115 °C for 15min.

Following previous reports on fish sauce inoculation and fermentation
conditions5,75, glucose dosage (0.1–1.9%), inoculation size (2–8%), and
fermentation time (1–7 days) were systematically investigated to optimize
the fermentation conditions of fish sauce. The individual impact of each
variable on the AA-N content of fish sauce was assessed by altering one
factor at a time while keeping the other two factors constant.

Based on the results of single-factor experiments, the glucose dosage
(X1), inoculation size (X2), and time (X3) were selected as the investigation
factors, and the AA-N of fish sauce was the response value for optimization
experiments. Seventeen experiments based on the Box-Behnken design
were performed to optimize the fermentation conditions of fish sauce
(Table 2).

Determination of chemical properties
The total acid and AA-N contents of samples were determined with
reference to GB5009.235-2016 (China). The TS-N content was determined
by an automatic Kjeldahl apparatus (KJELTEC 8400, Foss TecatorAB,
Hogans, Sweden) according to GB5009.5-2016 (China). DHwas calculated
using the Eq. (1):

DH ð%Þ ¼ AA-N content
TS-N content

× 100 ð3Þ

The growth of L. fermentum in the fish sauce was evaluated using the
plate count method. Decimal dilutions of the fish sauce were prepared in
sterile peptone water (0.1%, w/w), and 1mL of an aliquot of the appropriate
dilution was inoculated on theMRS agar medium. Then, all the plates were
incubated at 37 °C for 48 h. The results were expressed as colony-forming
units per milliliter of the fish sauce (lg CFU/mL).

The pH of fish sauce was measured by a pH meter (Mettler Toledo
8603, Switzerland).

The TVB-N content was determined using the method previously
described by Du et al.1 with some modifications. Fish sauce (10mL) was
mixed with 75mL of distilled water in a distillation tube, and then 1.0 g of
MgO was added. The TVB-N content of fish sauce was determined by

titrationwith 0.1mol/LHCl solutionusing an automaticKjeldahl apparatus
(KJELTEC 8400, Foss TecatorAB, Hogans, Sweden).

Determination of salt content
The salt content of fish sauce was determined by the Mohr method
according to the GB 5009.44-2016 (China).

Sensory analysis
The sensory characteristics of fish sauce prepared under optimal enzymatic
hydrolysis and fermentation conditions (FS) were conducted by quantita-
tive descriptive analysis (QDA)9, with the yellowfin tuna dark meat–water
mixture without enzymatic hydrolysis and fermentation treatment (con-
trol), and the yellowfin tuna darkmeat hydrolysate prepared under optimal
enzymatic hydrolysis conditions (FH) as comparison groups. Our institu-
tion (HainanUniversity, Haikou, China) did not require ethical permission
for the sensory evaluation on food to evaluate food sensory, and this
experiment was performed following the Declaration of Helsinki. Informed
consent was obtained from ten panelists (five men and five women, aged
20–30), and training in the sensory descriptions offish saucewas conducted
before the sensory evaluation. Different sensory attributes of fish sauce
(brown color, aroma, bitter, sour, rancid, fishy, umami, caramel, and
ammonia) were then evaluated using this trained sensory panel. Sensory
evaluation was conducted in a sensory lab with individual booths and
illuminated by natural light. The score scale ranged from 0 to 10, with 0
representing no perceptible intensity and 10 representing extreme intensity
of an attribute.

Analysis of VOCs by HS-GC-IMS
Changes inVOCsoffish sauce at differentprocessing stageswere investigated
using a flavor Spec1H1-00053 HS-GC-IMS (G.A.S, Dortmund, Germany)
according to Wang et al.76. The control, FH, and FS samples (3.00 g) were
weighed and placed in a 20mL headspace vial, respectively, and incubated at
60 °C for 15min. The headspace gas (500 μL) was then driven into the
column (WAX, 15m, 0.53mm ID) by the autosampler (60 °C) with N2

according to the setprogram: theflowratewas2mL/min initially, 10mL/min
at 10min, 100mL/min at 20min, and finally 150mL/min at 30min. After
GC separation, the analytes were ionized in the IMS ionization chamber
(positive ion mode). Finally, the VOCs were identified by comparing the
retention index (RI) and drift time (Dt).

Identification of peptides by LC–MS/MS
Peptide analysis of fish sauce was performed using a Q-Exactive Plus cou-
pled to an EASY-nanoLC 1200 system (Thermo Fisher Scientific, USA)
according to Gu et al.67. The fish sauce sample was ultrafiltered (10 kDa),
desalted, and separated using an RP-C18 column (0.15mm× 150mm,
5 µm, Column Technology Inc) at a flow rate of 0.25 µL/min. Water
(containing 0.1% formic acid) was used as mobile phase A, and water
(consisting of 0.1% formic acid and 84% acetonitrile) was used as mobile
phase B. The chromatographic gradient was as follows: 0–50min, 96–50%
A; 50–54min, 50–0%A; 54–60min, 0%A. The data-dependent acquisition
was performed on the Orbitrap analyzer in positive mode with profile
analysis, and the MS spectra were searched against the UniProt FASTA
databases by MaxQuant software.

Virtual screening of potential umami peptides
First, the peptideswith a score above 40 andMW<1500 Dawere selected for
subsequent virtual screening. Peptide candidates were further shortlisted
using the ToxinPred tool (https://crdd.osdd.net/raghava/toxinpred/index.
html) (non-toxicity), AllerTOP v. 2.0 tool (https://www.ddg-pharmfac.net/
AllerTOP/) (non-allergen), Innovagen tool (https://www.innovagen.com/
proteomics-tools) (good water solubility), and Expasy-protparam tool
(https://web.expasy.org/protparam/) (stability). UMPred-FRL (https://
pmlabstack.pythonanywhere.com/UMPred-FRL) was used in parallel
with the preliminary screening of umami peptides. Finally, BIOPEP-UWM
(https://biochemia.uwm.edu.pl/biopep-uwm/) was used to predict and
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calculate thenovelty andoccurrence frequencyof sweet, bitter, umami, salty,
and sour fragments in potential umami peptides.

Homology modeling of umami receptor T1R1/T1R3 and
molecular docking
The 3D structure of T1R1/T1R3 was established through homology mod-
eling. The sequence of T1R1/T1R3 was retrieved from the UniProtKB
database (https://www.UniProt.org/). Homologous modeling (Fig. S2A)
was performed by the SWISS-MODEL server (https://swissmodel.expasy.
org/) with the fish taste receptor T1R2a-T1R3 (PDB ID: 5X2M) chosen as
the template. The model was verified by the Ramachandran plot chart (Fig.
S2B) exported by SAVES v6.0 (https://services.mbi.ucla.edu/SAVES) and
subsequently used for molecular docking.

The potential umami peptides were docked to T1R1/T1R3 using
Autodock Tools 1.5.6. Since the T1R1 structural domain of the flytrap is the
primary recognition area for umami peptides61,77, the size of the docking box
was set to 66Å × 72Å × 86Å with 0.375 Å spacing, and the coordinates of
the active center were defined as x = 47.00 Å, y = 23.15Å, and z = 44.35 Å.
Finally, the molecular docking results were visually analyzed using PyMol.

Statistical analysis
All analyses were carried out in triplicate, representing the data as mean ±
standard error of the mean (SEM). Design-Expert V8.0.6 (State-East,
Minneapolis, USA) was used to perform quadratic multivariate fitting on
the Box-Behnken design results. The analysis of variance (ANOVA) was
performed to evaluate the significance of the model (P < 0.05), and the
corresponding surface results were then calculated usingmultiple quadratic
regression equations. Statistical analysis for other data was performed using
ANOVA one-way analysis in SPSS software 26.0 (IBM, New York, USA)
with the Tukey post-test (P < 0.05) for statistical significance.

Data availability
No datasets were generated or analyzed during the current study.
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