Food Chemistry: X 23 (2024) 101786

Contents lists available at ScienceDirect

Food Chemistry: X e

ELSEVIER journal homepage: www.sciencedirect.com/journal/food-chemistry-x —

Unraveling gender-specific lipids and flavor volatiles in giant salamander
(Andrias davidianus) livers via lipidomics and GC-IMS

Wengang Jin*", Shibo Zhao?, Jiayao Li“, Kaiqi Cheng®, Linjie Xi®, Jinjin Pei”,
Ruichang Gao ™, Pengfei Jiang "

& Qinba State Key Laboratory of Biological Resource and Ecological Environment (Incubation), Collaborative Innovation Center of Bio-Resource in Qinba Mountain Area,
Shaanxi University of Technology, Hanzhong 723001, China

b Key Laboratory of Bio-Resources of Shaanxi Province, School of Bioscience and Engineering, Shaanxi, University of Technology, Hanzhong, 723001, China

¢ College of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, China

4 SKL of Marine Food Processing & Safety Control, National Engineering Research Center of Seafood, School of Food Science and Technology, Dalian Polytechnic
University, Dalian 116034, China

ARTICLE INFO ABSTRACT

Keywords: To uncover the relationships between lipid components and flavor volatiles, distinctness in lipid components and
Ll}’ldoml?S o odor substances in giant salamander livers of different genders were comparatively characterized through UPLC-
Differential lipids Q Exactive-MS lipidomics and gas chromatography-ion migration spectrometry (GC-IMS). A total of 2171 and
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974 lipid metabolites were detected in positive and negative ion modes, respectively. Triglycerides (TG) and
phosphatidylcholines (PC) are the most abundant types of lipids. TG level in male livers was higher than that in
female livers (P < 0.05), whereas PC level showed no marked variation (P > 0.05). Additionally, a total of 51
volatile components were detected through GC-IMS. Ketones (42.18 % ~ 45.44 %) and alcohols (24.19 % ~
26.50 %) were the predominant categories, and their relative contents were higher in female livers. Finally, 30
differential lipid metabolites and 12 differential odor substances were screened and could be used as dis-
tinguishing labels in giant salamander livers of different genders. Correlation analysis indicated that PS(36:2e),
TG(48:13), ZyE(37:6), and ZyE(33:6) correlated positively with 3-methyl butanal, 3-hydroxy-2-butanone, and 2-
methyl-1-propanol (P < 0.05), but adversely linked with 1-penten-3-one, and 1-octen-3-one (P < 0.01). By three-
fold cross-validation, prediction accuracies of these differential lipids and volatile compounds for gender
recognition based on random forest model were 100 % and 92 %, respectively. These findings might not only add
knowledge on lipid and volatile profiles in giant salamander livers as affected by genders, but also provide clues
for their gender recognition.

1. Introduction processing due to their high-fat content and fishy odor (Wang et al.,
2023). The lipids of giant salamanders are mainly distributed in livers

Artificial farming of giant salamander (Andrias davidianus) has been and tails. Giant salamander liver oil has been found containing abundant
rapidly industrialized in China, because of its nutritional and medicinal linoleic acid, docosahexaenoic acid (DHA), eicosapentaenoic acid
benefits for human body (Jin, Chen, et al., 2021). The tails and livers of (EPA), and arachidonic acid (AA) (He et al., 2018). Even though the
giant salamander are internal organs and underutilized during strong fishy odor derived from Andrias davidianus feeding with aquatic

Abbreviations: AA, arachidonic acid; CL, cardiolipin; DALs, differentially abundant lipids; DHA, docosahexaenoic acid; DG, diglyceride; EPA, eicosapentaenoic
acid; FA, fatty acyls; FC, fold-change; FL, female livers; GC-IMS, gas chromatography-ion mobility spectrometry; GC-MS, gas chromatography mass spectrometry; GC-
O, gas chromatography olfactometry; GL, glycerolipids; GP, glycerophospholipids; Hex2Cer, hexosyl ceramide; LC-MS, liquid chromatography-mass spectrometry;
LPC, lysophosphatidylcholine; ML, male livers; PC, phosphatidylcholine; PCA, principal component analysis; PE, phosphatidylethanolamine; PG, phosphatidylgly-
cerol; PI, phosphatidylinositol; PLs, polar lipids; PLS-DA, partial least squares discriminant analysis; PR, prenol lipids; PS, phosphatidylserine; SM, sphingomyelin;
SoG1, glucosylsphingosine; SP, sphingolipids; ST, sterol lipids; TG, triglyceride; UFAs, unsaturated fatty acids; VOCs, volatile organic compounds; WE, wax esters;
ZyE, zymosterol..

* Corresponding author
E-mail address: jiangpf@dlpu.edu.cn (P. Jiang).

https://doi.org/10.1016/j.fochx.2024.101786

Received 16 July 2024; Received in revised form 16 August 2024; Accepted 26 August 2024

Available online 28 August 2024

2590-1575/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:jiangpf@dlpu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2024.101786
https://doi.org/10.1016/j.fochx.2024.101786
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Jin et al.

baits, the lipids in giant salamander livers have great nutritional values
and deserve further exploitation. Therefore, it is essential to characterize
their lipids and volatile profiles, thus uncovering their mode of
interaction.

Many studies have found that there are close relationships between
lipids and odorant for aquatic food products (Huang et al., 2024; Zhou
et al., 2023), mainly because triacylglycerols and phospholipids could
be hydrolyzed, and further oxidized to manufacture odor chemicals
(Zheng, Pan, et al., 2024). Currently, lipidomics is an advanced method
that can completely analyze whole cellular lipid profiles, elucidating the
mechanisms of action of lipids in varied circumstances when combined
with stoichiometric tools (Wang et al., 2024). Gas chromatography mass
spectrometry (GC-MS) and liquid chromatography-mass spectrometry
(LC-MS) are broadly utilized in assay of fat metabolites. LC-MS can offer
comprehensive details of fat compositions, thus fostering it extensively
utilized for characterization of food lipids (Zhou et al., 2023). Moreover,
the diagnosis of odor substances in agricultural products has gained
widespread attention. GC-MS and gas chromatography-ion mobility
spectrometry (GC-IMS) are broadly used for odor or volatile flavor
analysis. Compared to the conventional GC-MS approach, GC-IMS
exhibited significant advantages and application potentials, particu-
larly due to its rapidness, subtle distinctness, and gallery mapping ca-
pabilities without complex preparation procedures (Jin, Pei, et al.,
2021). GC-IMS has been successfully used for characterization of volatile
organic compounds (VOCs) in various foods as influenced by processing
methods, origin distinction, and grade classification. So, both technol-
ogies provide powerful tools for characterization of lipids and odor
substances in liver tissues of giant salamanders.

To date, several studies have confirmed the correlation between
lipids and odor profiles in food products via lipidomics and volatile
flavor assay. For example, Zhou et al. (2023) identified the key lipids
involved in odorant formation using lipidomics and volatile flavor
analysis. Zheng, Pan, et al. (2024) investigated the impacts of curing
methods on fat profiles and odor substances in hams using lipidomics
and GC-IMS. These studies demonstrated the potential application of
lipidomics and volatile flavor analysis in the integrated analysis of lipids
and odor substances in giant salamander livers.

Up to now, giant salamander livers have been mainly used for dishes,
functional oils, and protein hydrolysates with potential health benefits.
A large number of reports have proved that the majority of animals
possess gender-specific odors and lipids (Alves-Oliveira et al., 2018),
such as abalones (Tian et al., 2024), discus fish (Zhao et al., 2024), and
crabs (Wu et al., 2010). Besides, considering that giant salamanders are
dioecious aquatic animals, it is extremely difficult for consumers to
accurately distinguish genders in retail markets and artificial farms (Pei
etal., 2019; Zhao et al., 2022). The lipid profiles and odor characteristics
of giant salamander may vary due to gender differences. Slade et al.
(2021) found that lipid biomarkers were associated with age (young and
elderly) and gender (male and female). Colon-Crespo et al. (2017)
pointed out that marker volatile compounds could be used for the
classification of individuals by gender. Therefore, it would be possible to
achieve gender recognition through lipid components and volatile
compounds.

Our previous studies have characterized quality characteristics and
volatile profiles of jerky and meatball products of giant salamander (Jin
Chen et al., 2021; Jin Pei et al., 2021). However, little information on
lipids and odor profiles of giant salamander livers among genders can be
found. Therefore, the objectives of this study are to explore the differ-
ences in lipids and odor profiles in female and male giant salamander
livers based on lipidomics and GC-IMS, and investigate their relation-
ships between lipids and odor substances. Moreover, the feasibility of
differential lipids and odor chemicals for gender prediction of giant
salamanders were also performed.
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2. Materials and methods
2.1. Material and reagents

Six adult males (weighing of 4.56 + 0.26 kg) and six female giant
salamanders (weighing of 4.25 + 0.31 kg) were artificial picked out by
an experienced technical farmer, and purchased from Hanzhong Wei-
dani Aquaculture Co. Ltd. (Hanzhong, China). These giant salamanders
grew and fed in the same conditions and age range. The slaughtering
included the fierce hitting on head of giant salamanders, bloodletting,
and cutting according to the industrial practice (Jin et al., 2019), then
male and female livers were put in self-sealed plastic bags, respectively.
Immediately they were transported to the Key Laboratory for Bioscience
resources (Hanzhong, China), and stored at ice temperature before
analysis.

Acetonitrile, isopropanol, and methanol were purchased from
Thermo Fisher (Pittsburgh, PA, USA). Isotopic internal standards were
bought from Avanti Polar Lipids, Inc. (Alabaster, AL, USA); formic acid
(DIMKA) and ammonium formate (Honeywell Fluka) were obtained
from the USA. SPLASH™. Other chemicals used for lipidomic research
were of the highest analytical grades, and obtained from Sigma-Aldrich
(Shanghai, China). Standard n-ketones (2-butanone, 2-pentanone, 2-
hex-anone, 2-heptanone, 2-octanone, and 2-nonanone, purity>99 %)
were bought from Guoyao Chemical Co., Ltd. (Shanghai, China).

2.2. Treatment of livers samples

The raw giant salamander livers were first cleaned, sliced, and
grounded, respectively. They were labeled as male livers (ML) and fe-
male livers (FL), and then quickly kept at —80 °C prior to formal assay
(less than 48 h).

2.3. Lipidomics analysis

Referencing the method of Wang et al. (2024), 100 mg liver samples
of different genders were separately taken, added with 200 pL water and
20 pL internal lipid standard mixture, vortexed, added with 800 pL
methyl tert-butyl ether (MTBE), vortex mixed, added with 240 pL pre-
cooled methanol, vortex mixed, sonicated in a water bath (DZKW-S-4,
Ke Heng Industrial Co., Ltd. Shanghai, China) for 15 min (4 °C),
centrifuged at 14000g for 15 min at 10 °C(5430R, Eppendorf AG, Ger-
many), and the upper organic phase was taken. Ny was used to dry the
phase, and during mass spectrometry analysis, 200 pL of 90 % iso-
propanol/acetonitrile solution was added for reconstitution, thoroughly
vortexed, 90 pL of reconstitution solution was taken, centrifuged, and
the liquid was taken for injection analysis. Meanwhile, equal amounts of
samples were mixed as quality control (QC) to assess the system stability
during the whole process.

Referencing the method of Zheng Pan et al. (2024), reverse phase
chromatography was selected for separation using CSH C18 column (1.7
pm, 2.1 mm x 100 mm, Waters). Throughout the analysis, samples were
placed in an autosampler at 10 °C. Detection was performed using both
positive and negative ion modes of electrospray ionization (ESI). After
separation by UHPLC (Nexera LC-30 A, Shimadzu Corporation, Japan),
samples were detected by Q Exactive series mass spectrometer (Thermo
Scientific™),

2.4. GC-IMS quantitation for VOCs

Detection of odor components in liver samples of male and female
giant salamanders was carried out using a GC-IMS device (Fla-
vourSpec®, Germany). Liver samples of different genders of were taken,
homogenized using a tissue disperser (IKA T25, Germany), and accu-
rately weighed 3.0 g. The weighed samples were placed in 20.0 mL
headspace vials and incubated at 60 °C for 15 min. Each sample was
analyzed in 6 parallel groups. The detailed methods of instrumental
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conditions, quantification of volatile substances was as follows. The gas
chromatographic prefractionation was done at 60 °C on a MXT-5 column
(15 m x 0.53 mm). The 99.99 % nitrogen was as a vehicle air at a
programmed speed as follows: 2 mL/min for 2 min, 30 mL/min for 8
min, 100 mL/min for 10 min, and 150 mL/min for 5 min. The n-ketones
C4-C9 were as foreign standards to estimate the retention index (RI) of
single volatile chemical. Via collations of RI and the drift time (DT)
through the instrumental database (FlavourSpec®, Germany), the vol-
atile substances were characterized and identified through comparing
DT and RI with those of the standard chemicals (Jin Pei et al., 2021).

2.5. Gender recognition based on random Forest

Random forest is a supervised machine learning algorithm that
builds several decision trees based on the dataset to create a highly ac-
curate prediction of classification. Based on this method, a three-fold
cross-validation was performed on the ultimately detected differential
volatiles and differential lipids (using Python version 3.12) in giant
salamander of different genders. After model training, the classification
reports are used to calculate precision, recall, and f1 scores to assess the
robustness of the model (Wong & Yeh, 2020). Accuracy refers to the
proportion of correctly predicted samples to the total number of sam-
ples. It measures the overall classification performance of the model.
Precision refers to the proportion of samples predicted by the model as
positive that are actually positive. It measures the accuracy of the model
when predicting positive classes. Recall refers to the proportion of actual
positive samples that are correctly predicted as positive by the model. It
measures the model’s ability to identify positive samples. The F1 score is
the harmonic mean of precision and recall, combining both metrics to
balance them. Finally, feature importance data of differential lipids and
volatile compounds were also performed.

2.6. Statistical analysis

All data were first analyzed in Excel 2018, with all experiments
independently conducted at least 6 times. The results were reported as
mean values + standard deviation. Subsequently, t-tests and Pearson
correlation analyses were performed using SPSS 27.0 software. Char-
acterization of volatile organic compounds (VOCs) utilized the NIST
2014 and IMS databases. Percentage plots and bar charts were created
using Origin 2022. The partial least squares-discriminant analysis (PLS-
DA), principal component analysis (PCA), correlation heatmap were
generated via online platforms such as https://omicsolution.org/wkom
ics/main/, https://www.metaboanalyst.ca/MetaboAnalyst/, and RStu-
dio with packages like psych, ggplot2, and ggsignif (Zheng Pan et al.,
2024).

3. Results and discussion

3.1. Lipid compounds analysis in giant salamander livers of different
genders

3.1.1. Lipid composition in giant salamander livers

Fig. S1 shows the original total ion chromatograms of lipidomic
metabolites in giant salamander livers of different genders in positive
and negative ion modes. A cumulative of 2171 and 974 lipid substances
were identified in giant salamander livers of different genders using
UPLC-Q Exactive-MS in positive and negative ion modes. As shown in
Fig. 1A, the lipid composition is mainly 44.45 % glycerophospholipids
(GP), 34.50 % glycerolipids (GL), 15.07 % sphingolipids (SP), 2.98 %
sterol lipids (ST), 2.64 % fatty acyls (FA), and 0.45 % other lipids,
including glucosylsphingosine (SoG1) and prenol lipids (PR). GP is a
major constituent of biological membranes, participating in different
cellular functions and transport processes. Because of their high unsa-
turation, GPs readily turned into materials for the emission of odor
substances (Cui & Decker, 2016). Mi et al. (2018) investigated different
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age and sex groups of chickens through lipidomics based on LC-MS. They
found that the identified lipids primarily included GP and GL, which
aligned with our results. Fig. 1B demonstrates that more fat molecules
were detected in positive ion mode, with some lipids detected exclu-
sively in this mode, such as triglycerides (TG, 840 species), diglyceride
(DG, 239 species), and zymosterol (ZyE, 20 species). Zhao et al. (2024)
found that PE, TG, PC, and LPC were the main subclasses in discus fish
(Symphysodon spp) skin mucus of different genders, which is different
from present results perhaps due to variances of portions and species.

TG levels are higher in the male group (P < 0.05), while phospha-
tidylcholine (PC) levels are higher in the female group (P > 0.05)
(Fig. 1C). A previous study examined the blood lipid levels of male and
female Meishan pigs, and found that the levels of TG, PL, and other lipids
in female Meishan pigs were higher than those in males (Kojima et al.,
2008). Wu et al. (2010) demonstrated that TG, PL, and cholesterol were
more abundant in female meat and gonad of blue swimmer crab (Por-
tunus pelagicus) than in male groups. These results were significantly
different from present study which could also be attributed to variances
of portions and species. The subsequent breakdown of TG to generate
free fatty acids is crucial for flavor development in giant salamander
livers. TG constitutes the primary component of fats in both plant and
animal sources. The oxidation of PC to yield an abundance of volatile
flavor compounds imparts a distinctive taste to giant salamander livers.
Previous research indicated that a substantial amount of PC and phos-
phatidylethanolamine (PE) played a crucial role in quality deterioration
and were considered key lipid metabolism products in the storage pro-
cess of tuna (Wang et al., 2021). In addition, the content and types of PC
and PE were regarded as associated with the freshness of Atlantic salmon
fillets (Chen et al., 2022). Liu et al. (2024) utilized the HPLC-HRMS
system to conduct lipidomic analysis of roasted pork, effectively char-
acterizing the lipid components in roasted pork, with PC and PE being
the most predominant. This once again underscores the significance of
GP and GL in animal tissues.

3.1.2. Multivariate statistical analysis of lipid compounds in giant
salamander livers

PCA is an unsupervised learning approach that employs linear
dimensionality reduction techniques for data analysis, visualization, and
preprocessing. Its objective is to achieve a linear transformation that
minimizes the error while converting data into a lower-dimensional
space. The PCA model identified distinct variances among the fat data
in giant salamander livers, as illustrated in Fig. 2A and Fig. 2B. The
contribution percentages of principal component analysis were 61.5 %
in positive mode and 57.3 % in negative mode. The graphical repre-
sentation indicates that, under both positive and negative modes, the
PCA model can discriminate the lipid components in the giant sala-
mander livers as affected by gender.

Unlike PCA, a supervised PLS-DA model can better reduce dimension
of data, and it can evaluate variable importance for distinguishing
different categories using the VIP scores. This multivariate statistical
analysis provides more comprehensive information of the dataset.
Fig. 2C and Fig. 2D depict the PLS-DA analysis conducted on lipid
components in giant salamander livers. The donation ratios of the PLS-
DA simulation were 60.7 % in positive ion mode and 62.5 % in negative
ion mode. Moreover, a supervised PLS-DA was executed for both co-
horts, revealing a clear tendency towards group differentiation. The
cross-validation findings of PLS-DA indicated R? = 0.99087, Q% =
0.96726 in the positive ion mode, and R = 0.97016, Q% = 0.87093 in
the negative ion mode, suggesting commendable classification predic-
tive capacity and consistency of the model without overfitting. Liu et al.
(2023) also performed a lipidomics analysis of the drying and salting
process of mackerel using UPLC-Orbitrap/MS technology and PLS-DA to
demonstrate differences in lipid species of mackerel at different pro-
cessing stages.
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Fig. 1. Comprehensive lipid profiles in giant salamander livers of different genders through lipidomics analysis: (A) the percentage of the number of major and
subclasses of lipids, (B) the number of all lipid species identified. (C) Comparison of TG and PC content in giant salamander livers of different genders.
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Fig. 2. PCA scores of test and quality control (QC) samples in positive (A) and negative (B) modes, respectively. PLS-DA scores of test samples in positive (C) and

negative (D) ion modes in the livers of giant salamanders with different genders.

3.1.3. Identification of key lipids

Differentially abundant lipids (DALs) were picked out on the basis of
VIP > 1 and P < 0.05, identifying 730 distinct lipids. The top 25 DALs
were selected, as illustrated in Fig. 3A. PG(22:6_22:6)-H, PE(18:2_22:6)
+ Na, PC(22:6_22:6) + HCOO, PG(20:4_22:6)-H, Hex2Cer(d14:1_20:5)
+ HCOO, PC(20:5_22:6) + HCOO, PG(22:5_22:6)-H, PC(38:9) + H, and
PE(20:5_22:6)-H were more abundant in FL group, whereas TG
(16:0_12:0_14:0) + NH4, LPC(20:0) + H, PC(8:0e_12:0) + H, LPC(14:0)
+ HCOO, PE(16:1p_24:1) + H, PS(36:2e) + H, PE(16:0_16:0)-H, LPE
(20:1)-H, AcCa(18:0) + H, LPE(22:4)-H, TG(18:3e_17:1_.19:1) + H, LPE
(20:2)-H, PG(46:1) + H, PG(47:2) + H, and LPE(20:3)-H were more
abundant in ML group (Fig. 3A). Overall, PG, lysophosphatidylcholines
(LPQC), PE, PC, phosphatidylserines (PS), and LPE, belong to the GP
category except for TG attributed to GL, while hexosyl ceramides
(Hex2Cers) belong to the SP category, GP and SP, known as polar lipids
(PLs), are found universally in all tissues as essential components of cell

membranes. A study explored the impact of PLs on neurological disor-
ders, cognitive impairment, hepatic pathologies, cancer, as well as the
impact of lipid profiles and cholesterol (Castro-Gomez et al., 2015).
Most of the dominant GP species contain unsaturated fatty acids (UFAs)
especially EPA and arachidonic acid (AA) (Zhou et al., 2018). These
results confirmed that GP was the most important unsaturated fatty
acids (UFAs) in giant salamander livers, which was consistent with the
report of Jin Chen et al. (2021).

UFAs are inherently prone to oxidation, leading to structural changes
that often impact the quality characteristics of aquatic products. UFAs
belong to the fatty acid group within the acyl chains. The hydrocarbon
chain is unsaturated, containing at least one double bond. Lipids con-
taining unsaturated double bonds, such as PG(22:6/22:6), PE(18:2/
22:6), PC(22:6/22:6), and PG(20:4/22:6), are closely associated with
the flavor of meat products. These lipids belong to GP category. Due to
their high UFAs content (more susceptible to lipid oxidation), they foster
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Fig. 3. Lipid screening: (A) The VIP scores plots of PLS-DA in the lipid components detected in the livers of giant salamanders with different genders (top 25 species).
(B) Volcano plots of the lipid components detected in the livers of different genders of giant salamanders. (C) Heatmap of lipid correlations (VIP > 1, p < 0.01, FC > 2,

or FC < 0.5, FDR < 0.05).
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the aroma and flavor of meat products (Li et al., 2021). Some studies
suggest that UFAs present in seafood surpass the saturated fatty acids
typically found in dairy products (Wang et al., 2019). Compared to the
TG form, the PL form of n-3 UFAs has drawn widespread attention as-
cribable to their great bioavailability, superior tissue penetration ability,
and significant biological functions related to cardiovascular and
neurodegenerative diseases (Lu et al., 2017). Phospholipids, containing
phosphoric acid, can be further classified into GP and SP categories.
Thus, giant salamander livers accumulate a substantial amount of GP
and PL.

Using criteria of VIP > 1, FDR < 0.01, fold-change (FC) > 2, or < 0.5,
DALs were identified and selected, as shown in Table S1. Giant sala-
mander liver oil has been reported abundant in DHA, and EPA (He et al.,
2018). Table S1 demonstrated that most of UFAs in male and female
livers could be attributed to DHA and EPA, particularly the relative
levels of DHA (PC(22:6.22:6) + HCOO, PG(22:622:6)-H, PG
(22:5_22:6)-H, PG(22:6_22:6) + NH4, PC(20:5.22:6) + HCOO, PE
(22:6_22:6)-H, etc.) and EPA (PS(20:5_20:5)-H, PC(20:5_20:5) + Na,
PE(20:5_20:4)-H, PI(16:0_20:5) + H, PC(16:0_20:5) + HCOO, PE
(16:1_20:5)-H, etc.) were higher in FL group than that in ML group. A
similar result of DHA and EPA in male and female gonads of blue
swimmer crab (Portunus pelagicus) was also reported by Wu et al. (2010).

In Fig. 3B, the volcano plot illustrates upregulated or downregulated
differential lipids, where orange represents upregulation, purple repre-
sents downregulation, and gray indicates no significant change.
Elevated VIP scores and decreased P values indicate notable distinctions
in the targeted lipids among different groups. Comparing ML group with
FL group, a total of 306 up-regulated lipids and 203 down-regulated
lipids were detected. Among the 306 upregulated lipids, PC has the
highest number of species, up to 79, followed by PE, TG, and PS
(Fig. 3B). These data indicated that the relative levels of PC, PE, TG, and
PS were higher in female livers than that of male livers, which is
consistent with Table S1. Similar studies of upregulated or down-
regulated differential lipids screened from 40-day stored shrimps and 0-
day shrimps (Wang et al., 2024), and chickens of different genders (Mi
et al., 2018).

Furthermore, a heatmap illustrating the top 15 up-regulated and top
15 down-regulated substances by FC value was presented, visually
contrasting distinct lipid sub-types. As depicted in Fig. 3C, individual
color differences within groups could be attributed to experimental er-
rors. Cluster analysis reveals significant differences in various lipids
between the FL and ML groups. Lipids in the upper right corner, such as
CL (71:10), ZyE(37:6), TG(12:0e/19:1/21:1), and TG (18:0e/16:0/
24:1), show strong correlations with the ML group, whereas lipids in the
lower left corner, like PC (35:5), PS (18:0e/22:4), and PS (33:1), exhibit
strong correlations with the FL group (Fig. 3C). Both male and female
livers contain large amounts of DHA and EPA, which could prevent
hyperactivity disorders, alleviate eye conditions, and combat inflam-
mation (Zhang et al., 2019). Fig. 3C also showed that DHA (PC
(22:6.22:6) + HCOO, PG(22:6.22:6)-H, PG(22:522:6)-H, PG
(22:6_22:6) -+ NH4, PC(20:5_22:6) + HCOO) and EPA (PS(20:5_20:5)-H,
PC(20:5_22:6) + HCOO) correlated positively with FL group, which is
consistent with the results of Fig. 3A and Table S1. Among the 30 dif-
ferential lipids, 20 belong to GP, 6 belong to GL, 3 belong to ST, and 1
belongs to SP. GP is the most abundant type of phospholipid, a crucial
element of the cell membrane’s bilayer structure, and is involved in
membrane recognition and signal transduction. GLs are polar lipids, the
second-largest class of membrane lipids after phospholipids.

Next, we selected the top 5 and bottom 5 differential lipids based on
their FC values to construct box plots (Fig. S2), detailed information for
the different groups can be found in Table S2. Fig. S2 showed marked
variations in lipid contents among FL and ML. The FC values of PC
(22:6_22:6), PG(22:6_22:6), and PG(22:5_22:6) are higher, indicating
that their abundance is higher in FL. Conversely, the FC values of ZyE
(33:6), TG (18:3e_17:1_19:1), and ZyE (37:6) are lower, indicating that
their abundance are higher in ML. Huang et al. (2024) utilized Log,FC
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values to screen for the top 10 up-regulated and top 10 down-regulated
non-volatile substances in various Chinese matcha for further compar-
ative analysis. A similar study also identified significantly different
components such as PC, PE, PI, and SM between Laiwu and Yorkshire
pigs (Hou et al., 2023). These findings again suggest that the lipid pro-
files in giant salamander livers differ among genders, potentially influ-
encing the volatile odor profiles of these livers.

3.2. Analysis of volatile compounds qualitatively in giant salamander
livers using GC-IMS

GC-IMS was utilized to identify volatile constituents in giant sala-
mander livers. 3D spectra of salamander livers were obtained, and the
differential contrast map (Fig. S3) facilitated a comparison of the dif-
ferences in volatile components between genders. The differences in its
2D planes are shown in Fig.S4. The volatile components were well-
separated in the gas phase ion mobility spectra, characterizing varia-
tions in the proportion of certain components between FL and ML. Based
on the NIST 2014 and instrumental databases, a total of 51 odor sub-
stances were identified, including 19 alcohols, 15 aldehydes, 11 ketones,
3 acids, 1 ether, 1 ester, and 1 amine (Table S3). Several odor substances
such as hexanal, heptanal, hexanol, octanal, nonanal, (E)-hept-2-enal,
dimethyl sulfide, and 1-octen-3-ol were reported in aquatic products as
the typical fishy odor chemicals. The present results found that 1-nona-
nal, 1-octanal, and dimethyl sulfide were potential fishy odor chemicals,
and the relative content of dimethyl sulfide was the highest of all,
compared to 1-hexanol, 1-nonanal and 1-octanal. Besides, higher levels
of 1-nonanal and 1-octanal were spotted in ML group (P < 0.05), while a
higher level of 1-hexanol was found in FL group (P < 0.05). However,
the relative proportion of dimethyl sulfide showed no marked differ-
ences between genders (P > 0.05). Other fishy odorants not identified in
giant salamander livers might be attributed to the variances of detection
methods and raw material traits (Wang et al., 2023).

3.3. Fingerprint profiles of giant salamander livers of different genders

Using GC-IMS analysis to demonstrate variations in odor substances
in the liver of giant salamanders, the resulting flavor fingerprint is
shown in Fig. 4A. The vertical axis displays the volatile compound
components in the liver of giant salamanders, while the horizontal axis
displays the liver samples (from top to bottom: female group and male
group, each with 6 parallel samples). Differences in the content of
various compounds in the FL and ML groups can be observed from the
brightness of the fingerprint colors, with brighter colors indicating
higher content. For example, the relative contents of 1-pentanol, 1-
hexanol, 3-methyl-1-butanol-D, 3-methyl-1-butanol-M, and 1-penten-3-
ol were higher in the FL group, while the relative contents of 2-methyl-1-
propanol-D, 2-methyl-1-propanol-M, propanoic acid, acetic acid-D,
acetic acid-M, and 3-methyl-3-buten-1-ol were higher in ML(Fig. 4A).
Some compounds (dimethyl sulfide, acetaldehyde, acetaldehyde, etc.)
appear brighter in both groups, indicating that both groups contain
these compounds simultaneously and at relatively higher levels
(Fig. 4A). These differences might be attributed to variances in free
amino acids, lipids, and unique flavor among different genders (Tian
et al., 2024; Zhao et al., 2024). A similar fingerprint of VOCs in oysters
with different ploidy and gender based on GC-IMS was also established
and compared by Sun et al. (2023). Although the fingerprint of VOCs
between ML and FL was compared, specific odor characteristics were
still unclear and should be revealed by gas chromatography olfac-
tometry (GC-O) and GC-MS in the future.

To visually exhibit the discrepancies in volatile organic compounds
in giant salamander livers, the peak intensities of diverse odor sub-
stances on the gallery dactylograms were standardized to determine the
ratios of different odor chemicals. As shown in Fig. S5, the volatile
components in giant salamander livers can be broadly categorized into 7
compound classes (the two least abundant categories were merged into
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Fig. 4. The GC-IMS spectra of livers of giant salamanders with different genders: (A) Fingerprint map (vertical axis represents volatile compound components in the
livers of different genders, horizontal axis displays different genders of salamander livers). (B) PCA score plot. (C) The VIP scores plots of PLS-DA(top 15 species). (D)
The correlation heatmap between 12 selected different lipids and different gender groups.
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others): alcohol (24.19 % ~ 26.50 %), ether (1.02 % ~ 1.11 %), alde-
hyde (14.91 % ~ 17.31 %), acid (6.42 % ~ 9.56 %), ketone (42.18 % ~
45.44 %), ester (0.77 % ~ 0.83 %), and amine (4.884 % ~ 4.886 %). It
also can be seen that the ML group has higher levels of aldehydes and
acids, while the FL group has higher levels of alcohols and ketones. The
other components show only subtle differences between the two groups.
These differences in VOC categories of male and female giant sala-
mander livers might be attributable to differences in lipid and protein
content between the sexes. Research indicates that variations in amino
acid content cause Guangyuan gray chickens of different ages and sexes
to exhibit different nutritional values and flavors (Yin et al., 2023). The
present differences in VOCs of giant salamander livers were mainly
caused by genders, as they were stored and detected in the same con-
ditions. Moreover, variations in some volatile components of oysters and
abalones aquatic animals between male and female were also confirmed
(Sun et al., 2023; Tian et al., 2024), probably owing to gender differ-
ences caused by variations in amino acids, lipids, proteins, etc.

3.4. Multivariate statistics of liver odor substances of different genders

Apart from the above-mentioned fingerprint differences, multivar-
iate statistics are widely used to further emphasize the differences. The
present study also performed multivariate statistics of unsupervised PCA
and supervised PLS—DA to compare the differences between the sexes in
certain volatile compounds. Fig. 4B shows the overall PCA score plot of
differences between data points of volatile compounds in giant sala-
mander livers. PC1 contributed 64.5 % of the total variances, PC2
contributed 22.6 %, and the total contribution was 87.1 %. A distinct
segregation trend was observed between the two groups. A similar
investigation employed the PCA method to distinguish the ploidy and
gender of oysters based on volatile organic compounds, and significant
characteristic differences were also observed among different ploidy and
genders based on the degree of sample clustering and dispersion (Sun
et al., 2023). Another study on male and female Hu sheep also indicated
that the volatile components differ between sexes (Peng et al., 2012).
Therefore, the combination of GC-IMS and PCA can better differentiate
volatile organic compounds in giant salamander livers of different
genders.

3.5. Selection of characteristic volatile components in giant salamander
livers of different genders

Further, a supervised PLS—DA was also performed, as it can not only
reduce data dimension, but also evaluates variable importance for dis-
tinguishing different categories using the VIP scores. Through PLS—DA
analysis, 12 characteristic volatile flavor compounds were selected from
51 compounds using VIP >1 and P < 0.05 as the filtering criteria, as
depicted in Table S4. These included 2-methyl-1-propanol, 1-hexanol, 3-
methyl-1-butanol, 1-pentanol, 3-hydroxy-2-butanone, 3-methyl buta-
nal, 1-penten-3-one, acetic acid, 1-octen-3-one, etc. Fig. 4C displays the
top 15 compounds with the highest VIP. Compounds of various types
have distinct aroma characteristics. 3-methyl butanal-D is an aldehyde.
Aldehydes are primary products of fat degradation, having low thresh-
olds and making significant contributions to the overall flavor of giant
salamander livers. The fishy odor in aquatic products originates from
farming, processing, and storage processes. During storage, lipid
oxidation produces aldehydes, leading to a fishy smell in giant sala-
mander livers (Wang et al., 2023). Ketones and alcohols mainly derive
from fat oxidation and have thresholds higher than aldehydes. Table S4
shows that substances such as 2-methyl-1-propanol, 1-hexanol, 3-
methyl-1-butanol-D, and 1-pentanol have relatively high VIP values,
and they all belong to the alcohol class. Alcohols possess unique fruity
and pleasant flavors. 2-methyl-1-propanol is a colorless liquid with a
characteristic odor and, along with 3-methyl-1-butanol, is one of the
main components of the aroma of both black and green teas. 1-hexanol is
found in citrus fruits, apples, and other fruits, whereas 1-pentanol is a
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commonly used flavoring agent. Numerous studies have demonstrated a
close relationship between lipid composition and the volatile flavor of
Crassostrea gigas meat (Fu et al., 2023). Fig. 4D depicts the heatmap
between 12 selected lipids and different gender groups. It can be
observed that 2-methyl-1-propanol-D, 2-methyl-1-propanol-M, 3-
methyl butanal-D, 3-hydroxy-2-butanone, and acetic acid-D exhibit
strong positive correlations with male livers, indicating their close links
with the flavor profile of the ML. Meantime, 1-octen-3-one, 1-penten-3-
one-D, 1-penten-3-one-M, 3-methy-1-butanol-M, 3-methy-1-butanol-D,
1-pentanol, and 1-hexanol show stronger positive correlations in fe-
male livers, while 2-methyl-1-propanol-D, 2-methyl-1-propanol-M, 3-
methyl butanal-D, 3-hydroxy-2-butanone, and acetic acid-D show
stronger negative correlations in female livers (Fig. 4D). These differ-
ences in volatile compounds between FL and ML groups were almost
consistent with those shown in Fig. 4A.

3.6. Correlation examination between fat constituents and odor
substances

To gain deeper insights into how lipid degradation and oxidation
influence the generation of odor substances, we selected characteristic
lipid metabolites and odor substances for correlation analysis. The re-
sults, shown in Fig. 5A, display positive correlations in orange and
negative correlations in blue. The intensity of color reflects the strength
of correlation, and vice versa. Some volatile compounds exhibit a posi-
tive correlation with corresponding lipid components. Conversely, some
volatile compounds show a negative correlation with corresponding
lipids. For example, some flavor compounds (such as 3-methyl butanal,
acetic acid, 3-hydroxy-2-butanone, 2-methyl-1-propanol) show a posi-
tive correlation with lipids such as PS(36:2e), TG(48:13), ZyE(37:6), and
ZyE(33:6), but exhibit a clear negative correlation with lipids such as PC
(18:3e/17:1), PC(22:6/22:6), PG(20:4/22:6), and PC(38:9) (Fig. 5A).
Conversely, compounds like 1-penten-3-one and 1-octen-3-one show a
significant negative correlation with lipids such as PS (36:2e), TG
(48:13), ZyE(37:6), and ZyE(33:6), but exhibit a clear positive correla-
tion with lipids such as PC(18:3e/17:1), PC(22:6/22:6), PG(20:4/22:6),
and PC(38:9) (Fig. 5A). These UFAs are major contributors to the flavor
of meat products and are beneficial in the diet (Liu et al., 2022; Lu et al.,
2017). Meantime, UFAs contain double bonds that are easily oxidized
under heating conditions, affecting the aroma of meat products (Han
et al., 2023). Present results implied that PS(36:2e), TG(48:13), ZyE
(37:6), and ZyE(33:6) may be degraded to produce more 3-methyl
butanal with lower threshold, and they also produce more 3-hydroxy-
2-butanone and 2-methyl-1-propanol with higher threshold, thus lead-
ing to the differences in odor profiles of giant salamander livers of
different genders. However, the accurate relationships between odor
profiles and specific lipids should be further explored. A similar corre-
lation heatmap of distinctive lipids and characteristic aroma molecules
in Nuodeng ham was also established by Zheng Pan et al. (2024), indi-
cating that the odor compounds in Nuodeng ham are primarily formed
through reactions associated with UFAs.

3.7. Use of differential lipids and volatile compounds for gender
prediction based on random forest

Although the present results screened differential lipids and volatile
compounds in giant salamander livers of different genders, they deserve
further investigation for gender prediction. First, the PCA score plots of
differential lipids and differential volatile compounds in giant sala-
mander livers of different genders were performed. As shown in Fig. 5B,
the 30 differential lipids can favorably discriminate between female and
male livers, with the total of the contributions of the first two principal
components being 96.8 %. Meanwhile, the 12 differential volatile
compounds can also classify female and male livers clearly, with the
total of the contributions of the first two principal components reaching
92.4 % (Fig. 5C). These results suggest that the 30 differential lipids and
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12 differential volatile compounds represent the majority of the lipid
profiles and flavor volatiles in giant salamander livers.

As several studies pointed out that both lipid biomarkers and volatile
compounds could be used for the gender classification of animals
(Colon-Crespo et al., 2017; Slade et al., 2021), the feasibility of gender
prediction of giant salamander was also performed by the 30 differential
lipids and 12 characteristic volatile compounds. The performance met-
rics of the random forest model using the 30 differential lipids and 12
characteristic volatile compounds for gender prediction were demon-
strated in Table S5 and Fig. 6. By three-fold cross-validation, the
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accuracy of the 30 differential lipids based on Random Forest model
were 100 % (Fig. 6A), and it is consistent with parameters like precision,
recall, and fl-score for gender prediction (Table 5S). Fig. 6B demon-
strates feature importances data of differential lipids, and the top 5
features are PC(22:6_22:6) + HCOO, ZyE(33:6) + NH4, PC(8:0e_12:0) +
H, CL(71:10)-2H, and PS(18:0e_22:4) + Na. Compared to others, these
feature lipids showed relatively significant importance for the prediction
model. Likewise, the accuracy of the 12 characteristic volatile com-
pounds (Fig. 6C) were 92 %, implying that they could be used for gender
recognition of giant salamanders. Compared to others, volatile
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respectively.

compounds such as 3-hydroxy-2-butanone, 1-pentanol, 1-penten-3-one-
M, 3-methyl butanal-D showed relatively significant importance for the
prediction model (Fig. 6D). Zheng, Tian, et al. (2024) reported that the
Random Forest could decrease overfitting and thus had the best classi-
fying capacity, as it introduced randomness, possessed good noise “im-
munity” and was capable of prediction. Even though the present
Random Forest approach possessed perfect accuracy and extracted
important features for the classification of giant salamander genders,
future studies should validate these parameters (precision, recall, ac-
curacy, fl-score, and feature importance) on a huge sample scale.

4. Conclusions

In conclusion, a total of 3145 lipid metabolites were detected in giant
salamander livers of different genders. Triglycerides (TG) and phos-
phatidylcholines (PC) are the predominant types of lipids. TG levels are
higher in male livers, while PC levels are higher in female livers.
Meantime, a total of 51 volatile components were identified in giant
salamander livers based on GC-IMS. Ketones and alcohols were the
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predominant categories of odor substances, and both were more abun-
dant in female livers. Finally, 30 differential lipid metabolites and 12
differential odor substances were screened based on multivariate sta-
tistical analysis and could be used as distinguishing labels. Correlation
analysis indicated that PS(36:2e), TG(48:13), ZyE(37:6), and ZyE(33:6)
correlated positively with 3-methyl butanal, acetic acid, 3-hydroxy-2-
butanone, and 2-methyl-1-propanol, but they negatively correlated
with 1-penten-3-one, and 1-octen-3-one. By three-fold cross-validation,
both accuracies of these differential lipids and volatile compounds for
gender prediction based on Random Forest were 100 % and 92 %,
respectively. These results could not only provide insights into under-
standing lipid and volatile profiles in giant salamander livers as affected
by genders, but also contribute to clues for gender prediction in the
future.
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