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A B S T R A C T

Despite the long-standing tradition of shrimp paste in China, the aroma profiles driving consumer preferences 
remain poorly characterized. This study applied flavoromics and high-throughput sequencing to analyze nine 
commercial shrimp pastes, aiming to identify critical odorants influencing sensory acceptance and investigate 
their correlation with physicochemical properties and microbial communities. Nine distinct aroma attributes 
were identified as significant determinants of consumer preferences. Comprehensive volatile profiling using GC- 
IMS and GC-MS detected 44 and 40 volatiles, respectively, with 30 identified as aroma-active compounds (odor- 
active value ≥ 1). According to partial least squares regression analysis, fourteen key AACs significantly 
contributed to aroma attributes. Desirable AACs including 2,3-butanedione, isoamyl acetate, benzaldehyde, 2- 
heptanone, dimethyl trisulfide, 2,6-dimethyl pyrazine, 2,5-dimethyl pyrazine, and trimethyl pyrazine were 
associated with aroma attributes, such as sweet, meaty, cooked-garlic-like, sesame oil-like, and soy sauce-like 
aromas. Conversely, six AACs, including 3-methyl butanoic acid, naphthalene, trimethylamine, indole, 1- 
penten-3-ol, and Z-3-hexen-1-ol, contributed to off-odors characterized as pungent, earthy, rotten, and fishy. 
Significant variations were observed in physicochemical parameters and microbial composition, with dominant 
genera including Tetragenococcus, Corynebacterium_1, Vagococcus, Acinetobacter, Alkalibacterium, and Psychro
bacter showing strong correlations with aroma formation. Metabolic pathway analysis revealed that microbial 
enzymatic activities-particularly decarboxylation, deamination, lysis, and lipid oxidation-critically shape the 
volatile profile through the degradation of amino acids and polyunsaturated fatty acids. This work systematically 
deciphers the molecular basis of shrimp paste flavor, providing actionable insights for optimizing fermentation 
processes to enhance sensory quality and consumer acceptance.

1. Introduction

Shrimp paste is a fermented seafood condiment, characterized by its 
distinctive flavor and umami taste. It is rich in protein, unsaturated fatty 
acids, bioactive peptides, astaxanthin, and other functional compounds 
beneficial to human health (Kleekayai et al., 2015). Additionally, shrimp 
paste can be stored stably for extended periods, thereby prolonging its 
shelf life. The history of shrimp paste consumption in China dates back 
more than 1500 years (Hu et al., 2024). Currently, China is a major 
producer, with an annual production of approximately 40,000 tons (Lu 
et al., 2022). The extensive coastline and diverse shrimp species in China 

have resulted in a wide variety of shrimp paste products available on the 
market. Notable varieties include Bi jia shan shrimp paste (Jinzhou, 
Liaoning), Beitang shrimp paste (Tianjin), grasshopper sub shrimp paste 
(Rongcheng, Shandong), Ganyu shrimp paste (Lianyungang, Jiangsu), 
and Guangzhou smooth shrimp paste, each enjoying its market share in 
China.

The aroma of shrimp paste, determined by a variety of volatile 
compounds, plays a crucial role in consumer acceptance. Due to varia
tions in environmental and processing conditions across different re
gions and factories, each brand of shrimp paste exhibits unique aroma 
profiles. To unravel the mysteries of shrimp paste flavor, researchers 
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have concentrated on understanding flavor changes during fermentation 
(Lv et al., 2020; Li et al., 2023a), the volatile differences among shrimp 
paste from diverse regions (Lu et al., 2022), and the effects of different 
fermentation conditions on volatile compounds (Yu et al., 2022a; Gao 
et al., 2024; Huang et al., 2024). Despite the long-standing tradition of 
shrimp paste consumption and numerous studies on the subject, there 
remains a lack of clarity regarding the aroma profiles preferred by 
contemporary Chinese consumers. Furthermore, these volatile com
pounds are generated through intricate metabolic pathways. Identifying 
the key pathways that influence the formation of essential odor com
pounds is vital for effective flavor regulation in shrimp paste.

The quality and flavor formation of fermented food are primarily 
attributed to the complex metabolic activities of microorganisms. Dur
ing fermentation, these microorganisms secrete enzymes that hydrolyze 
fats and proteins into fatty acids, small peptides, and free amino acids, 
which serve as precursors for flavor development (Wang et al., 2025). In 
the context of shrimp paste fermentation, key microorganisms include 
Tetragenococcus, Staphylococcus, Lactobacillus, and Bacillus (Hu et al., 
2024). Differences in raw materials and process conditions can signifi
cantly influence the function and composition of these microorganisms 
in shrimp paste. For example, Lactobacillus contributes notably to shrimp 
paste fermentation through its decarboxylase activity, which promotes 
the formation of pyrazine compounds (Che et al., 2021). Additionally, 
Staphylococcus has been observed to convert branched amino acids into 
branched volatile compounds, such as 2-methyl butanoic acid (Lv et al., 
2020). Therefore, it is crucial to study the microbial composition and 
their correlation with volatile compounds to gain a comprehensive un
derstanding of flavor formation in commercial shrimp paste.

Flavoromics systematically bridges sensory properties with aroma 
compounds through integrated sensory-instrumental-modeling frame
works, enabling precise decoding of flavor formation mechanisms (Hu 
et al., 2023). This approach synergizes gas chromatography-mass spec
trometry (GC-MS) and headspace GC-ion mobility spectrometry 
(HS-GC-IMS) for comprehensive volatile profiling (Li et al., 2025). 
Multivariate techniques like partial least squares regression (PLSR) then 
establish quantitative aroma-sensory relationships by identifying key 
aroma-active compounds (AACs) (Wang et al., 2024). On the other hand, 
high-throughput sequencing (HTS) offers a comprehensive, accurate, 
and rapid approach to microbial analysis. HTS deciphers microbial 
functional dynamics in fermented products, and Pearson correlation 
analysis elucidates microbe-metabolite interactions (Wang et al., 2025). 
Together, this dual analytical axis – flavoromics mapping 
chemical-sensory linkages and HTS revealing microbial drivers – pro
vides a multidimensional perspective for optimizing fermented food 
quality through targeted microbial and biochemical regulation.

In this study, we initially employed a flavoromics strategy to identify 
the active-aroma compounds (AACs) that influence consumer prefer
ence and the aroma profile of commercial shrimp paste. We further 
assessed microbial diversity and essential physicochemical indicators 
(moisture content, salinity, amino acid nitrogen (AAN), thiobarbituric 
acid reactive substances (TBARS), and total volatile base nitrogen (TVB- 
N)). We finally establish a correlation network between AACs, dominant 
microbiota, and physicochemical properties. Additionally, we pre
liminary explored the potential formation pathways of AACs. By inte
grating these approaches, this research offers actionable insights for 
enhancing flavor profiles and improving quality control in shrimp paste 
production.

2. Materials and methods

2.1. Materials and chemicals

Nine commercial shrimp paste samples were purchased from five 
provinces across China: Liaoning, Tianjin, Shandong, Jiangsu, and 
Guangdong. These samples were primarily derived from three shrimp 
species (Acetes chinensis, Neomysis awatschensis, Euphausia pacifica) and 

were spontaneously fermented in open clay jars under natural envi
ronmental conditions (10–35 ◦C ambient temperature) for 90–180 days, 
without exogenous starter cultures. Daily manual stirring (twice daily) 
ensured aerobic conditions. The origin, shrimp species, fermentation 
periods, and temperatures are provided in the Supplementary Material 
(Table S1). To preserve freshness, all were transported in ice boxes using 
cold-chain logistics and stored at − 50 ◦C until further analysis.

For the instrumental analyses, n-ketone C4-C8 supplied by Sino
pharm Chemical Reagent Beijing Co., Ltd. (Beijing, China) were utilized 
in GC-IMS analysis to calculate retention index (RI) of each volatile 
compound. A n-alkane C6-C30 mixture (chromatographic grade, 
Supelco, Bellefonte, USA) was utilized in GC-MS analysis to calculate the 
linear retention indices of volatile compounds. 2, 4, 6-trimethylpyridine 
(≥99 % purity, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) 
was utilized as the internal standard in GC-MS analysis.

2.2. Sensory evaluation

Referring to Chen et al. (2022) and Lu et al. (2022) with some 
modifications. Five-gram samples of shrimp paste were incubated in 20 
mL brown glass bottles at room temperature for 10 min before sensory 
evaluation. In the consumer preference test, sixty participants (30 men 
and 30 women, aged 15–55) from various regions of China, who 
temporarily reside in Qingdao, rated their preferences for the aroma of 
the nine shrimp paste samples on a scale from 1 (I dislike it very much) 
to 15 (I like it very much).

A descriptive sensory analysis was conducted by a panel of 20 stu
dents from the College of Food Science and Engineering, all of whom 
had completed a sensory discrimination test and were familiar with the 
sensory characteristics of shrimp paste. Panelists evaluated the intensity 
of nine identified aroma descriptors, as detailed in Table 1, on a scale 
from 0 (none) to 15 (very strong). All evaluations were performed in 
triplicate to ensure reliability.

2.3. HS-GC-IMS

Volatile compounds in the shrimp paste were identified using HS-GC- 
IMS (FlavourSpec, Dortmund, Germany) following a modified method 
previously utilized by our group (Hu et al., 2021). A 1.0-g sample of 
shrimp paste was placed in a 20 mL headspace vial and incubated in an 
agitator at 60 ◦C and 500 rpm for 10 min. Subsequently, 500 μL of the 
headspace gas was pre-separated using an MXT-WAX capillary column 
(15 m, 0.53 mm, 1.0 μdf) with nitrogen (N2, 99.99 % purity) as the 
carrier gas. The carrier gas flow rate was programmed as follows: 2 
mL/min for 2 min, 5 mL/min for 3 min, 15 mL/min for 5 min, 50 
mL/min for 5 min, 100 mL/min for 5 min, and finally 150 mL/min for 5 

Table 1 
The detailed descriptions and references of nine aroma properties of shrimp 
paste.

Aroma terms descriptions Reference

Soy-sauce 
like

Salt, fermented, such as 
soy sauce.

2 g light soy sauce with 2 mL water put 
in a 20 ml headspace bottle

Sweet Sweet, creamy 1 g Anchor Cheddar processed butter
Sesame oil- 

like
Cooked nutty, frying- 
peanut-oil odor

0.5 g sesame oil put in a 20 mL 
headspace bottle

Cooked 
garlic-like

Fermented cabbages, 
leek sauce

2 g roasted garlic

Meaty Characteristic aroma of 
cook meat

2 g boiling shrimp pork meat

Fishy Characteristic aroma of 
fish

0.5 g saury meat

Pungent Burnt, intense odor, 
pungent

Over-burnt nuts

Earthy-like Musty, characteristic 
odor of earth

5 g moist soil

Rotten Stinky, rotten odor 5 g rotten shrimp meat
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min. The analytes were ionized and further separated in the IMS ioni
zation chamber. For identification purposes, n-ketones C4-C8 (Sino
pharm Chemical Reagent Beijing Co., Ltd, China) were used as external 
references to calculate the retention index (RI) of each volatile com
pound. The RI and drift time (DT) were then compared with the GC ×
IMS Library. The relative content of volatile compounds was quantified 
based on peak intensities.

2.4. SPME-GC-MS

A 20 mL headspace vial containing 5.0 g shrimp paste and 10 μL 
2,4,6-trimethyl pyridine (internal standard, IS, at 5 ppm) was incubated 
at 60 ◦C for 15 min. Following this, an SPME fiber (DVB/CAR/PDMS, 
Supelco, USA) was introduced into the headspace vial to absorb volatile 
compounds at 60 ◦C for 30 min. The absorbed compounds were then 
desorbed in a GC injector at 250 ◦C for 5 min for analysis.

The separation and identification of volatile compounds were further 
accomplished using a GC-MS system (8890/7000D, Agilent Technolo
gies Inc., USA) equipped with an INNOWAX chromatographic column 
(Agilent Technologies Inc., USA), following modified methods described 
by Lu et al. (2022). The desorbed substances were introduced into the 
GC-MS system using Helium (purity >99.999 %) in splitless mode. The 
column temperature was programmed as follows: initially set at 50 ◦C 
and held for 2 min, then increased to 150 ◦C at a rate of 5 ◦C/min and 
held for 2 min, and finally increased to 250 ◦C at a rate of 10 ◦C/min, 
maintaining this temperature for 5 min. MS was performed in full scan 
mode (m/z 29–350) with an ion source temperature of 230 ◦C.

To calculate the linear retention indices of volatile compounds, n- 
alkanes (C6-C30) were utilized. The identification of volatile com
pounds was based on a comparison of GC retention indices (RI) and mass 
spectra (MS) with the NIST 14 and Wiley11 libraries. The content of 
volatile compounds was calculated using the following equation: 

content (ng / g)=
Peak area of volatile compounds

Peak area of IS
×

50 μg(IS)
5 g(sample)

× 1000 

2.5. (R)OAVs calculation

The OAV is commonly used to determine the contribution of volatile 
compounds to the overall aroma and is calculated as follows: 

OAVi =
Ci

OTi 

Ci: the content of the volatile compound detected in the sample;
OTi: the odor threshold of this compound found in the literature.
GC-IMS provides the concentration of volatile compounds based on 

peak intensity. To evaluate the specific contribution of each compound 
identified by GC-IMS, the relative OAV (ROAV) was employed, as 
detailed in previous studies (Xiao et al., 2022). The compound with the 
highest ratio of peak intensity to odor threshold is considered the most 
potent odorant, and its ROAV is regarded as 100. The ROAVs of other 
compounds are calculated using the following equation: 

ROAVi =
PIi

OTi
×

OTmax

RImax
× 100 

PIi: the peak intensity of a volatile compound (i);
OTi: the odor threshold of a volatile compound (i);
RImax: the peak intensity of the compound with the highest value 

calculated by dividing the relative content by the odor threshold;
OTmax: the odor threshold of the compound with the highest value.

2.6. Measurement of physiochemical properties

Moisture was determined according to Chinese Standard 
GB5009.3–2016, using the direct drying method. Salinity was deter
mined according to Chinese standard SC/T 3011-2001. AAN was 

determined according to Chinese standard GB5009.235–2016, using the 
acidity meter method. TVB-N was determined according to Chinese 
standard GB5009.235–2016, adopting semi-trace nitrogen. TBARS 
measurement was determined according to Chinese standard GB 
5009.181-2016.

2.7. Microbial diversity analysis

Bacterial DNA was extracted from shrimp paste samples using 
cetyltrimethylammonium bromide (CTAB). The 16S rDNA target region 
of the ribosomal RNA gene was amplified by PCR (90 ◦C for 5 min, 
followed by 30 cycles at 95 ◦C for 1 min, 60 ◦C for 1 min, and 72 ◦C for 1 
min and a final extension at 72 ◦C for 7 min) using primers 341F 
(CCTACGGGGGCWGCAG) and 806R (GGACTACHVGGGTATCTAAT). 
Amplicons were evaluated with 2 % agarose gels, purified using the 
AMPure XP Beads (Beckman, CA, USA), and qualified by Qubir 3.0. 
Then, the sequencing libraries were generated using Illumina DNA Prep 
Kit (Illumina, CA, USA), were assessed with ABI StepOnePlus Rwal-Time 
PCR System (Life Technologies, Foster City, USA). At the end 2 × 250 bp 
paired-end reads were generated by sequencing on Novaseq 6000 plat
form. The raw reads were deposited into the NCBI Sequence Read 
Archive (SRA) database.

The raw sequencing data would be further filtered and analyzed 
using FASTP software (version 0.18.0) and QIIME software (v1.8.0). 
Operational taxonomic unit (OTU) clustering analysis was performed at 
sequence similarity of 97 % based on the UPARSE algorithm using 
USEARCH software (v10.0) and aligned by the BLAST algorithm.

2.8. Statistical analysis

Experiments were conducted in triplicate, and results are expressed 
as mean ± standard deviation. Statistical analysis was performed using 
SPSS 25 software (IBM, Armonk, USA). ANOVA with Duncan’s test was 
utilized to determine significant differences, with P < 0.05 indicating 
statistical significance. Additionally, PLSR was performed using Un
scrambler 9.7 software (CAMO ASA, Oslo, Norway) to investigate cor
relations between sensory attributes and active aroma compounds. 
Pearson correlation analysis was calculated in the R project psych 
package (version 1.8.4) through Omicsmart platform (http://www.omic 
smart.com).

3. Results and discussion

3.1. Sensory evaluation analysis

Aroma preference plays a significant role in shaping consumer pur
chasing decisions (Simons et al., 2019). In our consumer preference test, 
panelists assigned the highest scores to sample SP8 (14.32 ± 0.26), and 
the lowest to SP4 (2.90 ± 0.13), as illustrated in Fig. 1A. This result 
highlights the substantial variability in flavor preference among com
mercial shrimp paste products. Based on the preference scores, the nine 
commercial shrimp paste samples were categorized into three distinct 
groups: the high-scoring group (HSP) comprising SP7, SP8, and SP9, 
with scores ranging from 13 to 15, the medium-scoring group (MSP) 
consisting of SP1, SP2, and SP3 with scores between 9 and 11, and the 
low-scoring group (LSP) including SP4, SP5, and SP6 with scores 
ranging from 3 to 5.

A descriptive sensory analysis identified nine key sensory attributes: 
“sesame oil-like”, “cooked garlic-like”, “soy sauce-like”, “meaty”, “rot
ten”, “fishy”, “earthy”, “pungent”, and “sweet”. Fig. 1B presents the 
intensity values of these attributes across shrimp paste samples, 
revealing significant differences in aroma profiles among the three 
groups. The MSP samples (SP1, SP2, and SP3) exhibited notably higher 
intensities of sesame oil-like, cooked garlic-like, soy sauce-like, and 
meaty attributes. The soy sauce-like odor, which has been reported in 
previous studies (Yu et al., 2022a,b; Fan et al., 2017; Lu et al., 2022), is 
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likely attributable to prolonged fermentation times or elevated salt 
content. Similarly, the cooked garlic-like attribute, characterized by a 
sulfur-like odor, is commonly associated with protein-rich fermented 
foods such as cheddar cheese and soybean paste (Chung and Chung, 
2007; He and Chung, 2019). Despite these favorable attributes, MSP 
samples also exhibited subtle hints of undesirable odors, including fishy, 
rotten, and pungent odors. Interestingly, although the LSP group 
consistently received low preference scores, its samples exhibited 
distinct odor profiles. For instance, SP4 exhibited the highest intensity of 
the rotten odor (14.25 ± 0.30), while SP5 and SP6 were characterized 
by the strongest earthy odor. Additionally, all three LSP samples 
demonstrated elevated intensities of fishy odor. These undesirable at
tributes contributed to the low consumer preference scores in the LSP 
group, respectively. In contrast, the HSP group was distinguished by its 
dominant sweet odor, which emerged as the primary characteristic. The 
shrimp paste in this group also exhibited lower intensities of fishy, 
sesame oil-like, and cooked garlic-like odors, suggesting that the balance 
of these sensory attributes may have contributed to its higher consumer 
preference scores.

3.2. GC-IMS analysis

GC-IMS successfully isolated and identified fifty-four volatile com
pounds, including 11 alcohols, 8 aldehydes, 7 ketones, 11 esters, 3 
sulfur-containing compounds (SCCs), 7 nitrogen-containing compounds 
(NCCs), 5 furans, and 2 additional compounds (Table S3). Significant 
differences in peak intensity were observed among the various types of 
shrimp paste (Fig. 2A). The MSP group (SP1, SP2, and SP3) exhibited the 
highest volatile intensity, with SCCs and ketones identified as the pri
mary odorants. In contrast, the LSP group (SP4, SP5, and SP6) showed a 
marked decrease in total volatile intensities. Specifically, NCCs emerged 
as another abundant group in SP4, while alcohols and aldehydes 
accounted for a relatively high percentage in SP5 and SP6. Although 
alcohols and aldehydes also dominated the volatile profile in the HSP 
group, their concentrations were significantly lower than those in the 
LSP group.

To further elucidate the volatile profiles of different types of shrimp 
paste, a volatile heatmap was constructed (Fig. 2B). The MSP samples 
demonstrated higher concentrations of several key compounds, 
including dimethyl trisulfide, 2-heptanone, 2,5-dimethyl pyrazine, 
methyl pyrazine, trimethyl pyrazine, 2-octanone, 3-octanone, pentanoic 

acid, propyl-butanoate, phenylacetaldehyde, 4-methyl-2-pentanol, 
hexyl acetate, and 2,3-pentanedione (Area I). Conversely, LSP samples 
were characterized by a greater abundance of compounds such as 2- 
acetyl furan, 2-hexanol, 2-phenylethanol, 3-methyl butanol, tetra
methyl pyrazine, E-pentenal, 2-pentyl furan, 2-octanol, 3-methyl buta
nal, 2-ethyl furan, and Z-3-hexen-ol (Area II). Despite a significant 
reduction in volatile compounds in the HSP group, their flavor profile 
was primarily characterized by ethyl acetate, 2-furanmethanol, and 
pentyl acetate (Area III).

PCA was employed to elucidate the relationships among multiple 
variables by extracting a limited number of PCs. As shown in Fig. 2C, the 
total contribution ratio of the first two principal components reached 66 
% (PC1 accounting for 46 % and PC2 for 20 %), exceeding the 60 % 
threshold and indicating sufficient characterization of similarities 
among different samples. The PCA score plot revealed that shrimp pastes 
with similar consumer preferences were closely clustered: MSP samples 
in red, LSP in green, and HSP in blue. Notably, shrimp pastes with 
different consumer preferences were distinctly distributed along the 
score value of PC1: MSP samples clustered in the positive region of PC1, 
LSP near zero, and HSP in the negative region. Thus, based on the result 
of GC-IMS analysis, shrimp paste with varying consumer preferences 
showed distinct volatile profiles.

3.3. GC-MS analysis

GC-MS identified 40 volatile compounds across the nine shrimp paste 
samples, including 6 alcohols, 5 aldehydes, 2 ketones, 5 acids, 5 SCCs, 
10 NCCs, 3 alkanes, 2 furans, and 2 phenols, as detailed in Table S4. In 
comparison to GC-IMS, GC-MS detected fewer alcohols and aldehydes 
but identified a greater number of NCCs, SCCs, and acids, with phenols 
being exclusive to GC-MS. These discrepancies may stem from the 
differing analytical principles of each technique, suggesting that inte
grating GC-IMS and GC-MS could provide a more comprehensive vola
tile profile. As illustrated in Fig. 2D, NCCs constituted a significant 
portion of the volatile compounds across all shrimp paste samples. In 
addition to alkyl pyrazines detected by GC-IMS, compounds like indole 
and trimethylamine were prominent NCCs in high concentrations. The 
volatile content varied significantly among the three groups: MSP 
groups exhibited elevated levels of SCCs and phenols, while SCCs, al
cohols, and aldehydes dominated LSP and HSP, respectively.

The heatmap of overall volatile compounds detected in GC-MS is 

Figure_1. Scores of aroma preference (A) and aroma attributes (B) in nine commercial shrimp paste samples (MSP: shrimp pastes with medium preference scores; 
LSP: shrimp paste with low preference scores; HSP: shrimp paste with high preference scores.).
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shown in Fig. 2E. MSP samples exhibited a diverse range of alkyl pyr
azines with higher concentrations (Area I), including 2,3,5-trimethyl-6- 
ethyl pyrazine, 3,5-diethyl-2-methyl pyrazine, 3,5-dimethyl pyrazine, 
trimethyl pyrazine, and 2,5-dimethyl pyrazine, corroborating findings 
from GC-IMS. Notably, SP4 in the LSP group had elevated levels of 
indole, trimethylamine, and 3-ethyl-2,5-dimethyl pyrazine compared to 
other samples. SP5 and SP6 were characterized by higher concentrations 
of compounds such as naphthalene, 1-methyl naphthalene, 2-pentyl- 
furan, 8-octadecanal, 5-octadecenal, tetradecanoic acid, acetophenone, 
and 9-hexadecenoic acid. In contrast, HSP samples displayed signifi
cantly higher levels of 3-methyl butanol.

PCA based on the concentrations of these compounds (Fig. 2F) 
revealed that the first two principal components (PC1 and PC2) 
accounted for 51 % and 23.7 % of the total variation, respectively. This 
suggests that these components effectively capture the overall variation 
in the data. Cluster analysis indicated that MSP samples were distinctly 
positioned compared to LSP and HSP samples, which showed over
lapping distributions. This finding suggests that GC-IMS is more effec
tive than GC-MS at distinguishing the aroma profiles of shrimp paste, 
likely due to its capability to isolate more subtle volatile compounds, 

such as aldehyde and alcohol.

3.4. OAV analysis

OAV analysis is a robust method for assessing the contribution of 
different volatile compounds to the overall aroma of food products. 
Compounds with higher OAVs indicate a greater impact on aroma 
perception. In this study, data obtained from GC-IMS and GC-MS were 
analyzed using ROAV and OAV methods, respectively, with the 
threshold of (R)OAV ≥1 used to identify AAC in shrimp paste. From the 
55 volatiles identified by GC-IMS, 13 were classified as AACs, while 22 
out of the 40 volatiles detected by GC-MS were identified as AACs. This 
resulted in a total of 30 AACs (Table 2), distributed as follows: 17 in SP1, 
20 in SP2, 17 in SP3, 20 in SP4, 20 in SP5, 24 in SP6, 16 in SP7, and 13 in 
SP8 and SP9. Notably, the MSP group exhibited OVA summations 
ranging from 8500 to 19000, while OAVs for LSP ranged from 6000 to 
15000, and those for HSP were below 1000.

Five specific SCCs were identified as AACs in shrimp paste: dimethyl 
trisulfide, dimethyl disulfide, dimethyl sulfide, 2-furanmethanethiol, 
and 3-methythio-1-propanol. Due to their high concentrations and low 

Figure_2. The profiles (A, D), heatmaps (B, E), and PCA scoring (C, F) of volatile compounds in commercial shrimp pastes detected by GC-IMS and GC-MS; (NCCs: 
nitrogen-containing compounds; SCCs: sulfur-containing compounds; M: monomer; M: monomer, D: dimer).
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odor thresholds, these SCCs comprised over 60 % of the total OAV 
summation in most samples, underscoring their significant role in 
shaping the aroma of shrimp paste. Specifically, dimethyl trisulfide and 
3-methylthio-1-propanol, commonly found in cooked or fermented 
foods, are associated with a meaty aroma (Liu et al., 2019; Zhang et al., 
2020; Yao et al., 2024). Additionally, dimethyl trisulfide is known to 
enhance the umami aftertaste and palatability of dishes like soy miso 
(Inoue et al., 2016). These compounds showed remarkably higher OAVs 
in MSP compared to LSP and HSP. Conversely, dimethyl disulfide and 
dimethyl sulfide were more influential in the aroma profiles of LSP and 
HSP samples, with descriptors likening their odor to “intensely putrid” 
scents (Zang et al., 2017).

NCCs, comprising 10 components, were the most abundant AACs in 
shrimp paste. Among these, alkyl pyrazines — known for their cocoa, 
roasted nut, and potato-like aromas — are particularly influential in the 
overall aroma profile. Previous studies have identified trimethyl pyr
azine, 3-ethyl-2,5-dimethyl pyrazine, and 2,5-dimethyl pyrazine as key 
odorants in traditional high-salt shrimp paste (Li et al., 2023b). Addi
tionally, compounds like 2,6-diethyl pyrazine and 3,5-diethyl-2-me
thyl-pyrazine also contribute significantly to the characteristic aroma. 
Notably, 3-ethyl-2,5-dimethyl pyrazine exhibited the highest OAV in 
SP4, while the OAVs of other alkyl pyrazines were markedly higher in 
MSP samples. Trimethylamine, associated with a fishy odor in seafood, 
was more pronounced in the aroma of the LSP group. Indole and 2-acetyl 
pyrrole were notably higher in SP4, while 1-methyl-naphthalene and 
naphthalene were characteristic AACs of SP5 and SP6.

Alcohols (Z-3-hexen-1-ol, 1-penten-3-ol, phenylethyl alcohol), alde
hydes (3-methyl butanal, benzaldehyde, E− 2-Octenal), and ketones (2- 
heptanone, 2,3-butanedione) typically possess lower odor thresholds 
and significantly contribute to the flavor of shrimp paste. 1-Penten-3-ol, 
which generally imparts a fish-like odor, recorded the highest OAV of 
275 in SP6. Similarly, 3-methyl butanal showed a high OAV of 165 in 
SP6, noted for its nutty, cheesy, and salty characteristics that contribute 
to a meaty aroma (Yang et al., 2024). However, excessive 3-methyl 
butanal can lead to undesirable flavors in meat products (Liu et al., 
2019). Ketones also play a vital role in meat aroma due to their unique 
scents, ranging from fruity to creamy. In the HSP group, 2,3-butane
dione emerged as the most potent AAC, while 2-heptanone had a 
higher OAV in MSP samples.

Other AACs, including isoamyl acetate, propyl butanoate, methyl 
butyrate, styrene, phenol, 2-methyl butanoic acid, and 2-ethyl furan, 
though exhibiting low OAVs, contribute less to the overall aroma profile 
of shrimp paste.

3.5. Correlation analysis between AACs and sensory attributes

To further elucidate the relationship between volatile compounds 
and the sensory attributes of shrimp paste, PLSR models were con
structed, as illustrated in Fig. 3. In this model, the OAVs of AACs served 
as independent variables (X), while nine sensory properties were 
designated as dependent variables (Y). The resulting PLSR analysis 
revealed two factors that explained 72 % of the variance in both X and Y, 

Table 2 
Thresholds, odor descriptions, and (R)OAV of odorants for commercial shrimp paste.

AAC Odor 
description

Threshold (mg/ 
kg)

MSP LSP HSP

SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9

ROAV

dimethyl-trisulfide onion, cabbage 0.05 100 100 100 16.69 100 100 17.53 18.34 12.24
2-3-butanedione butter 0.1 18.08 24.40 28.75 69.69 93.20 85.58 100 100 100
2-furanmethanethiol roasted 0.002 13.43 33.13 27.52 100 57.38 63.65 87.34 83.43 44.79
2-heptanone meaty 1 1.64 4.01 2.16 0.71 1.53 1.10 1.73 1.10 0.73
3-methylbutanal malty 1 1.05 2.98 0.83 1.31 3.19 15.38 12.73 9.44 3.26
styrene-M sweet, floral 0.5 0.81 1.17 1.45 1.95 2.60 2.39 2.05 1.29 1.43
isoamyl acetate fruity, banana 3.6 0.60 0.57 0.36 1.41 0.67 1.23 3.49 2.05 2.22
Z-3-hexen-1-ol green 0.15 0.29 0.37 0.26 1.19 2.40 5.36 1.80 1.29 1.49
propyl-butanoate sharp, rancid 0.2 0.27 0.59 0.38 0.54 0.71 1.58 1.02 0.45 0.34
pent-1-en-3-ol green 0.8 0.16 0.32 0.23 0.77 0.82 3.19 2.25 1.12 0.88
2-acetylpyrrole cooked potato 0.8 0.14 0.07 0.27 1.33 0.20 0.26 0.46 0.56 0.42
methyl butyrate fruity, apple 1 0.06 0.15 0.11 0.20 1.05 1.93 1.04 0.57 0.36
2-ethyl-furan n.f. 2.3 0.02 0.05 0.02 0.06 0.12 0.94 1.13 0.32 0.14
OAV
benzaldehyde almond-like 24 2.29 1.84 2.04 0.04 0.37 0.40 0.68 0.32 0.69
(E)-2-octenal fatty, green 3 4.72 6.80 0.00 3.66 4.75 82.06 3.5 7.33 8.50
phenylethyl Alcohol rose-like 9 9.62 16.89 2.28 2.93 0.95 22.78 0.86 – 1.03
trimethyl pyrazine nut, coffee 4 16.93 13.25 19.41 12.26 1.20 2.23 2.44 1.1 5.26
2,6-diethyl pyrazine nut, coffee 6 17.53 15.33 4.86 – – – – – –
2-heptanone meaty 1 43.99 48.78 31.84 4.64 – 10.21 – – 0.00
phenol phenolic 26 44.31 41.04 21.65 20.39 2.56 2.11 16.34 17.28 24.08
indole feces-like 11 46.75 46.19 2.41 141.7 17.46 15.96 – – 13.2
trimethylamine fishy 2.4 68.98 41.70 83.88 130.2 87.60 306.4 56.17 161.4 102.4
3-(methylthio)-1-propanol onion, meat-like 0.2 165.6 147.1 42.93 97.89 51.98 – – – –
3,5-diethyl-2-methyl- 

pyrazine
nut, coffee 0.05 440.2 531.4 695.8 390.2 – – 95.6 – 147.6

3-ethyl-2,5-dimethyl- 
pyrazine

nut, woody 1 566.5 571.9 394.8 1766 11.66 373.5 33.5 7.06 104.1

disulfide dimethyl onion, cabbage 0.16 1659 414.8 596.1 1662 2945 61.25 22.94 42.88 42.88
dimethyl trisulfide onion, cabbage 0.05 15580 6443 8196 5346 2255 933 204.2 222 229
1-penten-3-ol green 0.8 – 63.37 – – 113.3 257.2 – – –
dimethyl sulfide onion, cabbage 0.05 – – – – 609.4 12376 189 459.8 –
naphthalene tar 6 – – – – 2.83 14.73 1.31 0.94 –
1-methyl-naphthalene tar 20 – – – – 2.98 2.43 – – –
2-ethyl furan n.f. 2.3 – 1.31 – – – 25.30 – – –
3-methyl butanal malty 1 – – – – 6.25 164.8 6.5 16.9 –
3-methyl butanoic acid sweaty 46 – 0.67 0.48 – 0.39 3.76 – – –
2,5-dimethyl pyrazine nut, coffee 0.80 152.9 40.53 70.31 51.77 8.81 – 10.64 19.23 29.93

Notes: n.f.: not found; -: not detected.
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indicating a robust model. The distribution of variances within the inner 
circle and outer ellipses (representing 50 % and 100 %, respectively) 
suggests that both sensory and volatile compound information can be 
effectively captured by PLSR (Zhao et al., 2024).

As shown in Fig. 3, sensory attributes are clustered into three distinct 
locations. Notably, the “sweet” odor and “preference” were located in 
the negative region of PC2, highlighting a positive correlation between 
these two attributes. The sweet aroma was strongly associated with 
volatile compounds like 2,3-butanedione and isoamyl acetate. Prefer
ence was also correlated positively with “sesame oil-like”, “meaty”, 

“cooked garlic-like”, and “soy sauce-like” odors since all were positioned 
in the positive region of PC1. The “sesame oil-like” and meaty aroma 
correlated with benzaldehyde and 2-heptanone, while the “cooked 
garlic-like” scent was linked to dimethyl trisulfide. The “soy sauce-like” 
aroma showed strong correlations with 2,6-diethyl pyrazine, 2,5- 
dimethyl pyrazine, and trimethyl pyrazine. Conversely, pungent, 
earthy, and fishy odors were situated in the upper right quadrant, 
indicating a negative correlation with preference. The pungent aroma 
was primarily attributed to 3-methyl butanoic acid and 3-methyl buta
nal. The earthy scent was mainly linked to naphthalene, while the fishy 

Figure_3. PLSR correlation loadings plot for volatile compounds with OAVs and aroma attributes in nine commercial shrimp paste samples.

Figure_4. The moisture contents (A), salinity (B), AAN (C), TBARS (D), and TVB-N (E) of nine commercial shrimp pastes (ANN: amino acid nitrogen, TBARS: 
thiobarbituric acid reactive substances, TVB-N: total volatile base nitrogen.).
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odor correlated with 1-penten-3-ol, trimethylamine, and Z-3-hexen-1-ol. 
Additionally, the rotten odor, characterized by a feces-like smell, was 
associated with indole. Overall, 14 of 30 AACs significantly contributed 
to shrimp paste aroma, including 2,3-butanedione, isoamyl acetate, 
benzaldehyde, 2-heptanone, dimethyl trisulfide, 2,6-diethyl pyrazine, 
2,5-dimethyl pyrazine, trimethyl pyrazine, 3-methyl butanoic acid, 3- 
methyl butanal, naphthalene, 1-penten-3-ol, trimethylamine, and Z-3- 
hexen-1-ol, indole.

3.6. Physicochemical properties of commercial shrimp paste

The results of moisture, salinity, AAN, TVB-N, and TBARS analyses 
are shown in Fig. 4. The moisture content of nine commercial shrimp 
pastes ranged from 50.81 % to 71.72 %, with mean values of 52.97 % in 
the MSP group, 57.89 % in the LSP group, and 69.98 % in the HSP group. 
The HSP samples exhibited a higher moisture content compared to the 
other groups. Salinity levels varied between 15.76 and 25.42 g/100g 
with MSP samples showing the highest salinity. Notably, salinity in
fluences the moisture content of shrimp paste as the lower salinity 
corresponds to higher water content (Jiang et al., 2024). Additionally, 
higher moisture content may result from the low fermentation temper
ature or shorter duration (Gao et al., 2024). The AAN content, a key 
indicator of the degree of proteolysis and a determinant of shrimp paste 
taste, ranged from 0.81 to 2.11 g/100g. The average AAN content was 
1.67 g/100g in the MSP group, 1.33 g/100g in the LSP group, and 0.94 
g/100g in the HSP group. TBARS, used to evaluate the degree of lipid 
oxidation (Wang et al., 2022), was below 0.3 mg/kg for all samples, 
except for SP5 (0.37 mg/kg) and SP6 (0.45 mg/kg) in the LSP group. The 
TVB-N values, which reflect product freshness and spoilage caused by 
bacteria metabolism and endogenous enzyme activity, ranged from 
77.90 to 384.72 mg/100g in commercial shrimp paste samples (Yang 
et al., 2021). SP4 exhibited the highest TVB-N value (380 mg/100g). In 
summary, HSP samples, characterized by the highest moisture content 
and lower chemical values suggest mild fermentation, likely due to 
lower fermentation temperature or shorter duration. Conversely, the 
elevated AAN content in MSP indicates strong proteolysis during 
fermentation. The high TVB-N or TBARS in LSP samples point to intense 
chemical reactions in their processing.

3.7. Microbiological analysis

In the analysis of nine shrimp paste samples, a total of 2723 bacterial 
OTUs were identified. To explore the characteristics of OTUs among 
different samples, we conducted a Venn diagram analysis based on OTU 
abundance. The analysis revealed that only 115 OTUs were common 

across nine shrimp paste samples, constituting merely 4 % of the total 
OTUs. The number of unique bacterial OTUs were found to be 376 in 
SP1, 362 in SP2, 254 in SP3, 354 in SP4, 428 in SP5, 209 in SP6, 222 in 
SP7, 57 in SP8, and 346 in SP9. These findings suggest that while 
commercial shrimp pastes share some common microbial communities, 
they also possess more distinct microbial communities. The relative 
abundances of the prevalent microbiota are depicted in Fig. 5. At the 
phylum level, 24 phyla were identified, with Firmicutes and Proteobac
teria being the most dominant. At the genus level, Tetragenococcus was 
identified as the dominant genus in commercial shrimp paste, exhibiting 
a relative abundance of more than 1 % in all samples. Other major 
genera, including Corynebacterium_1, Lactobacillus, Vibrio, Psychrobacter, 
and Vagococcus, were also prevalent in commercial shrimp paste.

The abundance of bacterial taxa varied across different samples, and 
distinct biomarkers distinguishing the shrimp paste samples were 
identified using the Kruskal-Wallis H test. A total of 121 microbial 
community groups were found to be significantly different among the 
nine samples (P < 0.05). Fig. 6 highlights the top 10 dominant genera. 
Notably, Tetragenococcus showed markedly higher abundance in SP6 
and SP8, while Corynebacterium_1 and Alkalibacterium characterized 
SP3. Vagococcus and Psychrobacter were prevalent in SP7, and Acineto
bacter exhibited higher abundance in SP1 and SP4. In summary, the 
microbial distribution among commercial shrimp pastes is characterized 
by significant variations, with specific microbial groups playing crucial 
roles in each sample. The marked differences in the relative abundance 
of Tetragenococcus, Corynebacterium_1, Vagococcus, Acinetobacter, Alka
libacterium, and Psychrobacter emphasize their significant contributions 
to the flavor variations in commercial shrimp paste.

3.8. Correlation analysis between AACs and microbial-physicochemical 
factors

To further understand the relationship between microbial commu
nities and quality factors among commercial shrimp paste, we per
formed a Pearson correlation analysis between dominant bacterial 
genera and key AACs. Most of the genera were found to exhibit a certain 
degree of correlation with AACs. The results, illustrated in Fig. 7, reveal 
several noteworthy correlations. Tetragenococcus exhibited positive 
correlations with TBA (correlation coefficient (r) = 0.69)and a range of 
off-odorants (r = 0.43–0.72), including Z-3-hexen-ol (C5), propyl 
butanone (C6), methyl butyrate (C8), (E)-2-octenal (C10), phenylethyl 
alcohol (C11), trimethylamine (C17), 1-penten-3-ol (C23), dimethyl 
sulfide (C24), naphthalene (C25), 2-ethyl furan (C27), and 3-methyl 
butanoic acid (C29). This genus is recognized for its substantial pro
duction of lipases, which contribute to the accumulation of free fatty 

Figure_5. Microbial profiles of commercial shrimp pastes. (A) Venn plots of bacteria OUT. (B) The relative abundance of top 10 abundant communities at phylum 
level; (C) The relative abundance of top 20 abundant communities at genus level.
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acids and the formation of distinctive odorants in shrimp paste (Li et al., 
2023a). Additionally, Tetragenococcus displayed a negative correlation 
with both salinity (r = − 0.46, p < 0.05) and moisture content (r =
− 0.35), suggesting that elevated salinity or moisture levels may inhibit 
its growth. Conversely, Acinetobacter and Pseudomonas exhibited sig
nificant positive correlations with TVB-N, AAN, and various AACs, such 
as trimethyl pyrazine (C12), 2,6-diethyl pyrazine (C13), 3-methyl
thio-1-propanol (C18), dimethyl trisulfide (C22), and 2,5-dimethyl 
pyrazine (C30), highlighting their pivotal role in proteolysis. Their 
positive association with indole further underscores the potential risk of 
flavor deterioration in shrimp paste due to their over-accumulation. 
Previous studies have also indicated that Acinetobacter is positively 
correlated with the production of various biogenic amines, attributed to 
its high proteolytic activity (Hua et al., 2025). Therefore, managing the 
growth of Acinetobacter and Pseudomonas is essential to enhance both the 
flavor and safety of shrimp paste. Furthermore, 2,3-butanedione and 
isoamyl acetate were closely associated with bacterial genera such as 
Psychrobacter and Vagococcus, which demonstrated positive correlations 
with moisture. This suggests that mild fermentation conditions could 
favor the growth of Psychrobacter and Vagococcus, thereby contributing 
to improved shrimp paste flavor.

3.9. Analysis of potential sources of aroma-active compounds in shrimp 
paste

To understand the aroma formation mechanism in shrimp paste, 
potential precursors and metabolic processes of AACs were predicted 
according to physicochemical properties, literature, KEGG databases, 
and the MetaCyc platform. The aroma-active compounds in shrimp 
paste primarily arise from amino acid degradation, carbohydrate 
metabolism, lipid degradation and oxidation, microbial esterification, 
and other auxiliary processes (Fig. 8).

During fermentation, microorganisms break down proteins and 
peptides into free amino acids, facilitating the production of various 
volatile compounds. Among the 30 identified AACs, 19 odor
ants—including dimethyl trisulfide, 2-furanmethanethiol, 3-methyl 
butanal, phenol, etc.—originate from amino acid metabolism, high
lighting its significant role in flavor formation. These compounds 
emerge from four metabolic processes: decarboxylation, deamination, 
lysis reaction, and Strecker degradation. For example, alkylpyrazines are 
formed through the condensation of aminoacetones, which originate 
from the decarboxylation of amino acids through threonine 3-dehydro
genase or glycine C-acetyltransferase (Zhang et al., 2019; Lv et al., 2020; 
Che et al., 2021). Branched-chain compounds such as benzaldehyde, 
phenylethyl alcohol, 3-methyl butanal, 3-methyl butanoic acid, and 
3-(methylthio)-1-propanol are deamination products of phenylalanine, 
leucine, and methionine through dehydrogenase or transaminase (Beck 

Figure_6. Analysis of microbial differences among commercial shrimp pastes by Kruskal-Wallis H test.

Fig. 7. Correlation analysis between dominant bacteria, physicochemical properties, and AACs in shrimp pastes. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (ANN: 
amino acid nitrogen, TBARS: thiobarbituric acid reactive substances, TVB-N: total volatile base nitrogen, C1-C30: 30 aroma-active compounds).
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et al., 2002; Nierop Groot and de Bont Jan, 1999). Previous studies 
highlighted that high-salt shrimp paste typically contains elevated levels 
of volatile acids, aldehydes, and heterocyclic compounds which might 
explain why they exhibited higher contents in MSP samples (Yu et al., 
2022b). Additionally, methionine, tyrosine, and tryptophan can degrade 
into methanethiol, indole, and phenol through amino acid lyases (Feng 
et al., 2021). Methanethiol subsequently oxidizes into various 
sulfur-containing compounds (Martínez-Cuesta et al., 2013). Based on 
TVB-N and the volatile contents, the over-degradation of amino acids 
results in the over-accumulation of indole, 3-methyl butanal, and 
dimethyl sulfide, deteriorating the shrimp paste flavor.

Aliphatic odorants, including 2-heptanone, Z-3-hexen-1-ol, and 1- 
penten-3-ol, stem from the oxidation of saturated or unsaturated fatty 
acids (FA). During fermentation, bacteria metabolize fatty acids via 
β-oxidation, generating acyl-coenzyme A (CoA) for energy. This process 
converts fatty acid acyl-CoA derivatives into shorter chain acyl CoA by 
losing two carbon atoms (Shahidi and Abad, 2019). Incomplete 
β-oxidation results in methyl ketones, particularly 2-methyl ketones (Li 
and Ma, 2014). Conversely, the chemical or enzymatic oxidation of poly 
unsaturated fatty acids (PUFAs) leads to the formation of various alde
hydes, alcohols, and furans. PUFAs react with active oxygen to produce 
hydroperoxides, which transform to yield secondary compounds; for 
instance, 1-penten-3-ol is the oxidation product of eicosapentaenoic acid 
(Wu et al., 2021). Compared with HSP and MSP, the PUFA-derived 
odorants and TBARS in LSP increased significantly.

Carbohydrate metabolism is vital for flavor formation, primarily by 
generating pyruvate. Pyruvate can condense and decarboxylate to form 
2,3-butanedione and acetate (Kleerebezemab et al., 2000). Acetate may 
esterify with alcohols from amino acid or lipid degradation. The higher 
levels of 2,3-butanedione, ethyl acetate, pentyl acetate, and isoamyl 
acetate in HSP samples indicate significant carbohydrate metabolism is 
good for shrimp paste flavor. Additionally, trimethylamine arises from 
the microbial reduction of trimethylamine oxide. Research shows that 
certain lactic acid bacteria from traditional fermented foods can utilize 
trimethylamine for growth (Park et al., 2020). Therefore, inoculating 
lactic acid bacteria during fermentation could help decrease trimethyl
amine levels to enhance flavor.

4. Conclusion

This study investigates the intricate interactions among sensory 

characteristics, volatile composition, physicochemical parameters, and 
microbial communities in commercial shrimp paste. Sensory profiling 
identified nine key aroma attributes, comprising both desirable notes (e. 
g., sweet, soy sauce-like, sesame oil-like, cooked garlic-like, meaty) and 
off-odors (e.g., rotten, fishy, earthy, pungent). Through the combined 
application of GC-IMS and GC-MS, a high-resolution volatile fingerprint 
was constructed, identifying 30 aroma-active compounds (AACs) with 
odor activity values (OAVs) ≥1. Partial least squares regression analysis 
highlighted that fourteen key AACs significantly contributed to aroma 
attributes. And Pearson correlation analysis revealed critical microbial 
and physicochemical factors influencing flavor development. Mild 
fermentation conditions that favor the growth of Psychrobacter and 
Vagococcus were associated with the production of beneficial AACs, such 
as 2,3-butanedione and isoamyl acetate, via metabolic pathways like 
pyruvate conversion and esterification. These conditions contributed to 
the development of a premium flavor profile. Similarly, high-salinity 
fermentation, which supported the presence of Acinetobacter and Pseu
domonas facilitated the generation of desirable compounds, such as alkyl 
pyrazines and dimethyl trisulfide, through amino acid metabolism. In 
contrast, excessive proliferation of Tetragenococcus, Acinetobacter, and 
Pseudomonas in low-salt samples accelerated the catabolism of tyrosine, 
leucine, methionine, and PUFAs, leading to the formation of off-flavor 
compounds, including indole, 3-methyl butanoic acid, dimethyl sul
fide, Z-3-hexenol, and 1-penten-3-ol. These findings underscore two 
distinct metabolic pathways governing flavor evolution: (1) enzymatic 
refinement under optimal fermentation conditions, such as high salinity, 
low temperature, or short fermentation duration, which generates 
aroma-enhancing volatiles, and (2) proteolytic and lipolytic overactivity 
under dysbiosis conditions, such as low-salinity fermentation, which 
produces sensory-deteriorating metabolites. The identified correlations 
between microbial taxa and volatile biomarkers provide actionable in
sights for optimizing fermentation protocols, enabling the suppression of 
off-odor formation while enhancing consumer-preferred aroma profiles. 
While correlations suggest microbial contributions to aroma formation, 
future metatranscriptomic studies are required to validate enzymatic 
pathways.
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