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This study investigates spoilage bacteria’s impact on lipid metabolism in sturgeon fillets using UHPLC-Q-
Orbitrap-MS/MS-based untargeted lipidomic analysis. A total of 4041 lipid molecules across five classes and
42 subclasses were identified, including glycerophospholipids (GPs, 50.88%), glycerolipids (GLs, 36.08%),
sphingolipids (SPs, 10.47%), fatty acyls (FAs, 2.45%), and sterol lipids (STs, 0.12%). Aeromonas sobria, a specific
spoilage bacterium, reduced GPs and FAs while increasing GLs, SPs, and STs via extracellular lipases and es-
terases. Acinetobacter albensis, the dominant bacterium, mainly elevated SPs and FAs. Their interaction promoted
lipid metabolism and oxidation while producing volatile organic compounds (VOCs). Ethyl isobutyrate, ethyl
propionate, isobutyl formate, pentan-2-one, propan-2-one, 2-butanone, 3-methyl-3-buten-1-ol, and dimethyl
sulfide were mainly associated with Acinetobacter albensis, while 1-hexanol, 1-pentanol, 1-penten-3-ol, 1-
hydroxypropan-2-one, 3-methyl-1-butanol, 2-methylbutanal, 3-hydroxy-2-butanone, and propionaldehyde were
mainly related to Aeromonas sobria. This work unveils the mechanism of lipid transformation in sturgeon fillets

during refrigerated storage, offering insights for aquatic products quality control.

1. Introduction

Sturgeon, an important aquatic product in China, primarily valued
for caviar, leaves 40% of its weight as underutilized meat (Chen et al.,
2020). Growing sales of refrigerated sturgeon fillets, especially among
younger consumers, face challenges of quality degradation and spoilage,
particularly microbial activities affecting freshness, texture, odor, and
nutritional content (Jia et al., 2019; Li et al., 2020).

Sturgeon meat, high in fat and rich in unsaturated fatty acids (UFA),
undergoes lipid transformation during storage, impacting color, flavor,
taste, and texture (Wang et al., 2022; Yu et al., 2020). This trans-
formation during storage significantly influences consumer preferences
(Jia et al., 2021). Studies across various aquatic products, including
white shrimp (Okpala et al., 2016), whelk (Yu et al., 2020), sardine
(Pinheiro et al., 2020), red drum fillets (Mi et al., 2016), and sturgeon
fillets (Tan et al., 2022), highlight the role of both endogenous enzy-
matic action and microbial activities in lipid metabolism. Compared
with endogenous lipases, microorganisms can produce various types of

* Corresponding authors.

E-mail addresses: lipinglan@cau.edu.cn (P. Li), nshang@cau.edu.cn (N. Shang).

https://doi.org/10.1016/j.fochx.2024.101714

lipolytic enzymes (e.g., acid lipases, neutral lipases, phospholipases, and
esterases) and lipoxygenases (Feng et al., 2021). Microbial lipases can
act on triglycerides (TG) and phospholipids (PL) to produce free fatty
acid (FFA), and promote UFAs to form fatty acyl hydroperoxides, alde-
hydes, and carbonyl substances (Wang et al., 2022; Yu et al., 2020).
According to Wang et al. (2016), degradation of lipids can produce
different levels of FFA that affect the volatile flavor components of meat.
In addition, the exogenous lipases produced by microorganisms accel-
erate lipid oxidation to some extent through enzymatic reactions (Feng
et al., 2021). At the action of lipoxygenase, UFAs such as linoleic acid
and arachidonic acid can be converted to oxides in fish products, thus
altering lipid peroxide values (POV) and thiobarbituric acid reactive
substances (TBARS) (Mi et al., 2016). It can be seen that the degradation
and metabolism of lipids by microorganisms is one of the most impor-
tant factors that decrease the quality of fish meat. In the study of Tan
et al. (2022), the dominant bacteria Acinetobacter showed a significant
positive correlation with lipid metabolism and oxidation. However,
most researchers have only focused on the effects of specific spoilage
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bacteria on protein and lipid oxidation (Lou et al., 2021). An increasing
number of studies indicated that spoilage microorganisms can alter their
metabolic profiles through interactions (Wang & Xie, 2020; Tan, Li, &
Shang, 2023).

Despite identifying Aeromonas sobria and Acinetobacter albensis as
dominant bacteria in spoiled sturgeon fillets, both bacteria have the
ability to produce lipase and degrade lipids (Tan et al., 2022; Tan, Li, &
Shang, 2023). However, the pathways and molecular mechanisms of
lipid transformation induced by these microorganisms and their in-
teractions remain unknown. Therefore, studying the lipid changes of
sturgeon fillets induced by microorganisms during refrigeration has
great significance for controlling the quality of sturgeon fillets.

Recently, lipidomics based on liquid chromatography and mass
spectrometry has been widely used in animal food research, which
provides a new tool to characterize the molecular mechanisms of lipid
metabolism regulation (Jia et al., 2021). Thus, lipidomics can be used to
analyze the quality and safety of meat, especially for the study of
chemical changes related to lipid oxidation and metabolism. For
example, the use of untargeted lipidomics can provide more compre-
hensive information on the overall lipid composition and abundance
signals of lipid metabolism without predetermined screening conditions
(Wang et al., 2022). In this study, we explored the biochemical changes
and lipid profiles induced by spoilage microorganisms in sturgeon fillets
during refrigeration by combining physicochemical indices and ultra-
high performance liquid chromatography-Orbitrap high resolution
mass spectrometry (UHPLC-Q-Orbitrap MS/MS), including quality
characteristics, lipid degradation, exogenous lipase activity and lipid
metabolism. And changes in volatile organic compounds (VOCs) asso-
ciated with lipid decomposition and oxidation in fish fillets were
analyzed using gas chromatography-ion mobility spectrometry (GC-
IMS). The comprehensive insight gained lay the foundation for precise
quality control of sturgeon products in the future.

2. Materials and methods
2.1. Sample preparation

Hybrid sturgeon (age of 5 years, weight of 6582.0 &+ 305.9 g, length
of 89.3 £+ 5.7 cm) were obtained from the Sturgeon Farm of Tianyuan
Fishing Port (Huairou, Beijing, China). The sterile fish fillets were pre-
pared according to our previous study (Tan, Hu, et al., 2023). Briefly, life
sturgeons were stunned with a wooden club, then gutted, washed, sur-
face cleaned with 75% ethanol wipes. The dorsal flesh of sturgeon was
obtained using sterile knives and filleted into cubes (size of 4 x 3 x 2.5
cm), and treated with 0.5% (v/v) formalin solution for 30 s. After rinsing
with cold sterile water for 3 times, they were drained on sterile gauze for
15 min as sterile fish fillets.

2.2. Bacterial strains and inoculation

Aeromonas sobria LT-101 (As, GenBank accession number
OK103778), a specific spoilage organism in refrigerated (4 °C) sturgeon
fillets, is considered as the main contributor for sturgeon spoilage. While
Acinetobacter albensis LT-106 (Aa, GenBank accession number
OK481116) used in this study was the dominant bacterial strain isolated
from spoiled sturgeon fillet at 4 °C, which has the most abundance and
related to lipid metabolism. The strains inoculation was performed ac-
cording to the method of Lou et al. (2021). Briefly, the prepared sterile
fish fillets were randomly divided into four groups and immerged into
different bacterial suspension (6 lg CFU/mL) to reach around 4 1g CFU/
g, including: (1) Inoculated with sterile saline (Control group, C), (2)
Individual inoculation of A. sobria (As), (3) Individual inoculation of
A. albensis (Aa), (4) A. albensis and A. sobria were co-inoculated at a ratio
of 1:1 (AsAa). After that, the inoculated fillets were aerobically packed
in sterile bags and stored at 4 °C for 12 days. During storage, three bags
in each group were randomly selected every two days for biochemical
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changes, and 6 parallel samples were randomly collected for lipid
metabolism analysis on day 12.

2.3. Determination of bacterial counts and total volatile basic nitrogen
(TVB-N)

A plate count method with tryptone soy broth medium was used to
determine the bacterial counts of sturgeon fillets during refrigeration. In
brief, 5.0 g fillet sample was aseptically collected, added to 45 mL sterile
saline and homogenized for 60 s. 1.0 mL of sample homogenized liquid
was prepared in 10-fold serial dilution with sterile saline. Two suitable
dilutions were selected for microbial enumeration, incubated at 30 °C
for 48 h to determine the bacterial counts.

The TVB-N content was extracted and measured as described by Tan
etal. (2022). In brief, 5.0 g fillet sample was added 50 mL distilled water
and homogenized at high speed for 60 s. The extraction was carried out
for 30 min with shaking, then centrifuged at 3000g for 3 min. The TVB-N
content in the samples was analyzed using a Kjeldahl Apparatus (KDY-
9830, Beijing, China), and expressed as mg/100 g sample.

2.4. Analysis of free fatty acid

A 0.1 g sample of fish meat was taken and determined by using the
free fatty acid content determination kit (No. BC0595, Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China). Fatty acids can combine
with copper ions to form fatty acid copper salts and dissolve in chloro-
form, and the free fatty acid content can be deduced by measuring
copper ions.

2.5. Analysis of POV and TBARS values

The POV values of lipids in sturgeon fillets were measured according
to the American Oil Chemists Society (AOCS) official method Cd 8-53
(AOCS, 2003). Briefly, 5.0 g of fish sample was added with chloroform
(1:2, m/v), homogenized and centrifuged at 4000g for 5 min, and the
supernatant was collected. Then 30 mL of chloroform/glacial acetic acid
mixture (2:3, v/v), 1.0 mL of saturated potassium iodide solution and
1.0 mL of 1% starch indicator were added, and manually shaken well for
30 s, kept in the dark for 3 min, and then 100 mL of distilled water was
added and titrated with 0.01 mol/L sodium thiosulfate. While the
TBARS values were measured by using the malondialdehyde (MDA)
assay kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing,
China). MDA can condense with Thiobarbituric acid (TBA) under acidic
and high temperature conditions to produce 3,5,5-trimethyloxazol-2,
4-one, which has a characteristic absorption at 532 nm. The results
were expressed as mg MDA Eq./kg sample.

2.6. Evaluation of lipase and esterase activities

Lipase activities in sturgeon fillets were measured using a lipase
assay kit (No. BC2340, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China), and results were expressed as U/g sample. While
esterase activities were measured as described by Tan, Li, and Shang
(2023). Briefly, 2.0 g fillet sample was homogenized with 20 mL 50
mmol/L sodium phosphate buffer (pH 7.5) for 60 s, and centrifuged at
10,000g, 4 °C for 20 min. 100 pL of supernatant was mixed with 100 pL
of 20 mmol/L p-nitrophenol acetate and 800 pL of 50 mmol/L sodium
phosphate buffer, then incubated at 37 °C for 10 min. After that, 1.0 mL
of 0.2 mol/L sodium phosphate buffer containing 5 mg/L SDS was added
to terminate the reaction. The absorbance was measured at 405 nm, and
released p-nitrophenol was calculated from a standard curve. The
enzyme activities were expressed as U/g sample.

2.7. Analysis of VOCs

VOCs analysis of sturgeon fillets was carried out according to the



C. Tan et al.

method as described by Jia et al. (2019). Briefly, 2.0 g fish sample was
accurately weighed and taken in a 20 mL headspace vial sealed with a
threaded cap, then placed on the sample holder of a GC-IMS spec-
trometer. After incubation at 40 °C for 20 min, 500 pL of the headspace
sample was injected into the GC-IMS instrument by a heated syringe
(85 °C). Subsequently, the sample gas was carried through the carrier
gas (N3) into a capillary column SE-54-CB-1 (5% phenyl-1% vinyl-94%
methylpolysiloxane, 15 m x 0.53 mm, 1 pm inner diameter) at 60 °C for
the separation of VOCs. The gradient elution procedure of gas chroma-
tography is as follows: t = 0 min, 2 mL/min Ny; t = 2 min, 2 mL/min Ny;
t =10 min, 10 mL/min Ny; t = 20 min, 100 mL/min Ny; and t = 30 min,
150 mL/min Nj. The VOCs were carried by 150 mL/min N3 and were
driven to a 9.8 cm drift tube (5 kV constant voltage, 45 °C) after ionizing
in the ionization chamber to be separated again.

2.8. Total lipid extraction

Lipid in sturgeon fillets was extracted according to the method of
Wang et al. (2021). In brief, 20 mg sample was mixed with 200 pL water
and 20 pL lipid standard mixture (containing 13 isotopic internal stan-
dards), vortexed and added 800 pL methyl tert-butyl ether, followed by
adding 240 pL pre-cooled methanol and mixing well. After sonication in
an ice water bath for 20 min, the samples were left at room temperature
for 30 min and centrifuged at 12000g and 10 °C for 15 min. The upper
organic phase was blown dry with Ny, then re-dissolved with 200 pL
90% isopropanol/acetonitrile solution, vortexed thoroughly and
centrifuged at 12000g and 10 °C for 15 min. The resulting supernatant
was collected and used for further analysis.

2.9. Lipidomic analysis

Lipidome profiling of fish lipid samples were carried out by an
UHPLC- Q- Orbitrap-MS/MS system (Thermo Fisher Scientific, MA,
USA), which equipped with C18 column (100 mm x 2.1 mm, 1.7 pm). A
binary solvent system was consisted of mobile phase A (60% acetonitrile
and 40% water) and mobile phase B (10% acetonitrile and 90% iso-
propanol). The gradient elution program was as follows: 0-2 min, 30%
B; 2-25 min, 30% B increasing linearly to 100%; 25-35 min, 30% B. The
samples were placed in an autosampler at 10 °C during the entire
analysis process, and the injection volume was 2.0 pL at a mobile phase
flow rate of 0.3 mL/min.

Sample MS1 and MS2 data were collected by a Q-Exactive series
mass spectrometer. The ESI source conditions were as follows: Spray
voltage 3.0 kV, heater temperature 300 °C, sheath gas flow rate 45 arb,
auxiliary gas flow rate 15 arb, purge gas flow rate 1 arb, capillary
temperature 350 °C, S-lens RF level 50%, MS1 scan range: 200-1800 m/
z. The mass-to-charge ratios of lipid molecules and lipid fragments were
acquired as follows: 10 fragment profiles were acquired after each full
scan (MS2 scan, HCD). MS1 had a resolution of 70,000 at M/Z = 200,
and MS2 had a resolution of 17,500 at M/Z = 200.

LipidSearch was used for peak detection, identification, grouping,
extraction, and alignment. The main parameters were set as follows:
precursor tolerance: 5 ppm, product tolerance: 5 ppm, product ion
threshold: 5%. The raw data were quality assessed and values with
relative standard deviation >30% were filtered out. The peak area data,
with <50% null values in a single group or all groups, were retained.
Then data were normalized using the internal standard for further sta-
tistical analyses, including identification quantity statistics, lipid
composition analysis and lipid difference analysis.

2.10. Analysis fatty acids

30 mg sample was mixed with 1.0 mL chloroform-methanol solution
(2:1, v/v), sonicated in an ice water bath for 30 min. The supernatant
was added with 2.0 mL 1% sulfuric acid-methanol solution, and placed
in a water bath at 80 °C for 0.5 h, followed by an extraction of 1.0 mL n-
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hexane. The extract was washed with 5.0 mL purified water. 25 pL
methyl nonadecanoate was added to the resulting 500 pL supernatant as
an internal standard, mixed well and transferred to the injection vial for
gas chromatography-mass spectrometry (GC-MS) analysis.

Analysis of fatty acids was carried out on an Agilent DB-WAX
capillary column (30 m x 0.25 mm x 0.25 pm) GC system. The injec-
tion volume was 10 pL with a 10:1 splitting ratio. A programmed heating
was as follows: 50 °C, held for 3 min; increasing linearly to 220 °C at
10 °C/min, maintained 5 min; Increase to 250 °C at 15 °C/min and hold
for 10 min. The carrier gas was helium with a carrier gas flow rate of 1.0
mL/min. The MS program was as follows: sample inlet temperature was
280 °C, the ion source temperature was 230 °C, and the transmission line
temperature was 250 °C. electron bombardment ionization (EI) source,
SIM scan mode, electron energy 70 eV. The GC-MS data were extracted
using MSD ChemStation software for peak area and retention time, and
the calibration curves were plotted to calculate the content of medium
and long chain fatty acids in the samples.

2.11. Statistical analysis

The multivariate statistical analysis was performed using principal
component analysis (PCA), partial least squares-discriminant analysis
(PLS-DA), and orthogonal partial least squares-discriminant analysis
(OPLS-DA). The differential lipids and fatty acids were selected based on
the Student’s t-tests (P < 0.05) and VIP >1. One-way analysis of variance
(ANOVA) with Duncan’s test and significant difference analysis (P <
0.05) were performed using SPSS software v 21.0 (SPSS Inc., Chicago, IL,
USA). Lipid metabolic pathways were revealed based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database (http://
www.genome.jp/kegg/).

3. Results and discussion
3.1. Microbial growth and changes in TVB-N

The results of microbial growth indicated that the aseptic processing
of the fillets was successful and they were not contaminated during
refrigeration, as the bacterial counts of the aseptically treated fillets
were consistently below 2.0 lg CFU/g throughout the refrigeration
process (Fig. S1). The initial bacterial counts of each inoculated group
were 3.5, 3.5, and 3.7 1g CFU/g, which were also close to the initial
microbial level of 4.0 1g CFU/g for fresh fish fillets (Tan et al., 2022).
With the extension of refrigeration time, the number of bacteria
increased significantly (P < 0.05), especially in the early stages of
refrigeration. The multiplication speed of A. albensis was much higher
than that of A. sobria, and the coexistence of A. sobria and A. albensis
greatly increases the number of microorganisms in the later stage.
Finally, the co-cultured group reached 9.7 1g CFU/g, significantly higher
than 8.7 lg CFU/g of A. sobria and 8.9 1g CFU/g of A. albensis alone.

The growth of spoilage bacteria in sturgeon fillets directly affects the
changes in TVB-N content, as shown in Fig. 1A. In the early storage
period, there was no significant change in the TVB-N content of sturgeon
fillets in each treatment group, indicating that the generation of TVB-N
requires the microorganisms to multiply to a certain number. Finally,
the TVB-N content of A. sobria inoculation group showed a significant
increase (P < 0.05) change, and the content reached 22.62 mg/100 g on
the 12th day of refrigeration. It is evident that A. sobria has a high ca-
pacity to produce spoilage metabolites. However, from the results of the
A. albensis inoculated group and the co-inoculated group of A. albensis
and A. sobria, the addition of A. albensis did not increase the production
of TVB-N and even decrease the TVB-N content. This suggested that
A. albensis has a low capacity to produce spoilage metabolites by protein
degradation.
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Fig. 1. Changes in total volatile basic nitrogen (A), free fatty acid content (B), TBARS value (C), POV value (D), lipase activities (E), and esterase activities (F) of
sturgeon fillets in different inoculated groups during refrigeration at 4 °C. Control, As, Aa, and AsAa represent the uninoculated groups, A. sobria inoculated groups,
A. albensis inoculated groups, and A. sobria and A. albensis co-cultured groups, respectively.

3.2. Changes in free fatty acid

The changes in free fatty acid content in sturgeon fillets from
different inoculation groups were shown in Fig. 1B. The free fatty acid
content of the control group and A. sobria inoculated group increased
gradually with storage time, rising from an initial content of 1.9 pmol/g
to 2.6 and 3.2 pmol/g by the end of refrigeration period, respectively. In
the A. albensis inoculated group and the co-cultured group of A. sobria
and A. albensis, the free fatty acid content increased significantly (P <
0.05) during the first 6 days of refrigeration to 3.1 pmol/g and 3.5 pmol/
g, respectively, and then gradually decreased. Free fatty acids were first
released from lipids and then further utilized and oxidized by microor-
ganisms (Balakrishna et al., 2020). The results indicated that A. albensis,
the dominant bacterium at the end of refrigeration, has a strong ability
to degrade lipids and utilize fatty acids. This is consistent with the

previous spoilage metabolome results (Tan, Li, & Shang, 2023), and
further demonstrates that A. albensis does affect lipid metabolism in
sturgeon fillets.

3.3. Changes in TBARS and POV values

Sturgeon fillets are susceptible to lipid oxidation during aerobic
storage, and the primary and intermediate products of lipid oxidation
can be characterized by the common indicators TBARS and POV. As
shown in Fig. 1C and D, the TBARS value and POV value of the inocu-
lated group increased significantly with storage time (P < 0.05) and
were higher than those of the control group, indicating the dominant
bacteria in the sturgeon fillets significantly promoted lipid oxidation.
The TBARS value of the co-cultured group was higher than those of the
individually inoculated group in the early storage period, but lower than
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that of the A. albensis inoculated group in the later period. This may be
since A. albensis can produce more key enzymes for lipid oxidation such
as lipoxygenase at the end of storage (Mariutti & Bragagnolo, 2017). The
changes in the POV values also indicated that the A. albensis inoculated
group underwent a more severe oxidation at the end of the storage
period than the others, and this oxidation may be related to the lipase
production of microorganisms through metabolism. However, the in-
crease of POV was greater than that of TBARS in the later stages of
refrigeration, probably because the decomposition of hydroperoxides
was more slowly than their generation, and unstable secondary oxida-
tion products such as aldehydes were further oxidized or degraded to
form low molecular weight VOCs during long-term refrigeration (Wang
et al., 2023). Al-Dalali et al. (2022) pointed out that changes in oxide
content are also related to protein-lipid interactions, in which

Sphingolipids (SPs)
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malondialdehyde and hexanal form polymers with lysine residues in
meat proteins.

3.4. Lipase and esterase activities

The metabolism of lipids in fish meat is mainly attributed to
endogenous enzymes and microbial activities, where microorganisms
can produce a variety of lipolytic enzymes to hydrolyze lipids (Feng
et al., 2021). For example, microbial lipases can act on triglycerides and
phospholipids to produce free fatty acids and promote saturated fatty
acids to form fatty acyl hydroperoxides, aldehydes, and carbonyl species
(Wang et al., 2022; Yu et al., 2020). To verify whether the changes in
fatty acids were related to lipolytic enzymes secreted by microorgan-
isms, lipase and esterase activities were measured. As shown in Fig. 1E,
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Fig. 2. The lipid subclasses and categories identified in sturgeon fillets (A) and percentages of lipid subclasses and categories in different inoculated group samples
(B). C, As, Aa, and AsAa represent the control groups, A. sobria inoculated groups, A. albensis inoculated groups, and A. sobria and A. albensis co-cultured groups,

respectively. 12 represented the 12th day of storage.
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both A. sobria and A. albensis possessed strong lipase-producing ability,
and the lipase activity of their inoculated group of fillets increased
significantly with storage time (P < 0.05) during refrigeration, and
A. albensis exhibited a stronger lipase-producing ability than A. sobria.
Researchers have demonstrated that some lipase-producing bacteria has
an ability to utilize fat as their sole carbon source (Li et al., 2014; Sarkar
et al., 2012). This may be one of the reasons why they still grow faster
during the later stages of refrigeration.

The ability of microorganisms to secrete esterases was shown in
Fig. 1F, where A. albensis and A. sobria similarly showed a high capacity
to secrete extracellular esterases. Compared with inoculating only the
specific spoilage bacterium A. sobria, the addition of the dominant
bacterium A. albensis significantly increased the esterase activity (P <
0.05). This may be the reason why there are more species of differential
fatty acids in the co-cultured group than in the single inoculation group.
Under the action of microbial extracellular lipase and esterase, lipids
were hydrolyzed, causing the fatty acid content to increase. Changes in
lipase and esterase activities can well reflect the level of lipid meta-
bolism because they have multiple catalytic abilities and can also be
used to express the activities of phospholipases, cholesterol esterases,
amidases, etc. (Bora et al., 2013).

3.5. Analysis of lipid metabolism

3.5.1. Lipids in refrigerated sturgeon fillets

Excluding ion features with RSD >30%, a total number of 4041 lipid
molecules in samples were identified in both ESI+ and ESI- modes,
which were classified into glycerophospholipids (GPs), glycerolipids
(GLs), sphingolipids (SPs), fatty acyls (FAs) and sterol lipids (STs)
(Fig. 2A and Table S1). Among them, 934 triglycerides (TG) were
detected, accounting for 23.11% of the total lipids, followed by 541
phosphatidylcholine (PC) (13.38%), 475 diacylglycerol (DG) (11.75%)
and 441 phosphatidylethanolamine (PE) (10.91%). These findings are
consistent with what Dominguez et al. (2019) reported that triglycerides
(TG) and phospholipids (PL) occupied the largest portion of intramus-
cular and subcutaneous lipids, while cholesterol and other lipids made
smaller contributions.

The main lipid composition and content distribution in the samples
were shown in Fig. 2B. The largest proportion in different treatment
groups was TG, and the presence of microorganisms affected the lipid
composition.

3.5.2. Multivariate statistical analysis of sturgeon fillet samples

To ensure the stability of the experimental apparatus and the
reproducibility of the experiments, Pearson correlation analysis was
performed on the QC samples (Fig. S2A). The correlation coefficients
were all >0.95, indicating that the test instrument is stable, and the
repeatability of the experiment is good. The lipidomic changes in stur-
geon fillets of each inoculated group and the control group were per-
formed using a PCA model. There were significant differences in lipid
metabolite profiles between each inoculated group and the control
group, but fewer difference in the metabolic profiles were observed in
the A. sobria inoculation and co-cultured samples (Fig. S2B). This indi-
cated that A. sobria is the most dominant microorganism causing lipid
changes in sturgeon fillets.

The OPLS-DA score plots showed that each group of samples for
comparison were clearly separated, and the samples from the same
group were well aggregated (Fig. 3A, C, E, G). The interactive validation
of the OPLS-DA model mainly reflects the interpretability of the model’s
X-variables and Y-variables (R*X and RZY), as well as the model’s degree
of predictability (Qz). The R?Y and Q2 values for As12 vs C12 were 0.92
and 0.93 respectively (Fig. 3B), while that for the other three pairs were
0.90-0.97 (Fig. 3D, F and H). These results indicated that the model
without overfitting, and the data has high reliability and predictive
ability. Therefore, both PCA and OPLS-DA models indicated significant
differences between the inoculated group and control group, and the
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changes of lipids in sturgeon fillets during refrigeration were influenced
by microbial composition.

3.5.3. Lipid changes during sturgeon fillets refrigeration

Lipids identified in the fillet samples consisted of five subclasses, and
their content changes are shown in Fig. 4A. Compared to the control
group, the content of glycerophospholipids and fatty acyls decreased in
the A. sobria inoculated group, whereas the content of glycerolipids,
sphingolipids, and sterol lipids increased; The A. albensis inoculated
group significantly increased the content of sphingolipids and fatty
acyls, while the co-cultured group increased the content of sphingolipids
and sterol lipids.

Further analysis of lipid subclass showed that 42 categories were
detected, and 18 categories with significant differential changes, as
shown in Fig. 4B. The categories whose levels increased in the A. sobria
inoculated group compared to the control group were glycosylceramide
series (including CerG3GNAcl, Hex2Cer and Hex3Cer), phosphocer-
amide (CerP), cholesteryl ester (ChE), cofactor (Co), ganglioside (GD1a),
phosphatidic acid (PA), phosphatidylinositol (PI), phosphatidyletha-
nolamine (PE), sphingomyelin (SM), sphingomyelin (SPH), sphingosine
phosphate (SPHP), and wax esters (WE), and the decreasing categories
were diglycerides (DG), lysophosphatidylcholine (LPC), monoglycerides
(MG), and zymosterol ester (ZyE). The categories in A. albensis inocu-
lation group and co-cultured group suggested that A. sobria and
A. albensis exhibit similar lipid metabolism properties, but they differ in
their ability to transform different lipids. Compared with A. sobria,
A. albensis was more capable of producing CerP, Co, GD1a, PE and SPH,
while it was less capable of producing ChE, Hex2Cer, Hex3Cer, PA, PI
and SPHP, and more capable of utilizing DG. These results indicated that
the microorganisms in sturgeon fillets mainly utilized DG, LPC, and MG
to convert them into other subclasses during refrigeration, and both
A. sobria and A. albensis showed strong lipid metabolic capabilities.

3.5.4. Fatty acids composition

To obtain more comprehensive information on lipid metabolism,
medium- and long-chain fatty acids were further examined. Compared
to control group, A. sobria inoculated group significantly (P < 0.05)
increased the content of undecanoic acid (C11:0), palmitic acid (C16:0),
eicosapentaenoic acid (C20:5 N3) and docosahexaenoic acid (C22:6 N3)
(Fig. S3A). And the content of stearic acid (C18:0) was significantly
increased in the A. albensis inoculated group (Fig. S3B). The A. albensis
and A. sobria co-cultured group significantly increased the content of
octanoic acid (C8:0), undecanoic acid, lauric acid (C12:0), tridecanoic
acid (C13:0), myristic acid (C14:0), palmitic acid (C16:0), palmitoleic
acid (Cl16:1 N7), trans-oleic acid (C18:1TN9), trans-linoleic acid
(C18:2TTN6), linoleic acid (C18:2 N6), y-linolenic acid (C18:3 N6),
arachidonic acid (C20:0), eicosatrienoic acid (C20:3 N3), eicosa-
pentaenoic acid (C20:5 N3), docosadienoic acid (C22:2 N6), docosate-
traenoic acid (C22:4 N6), docosapentaenoic acid (C22. 5 N6), and
docosahexaenoic acid (Fig. S3C). However, the content of fatty acid
fractions was lower in the A. albensis inoculated group compared to
A. sobria inoculated group, and it was the stearic acids that were
significantly different (P < 0.05) (Fig. S3D). Whereas, the co-cultured
group significantly increased the content of undecanoic acid, lauric
acid, tridecanoic acid, myristic acid, pentadecanoic acid (C15:0), pen-
tadecenoic acid (C15:1 N5), palmitic acid, trans-oleic acid, oleic acid
(C18:1 N9), trans-linoleic acid, behenic acid (C22:0), docosatetraenoic
acid, docosapentaenoic acid (C22:5 N3), and docosahexaenoic acid
(C22:6 N3) compared to the A. sobria inoculated group alone (P < 0.05)
(Fig. S3E). It can be seen that A. sobria had a greater effect on fatty acids
than A. albensis, and the co-cultured group significantly altered the
composition of medium- and long-chain fatty acids in the sturgeon
fillets.

Further, these significantly different fatty acids (VIP >1, P < 0.05) of
the samples were used to perform a hierarchical cluster analysis
(Fig. 5A). The samples with the same treatment were clustered together
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in a cluster, which suggests that the fatty acid metabolic processes be-
tween samples from the same inoculation group are relatively close,
while large differences were observed between the different inoculation
groups, especially between the control group and the co-cultured group.
The spoilage bacteria significantly changed the composition of medium-
and long-chain fatty acids in sturgeon fillets, and A. albensis had a
greater effect on fatty acids than A. sobria. In addition, saturated fatty
acids (SFAs), monounsaturated fatty acids (MUFAs), and poly-
unsaturated fatty acids (PUFAs) in the fish samples increased after
refrigerated storage (Fig. 5B). For samples from the control group,
A. sobria inoculated group, A. albensis inoculated group, and co-
inoculated group, SFA increased from 7.07 mg/g sample on day O to
10.23,12.29,11.15, and 14.47 mg/g on day 12, respectively. The results
are consistent with the studies of Al-Dalali et al. (2022) and Nazemroaya
et al. (2009), who found that the SFA, MUFA, and PUFA content in
sturgeon fillets increased with storage time. Unsaturated fatty acids are
easily oxidized during storage, which may be one of the reasons for the
significant increase in TBARS and POV values in the inoculated groups
compared to the control group. Taken together, spoilage microorgan-
isms significantly promoted fatty acid production compared to the
control group, especially when A. albensis was co-presented with
A. sobria.

Based on the relationship between the significantly different fatty
acid molecules detected in the samples and the KEGG pathway, the fatty
acid metabolism network was schematically mapped (Fig. 5C). Fatty

acid metabolism by spoilage microorganisms involves the synthesis,
degradation, and chain elongation of fatty acids. The lipids in fish fillet
are hydrolyzed into free fatty acids by endogenous enzymes and mi-
crobial enzymes, which are further metabolized and oxidized to
generate acetyl-CoA and involved in the production of a series of fatty
acids under the action of related synthases. The intermediate products of
fatty acid metabolism, palmitic acid and palmitoyl-CoA are related to
glyceride metabolism, glycerophospholipid metabolism and chain
elongation of fatty acids, which in turn produced methyl palmitate and
palmitoyl coenzyme A (Fig. 5C). The metabolism of unsaturated fatty
acids in fish fillets is also affected by spoilage microorganisms, such as
linoleic acid metabolism and lecithin metabolism to produce arach-
idonic acid.

3.5.5. Lipid metabolic pathways of sturgeon fillets

Lipid molecules with significant differences were selected for KEGG
pathway analysis and potential pathways for lipid transformation were
schematically mapped in combination with the identified intermediates
(Fig. 6). The related metabolic pathways are mainly involved in glyc-
erophospholipid metabolism, glyceride metabolism, linoleic acid and
other fatty acid metabolism, and sterol lipid biosynthesis. It is reported
that cholesterol biosynthesis is influenced by cytochrome P450 aroma-
tase, cholesterol sidechain lyase and 17a-hydroxylase/lyase (Tokarz
et al., 2015). The formation of cholesterol ester in this study may be
caused by the cholesterol O-acyltransferase secreted by spoilage
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microorganisms that transfers long-chain fatty acyl from DG to choles-
terol, and at the same time release 1-acylglycerol (Wang et al., 2022).
Glycerophospholipids play a key role in cell composition and metabolic
regulation (Hugues Chap, 2016). The results suggested that PE, PA, PC,
LPC, and PI were the major lipids associated with glycerophospholipid
metabolic pathways in sturgeon fillets. PC and LPC are transformed into
each other through the action of enzymes (Fig. 5), the phospholipase A2
breaks down PC molecules to produce LPC (207), and LPC and acetyl-
CoA can form PC by the action of lysophospholipid acyltransferase
(Wang et al., 2022). CDP-DG, the main precursor of phospholipid syn-
thesis, also plays a critical role in the lipid transformation process of fish
fillets, the CDP-DG can convert PA into PC, PI, PG, and cardiolipin (CL)
through CDP-DG synthase (Xu et al., 2019). PA is a key intermediate
metabolite in the cell membrane glycerophospholipid synthesis pathway
and is involved in a variety of cellular processes (Zhang et al., 2023), and
it can be generated and metabolized by various types of lipolytic en-
zymes (e.g., phospholipases, lipid kinases, and phosphatases) (Tei &
Baskin, 2020). The increase in PA content during the refrigeration
process is mainly caused by microorganisms using other substances to
synthesize their own cell membranes for reproduction.

TG and DG are the main lipids identified in the refrigerated sturgeon
fillets that are related to the glyceride metabolism pathway, where DG
can be synthesized by phospholipase C-catalyzed hydrolysis of PE and
PC, and converted by PA, TG, MG, and CDP-DG (Chiang et al., 2021). DG
can also act as a lipid anchor for PE and PC synthesis in the presence of
the corresponding phosphotransferases (Geiger et al., 2013). The results
of this study showed that the DG content in fish fillets decreased while
the TG content increased under the action of microbial enzymes, and the
conversion of DG took place in the direction of TG production. TG is
formed mainly through the covalent binding of DG to fatty acyl-CoA,
which is catalyzed by diacylglycerol acyltransferase (DGAT) (Lu et al.,
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2015). Among them, DGAT1 preferentially esterifies preformed FA and
is in charge of the assembly and secretion of TG-rich very low-density
lipoprotein particles, whereas DGAT2 esterifies FA to synthesize TG
(Bhatt-Wessel et al., 2018; Hu et al., 2020). In addition, the lipids in fish
fillets are decomposed by microbial extracellular enzymes to generate
free fatty acids, which further undergo fatty acid metabolism and
oxidation during refrigerated storage. This is due to the action of lipo-
lytic enzymes and lipoxygenases (Feng et al., 2021). When the concen-
tration of oxidation products of lipids in fish meat reaches a certain
level, they begin to decompose, forming alkoxyl groups, which then pass
through different pathways to form hydrocarbons, alcohols, aldehydes,
acids and other compounds (Feng et al., 2021). In summary, significant
lipid changes took place in sturgeon fillets during refrigeration, and such
changes are associated with several metabolic pathways and various
enzymes. However, the role of specific related enzymes in refrigerated
fish fillets needs to be further investigated.

3.6. Analysis of VOCs

Lipolysis and lipid oxidation are the main sources of flavor com-
pounds in fish products. Fish meat oxidation and microbial action will
produce a large number of VOCs, so this study used GC-IMS to detect
VOCs in sturgeon fillets of different inoculation groups on days 0, 6, and
12. A total of 82 VOCs were identified in the fillets, mainly including
alcohols, aldehydes, ketones, esters, and sulfur-containing compounds,
as well as 20 unclassified compounds (Table S2). Many of these VOCs
existed in different degrees of polymerization, including monomers,
dimers, and trimers, depending on their concentration. These aggregates
showed similar retention times but different drift times.

The contour plot of volatiles was shown in Fig. 7A, where the spot
intensity of the VOCs distribution in the samples reflects the changes in
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Fig. 7. The VOCs identified in different inoculated fillets on days 0, 6 and 12 during storage at 4 °C. (A) Contour plots corresponding to the signals detected in the
sample, (B) Comparison of the fingerprints of VOCs in the sample determined by GC-IMS.

compounds during storage. The volatiles in the fillets increased as the
storage time increased. The production of VOCs in fillets during refrig-
eration is mainly due to the degradation of its own substances and the
metabolism of microorganisms (Parlapani et al., 2017). The compara-
tive fingerprint analysis of VOCs was shown in Fig. 7B, inoculation of
specific spoilage bacterium A. sobria and dominant bacterium A. albensis
both increased a large amount of VOCs. On the 6th day of refrigeration,
VOCs such as 1-hexanol, 1-pentanol, 1-penten-3-ol, 3-methyl-1-butanol,
2-methyl-3-methylthiofuran, 1-hydroxypropan-2-one, 2-methylbutanal,
and 3-hydroxy-2-butanone were substantially increased in the A. sobria
inoculated group and the co-cultured group; VOCs such as ethyl iso-
butyrate, isobutyl formate, ethyl propanoate, heptan-2-one, pentan-2-
one, propan-2-one, 3-methyl-3-buten-1-o0l, and dimethyl sulfide
increased significantly in the A. albensis inoculated group and the co-
cultured group. However, VOCs such as ethyl acetate, isoamyl acetate,
methyl butanoate, 1-propanol, 2-methyl-1-propanol, butanol, 2-acetyl-
pyrazine, and (E)-2-hexenal increased significantly only in the co-
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cultured group. These results suggested that the co-cultured group had
a greater effect on volatiles than the single inoculated group, and the
VOCs such as ethyl isobutyrate, ethyl propanoate, isobutyl formate,
pentan-2-one, propan-2-one, 2-butanone, 3-methyl-3-buten-1-ol, and
dimethyl sulfide were mainly associated with A. albensis, while 1-hexa-
nol, 1-pentanol, 1-penten-3-ol, 3-methyl-1-butanol, 2-methyl-3-methyl-
thiofuran, 1-hydroxypropan-2-one, 2-methylbutanal, 3-hydroxy-2-
butanone, and propionaldehyde were mainly related to A. sobria. Mi-
crobial interactions significantly affected the composition and content of
volatiles such as ethyl acetate, ethyl propionate, isoamyl acetate, methyl
butyrate, 1-propanol, 2-methyl-1-propanol, butanol, 2-acetylpyrazine,
(E)-2-hexenal.

In this study, pentan-2-one and heptan-2-one may be formed by
oxidation of fillets, as they are often produced in high-oxygen packaged
meat (Dominguez et al., 2019). Ketones such as heptan-2-one, aldehydes
such as 2-methylbutanal, and sulfur-containing compounds are related
to the production of off-odors (Parlapani et al., 2017), which might also
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be responsible for the development of irritating odors in the late stage of
refrigeration, and their production is related to both A. sobria and
A. albensis. The oxidative decomposition of lipids, the thiamine degra-
dation, and the interaction of metabolites produced by these reactions
form most of the flavor components in meat and meat products (Ram-
alingam et al., 2019). For example, some aldehydes and alcohols are
common in meat products because they have a low threshold and most
of them come from enzymatic oxidation or auto-oxidation of unsatu-
rated fatty acids (Yin et al., 2021). Aldehydes can be partially reduced to
the corresponding alcohols by aldehyde reductase (Wu et al., 2020).
Linoleic acid, linolenic acid, and eicosapentaenoic acid in fish meat
generate various hydroperoxides after homolysis, which further produce
VOCs such as alcohols, esters, and aldehydes (Benet et al., 2015). Among
them, hexanal is generally considered to be an excellent predictor of the
level of fat oxidation (Yin et al., 2021). 1-Hexanol is produced by the
reduction of hexanal or by oxidation of linoleic acid (Merlo et al., 2021).
Furans are usually produced during carbohydrate catabolism due to
lipid oxidation and amino acid catabolism, and they might be produced
by thermal decomposition (Yin et al., 2021).

4. Conclusion

In present study, the biochemical changes and lipid metabolism
profiles of sturgeon fillets interplayed between spoilage and dominant
bacteria during the refrigeration were investigated. A. sobria reduced
fatty acyls and glycerophospholipids while increasing glycerolipids,
sphingolipids, and sterol lipids via extracellular lipases and esterases.
A. albensis mainly elevated sphingolipids and fatty acyls. Spoilage bac-
teria in sturgeon fillets mainly utilize DG, LPC and MG lipids and convert
them into PE, PS, TG, PA and other categories. Remarkably, A. albensis
exhibited stronger extracellular lipase and esterase production than
A. sobria, promoting lipid metabolism and oxidation through interac-
tion. The lipid metabolic pathways were mainly involved in glycer-
ophospholipid metabolism, glyceride metabolism, linoleic acid and
other fatty acid metabolism, and accompanied by the production of
VOCs. Microbial interactions significantly affected the composition and
content of VOCs, resulting in the production of more ketones, aldehydes,
and sulfur containing compounds that cause off flavors in refrigerated
sturgeon fillets. However, further studies are needed to investigate the
precise roles of relevant microbial enzymes on the lipid profiles of
sturgeon fillets during storage.
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