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The interaction between microorganisms, proteins, and lipids plays a critical role in the odor production of fish.
To explore the specific impact of the interaction between lipids and microorganisms on the overall odor of
grouper, this study excluded the influence of proteins and assessed lipid (POV and TBARS) and microbial
characteristics (biofilm mass and ATP content) in lipid solutions. The Results showed that microbial growth and
lipid oxidation mutually promote each other. Lipidomics analysis identified 44 differential lipids, and microbial
diversity analysis pinpointed five key microorganisms (Carnobacterium, Pseudomonas, Gluconacetobacter, Vago-

coccus, and Shewanella). Furthermore, 20 key volatile compounds (VOCs) related to odor changes in the grouper
lipid solution were identified using HS-SPME-GC-MS. Correlation network analysis revealed potential microbial
and lipid contributions to VOC categories, including alcohols, aldehydes, ketones, and nitrogen- and sulfur-
containing compounds. This study provides new insights into the roles of microorganisms and lipids in flavor
formation, offering valuable knowledge for improving seafood quality control.

1. Introduction

One of the most widely farmed marine fish in China is the grouper,
highly valued by consumers for its nutritional benefits and rich taste
(Chu et al., 2023a). With the increasing market demand and rising
consumer expectations for taste, the quality of grouper has garnered
significant attention. However, during storage, transportation, and
retail, grouper experiences protein degradation and lipid oxidation due
to endogenous enzyme reactions and microbial spoilage, leading to
deterioration in product quality and safety (Yang et al., 2023). Conse-
quently, there is growing interest in extending the shelf life of grouper to
enhance its commercial value. Refrigeration at 4 °C is commonly used to
prolong the shelf life of seafood and maintain its flavor (J. Wang et al.,
2022). Despite this, microbial growth and metabolic activities that cause
fish spoilage continue to occur under refrigerated conditions, alongside
unavoidable protein and lipid degradation. These changes result in a

decline in flavor quality, texture softening, and even spoilage of the
seafood (Shui et al., 2022). Consequently, it is crucial to investigate the
primary factors causing quality deterioration during refrigeration and
explore methods to improve the quality of seafood.

Numerous studies have demonstrated that during aquaculture,
transportation, processing, and storage, protein degradation, lipid
oxidation, and microbial growth lead to flavor deterioration (Abd El-
Hack et al., 2022; Y. Sun et al., 2022; Xue et al., 2022). However, it is
well-known that seafood is a highly complex food matrix, with intricate
interactions among microorganisms, lipids, and proteins, making it
challenging to investigate the causes of quality deterioration (Zhuang
et al., 2022). Therefore, it is necessary to separate these factors for in-
dividual study. Previous research has explored the mechanisms and
pathways of producing undesirable VOCs when proteins and lipids act
independently, and some potential solutions have been proposed (Chu
etal., 2023a, 2023b). Nevertheless, the interactions among these factors
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should not be overlooked.

Lipid oxidation plays a crucial role in generating undesirable VOCs,
primarily contributing to the formation of aldehydes, ketones, and other
carbonyl compounds (Liu et al., 2024). VOCs such as 2,4-heptadienal,
2,4-decadienal, and 2-hexenal are typical products of this process.
Additionally, certain Gram-negative bacteria, including Pseudomonas
and Shewanella, frequently act as spoilage microorganisms in seafood.
These bacteria can reduce trimethylamine oxide to trimethylamine,
causing off-flavors during the early stages of seafood spoilage (Yu et al.,
2018). Theoretically, lipid oxidation and microbial growth influence
each other in fish muscle. Oxidation products, such as hydroperoxides
and carbonyl compounds, can be toxic to bacteria by potentially
damaging DNA or interfering with cell signaling pathways (W. Deng
et al., 1993). Furthermore, these oxidation products can alter the
nutrient content and biochemical environment, thereby affecting mi-
crobial characteristics (Y. Deng et al., 2020). Additionally, certain bac-
teria in meat products produce lipases with lipid-degrading activity,
releasing free unsaturated fatty acids and leading to more intense
oxidation. Currently, there is a lack of comprehensive data on the in-
teractions between microorganisms and lipid oxidation during the cold
storage of seafood.

Lipidomics, as a powerful new strategy, can comprehensively
describe lipid profiles, interactions among lipid molecules, and meta-
bolic pathways. It can also identify lipid biomarkers by distinguishing
different lipid types and elucidating their functional roles in organisms
(Q. Li et al., 2017). Recent studies have focused on identifying bio-
markers in seafood during storage (Fang et al., 2022; Tu et al., 2022; Yan
et al., 2022). However, no research has yet explored the correlation
between lipid oxidation and microbial characteristics during storage.
Therefore, studying the interactions between lipids and microorganisms
is novel.

In this study, factors related to protein oxidation were excluded, with
a focus on the interactions between microorganisms and lipids and their
mechanisms of influence on the production of undesirable VOCs. Rele-
vant indicators for microorganisms and lipids were evaluated. Addi-
tionally, the generation of VOCs, particularly those that significantly
impact the overall flavor of grouper, was monitored. During early, mid,
and late storage periods, microbial community succession analysis was
conducted alongside lipidomics analysis to investigate the molecular
composition and structural characteristics of lipids in grouper during
refrigeration. The study aims to identify distinctive lipid molecules and
propose possible oxidation pathways. Furthermore, microbial commu-
nity data are correlated with lipid molecular data to identify highly
associated microorganisms and lipid molecules, determining the main
contributors to characteristic flavor formation and potential formation
pathways of grouper during cold storage. The findings will help eluci-
date the interactions between microorganisms and lipids during the cold
storage of grouper, providing new insights for delaying spoilage and the
production of undesirable VOCs during cold storage.

2. Material and methods
2.1. Preparation of experimental samples

2.1.1. Extraction of grouper lipid

To minimize inter-sample differences, a total of 20 live groupers
were used in this study. These fish were purchased from an aquaculture
supermarket that collaborates with the laboratory. With the assistance
of staff, all the fish were euthanized by beating head, after which the
head, viscera, and spine were removed (The slaughtering process of
grouper complies with SHOU-DW-2023-087). The groupers were then
placed in crushed ice and transported to the laboratory for lipid
extraction.

Lipid extraction was conducted with slight modifications based on a
previously described method (Chu et al., 2023b). Specifically, 100 g of
grouper sample was extracted with 300 mL of chloroform-methanol
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solution (2,1, v/v), and the organic solvents were evaporated at 40 °C
using a rotary evaporator. The resulting lipids were then mixed with
methanol in a 1.5:1 ratio for further use.

2.1.2. Extraction of grouper bacteria and determination of research period

The bacteria used in this study were isolated from spoiled grouper.
Initially, the grouper was prepared according to the method described in
Section 2.1.1. These bacteria were revived using tryptic soy broth (TSB;
Qingdao Hope Biotechnology Co., Ltd., Qingdao, China) for further
experimentation. To accurately assess the interaction between micro-
organisms and lipids during growth, growth curves of grouper bacteria
were determined. Initially, bacterial strains were activated by culturing
in TSB for 12 h at 30 °C. Subsequently, 1 mL of logarithmic-phase
bacterial solution was transferred to conical flasks containing 150 mL
of TSB, and then incubated at 4 °C. The optical density (OD) was
measured every 12 h, and growth curves were plotted, as shown in
Fig. 1A. At 4 °C, the bacterial growth cycle lasted approximately 10
days. Therefore, considering the bacterial growth cycle, the experi-
mental period was set to 10 days.

2.1.3. Preparation of sample solution

1 mL of activated logarithmic-phase grouper bacteria (M group) and
lipid solution (L group) were separately added to conical flasks con-
taining 150 mL of TSB as two control groups. Additionally, both were
added together into conical flasks containing 150 mL of TSB as the
experimental group (M/L group). It is worth noting that the lipid content
in the L group and M/L group was 5 % (v/v). Subsequently, the three
groups of samples were incubated on a shaker at 4 °C for 10 days. Mi-
crobial and lipid related characteristics were measured at 0, 2, 4, 6, 8,
and 10 days. Microbial composition, lipid composition, and volatile
compound content were determined at 6 and 10 days. The experimental
procedure is illustrated in Fig. 1B.

2.2. Microbial related characteristics

2.2.1. Biofilm mass

Quantitative analysis of biofilm was performed using crystal violet
staining method (P. Li et al., 2022). Briefly, bacterial suspension from
different groups was transferred to a plate and incubated at 4 °C for 24 h.
To remove non-adherent cells, the biofilms were gently washed three
times with PBS (0.01 M, pH 7.0). Following fixation at 60 °C for 30 min,
the biofilms were stained with 1 mL of crystal violet solution (0.2 %, w/
v) for 15 min, after which excess dye was removed with PBS. Finally, 1
mL of ethanol (95 %, v/v) was added to dissolve the dye for 5 min, and
absorbance was measured at 600 nm.

2.2.2. Quantification of ATP

Accurately transfer 0.1 mL of the thoroughly shaken sample solution
and mix it with 1 mL of extraction solution in an ice bath. Add 500 pL of
chloroform and shake vigorously to mix. Centrifuge the mixture at
10,000 g at 4 °C for 3 min, then carefully collect the supernatant and
place it on ice for further analysis. Subsequently, follow the instructions
of the ATP detection kit (Solarbio Technology Co., Ltd., Beijing, China)
for detection.

2.3. Lipid related characteristics

2.3.1. Peroxide value (POV)

The determination of POV was conducted according to a Chinese
National Standard (GB5009.227-2016) with slight modifications. 5 mL
of the sample solution was mixed with 30 mL of a chloroform-ice acetic
acid mixture (1:1.5, v/v) and shaken thoroughly. Then, 1.00 mL of
saturated potassium iodide solution was added and shaken for 30 s. The
mixture was allowed to stand in the dark for 3 min, after which 100 mL
of ultrapure water was added and mixed well. The iodine released was
then titrated with 0.002 mol/L sodium thiosulfate standard solution
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Fig. 1. The growth curve of bacteria (A), and schematic diagram of experimental design (B).

until the solution turns pale yellow. Finally, 1 mL of starch indicator was
added, and the titration was continued until the blue color disappears.
Record the volume of standard sodium thiosulfate solution consumed.
Blank experiments were conducted simultaneously. The POV was
calculated using the following formula:

(V—Vp) xcx0.1269 y
v

POV = 100

where, V and V; represent the volume of standard sodium thiosulfate
solution consumed during the titration and in the blank experiment,
respectively, in mL; c represents the concentration of the standard so-
dium thiosulfate solution, 0.002 mol/L; v represents the volume of the
sample solution, 5 mL. The POV result is expressed as g/100 mL of
sample solution.

2.3.2. Thiobarbituric acid reactive substances (TBARS)

The determination of TBARS followed a Chinese National Standard
(GB 5009.181-2016) with some modifications. Accurately transfer 5 mL
of the sample solution and mix it with 25 mL of trichloroacetic acid
solution (TCA, 10 %, v/v), and vortex for 30 s. Subsequently, use ul-
trapure water to dilute the solution to 50 mL. Mix 5 mL of the resulting
clear solution with 5 mL of 0.02 M thiobarbituric acid (TBA) and incu-
bate in a water bath at 90 °C for 20 min. After natural cooling, measure
the absorbance at 532 nm using a UV-visible spectrophotometer. Blank
tests were conducted using distilled water instead of the sample solu-
tion. TBARS was calculated using the following formula and expressed
as mg MDA/L of sample solution:

TBARS = As3; X 7.8

where, Ass; represents the absorbance at 532 nm; “7.8” is a constant.
2.4. VOCs

The VOCs were extracted from the sample solution using headspace
solid-phase microextraction (HS-SPME). A 10 mL sample solution was
added to the headspace vial, and the procedures and parameters were
set according to Chu et al. (2024). The concentration of the target VOCs
was calculated using the following equations:

Cx = Ax x Cig/Arg

where C represents concentration (pg/L sample solution); A represents
peak area.

2.5. Analysis of microbial community diversity and dynamics

The total DNA from the sample solution was extracted following the
method described by Zhang et al. (2021), and the DNA concentration
was quantified. The quality of the DNA extraction was assessed using
1.2 % agarose gel electrophoresis. The bacterial 16S rRNA V3-V4 region
was amplified using primers 319F (5’-ACTCCTACGGGAGGCAGCAG-3")
and 806R (5’-GGACTACHVGGGTWTCTAAT-3'). The PCR amplification
products were validated according to he protocol outlined by Deng et al.
(2020). Subsequently, PCR products were sequenced using the Illumina
MiSeq platform (Illumina, San Diego, California, USA) by Suzhou Pan-
omix (Suzhou, China). Species annotation was performed for each
Amplicon sequence variant (ASV) or Operational taxonomic unit (OTU)
representative sequence using pre-trained Naive Bayes classifier in
QIIME2 software.

2.6. Lipidomic

The lipid extraction from the sample solution was performed using a
chloroform-methanol solution (2,1, v/v). Chromatographic separation
was conducted using an ACQUITY UPLC® BEH C18 column (2.1 x 100
mm, 1.7 pm, Waters) maintained at 50 °C, with the autosampler tem-
perature set at 8 °C. The analytes were eluted with a gradient of
acetonitrile: water (60,40) containing 0.1 % formic acid and 10 mM
ammonium formate (A2) and isopropanol: acetonitrile (90,10) with 0.1
% formic acid and 10 mM ammonium formate (B2), at a flow rate of
0.25 mL/min.

For ESI-MSn experiments, the spray voltage was set to 3.5 kV and 2.5
kV in positive and negative modes, respectively. Data dependent
acquisition (DDA) MS/MS experiments were conducted with HCD scan,
using a normalized collision energy of 30 eV. Dynamic exclusion was
implemented to eliminate redundant information in MS/MS spectra.

2.7. Statistical analysis

All tests were conducted in triplicate, with results expressed as the
mean =+ standard deviation (SD). ANOVA was conducted on all experi-
mental data using SPSS 26 (Chicago, US), followed by Duncan’s test to
determine significance. Visualization of the data was performed using
Origin 2024b software (OriginLab Corp., Northampton, USA). Dimen-
sionality reduction analysis of the lipid composition differences between
samples was performed using orthogonal partial least squares discrim-
inant analysis (OPLS-DA). Lipidomics data and Mantel test analyses
were processed using the platform provided by Suzhou Panomix (http
s://www.biodeep.cn/).
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3. Results and discussion
3.1. Lipid related characteristics

Lipid oxidation is widely recognized as a primary cause of quality
degradation in fish products, significantly affecting their flavor, texture,
color, and shelf life. Studies have shown that lipid oxidation and hy-
drolysis are inevitable, with lipid hydrolysis promoting oxidation during
production and storage (Santos et al., 2019). During refrigeration, sea-
food lipids are highly susceptible to oxidation, leading to the formation
of peroxides and other intermediate products. To evaluate the extent of
lipid oxidation during storage, POV and TBARS values of the lipid
sample solution were measured (Fig. A-B). POV indicates the level of
primary oxidation products in lipids, assessing the initial stage of lipid
oxidation in seafood (Zhou et al., 2019). Results showed that the initial
POV of the lipid sample solution was 23.35 mg/100 mL. After 10 days of
storage at 4 °C, the POV increased to 81.05 mg/100 mL. Samples with
added grouper bacteria (M/L group) also exhibited a similar increasing
trend, from 22.67 mg/100 mL to 93.74 mg/100 mL. However, from day
6 onwards, the POV in the treatment group was significantly higher than
in the control group. These findings suggest that the addition of grouper
bacteria promotes primary lipid oxidation during refrigeration.

Malondialdehyde (MDA) is a key oxidation product of poly-
unsaturated fatty acids, representing secondary lipid oxidation (X.
Huang et al., 2023). The extent of secondary lipid oxidation can be
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assessed by measuring the quantity of MDA through its reaction with
colorimetric substances (Silveira Alexandre et al., 2022). Generally,
higher TBARS values indicate increased MDA formation and lipid
oxidation levels. As shown in Fig. 2B, the TBARS values of the lipid
sample solution during refrigeration initially measured 0.52 mg MDA/L
for the L group and 0.49 mg MDA/L for the M/L group, gradually
increasing to 2.26 mg MDA/L and 2.80 mg MDA/L, respectively. This
indicates ongoing secondary oxidation of the lipids in the grouper.
Notably, TBARS values in the M/L group were consistently higher than
those in the L group during storage, with significant differences
observed from day 6 onwards, reaching 0.53-1.01 mg MDA/L. A study
by Aracati et al. (2022) found a correlation between increased psy-
chrotrophic microorganisms and TBARS in tilapia fillets, suggesting that
the grouper bacteria in the sample solution entered the logarithmic
growth phase around day 6, leading to increased TBARS. This is
consistent with the POV analysis results.

3.2. Microbial related characteristics

The formation of biofilms is a complex and dynamic process
involving initial attachment, irreversible attachment, biofilm matura-
tion, and biofilm dispersion (Mukherjee et al., 2020). To better under-
stand the dynamic formation of grouper bacterial biofilms under the
influence of lipid oxidation, the biofilm mass was measured, as shown in
Fig. 2C. Both sample solutions exhibited a trend of initial increase
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followed by a decrease, indicating a transition from biofilm maturation
to dispersion. The biofilm formation in the M group progressed rela-
tively slowly, peaking at an OD600 value of 0.880 on day 8. A study by
Aiassa et al. (2014) demonstrated that free radicals can directly attack
polyunsaturated fatty acids (PUFAs) in biological membranes. Free
radicals such as HOOe, Oye-, singlet oxygen, and ozone can initiate
peroxidation of unsaturated fatty acids and trigger chain reactions
(Soler-Arango et al., 2019). This primarily affects membrane fluidity,
altering membrane characteristics and significantly disrupting
membrane-bound proteins. This amplification effect can generate more
free radicals, degrading PUFAs into various products. Consequently,
after day 8, the biofilm mass in the M group gradually decreased due to
lipid oxidation within the membrane. In contrast, the sample solution
containing lipids (M/L group) reached the maturation stage by day 6,
with an OD600 value of 0.922, indicating better biofilm growth
compared to the M group. This might be because, while free radicals
attack the lipids within the biofilm, they also target the added grouper
lipids in the solution, thereby relatively reducing the attack on the
bacterial biofilm. Overall, the lipid oxidation process in the grouper
helped maintain the stability of the grouper bacterial biofilm and pro-
moted microbial growth.

Adenosine triphosphate (ATP) is a fundamental carrier for energy
conversion, playing a crucial role in nutrient processing, macromolecule
synthesis, and enzyme secretion (Wu et al., 2022). The ATP content in
the two groups of sample solutions during refrigeration was measured,
as shown in Fig. 2D. The results exhibited a trend similar to the changes
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in biofilm mass. Throughout the storage period, the ATP content in the
M/L group was significantly higher than that in the L group, indicating
enhanced microbial metabolism in the M/L group, consistent with the
findings on biofilm mass. Under cold stress conditions, disruption of
cellular homeostasis and integrity can lead to changes in energy meta-
bolism (Tian et al., 2021). The biofilm structure in the L group was more
severely damaged compared to the M/L group, resulting in reduced
metabolic capability and lower ATP content.

Based on the analysis and discussion in sections 3.1 and 3.2, it is
evident that microbial growth and lipid oxidation interact with each
other: microbial growth promotes lipid oxidation, and the oxidation of
grouper lipids, in turn, enhances microbial growth. To gain a deeper
understanding of the relationship between grouper lipid oxidation and
microbial growth, further analysis of the lipid composition and micro-
bial community in the sample solutions during refrigeration was con-
ducted. This analysis aims to elucidate the mechanisms underlying the
interaction between grouper lipids and microorganisms.

3.3. Lipidomics

3.3.1. Lipid composition analysis

Lipidomics analysis using LC-MS identified and classified the lipid
species present in the lipid sample solutions (L group and M/L group). A
total of 1467 lipids were identified, categorized into 37 lipid classes,
including triacylglycerols (TGs, 534 species, 36.40 %), phosphatidyl-
cholines (PCs, 245 species, 16.70 %), diacylglycerols (DGs, 145 species,
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9.88 %), phosphatidylethanolamines (PEs, 141 species, 9.61 %), meth-
ylphosphatidylcholines (MePCs, 99 species, 6.75 %), sphingomyelins
(SMs, 52 species, 3.54 %), lysophosphatidylcholines (LPCs, 36 species,
2.45 %), ceramides (Cers, 29 species, 1.98 %), and other lipids (186
species, 12.68 %) (Fig. 3A). According to Yan et al. (2022), TG, PC, and
PE are the predominant lipid classes in fish tissues, consistent with the
findings of this study. TGs play a crucial role as carriers of fatty acids and
are the main form of energy storage in animal bodies. PCs and PEs are
major components of phospholipids in aquatic muscle tissues, essential
for regulating cell physical structure, membrane fluidity, and signal
transduction. They also enhance microbial bioactivity and provide
nutritional value (X.-Y. Wang et al., 2021). PC tends to induce fluidity
within membranes, while PE contributes to membrane rigidity (Fang
et al., 2022). Chen et al. reported that PC content is closely linked to the
freshness of seafood (Chen et al., 2022), marking them as significant
lipid metabolic products in seafood.

The overall differences in lipidomic profiles between sample solu-
tions were interpreted using a hierarchical clustering tree (Fig. 3B). The
results indicated significant differences between the two groups during
storage. Additionally, an orthogonal partial least squares analysis
(OPLS-DA) model was constructed to further elucidate these differences
(Fig. 3C). The model’s R?X, R%Y, and Q? values were 0.857, 0.988, and
0.7, respectively, indicating good predictive ability. The findings
revealed significant differences between the two sample groups during
cold storage, which is also evident in pairwise OPLS-DA comparisons.
Overall, the distinct separation observed in the hierarchical clustering
tree and OPLS-DA model between the L group and M/L group suggests
that microbial growth significantly alters the lipid profile of grouper.

3.3.2. Differential lipid (DL) analysis

To further analyze the differences in lipid composition between the
two groups of sample solutions during refrigeration, the detected 1467
lipids were screened using systematic analysis of calculated P values and
OPLS-DA derived VIP thresholds. Five representative comparisons
(within the same group, day 10 vs. day 0; at the same storage time, M/L
vs. L) were statistically analyzed, with results shown in Table S1. Among
these five comparisons, the least significant difference was observed in
M/LO vs. LO, likely because the microbial impact on grouper lipids in
freshly prepared sample solutions was not yet evident. Within the same
group, the most significant differences were observed in day 10 vs. day
0, identifying 920 (L group) and 854 (M/L group) differential lipids
(DLs), indicating significant changes in the lipid profile of grouper with
storage time. This finding aligns with the general trend of lipid changes
in seafood during refrigeration. Additionally, in the comparisons of M/
L6 vs. L6 and M/L10 vs. L10, the number of upregulated DLs signifi-
cantly exceeded the downregulated ones, suggesting a pronounced
impact of microbial activity on the evolution of grouper lipid profiles.
For instance, in the M/L10 vs. L10 comparison, a bubble plot of differ-
ential lipids was generated (Fig. 3D), and the specific information on DLs
is presented in Table S2. Among the 771 screened DLs, they were clas-
sified into 33 lipid categories, primarily including TG (176), PC (154),
DG (108), PE (75), MePC (49), SM (43), and LPC (34).

TG is a neutral lipid, and according to Pongsetkul et al. (2017),
neutral lipids exhibit a higher degree of lipolysis/oxidation. Conse-
quently, TGs are more susceptible to oxidative stress, leading to the
highest number of detected TGs, with 105 TGs being upregulated, ac-
counting for 59.66 %. This indicates that microbial growth promotes
lipid oxidation. PC and PE are major components of phospholipids in
muscle tissues, maintaining normal cell membrane permeability. Poly-
unsaturated fatty acids like EPA and DHA mainly accumulate in PC and
PE (H. Sun et al., 2020). Among the PCs and PEs, 95 were upregulated,
comprising only 41.48 % of the total PC and PE lipids, suggesting that as
nutrients (Sargent et al., 2003), PC and PE are utilized by microorgan-
isms, leading to the downregulation of most PC and PE. DGs are natural
components of edible lipids that can be hydrolyzed by lipases. The first
step of oxidation is the conversion of triglycerides to oxidized
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triglyceride monomers, followed by the formation of triglyceride dimers
and DGs. Additionally, glycerophospholipid breakdown also leads to DG
accumulation (Wang, Wang, et al., 2020), indicating lipid oxidation in
grouper lipids during refrigeration. Interestingly, out of 108 DGs, 94
were downregulated, accounting for 87.04 %, suggesting that accumu-
lated DGs during refrigeration are utilized by microorganisms, pro-
moting microbial growth. LPCs are intermediate metabolites of lecithin.
LPCs have strong surface activity, causing cell membrane rupture and
resulting in hemolysis or cell necrosis. Among the 34 screened LPCs, 33
were upregulated (97.06 %), with significant fold changes (FC), with 24
LPCs changing by more than tenfold, indicating a substantial microbial
impact on LPCs, further promoting phospholipid oxidation and
metabolism.

Additionally, the carbon number and saturation level (number of
double bonds) of lipids were calculated to understand the diverse
structural characteristics of lipids. Different DLs were categorized by
their structure using a heatmap (Fig. 3E). DG, LPC, MePC, PC, PE, SM,
and TG were identified as the primary DLs. Besides LPC and SM, which
were almost entirely upregulated, the number of double bonds seemed
to differentiate between upregulated and downregulated DLs: DLs with
more than five double bonds were generally downregulated, while those
with fewer than five double bonds were predominantly upregulated.
This suggests that during microbial growth in the lipid solution, mi-
croorganisms mainly utilize polyunsaturated fatty acids, promoting lipid
oxidation and generating fatty acids with fewer double bonds or satu-
rated fatty acids.

In summary, the analysis of DLs indicated that microbial growth
significantly impacted lipid profile changes. Certain DLs, such as PC, PE,
and DG, accumulate and serve as substrates for microbial growth,
particularly long-chain polyunsaturated fatty acids. Therefore, micro-
bial growth and lipid oxidation/lipolysis interact synergistically, which
is consistent with the findings in Sections 3.1 and 3.2.

3.3.3. Key differential lipids selection

To identify a set of key DLs that play crucial roles in the sample so-
lutions, LION (Lipid Ontology) enrichment analysis was conducted,
generating an enrichment bar chart (Fig. 4F). The top five LION path-
ways with more than 50 DLs are listed in Table S3, involving diac-
ylglycerols [GL0201], lipid-mediated signaling, diradylglycerols
[GLO2], negative intrinsic curvature, and membrane components.
Among the DLs related to these pathways, 63 different DLs were iden-
tified (Fig. 4G). Out of these, 44 DLs had VIP values greater than 1,
including: DG (14:0_18:2); DG (15:0.18:1); DG (16:0_18:1); DG
(16:0_18:2); DG (16:0_20:4); DG (16:0_20:5); DG (16:0_22:4); DG
(16:0_22:5); DG (16:0.22:6); DG (16:1_.18:2); DG (16:1_22:6); DG
(17:1.18:2); DG (18:0_18:1); DG (18:0_18:2); DG (18:0_20:4); DG
(18:0_22:4); DG (18:0_22:6); DG (18:1_14:0); DG (18:1_18:2); DG
(18:1.20:2); DG (18:1_20:4); DG (18:1_20:5); DG (18:1_.22:1); DG
(18:1_22:2); DG (18:1_22:6); DG (18:2_18:2); DG (18:2_22:6); DG
(18:3.18:2); DG (18:3.18:3); DG (18:4.16:0); DG (20:0_22:6); DG
(20:1.18:1); DG (20:1_22:6); DG (20:2_18:2); DG (20:5.18:2); DG
(22:0_22:6); DG (22:3_18:2); DG (22:6_22:6); DG (34:2); DG (36:3); DG
(38:5); DG (42:9); DG (44:7); DG (52:2). These 44 DLs were ultimately
selected as key DLs for further analysis regarding their relationship with
microbial activity and the molecular mechanisms underlying the pro-
duction of undesirable VOCs.

3.4. Microbiomics

3.4.1. Community richness and diversity

Ilumina HiSeq sequencing generated a total of 503,820 raw 16S
rRNA sequence reads of the V4 region from eighteen test sample sets.
After quality control, approximately 335,807 high-quality bacterial tags
were obtained. The alpha diversity and beta diversity indices of the
microbial communities in the two sample solutions were analyzed to
comprehensively evaluate their overall diversity. Alpha diversity
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Fig. 4. Alpha diversity indices, including Chaol and observed species (abundance), shannon diversity index, Faith’s PD (phylogenetic diversity), and pielou’s
evenness, for M group and M/L group (A); dilution curve of gene sequence V4 region (B); Venn diagrams showing unique and shared OTUs of microbial communities

(C); beta diversity analysis of two sample solutions based on PCoA (D) and NMDS

(E); the richness of individual microbial species at the phylum (F) and genus (G)

levels during cold storage; LEfSe analysis (H); and bacterial community network of different taxa (I).

reflects species richness, diversity, and evenness. In this study, Chaol
and Observed species indices represented richness, Shannon and Simp-
son indices represented diversity, Faith’s PD index represented phylo-
genetic diversity, Pielou’s evenness index represented evenness, and

Good’s coverage index represented coverage. Grouped box plots of
alpha diversity are shown in Fig. 4A. The calculated Good’s coverage
values for microbial community richness ranged from 99.77 % to 99.96
%, indicating high coverage of the samples. The rarefaction curve of the
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V4 region gene sequences (Fig. 4B) visually reflected the sampling
depth, with all treatment groups showing a flattening trend, indicating
that the sequencing results accurately reflected the microbial charac-
teristics during the storage of the sample solutions.

The results of the diversity analysis were generally consistent
(Fig. 4A), Specifically, OTUs exhibited a decreasing trend with storage
time. Similar trends were observed in Chaol and Faith’s PD indices,
indicating that storage time promotes the formation of dominant bac-
teria and reduces diversity. Additionally, it was found that within the
same storage period, the OTUs in the M/L group showed a lower decline
trend compared to the M group. This suggests that lipid oxidation also
leads to reduced microbial diversity and promotes the formation of
dominant bacteria. Based on OTU results, the petal diagram visualized
the similarities and differences in microbial diversity among samples
throughout the storage period (Fig. 4C). For samples stored at 4 °C, there
were 86 core OTUs in the most overlapping region across all storage
times. On day 0, there were 326 and 312 unique OTUs, respectively.
After 10 days of storage, the number of unique OTUs decreased to 112
and 38, respectively, illustrating the reduction in microbial diversity
during storage. Furthermore, PCoA and NMDS analyses were conducted
to evaluate the beta diversity of the two groups of sample solutions. The
results, as shown in Fig. 4(D-E), indicated that at the initial stage (day 0),
the addition of grouper lipids to the bacterial solution did not signifi-
cantly affect microbial diversity. However, significant differences
emerged during storage, becoming more pronounced with extended
storage time. This further indicates that lipid oxidation affects microbial
diversity in the bacterial solution, and the changes in microbial diversity
become more apparent as lipid oxidation progresses.

3.4.2. Changes in microbial diversity during storage of lipid sample
solutions

To assess changes in microbial community structure, the abundance
of individual microbial species at the phylum and genus levels was
analyzed using 16S rRNA sequencing. The top 10 most abundant species
are shown in Fig. 4(F-G).

At the phylum level (Fig. 4F), the main phyla detected in the
refrigerated sample solutions were Firmicutes and Proteobacteria, ac-
counting for over 95 % of all ASVs. Among these predominant phyla, the
relative abundance of Proteobacteria increased with storage time, rising
from 62.10 % on day O to 82.31 % on day 10. Conversely, the relative
abundance of Firmicutes decreased from 37.89 % on day 0 to 17.69 % on
day 10. Notably, the addition of lipid solutions enhanced these trends,
suggesting that lipid oxidation may play a role in promoting shifts in
microbial diversity.

At the genus level, Fig. 4G presents the top ten microbial genera.
Among these, Carnobacterium, Pseudomonas, Vagococcus, Shewanella,
and Gluconacetobacter were the dominant microbial groups in the sam-
ple solutions. With extended refrigeration time, the relative abundances
of Carnobacterium (7.75 %-13.68 %), Pseudomonas (7.51 %-53.61 %),
and Shewanella (5.30 %-24.90 %) gradually increased, while the relative
abundance of Vagococcus decreased (69.54 %-6.65 %). Previous studies
have identified that Pseudomonas, Carnobacterium, and Shewanella are
major spoilage bacteria during the refrigeration of seafood (P. Li et al.,
2022; Odeyemi et al., 2018; Shewan et al., 1960). Importantly, other
microbial genera such as Acinetobacter, Brochothrix, Moellerella, Morga-
nella, and Serratia were significantly inhibited after refrigeration, with
relative abundances below 0.5 %. The reduction in the relative abun-
dance of some microbial groups may be related to the production of
antibacterial metabolites by dominant bacteria and their competitive
disadvantage for available nutrients. (Marmion et al., 2021).

Combining these findings with the alpha diversity results, the
enrichment of dominant microorganisms after refrigeration likely con-
tributes to for the reduction in microbial diversity in the sample solu-
tions. Additionally, Linear Discriminant Analysis Effect Size (LEfSe)
analysis revealed that 13 biomarkers had LDA scores exceeding 4,
indicating significant differences in microbial species between different
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groups, including Actinobacteria, Pseudomonadaceae, Pseudomonas,
among others (Fig. 4H). The network of bacterial communities in
different groups is shown in Fig. 41. The bacterial community networks
in both groups on day 6 had the lowest network density, suggesting
higher crosstalk between resident bacteria. The clustering coefficient of
the bacterial community networks in both groups on day 10 was the
highest, indicating that the network tended to divide into subnetworks.
The absence of network relationships between the newly prepared
samples on day 0 and other groups suggests no correlation between the
microbial communities of the fresh samples and the other samples.

3.5. VOCs

HS-SPME-GC-MS was employed to detect VOCs in the sample solu-
tions during cold storage. A total of 48 VOCs were identified, including 1
acid, 13 alcohols, 7 aldehydes, 5 aromatic compounds, 8 hydrocarbons,
5 ketones, and 9 other types of compounds (4 nitrogen-containing
compounds and 2 sulfur-containing compounds). These compounds
were quantitatively analyzed using IS, as shown in Table 1. Nearly all
VOCs exhibited a gradual increase during cold storage. Hydrocarbons
were the main VOCs detected in the sample solutions during storage;
however, hydrocarbons generally do not have strong odors, thus
contributing little to the overall flavor.

Additionally, other types of VOCs showed varying degrees of in-
crease, likely due to various biochemical reactions occurring in the
sample solutions during storage (Zhao et al., 2022). These primarily
included alcohols, aldehydes, ketones, and some nitrogen- and sulfur-
containing compounds. The overall flavor was affected by these low-
threshold compounds. To visualize the changing trends of different
types of VOCs in the sample solutions during cold storage, the concen-
trations of the 48 VOCs were normalized, and a cluster heatmap was
generated (Fig. 5A). In Fig. 5A, different types of VOCs are distin-
guished, with VOCs showing significant increases in concentration
marked. Furthermore, OPLS-DA, which offers strong predictive power,
was used to display differences between sample groups (Fig. 5B), and the
variable importance in projection (VIP) values were generated and
shown in Table 1.

Alcohols, aldehydes, ketones, and some nitrogen- and sulfur-
containing compounds have low odor thresholds and can exhibit
noticeable odors (Chu et al., 2024). Apart from hydrocarbons, alcohols
showed the most significant changes, reaching 286.84 pg/L (M group),
492.32 pg/L (L group), and 654.65 pg/L (M/L group) by the end of
storage. Alcohols are closely associated with characteristic fatty odors,
primarily derived from the oxidation of polyunsaturated fatty acids and
the reduction of methyl ketones (Cheng et al., 2023). Consequently, the
alcohol content in the L group remained higher than that in the M group
throughout storage, with the M/L group showing the highest alcohol
content, likely due to the microbial promotion of lipid oxidation in the
sample solutions. Notably, 1-octanol, 1-octen-3-ol, 2-nonanol, and 2-
octanol exhibited the most significant changes. Due to their low odor
thresholds, these compounds are considered major contributors to the
overall flavor. According to a report by Li et al. (2020), 1-octen-3-ol,
produced by the action of 12-lipoxygenase on arachidonic acid, is a
highly representative VOC in seafood, providing fishy, fatty, mush-
roomy, and grassy flavors, consistent with the findings of this study.

Additionally, lipid oxidation leads to the formation of aldehydes and
ketones (Zareian et al., 2018). Similar to alcohols, the presence of mi-
croorganisms promotes lipid oxidation, resulting in a 31.35 % and
25.43 % increase in the total content of aldehydes and ketones,
respectively (M/L group vs. L group). These VOCs are associated with
unpleasant, pungent, and spicy odors (Cheng et al., 2023; Sérot et al.,
2001).

In addition to the primary VOCs detected, nitrogen- and sulfur-
containing compounds also play a significant role in the overall odor
of the sample solutions. According to VIP values, trimethylamine (1.45),
methanethiol (1.11), and indolizine (1.51) are notable VOCs that
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Table 1
VOCs content (ug/L sample solution) of grouper lipid solution during cold storage.
Name M group L group M/L group

MO M6 M10 LO L6 L10 M/LO M/L6 M/L10 E
NO. Acid
1 Acetic acid gzz + g:gsi (1)‘19‘74 * ND ND ?22 * 4.23 £ 0.36 9.5+ 0.5 (1)392 = 0.34
Alcohol
R R T E R A
8 1-Hexanol ND ND 323;6 + ND ND ?1326 + ND (1)7525 + 29129 + 1.24
4 1-Octanol ND ND ND ND (1)7732 * 302:9 * ND :1;5021 * fsszz * 1.43
5 1-Octen-3-ol ND ND 1.85;15 = 4+0.6 ;‘99;6 * 31881 = ND ?.45'51 * ;.1171'42 * 1.41
© L pentano o BSE TsmE 0 eme o
7 2-Hexadecanol ND ND §;§ * ND ND (5)§§ = ND ND gg; + 0.59
8 2-Nonanol ND ND 25.71 £ 2 6.75 + 1.09 31722 * 34133 * 7.83 £0.32 32953 * (5)13‘1‘2 = 1.53
° 2-Octanol ND ND (1)0632 = 4.52 +1.26 126; + 3(;22 * 5.17 £ 0.84 1249 + 1 (2)3329 * 1.42
10 2-Tridecanol ND ND (1)02i3 = ND ND 1276 = ND ND f263 * 0.61
1 3-Methyl-1-butanol ND ?;‘2 + ?3827 = 8.92+1.18 28729 + 32421 = 9.26 = 0.76 4219221 * (5)1031 = 1.19
12 Heptanol ND ND 33: + ND ND (1)28;7 + ND ND 2985 + 0.67
T s e w MRS MmS ms someomasoame
1 pheylelaconal  792E TZMeE BIE e pes ams g AT S
Aldehyde
15 2,4-Decadienal ND ND ND ND 2129 * 23’836 = ND 28423 * §5722 = 1.6
16 i;f;l‘;’:}tll;};e ND ND ND ND ND (1)%;6 = ND 8.9 +0.11 %22 = 1.43
7 ateptadiena 0w oir . ame. W ose ose M voa  om OB
8 ) epten oo RSE o7y e umE msr sk g
O s I35 BPE PSS mpan T mEs omes s ues
20 Hexanal (l)gz + ND ND 2.1 +£0.79 (1)217 + §4724 * 2.21 + 0.59 (1)74(;8 * 29328 * 1.37
2 onanal BOs I0:  MBIDE (g0, BOLE S o B9 % o

Aromatic compound
22 6.96 + 11.65 + 17.99 + 13.18 + 18.16 + 16.12 + 23.78 £

1,2,4-Trimethyl-benzene 0.01 1.24 119 ND 0.57 0.61 ND 033 1.4 0.06
B pmeylbemene B TISEG7IE o ony 0094E  SSL S L, OSLE
24 1-Methyl-2-(1- 11.31 + 24.3 + 34.92 + 95.7 + 1.54 44.36 + 56.82 + 31.26 + 54.71 £+ 83.49 + 0.84
methylethyl)-benzene 1.21 1.63 0.23 4.6 1.58 5.83 6.55 2.12
P vdromyoluene o 26 s ST T RTT zoessom 0T RET o
T T T O S
Hydrocarbon
2 Azulene ND ND ND ND ND ?i; * 1.06 + 1.06 Zg; * gg; + 1.44
5 pecane o o BmAE s 02095 IBTSE g0 B2 I07SE
29 Dodecane ND ND 2.4985.97 + ND ;2262 + ‘21.(?75.83 + 55458 + ;'.778?;63 + i§38i41 + 1.69
0 epadecane sy, mEsE g 2% BWOL o4 w0 008
" b W R WRs e lems dume s ngs mms

(continued on next page)
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Table 1 (continued)
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Name M group L group M/L group

MO M6 M10 LO L6 L10 M/LO M/L6 M/L10 V?
2 o LOLDELES e w i w w2
3 Pentadecane ;9929 + ND ND ND ;3125 * 3236 * 226;6 * 261:6 * ;‘:22 * 1.29
R— O EEs e g B mee es mee wes
Ketone
® mon SR L S T S U S
36 2-Decanone ND ND :13152 * ND ND ;6?1 = ND ND 355‘2‘6 * 0.59
T g RO TOS O BES g uwe es mpe mes ges gy
2o N Y - LR S LR R
39 1-Phenyl-ethanone ND ND ND ND 3(3)‘11 + iggz * 2.85 + 0.08 g;z = ;1031 * 1.48
Other (Nitrogen-Containing)
O o e lesss mos N MoE16E WAL g00 g
4 2-Methyl-quinoline ND (1):?11:E 6.2 + 0.01 ND ND ND ND 11234 = (1)76;7 = 0.73
42 Hydrazine ND 615.058?;4 * 1;.‘:16 * ND ND ND ND 2225'81 * (1).8568'39 * 0.5
43 Trimethylamine ND ND 2214;8 = ND ND ND ND ND (2).265'99 = 1.45
Other (Sulfur-Containing)
44 Dimethyl sulfide ND 36927 * ggig = ND ND ND ND ;2382’48 * ;5982'58 * 0.64
45 Methanethiol ND ;%714 * ;‘6276'46 + ND ND ND ND (1).3351'09 * ;8595'92 * 1.11
Other
46 2-Ethyl-furan ND ND ND 13.69 + 4.01 ND ?gzg = ND 28323 = (1)5336'37 + 1.59
7 oot woow o w o pews mmes gus mes ges e g
48 Indolizine ND 39835 = 3225'94 + ND ND ND ND ?61(;1 = :13(1)87;5 £ 1.51

All results are expressed as mean =+ standard deviation. VIP is variable importance in projection (obtained through OPLS-DA).

accumulate over the storage period. Trimethylamine, a product of tri-
methylamine oxide reduction, imparts a putrid odor, while indolizine,
derived from the catalytic action of tryptophanase, contributes a foul
odor and stench. Both compounds are well-documented markers of fish
spoilage (J. Huang et al., 2021; Leduc et al., 2012; Lou et al., 2023).
Additionally, methanethiol, primarily produced through microbial ac-
tivity and protein degradation, was also detected. Given that protein
factors were controlled in this study, the methanethiol produced can be
attributed to microbial action. Methanethiol was not detected in the L
group, while its content increased by 11.83 % on the day 10 (M/L group
vs. M group), indicating that lipid oxidation also accelerates microbial
growth. These findings suggest that both microbial activity and lipid
oxidation have an irreversible impact on the odor of fish. These pro-
cesses are closely linked to the production of VOCs during the refriger-
ated storage of grouper.

3.6. Potential relationship between VOCs, lipid component evolution, and
microbial growth

In previous analyses, the interaction between microbial growth and
lipid degradation was established. To further visualize the relationship
between the dominant microbial genera and DLs in the sample solutions
during cold storage, a correlation heatmap was generated using the

10

Mantel test (Fig. 5C). The results identified five significantly correlated
microbial genera (Carnobacterium, Pseudomonas, Gluconacetobacter,
Vagococcus, and Shewanella) and 30 DLs. Pseudomonas, Gluconaceto-
bacter, and Vagococcus exhibited a strong correlation with almost all DLs
(Mantel’s r > 0.4, Mantel’s p < 0.01), indicating their critical role in the
production of DLs. For Carnobacterium, there were strong correlations
with DG (18:0_18:1), DG (18:0_18:2), DG (18:2_18:2), and DG (44:7),
with Mantel’s r values ranging from 0.1 to 0.4, suggesting that these DLs
are core to Carnobacterium. The heatmap also showed that these four DLs
had no significant correlations with other DLs. Similarly, Shewanella
showed significant correlations with DG (17:1_18:2), DG (18:0_22:4),
and DG (20:0_22:6). Therefore, it can be inferred that the accumulation
of DG (18:0_18:1), DG (18:0_18:2), DG (18:2_18:2), and DG (44:7)
promotes the growth of Carnobacterium, while DG (17:1_18:2), DG
(18:0_22:4), and DG (20:0_22:6) enhance the growth of Shewanella.
Almost all DGs appear to stimulate the growth of Pseudomonas (e.g., DG
(52:2)), Gluconacetobacter (e.g., DG (14:0_18:2), DG (16:0_18:2), DG
(16:0_20:4), DG (16:0_20:5), DG (16:0_22:4), DG (16:1_18:2), DG
(16:1_.22:6), DG (18:1_14:0), DG (18:1_18:2), DG (18:1_20:5), DG
(18:3.18:3), DG (18:4.16:0), DG (20:1_.18:1), DG (20:1_22:6), DG
(22:0_22:6), DG (22:6_22:6), DG (34:2), DG (36:3), DG (38:5), DG
(42:9)), and Vagococcus (e.g., DG (15:0_18:1), DG (18:1_22:1)).

To further investigate the relationship between key microbial genera
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Fig. 5. The circular clustered heatmap of normalized VOCs (A) and OPLS-DA (B) for M group, L group, and M/L group. Mantel test of key microorganisms and

differential lipids (C); mantel test of key microorganisms and Key VOCs.

and VOCs in the sample solutions during cold storage, a Mantel test was
used to create a correlation heatmap (Fig. 5D). Similar to the previous
analysis, Carnobacterium, Pseudomonas, Gluconacetobacter, Vagococcus,
and Shewanella were identified as the most significantly correlated mi-
crobial genera. These can be considered the core VOC-producing mi-
crobes during the cold storage of the sample solutions. Pseudomonas and
Shewanella showed significant correlations with nearly all key VOCs,
likely because these two bacteria are the main microorganisms involved
in the spoilage and deterioration of the grouper. Among the 20 VOCs
with VIP values greater than 1, alcohols and ketones were most closely
related to Gluconacetobacter, nitrogen- and sulfur-containing compounds
were most closely related to Shewanella, and aldehydes were most
closely related to both Gluconacetobacter and Pseudomonas. Combining
this with the analysis of Fig. 5C, it is evident that these microorganisms
utilize DLs during their growth process and produce detrimental VOCs.
Specifically, DG (17:1_18:2), DG (18:0_22:4), and DG (20:0_22:6) may
be closely related to nitrogen/sulfur-containing compounds, while DG
(14:0_18:2), DG (52:2), and 21 other DGs might be associated with the
production of alcohols, ketones, and aldehydes.
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4. Conclusion

In this study, protein factors were excluded to investigate the inter-
action between lipids and microorganisms in refrigerated grouper and
their impact on VOCs production. By evaluating the lipid characteristics
(POV and TBARS) and microbial characteristics (biofilm mass and ATP
content) in the lipid solution, it was determined that microbial growth
promotes lipid oxidation, and the oxidation of grouper lipids similarly
promotes microbial growth. Furthermore, lipidomics analysis was used
to monitor the lipid composition of the lipid solution, identifying 44
differential lipids. Combined with microbial community diversity anal-
ysis, five key microorganisms (Carnobacterium, Pseudomonas, Glucona-
cetobacter, Vagococcus, and Shewanella) were identified. Using GC-MS,
20 key VOCs related to the odor changes in the grouper lipid solution
were screened, establishing these five microorganisms as core odor
producers. The study also identified the potential microbial and lipid
sources of various VOCs categories (alcohols, aldehydes, ketones, ni-
trogen- and sulfur-containing compounds). This research reveals the
potential interactions between lipids and microorganisms in flavor for-
mation, providing new insights for improving seafood quality control.
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