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Abstract

A lipidomics approach based on liquid chromatography-tandem mass spectrometry (LC-MS) was applied to
analyze the molecular-level mechanism of lipid deposition in Hermetia illucens (H. illucens) larvae fed food waste
(FW) at different days of age.The H. illucens larvae reared on FW substrates generally became larger, heavier,
and fatter at 5-15 d of age. A large amount of glycerolipids (GL) were deposited, while glycerophospholipids
(GP), sphingolipids, and derivatized lipids became relatively less abundant during the growth stage of the
larvae. Forty-three subclasses of 3,205 lipid molecules were identified in larvae, and 139 lipids (79 upregulated
and 60 downregulated during larval growth and development) were identified as potential biomarkers (variable
importance in projection > 1; P< 0.05). The differential lipids were mainly enriched in 19 metabolic pathways, of
which 9 metabolic pathways related to lipids, including GL and GP metabolisms. The results demonstrate that
the lipid composition and mechanisms changed during the growth and development stage of H. illucens larvae.
To the best of our knowledge, this is the first work exploring the molecular-level mechanism of lipid deposition
during the growth and development stage of H. illucens larvae. The findings provide novel information for
determining and utilizing the nutritional value of H. illucens larvae.
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LC-MS-based lipidomics is a powerful tool for the lipid profile analysis of Hermetia illucens larvae.

Key words: Hermetia illucens, food waste, lipid profile, lipidomics, growth stage

© The Author(s) 2021. Published by Oxford University Press on behalf of Entomological Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com



https://doi.org/10.1093/jisesa/ieab081
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-7783-9635
mailto:lushengli1974@126.com?subject=

Journal of Insect Science, 2021, Vol. 21, No. 5

With the rapid development of society and medicine, the world
population is expected to reach nine billion by 2050 (Gerber et al.
2013). As a result, there is a growing demand for meat, eggs, and
milk (Philippe et al. 2015). Currently, approximately 1.3 billion tons
of food waste (FW) is generated each year, accounting for one-third
of the food produced for human consumption. Given the growing
demand for feed and food, the development of new renewable re-
sources has become a critical issue worldwide. Insects can eat waste
and are rich in protein and oil (Dobermann et al. 2017), making
them a promising new feed source with the potential to reduce en-
vironmental pressures.

In recent years, the bright spotted flat horned Hermetia illucens,
L. (H. illucens, 1758, Hermetia (Diptera: Stratiomyiidae), Insecta)
has attracted particular attention dues to its fast growth, short re-
production cycle, high rate of conversion of protein and lipid,
large biomass, and diverse food sources/substrates, and its poten-
tial role in waste management (Wang et al. 2017, Surendra et al.
2020). Previous studies have suggested that wastes such as fresh
pig manure, goat manure, quail manure, chicken manure (El-Dakar
et al. 2021), FW (Chu et al. 2020, Guo et al. 2020), and industrial
Schizochytrium microalgal sp. (S31, Thraustochytriaceae) waste
(El-Dakar et al. 2020), can be used as substrates for H. illucens
larvae. The nutritional value of H. illucens larvae depends on its
food source (Surendra et al. 2020, El-Dakar et al. 2021). H. illucens
larvae meal has been successfully used as feed for pets and live-
stock such as poultry, swine, and fish (Belghit et al. 2019, Bosch
et al. 2014, Yu et al. 2019, Chu et al. 2020). Therefore, H. illucens
biotreatment is regarded as an environmentally friendly alternative
for organic waste disposal as H. illucens can efficiently convert waste
into feedstocks.

Food waste is produced throughout the food supply chain
(production, processing, distribution, storage, sale, preparation,
cooking, and serving), primarily via the loss or waste of food during
processing and consumption (Gustavsson et al. 2011). However, FW
is sometimes used specifically for the consumer stage, such as homes,
restaurants, and school and hospital cafeterias (Parfitt et al. 2010).
Compared to other organic wastes (e.g., livestock manure), fats and
oils account for a larger proportion of FW, and the pollution caused
by FW is more serious (Gustavsson et al. 2011, He et al. 2012). The
methods for treating FW include landfilling, incineration, anaerobic
digestion, feed conversion, and bioconversion (Xu et al. 2018, Guo
et al. 2020). Bioconversion refers to the use of organisms to con-
vert FW into biological proteins, oils, and organic fertilizers. Thus,
bioconversion is a convenient and simple method for processing
FW with low secondary pollution and high economic value added
(Ugkun Kiran et al. 2014, Salomone et al. 2017). H. illucens larvae
can fully digest and utilize the fats in FW and convert them into
their own fat for storage in the body (Wang et al. 2019). The fat
levels and fatty acid profiles of H. illucens biomass have been re-
ported for H. illucens reared on different organic wastes (Rabani
et al. 2019, Surendra et al. 2020). However, the development of the
lipid profile as H. illucens transform themselves with FW remains
poorly understood.

Since lipidomics was proposed in 2003 (Han et al. 2003), it has
been frequently used in studies on metabolic diseases, nutritional
health, and food science (Han 2016, Sun et al. 2020). Lipidomics
makes it possible to accurately describe species, structures, and
fatty acid chain lengths of lipid molecules in cells and tissues at
the molecular level, thereby revealing the compositions and func-
tions of lipids in biological metabolic processes (Griffiths et al.
2009). However, lipidomics has rarely been applied to the study
of H. illucens lipids. In addition, although several studies have

reported the fat content and fatty acid profiles of H. illucens larvae
(Ewald et al. 2020, El-Dakar et al. 2021), a more comprehensive
lipidomic profile analysis of larvae, specifically lipid profile of larvae
fed food waste at different days of age, has not been carried out.
Therefore, the objective of the present study was to assess growth
performance, as well as content, classes, differential molecular and
metabolism pathways of lipids in H. illucens larvae reared on FW
substrates at different days of age using a lipidomics approach based
on liquid chromatography—tandem mass spectrometry (LC-MS).

Materials and Methods

Food Waste and Experimental Design

Food waste was obtained from the cafeteria of Liaocheng University.
After the solid and liquid components of the FW were separated,
the solid was ground into a uniform slurry with a homogenizer
and stored at -20°C for later use. The crude fat content of the
FW was determined to be 10.2% = 0.52% (dry matter basis). The
predominant lipid classes in FW were determined to be triglycer-
ides (TG; 66.76%), phosphatidylcholines (PC; 13.19%), sphingo-
myelin (SM; 3.90%), methyl phosphatidylcholine (MePC; 2.91%),
phosphatidylethanolamine (PE; 2.35 %), and diglyceride (DG;
2.32%; Table 1).

One-day-old BSF larvae (180 g) were purchased from Shandong
Wooneng Agricultural Science and Technology Co., Ltd. (Liaocheng,
China) and randomly divided into six containers (1.0 x 1.0 x 0.25
m) according to weight, 30 g per container. The remaining amount of
FW was observed and then added enough FW to ensure that larvae
were able to feed ad libitum every day, and the feeding trial lasted
for 15 d. The temperature was maintained at 28°C = 2°C, and the
relative humidity was 60% = 3%.

Sample Collection

The larvae were collected on days 5, 10, and 135 after the start of the
experiment (corresponding to 5-, 10-, and 15-d-old larvae, respect-
ively), and 30 individual larvae were weighed using a microscale
analytical balance (Sartorius, Beijing, China). Their body lengths
and diameters were measured using Vernier calipers (Haogonggong
Measuring Tools Co., Ltd., Shanghai, China). Larvae (approxi-
mately 10.0 g) were randomly collected from each container, sealed
in vacuum-packed bags, and stored at -20°C for measurement of
crude fat. Approximately 2.0 g of larvae from each container were
randomly collected, added to 2.0 ml centrifuge tubes, and stored at
-80°C for measurement of the lipid profile.

Analysis of Crude Fat

Crude fat was analyzed using the Soxhlet petroleum ether extraction
method as previously reported (El-Dakar et al. 2020). Briefly, 1 g of
larvae meal was subjected to Soxhlet extraction at 65°C for 4 h using
petroleum ether as the solvent. The flask containing fat was dried
for 1 h at 105°C and cooled in a desiccator at room temperature for
30 min before weighing the fat. The crude fat content was expressed
as a weight percentage of dry matter.

Lipid Extraction

Each 100 mg sample was placed into 2-ml centrifuge tubes fol-
lowed by the addition of 750 pl chloroform:methanol (2:1; pre-
cooled at -20°C) and two steel balls (Li et al. 2021b). The samples
were ground using a high-flux tissue grinder (SCIENTZ-48, Xinzhi
Biological Technology Co., Ltd. Ningbo, China) for 120 s at 60 Hz.
Subsequently, 190 ul ddH,O was added to the mixture, which was
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Table 1. Relative lipid contents in the experimental diet and Hermetia illucens larvae at different days of age based on lipidomics

analysis (%)

Lipid Diet Larvae at different days of age SEM P value
FW 5 10 15
TG 66.7624 67.5033° 74.9616° 75.4005° 1.1054 0.001
PC 13.1921 11.1548° 7.1629* 6.4298* 0.5786 0.000
PE 2.3520 2.8829° 1.8855°% 1.6943 0.1522 0.000
DG 2.3180 1.5800° 2.2081° 3.5300¢ 0.2112 0.000
SM 3.9013 4.4580 5.0207 4.3312 0.1678 0.221
Cer 1.5480 2.8463" 1.8779% 1.6803% 0.1398 0.000
MePC 2.9071 1.4246° 1.1501* 0.9945° 0.0633 0.009
BisMePA 1.2638 1.7520P 1.06917 0.8665" 0.1090 0.000
PA 0.0256 0.0107¢ 0.0100* 0.0217° 0.0018 0.006
PG 1.0570 0.3384 0.3098 0.2999 0.0092 0.217
PI 0.6181 0.1646 0.1250 0.1354 0.0087 0.161
PS 0.1156 0.1652° 0.1007% 0.1196% 0.0104 0.023
AcCa 0.0636 1.7662°¢ 1.3332° 0.9364° 0.1038 0.001
Co 0.1473 0.4813° 0.4574° 0.2535% 0.0308 0.001

TG: triglyceride, PC: phosphatidylcholine, PE: phosphatidylethanolamine, DG: diacylglycerol, SM: sphingomyelin, Cer: ceramide, MePC: methyl phosphat-

idylcholine, BisMePA: bis-methyl phosphatidic acid, PA: phosphatidic acid, PG: phosphatidylglycerol, PI: phosphatidylinositol, PS: phosphatidylserine, AcCa: acyl

carnitine, Co: coenzyme.

Values are means and standard error of the mean (SEM) (1 = 6). Values with different letters are significantly different (P < 0.05).

then stored on ice for at least 1 h. The sample was then vortex-
mixed and centrifuged at 12,000 xg for § min at 4°C. The resultant
supernatant was concentrated to dryness under vacuum. The sample
was dissolved with 200 ul isopropanol, filtered through a 0.22 um
polyvinylidene fluoride membrane, and stored at -20°C for LC-MS
analysis.

LC-MS Analysis

Chromatographic separation was accomplished using a liquid
chromatography system (Ultimate 3000 system, Thermo Fisher
Scientific, MA) equipped with an Acquity UPLC BEH C18 column
(100 x 2.1 mm, 1.7 pm; Waters, Thermo Fisher Scientific) column
maintained at 50°C. The temperature of the autosampler was 8°C.
Gradient elution was carried out with acetonitrile/water (60/40, v/v)
with 0.1% formic acid and 10 mM ammonium formate (C) and iso-
propanol/acetonitrile (90/10, v/v) with 0.1% formic acid and 10 mM
ammonium formate (D) at a flow rate of 0.25 ml/min. Each 2-pl
sample was injected after equilibration. The gradient elution pro-
gram was as follows: 0-5 min, 70-57% C; 5-5.1 min, 57-50% C;
5.1-14 min, 50-30% C; 14-14.1 min, 30% C; 14.1-21 min, 30-1%
C; 21-24 min, 1% C; 24-24.1 min, 1-70% C; and 24.1-28 min,
70% C.

Mass spectrometry (MS) was carried out using a Thermo Q
Exactive Focus (Thermo Fisher Scientific) spectrometer with spray
voltages of 3.5 and -2.5 kV in the positive and negative modes, re-
spectively. The sheath gas and auxiliary gas were set at 30 and 10
arbitrary units, respectively. The capillary temperature was 325°C.
For the full scan, the mass-to-charge ratio (7/z) range of 150-2,000
was scanned using an Orbitrap analyzer at a mass resolution of
35,000. Data-dependent acquisition MS/MS experiments were per-
formed with HCD scan. The normalized collision energy was 30 eV.
Dynamic exclusion was implemented to remove unnecessary infor-
mation from the MS/MS spectra.

Statistical Analysis
The raw data obtained using LipidSearch software (v4, Thermo
Fisher Scientific) were annotated based on the Lipid Structure

Database (LMSD; http://www.lipidmaps.org/. The resulting dataset
included m/z, retention time (RT), and peak response value (inten-
sity). Information data matrix. Alignment was performed using
LipidSearch software (v4.0, Thermo Fisher Scientific). Peak align-
ment and peak filtering were performed on the annotation results of
all single data points with an RT tolerance of 0.25 and an m-score
threshold of 3. Data were analyzed by one-way analysis of variance
(ANOVA) and Tukey’s test using SAS software (v9.2, SAS Institute
Inc., Cary, NC). Values of P less than 0.05 were considered to in-
dicate significant differences. Data were assessed using principal
component analysis (PCA) and orthogonal partial least squares dis-
criminant analysis (OPLS-DA) were performed to discriminate the
samples. The lipid molecules with variable importance in projection
(VIP) values greater than 1 and P values less than 0.05 were identi-
fied as statistically significant.

Results

Growth Performance and Crude Fat

As was shown in Fig. 1, the body weights (Fig. 1A) and diameters
(Fig. 1C) of larvae increased linearly with increasing days of age
(P < 0.01). Larvae body length was significantly higher (P < 0.01)
at days 10 and 15 than at day 5 (Fig. 1B), whereas there was no
significant difference in length between 10- and 15-d-old larvae (P >
0.05). The levels of crude fat were significantly increased from days
5to 15 (Fig. 1D).

Lipid Profiles

The qualitative lipid analyses achieved excellent separation in FW
and H. illucens larvae (Supp Figs. S1A and B [online only]). The
quality control samples were plotted in a concentrated area in the
PCA score plots (Supp Fig. S2 [online only]). The numbers of sam-
ples and lipid classes are shown in Supp Table S1 (online only)
and Fig. 2. In both FW and larvae, 43 subclasses of 3,205 lipids
(Supp Table S1 [online only]) were identified by searching the /2
against the LMSD. These lipid molecules can be divided into three
main lipid categories: glycerolipids (GLs), glycerophospholipids


http://www.lipidmaps.org/
http://academic.oup.com/jinsectscience/article-lookup/doi/10.1093/jisesa/ieab081#supplementary-data
http://academic.oup.com/jinsectscience/article-lookup/doi/10.1093/jisesa/ieab081#supplementary-data
http://academic.oup.com/jinsectscience/article-lookup/doi/10.1093/jisesa/ieab081#supplementary-data
http://academic.oup.com/jinsectscience/article-lookup/doi/10.1093/jisesa/ieab081#supplementary-data

Journal of Insect Science, 2021, Vol. 21, No. 5

200- P=0.000

Weight/piece (mg)
=
<

th -
-
=
—
th

_ 6.0 P=0.004
E
g
8 4.0
)
z
g
E 2.0+
=
a
0.0 T T T
5 10 15
Days

[
=
1

P=0.002

—
h
1

Body length/piece (mm)
—
=

th

-
-
=
—
th

Crude fat (%)
b2
<

Days

Fig. 1. Blots of body weight (A), length (B), diameter (C), and crude fat content (D) in Hermetia illucens larvae at different days of age (n = 30).

(GPs), and sphingolipids (SPs). There were three subclasses of GLs:
TG (33.85%), DG (5.21%), and monoglyceride (MG; 0.22%).
There were seven subclasses of GPs: PC (12.70%), PE (7.55%), PG
(2.78%), cardiolipin (CL; 1.81%), PS (1.22%), PI (1.75%), and PA
(0.44%). There were four subclasses of SPs: ceramide (Cer; 8.49%),
SM (4.02%), hexosylceramide (HexCer; 3.09%), ceramides GGNA
(CerGGNAC; 0.19%), and sphingosine (SPH; 0.47%; Fig. 2).

As was shown in Table 1, the predominant lipid class in
H. illucens larvae was TG (67.50-75.40%) followed by PC (6.43—
11.15%) and SM (4.33-5.02%). The relative proportions of TG and
DG in 10- and 15-d-old larvae were significantly higher than those
in 5-d-old larvae (P < 0.01), whereas the opposite trends were found
for PC, PE, Cer, MePC, bis-methyl phosphatidic acid (BisMePA), PS,
and acyl carnitine (AcCa). The relative SM contents showed no sig-
nificant difference in all groups (P > 0.05).

Differential Lipid Molecules

As was shown in Fig. 3, the OPLS-DA score plots for larvae at dif-
ferent ages are clearly separated, and the verification parameters
were R2X = 0.716, R*Y = 0.970, and O? = 0.881 in ion mode (Fig.
3A). The corresponding OPLS-DA validation plots [R* = (0.0, 0.67),
0% = (0.0, -0.46)] in (Fig. 3B).

As was shown in Supp Table S2 (online only), a total of 139
significantly different lipids were identified: three AcCas, three
BisMePAs, one CL, three CarEs, four Cers, four DGs, two
hexosylceramides  (Hex1Cers), four lysophosphatidylcholines
(LPCs), one lysosphingomyelin (LSM), three MePCs, 12 PCs, five
PEs, one PG, seven SMs, one stigmasterol ester (StE), 80 TGs, three
zymosterol esters (ZyEs), and two sulfoquinovosyldiacylglycerols
(SQDGs) (VIP > 15 P < 0.05). The 139 lipids were differentially regu-
lated in the 15-d-old vs. 10-d-old vs. 5-d-old groups: 79 upregulated

(62 TGs, four DGs, one StE, three ZyEs, four SMs, two MePCs, one
PC, one LPC, and one AcCa) and 60 downregulated (two AcCas,
three BisMePAs, one CL, three CarEs, four Cers, two Hex1Cers,
three LPCs, one LSM, one MePCs, 11 PCs, five PEs, one PG, four
SMs, 18 TGs, and two SQDGs) (Fig. 4).

Metabolism Pathways

Enrichment analysis was carried out on 139 different lipids of larvae
at different ages using the Kyoto encyclopedia of genes and genomes
(KEGG) database. As was shown in Fig. 5A, a total of 19 major
metabolic pathways were enriched, including arachidonic acid, GP,
alpha-linolenic acid, GL, and linoleic acid metabolism, and vitamin
digestion and absorption. According to pathway impact, 9 metabolic
pathways related to lipids, including glycosylphosphatidylinositol
(GPI)-anchor biosynthesis, GP metabolism, cholesterol metabolism,
fat digestion and absorption, regulation of lipolysis in adipocytes,
linoleic acid metabolism, GL metabolism, alpha-linolenic acid me-
tabolism, and arachidonic acid metabolism (Fig. 5B).

Discussion

In the present study, the growth performance and crude fat con-
tent of FW-fed H. illucens larvae at different ages were assessed.
The body weights and diameters of larvae increased linearly with
increasing days of age. This result was consistent with the reported
that H. illucens larvae generally became larger and heavier over the
course of development (El-Dakar et al. 2021). Larvae body length
was significantly higher at days 10 and 15 than at day 5, whereas
there was no significant difference in length between 10- and 15-d-
old larvae. These results indicate that the length of larvae did not in-
crease significantly from days 10 to 15, inconsistent with a previous
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Fig. 2. Lipid profile of Hermetia illucens larvae. AEA: N-acylethanolamine, AcCa: acyl carnitine, AcHex: aerosol characterization experiment, BiotinyIPE:
glycerophosphoethanolamine-N-(biotinyl), BisMePA: bis-methyl phosphatidic acid, CL: cardiolipin, Cer: ceramides, CerGGNAc: ceramides GGNAc, CerP:
ceramides phosphate, CerPE: ceramide phosphoethanolamines, ChE: cholesterol ester, CmE: campesterol ester, Co: coenzyme, DG: diglyceride, DGDG:
digalactosyldiacylglycerol, HexCer: hex ceramides, LBPA: LB phosphatidic acid, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PG: phosphatidylglycerol,
PS: phosphatidylserine, SM: sphingomyelin, MG: monoglyceride, MGDG: monogalactosyldiacylglycerol, MePC: methyl phosphatidylcholine, PA: phosphatidic
acid, PEt: phosphatidylethanol, Pl: phosphatidylinositol, PMe: phosphatidylmethanol, SPH: sphingosine, SQDG: sulfoquinovosyldiacylglycerol, ST: sulfatide,
SiE: sitosterol ester, TG: triglyceride, WE: wax ester, ZyE: zymosterol ester, DGMG: digalactosylmonoacylglycerol, dMePE: dimethylphosphatidylethanolamine,
MGMG: monogalactosylmonoacylglycerol, FA: fatty acid, cPA: cyclic phosphatidic acid.
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Fig. 3. (A) OPLS-DA score plot based on the lipidomic data in Hermetia illucens larvae in the 5-, 10-, and 15-d-old groups (R?X = 0.716, R*Y = 0.970, Q*> = 0.881)
and (B) the corresponding OPLS-DA validation plots [R? = (0.0, 0.67), @* = (0.0, -0.46)].

report (El-Dakar et al. 2021). Instead, the larvae may have mainly
gained fat to increase their weight during this period. This is con-
firmed by the increase in the levels of crude fat from days 5 to 15 in
this study. The insect growth rate is thought to be governed primarily
by the nutrient profile and diet composition (Haas et al. 2006, Trinh
et al. 2013), which supports the present results. Compared to live-
stock and poultry manure, FW is rich in nutrients; thus, the larvae

grew rapidly in the early stage of development and grew more slowly
while accumulating more fat in the later stage (Lalander et al. 2019).

In the present study, 43 subclasses of 3,205 lipids were identified
in FW and H. illucens larvae. These results were significantly higher
than those found in pork and chicken (About 1,200 lipid species) in
previous studies (Mi et al. 2018, Mi et al. 2019). These results con-
firm that H. illucens larvae are rich in lipid species. The reasonable
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Fig. 4. Agglomerate hierarchical clustering results of potential lipid makers
for discriminating Hermetia illucens larvae at different days of age.

explanation for this may be that FW contains a variety of animal
and vegetable fat or oils. Another reasonable explanation for this
may be that H. illucens belongs to insect, and its physiological func-
tion is limited, which the lipid profiles of the body reflect those of
the diets (Ushakova et al. 2016, Ewald et al. 2020). Indeed, this was

supported by the fact that the lipid profiles of H. illucens were very
similar to those of the diets in the present study (Table 1).

In the present study, the predominant lipid class in H. illucens
larvae was TG, followed by PC and SM. This result was incon-
sistent with the reported in pork and chicken, in which the pre-
dominant lipid class was TG, PC, and PE (Mi et al. 2018, Mi et al.
2019). This may be closely related to the physiological function
of the body and require further study. In addition, a large amount
of GLs (TG and DG) were deposited during the growth and de-
velopment of larvae. This result was consistent with the reported,
which showed that the lipid deposition was mainly characterized
by TG synthesis and concentration in lipid droplets (Hilgendorf
et al. 2019). Most GPs (PC, PE, and PS) classes in 10- and 15-d-
old larvae decreased, especially PC and PE in this study. The PC
and PE are the major classes and proportion of GPs, serving as
structural components, is relatively fixed (Wood et al. 2008).
Similarly, the relative contents of GPs in pork decreased with the
increase of age (Li et al. 2021a).

In the present study, the OPLS-DA model was robust, and
overfitting did not occur because all O? points were lower than
the rightmost original Q2 point, and the Q7 intercept values were
in the range of (0, -0.46) in ion mode (Li et al. 2021c). To dif-
ferentiate the biomarkers of lipid molecules in larvae of different
ages, the lipidomic data were analyzed by one-way ANOVA.
A total of 139 significantly different lipids were identified, of
which 79 upregulated and 60 downregulated in the 15-d-old vs.
10-d-old vs. 5-d-old groups. Notably, in 66 of the upregulated GL
species, including 62 TGs and 4 DGs. This is consistent with the
results in Table 1 showing that levels of TG and DG were signifi-
cantly higher in the 15-d-old. Indeed, the developmental stages
influenced the size distributions of the adipocytes (Park et al.
2018). In addition, larval stage would deposit a large amount of
fat to accumulate energy for later development into adults (not
cating) (Padmanabha et al. 2020). Interestingly, the significantly
upregulated TGs were rich in saturated and monounsaturated
fatty acids (SFAs and MUFAs) in the present study. The SFA and
MUFA are mainly used for oxidation energy supply (Sargent
et al. 2003). These findings indicated that H. illucens larvae ac-
cumulated a large amount of TG rich in SFAs and MUFAs during
growth and development to accumulate energy for adult survival.
In this study, 19 metabolic pathways were enriched based on 139
different lipid, among them 9 metabolic pathways closely related
to lipids, main including GL and GP metabolisms. Previous study
has shown that GL and GP metabolisms were the key metabolic
pathways for the regulating of TG and phospholipids (Atsushi
et al. 2014). Therefore, GL and GP metabolisms were considered
to be the key pathway to regulate lipid deposition of H. illucens
larvae during growth and development.

A systematic, in-depth lipidomics analysis was conducted
on H. illucens larvae ranging in age from 5 to 15 d. Forty-
three subclasses of 3,205 lipid molecules were identified in
larvae, of which 139 significantly different lipids were identi-
fied during larvae growth. Interestingly, H. illucens larvae ac-
cumulated a large amount of TG rich in SFAs and MUFAs. The
GL and GP metabolisms were considered to be the key pathway
to regulate lipid deposition of H. illucens larvae. Consequently,
LC-MS-based lipidomics provides a feasible strategy to analyze
H. illucens larvae samples. To the best of our knowledge, this is
the first work exploring the molecular-level mechanism of lipid
deposition during the growth stage of H. illucens larvae. The
findings provide novel insights into the nutritional value and
comprehensive utilization of insect larvae.
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