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Simple Summary: The Apis mellifera is a typical hymenopteran fully metamorphosed insect, but the
mechanisms regulating small molecular metabolites in the hemolymph during its development are
unknown. In this study, we investigated the metabolic dynamics of the Apis mellifera during the
larvae-pupae transition using LC-MS technology. The results of this study contribute to the
understanding of the changing patterns of metabolites in the hemolymph during metamorphosis
and their regulatory mechanisms on honey bee development.

Abstract: Metabolites present in the hemolymph of honey bees play a crucial role in modulating the
metamorphic process within the species. However, the precise alterations in metabolite
composition, along with the associated variances and regulatory pathways implicated during the
larvae-to-pupae metamorphosis of honey bees, remain incompletely elucidated. In this
investigation, we gathered hemolymph samples from honey bee larvae at three distinct
physiological stages-feeding, prepupal, and pupae and subjected them to metabolite analysis
utilizing the liquid chromatography-mass spectrometry (LC-MS) technique. Employing principal
component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA), we identified
significant differential metabolites and conducted a metabolic pathway analysis on those
differentially up-regulated during the prepupal and pupae stages. Notably, metabolites up-
regulated in the hemolymph of prepupal stage larvae primarily governed glucose metabolism and
fat digestion and absorption, while those in pupae stage larvae were involved in regulating chitin
and lipopolysaccharide precursor formation, as well as the biosynthesis of phenylalanine, tyrosine,
and tryptophan. These findings bear significant implications for advancing our comprehension of
the metamorphic processes in honey bees.

Keywords: Hymenoptera; non-targeted metabolomics; metamorphosis; KEGG

1. Introduction

The honey bee (Apis mellifera), belonging to the Apidae family within the Hymenoptera order,
exhibits complete metamorphosis. Its life cycle encompasses four distinct stages: egg, larva, pupa,
and adult [1]. It is now understood that worker bees and queens develop from fertilized eggs,
whereas drones evolve from unfertilized eggs. The fertilized eggs laid by the queen bee in the cell
hatch into little larvae after three days. Then the nurse bees secrete worker jelly to feed the little larvae,
a process that lasts for three days [2]. During the initial stages of larvae development, specifically
from the onset of 4-day-old larvae, nurse bees nourish the worker larvae with a blend of pollen and
honey until they reach 6 days of age. Concurrently, the bodies of the larvae undergo rapid
development and expansion throughout this period [3]. The worker bee larvae cease feeding at the
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conclusion of their sixth day and subsequently undergo a three-day phase [4]. As they reach the latter
part of their ninth day, the larvae initiate eye development, completing the transition into pupal
morphology by the tenth day [4]. Following pupation, the worker bees emerge from the cell on the
eighth day, assuming the adult bee morphology [5].

Beekeeping yields a diverse array of bee products renowned for their substantial economic value
and crucial role in human health [6]. Meanwhile, honey bees play an important role in increasing
crop production and maintaining ecosystems, generating significant ecological value [7].
Nonetheless, the viability of honey bee colonies faces formidable challenges due to escalating
environmental pollution, prevalence of parasites and pathogens, posing a threat to environmental
homeostasis that cannot be overlooked [8]. In response to these concerns, scientists are actively
investigating key organs and tissues, with a focus on the hemolymph among several others. Serving
as a vital transport system for hormones in insects, the hemolymph plays a pivotal role in integrating
hormonal and nutrient signals. The hemolymph composition is a reflection of the metabolic state of
the organs that produce the hemolymph, not vice versa. [9]. Consequently, hemolymph plays a
regulatory role by transporting metabolites and energy necessary for the regulation of physiological
activities released by the fat body to various tissues and organs of insects, coordinating growth,
development, body size, longevity, biological clock, feeding behavior, and courtship behavior.
[10,11]. During the feeding stage, worker bee larvae amass substantial nutrient reserves, including
sugars, proteins, lipids, and vitamins. These stored nutrients are subsequently utilized to facilitate
the pupation process [12]. Consequently, the transformation of worker bee larvae into pupae involves
highly intricate metabolic processes. However, our understanding of the mechanisms underlying
metabolite changes in the hemolymph during this transition in Apis mellifera worker larvae lags
behind, highlighting the need for further research in this area.

In this study, LC-MS was utilized to identify metabolites present in the hemolymph of the final
instar larvae of Apis mellifera worker bees across the feeding, prepupal, and pre-pupae stages. The
objective was to identify differential metabolites and conduct a comprehensive analysis of the
associated metabolic pathways, incorporating the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Examining the temporal pattern of metabolite changes during metamorphosis in the last
instar of Apis mellifera worker bees contributes significantly to advancing our understanding of
metabolic regulation throughout the larvae-to-pupae metamorphosis in Hymenoptera insects.

2. Results

2.1. PCA, PLS-DA, and Ingredient of Metabolomics in Hemolymph of Apis mellifera Larvae

A comprehensive analysis of Apis mellifera larval hemolymph at three physiological stages
detected a total of 3661 metabolites, with 1620 in positive ionization mode and 2041 in negative
ionization mode (Table 1).

PCA was employed to assess the magnitude of metabolite changes from the feeding stage to the
pre-pupal stage. The clustering results from PCA demonstrated distinct clustering of hemolymph
samples within the same stage, while samples from different stages exhibited considerable variation
(Fig Figure 1A, B). This pattern indicated biologically repetitive sampling, with samples from all three
stages clearly differentiated.

The PLS-DA model plot, in both positive and negative ion modes, revealed a distinct distribution
pattern. Specifically, samples from the feeding stage were positioned in the first quadrant of the
positive half-axis, those from the prepupal stage in the third quadrant of the positive half-axis, and
pre-pupal stage samples were consistently distributed in the negative half-axis (Figure 1C, D). This
separation indicated significant differences in metabolites among the three physiological periods,
with PPS and PS samples distinctly differing from FS samples and from each other within PPS and
PS.

Hierarchical classification, based on the Human Metabolome Database 4.0(https://hmdb.ca)
(Figure 2), highlighted the top three metabolites with the highest content in major replicate analyses:
lipids and lipid-like molecules, organic acids, and organoheterocyclic compounds, respectively.
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Table 1. Number of metabolites identified in positive and negative ion mode in the hemolymph of
Apis mellifera at three physiological stages.

Ion mode All peaks Identified metabolites Metabolites in library
pos 11 896 1765 1620
neg 11 951 2074 2041

Note: (1) Ion mode: the ion mode of the substance detected by the mass spectrometer, including
pos (positive ion mode) and neg (negative ion mode). (2) All peaks: the number of peaks extracted
by the software. (3) Identified metabolites: the number of metabolites finally identified by the first
and second level of mass spectrometry data. (4) Metabolites in library: the number of metabolites
annotated to public databases such as HMDB, KEGG and Lipidmaps.
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Figure 1. Results of PCA, PLS-DA and distribution of metabolite in the hemolymph of Apis mellifera
at three physiological stages. (A) PCA plot in positive ion mode; (B) PCA plot in negative ion mode;
(C) PLS-DA plot in positive ion mode; (D) PLS-DA plot in negative ion mode. Six replicates for each
stage of Apis mellifera were shown in different colors.
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@ Lipids and lipid-like molecules: 819 (25.20%)
# Organic acids and derivatives: 756 (23.26%)
@ Organcheterocyclic compounds: 548 (16.86%)
@ Organic oxygen compounds: 336 (10.34%)

@ Benzenoids: 267 (8.22%)

1 Phenylpropanoids and polyketides: 188 (5.78%)
0 Nuckosides, nuckotides, and analogues: 146 (4.49%)
@ Not Available: 84 (2.58%)

) Organic nitrogen compounds: 41 (1.26%)

@ Akaloids and derivatives: 35 (1.08%)

@ others: 30 (0.92%)

Figure 2. Distribution of metabolite groups identified in the hemolymph of Apis mellifera at three
physiological stages according to the human metabolome database hierarchical classification.

2.2. Metabolite Identification of the Hemolymph at Different Physiological Stages of Apis mellifera

A comparative analysis was conducted utilizing the molecular mass of metabolites and
secondary mass spectrometry information retrieved from KEGG, HMDB, and Metabolite Link
(Metlin) databases. In the positive ion mode, a total of 1187 metabolites were identified in the
hemolymph of larvae across the three physiological stages. Among these, 100 metabolites were
specific to the feeding stage, 29 were specific to the prepupal stage, and 128 were specific to the pre-
pupal stage (Figure 3A).

In the negative ion mode, a total of 1496 metabolites were identified in the hemolymph of larvae
across the three physiological stages. Among these, 105 metabolites were specific to FS, 17 were
specific to PPS, and 138 were specific to PS (Figure 3B).
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Figure 3. Results of upset plot in the hemolymph of Apis mellifera at three physiological stages. (A)
Upset plot in positive ion mode; (B) Upset plot in negative ion mode.

2.3. Differential Metabolite Analysis of Hemolymph at Different Physiological Stages of Apis mellifera

Comparing the prepupal stage with the feeding stage, a total of 1,153 differential metabolites
were identified, with 242 up-regulated and 911 down-regulated (Figure 4A). In the pre-pupal stage
compared to FS, 1,514 differential metabolites were identified, of which 838 were up-regulated, and
676 were down-regulated (Figure 4B). When PS was compared with FS, it revealed a total of 1,366
differential metabolites, with 1,102 up-regulated and 264 down-regulated (Figure 4C).

KEGG enrichment of up-regulated differential metabolites in PPS vs. FS revealed the top ten
pathways in terms of enrichment scores were the GnRH signaling pathway, fc gamma R-mediated
phagocytosis, fat digestion and absorption, N-Glycan biosynthesis, cAMP signaling pathway,
phospholipase D signaling pathway, linoleic acid metabolism, arachidonic acid metabolism,
phosphatidylinositol signaling system, and phototransduction - fly (Figure 4D). For PS vs. FS
upregulated differential metabolites, the top ten pathways with the highest KEGG enrichment scores
were pyrimidine metabolism, amino sugar and nucleotide sugar metabolism, porphyrin metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, polyketide sugar unit biosynthesis, cholesterol
metabolism, purine metabolism, metabolism of xenobiotics by cytochrome P450,
glycerophospholipid metabolism, and glycine, serine and threonine metabolism (Figure 4E). Analysis
of KEGG enrichment of up-regulated differential metabolites for PS vs. FS showed that the top ten
pathways were amino sugar and nucleotide sugar metabolism, pyrimidine metabolism,
glycerophospholipid metabolism, arachidonic acid metabolism, fructose and mannose metabolism,
purine metabolism, taste transduction, phenylalanine, tyrosine and tryptophan biosynthesis,
cholesterol metabolism, and pentose and glucuronate interconversions (Figure 4F).
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Figure 4. Results of volcano plot and KEGG enrichment pathway in the hemolymph of Apis mellifera
at three physiological stages. (A) Volcano plot in PPS vs ES; (B) Volcano plot in PS vs FS; (C) Volcano
plot in PS vs PPS; (D) Top 10 of KEGG enrichment pathway in PPS vs FS; (E) Top 10 of KEGG
enrichment pathway in PS vs FS; (F) Top 10 of KEGG enrichment pathway in PS vs PPS.

3. Discussion

Hemolymph serves as a vital circulatory fluid throughout the honey bee's body, playing a
central role in transporting hormones and small-molecule regulatory factors that are crucial for
regulating honey bee development [13,14]. In this study, metabolomics was employed to investigate
differences in the composition of hemolymph metabolites in larvae of worker bees (Apis mellifera)
across three physiological developmental stages. Both PCA and PLS-DA modeling consistently
revealed that samples within each group were clustered together, while the three groups were
distinctly separated from each other. This suggests significant variations in the metabolism of honey
bee larvae across different physiological stages.

Upon analyzing the metabolites of the three physiological stages and comparing the differences,
anotable increase in up-regulated differential metabolites of 3.46 and 4.55 was observed for PS vs. FS
and PS vs. PPS compared to PPS vs. FS, respectively. This indicates the necessity for the hemolymph
of pupae stage larvae to mobilize a greater number of metabolites to fulfill the requirements of larvae
pupation and set the stage for subsequent emergence from cells [15-17].

The linoleic acid metabolism process involves four steps: oxidation, assembly, transport, and
clearance. Initially, fatty acids undergo oxidation in the insect fat body to be converted into linoleic
acid, which is then released into the hemolymph. Subsequently, the hemolymph transports linoleic
acid to target cells [18,19]. Once inside the cell, carrier proteins facilitate the transport of linoleic acid
across the cell membrane into the cytoplasm [20]. Linoleic acid is then bound to the cytoplasmic
enzyme "glucokinase", activating glycolipid metabolism and promoting a reduction in blood glucose
concentration within the cell [21]. Lastly, cellular scavenging mechanisms eliminate excess blood
glucose and its metabolites, particularly linoleic acid, to prevent excessive accumulation [22]. The top
10 enriched pathways for up-regulated differential metabolites in PPS vs ES include "linoleic acid
metabolism". This can be attributed to FS larvae being fed substantial amounts of high-sugar
compounds, such as honey and pollen, by nurse bees. In contrast, PPS larvae need to consume the
fats and fatty acids converted from sugars during the FS stage to sustain their own existence [3,23].
This inference is supported by the enrichment of "fat metabolism and absorption" pathways in the
hemolymph of PPS vs FS. Intriguingly, the levels of linoleic acid in the hemolymph of PPS were
significantly lower than those of FS (P <0.05) (Figure S1A). This observation may elucidate the ability
of honey bee worker bees to consume high-sugar foods throughout their lives without experiencing
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excessive blood glucose levels. It also suggests that honey bees serve as a valuable model for studying
diabetes and hyperlipidemic diseases [24].

In the top 10 enriched pathways for up-regulated differential metabolites in both PS vs. FS and
PS vs. PPS, pathways such as amino sugar and nucleotide sugar metabolism and phenylalanine,
tyrosine, and tryptophan biosynthesis were consistently identified. Uridine diphosphate-N-
acetylglucosamine in the amino sugar and nucleotide sugar metabolism pathway serves as a crucial
precursor for lipopolysaccharide synthesis in honey bees [25]. The wings of honey bees consist of a
double body wall, each containing multiple layers of chitin [26]. Chitin synthesis is essential for the
growth and development of insects, including honey bee pupal stage larvae, which need to shed their
old epidermal bonds before significant cuticle growth [27]. Chitin synthase is responsible for
synthesizing chitin using uridine diphosphate-N-acetylglucosamine [28]. The metabolomic results
revealed a significantly higher uridine diphosphate-N-acetylglucosamine content in the pre-pupal
stage compared to both the feeding stage and prepupal stage (F 215 = 101.39, P < 0.001) (Figure S1B).
This elevated content indicates preparation for the later stages of worker bee emergence from cells.
Insects, including honey bees, exhibit melanin in the epidermis and hemolymph, and it is synthesized
through tyrosine metabolism. Melanin plays a crucial role in processes such as epidermal tanning
(darkening and sclerosis), as well as wing and eye pigmentation post-molting [29]. Ommochromes,
a type of ophthalmic pigment, contribute to the coloring of insect eyes, eggs, and body walls. They
are primarily synthesized through tryptophan metabolism and can manifest various colors, such as
yellow, red, brown, and black. Ommochromes serve roles in insects such as coloring the eyes and
removing excess tryptophan for detoxification [30,31]. Consequently, the enriched phenylalanine,
tyrosine, and tryptophan biosynthesis pathway in the hemolymph of PS larvae is primarily
implicated in the coloration of the compound eyes, thorax, and abdomen of worker bees. Similarly,
tyrosine and tryptophan levels were significantly higher in PS hemolymph than in FS and PPS (F 215
= 5249, P < 0.001; F 215 = 612.36, P < 0.001) (Figure S1C, D), providing strong support for this
conclusion.

4. Materials and Methods

4.1. Insect Rearing

Three colonies of honey bees (Apis mellifera) were maintained at the Honeybee Research Institute
of Jiangxi Agricultural University, China (28.46°N, 115.49°E) to supply larvae and pupae for the
experiment, with each colony housing eight combs. Acquired from a local commercial beekeeper in
March 2023, all three experimental colonies underwent a period of more than 6 months under natural
conditions at the experimental field. To ensure the uniform age of larvae and pupae, queens were
confined to lay eggs on fresh comb for a duration of 12 hours. Subsequently, the combs with eggs
were positioned in the upper level of Langstroth standard hives for incubation.

4.2. Chemicals and Reagents

The following reagents were used: methanol, acetonitrile, and isopropanol (Fisher Scientific Inc.,
Waltham, MA, USA), water (Millipore, Billerica, MA, USA), L-2-chlorophenylalanine (Sigma, St.
Louis, MO, USA; purity = 99%), formic acid (Shanghai Macklin Biochemical Technology Co.,
Shanghai, China).

4.3. Collection of Hemolymph from Larvae and Pupae

To harvest same-aged honey bee larvae, queens were caged on a fresh wax comb and allowed
to lay eggs for 6 h inside the colony. Then, the comb with eggs was incubated in the top layer of the
Langstroth hive. Upon the hatching of eggs into small larvae, six biological replicates of both larvae
and pupae were gathered at 5 days old (feeding stage, FS), 9 days old (prepupal stage, PPS), and 13
days old (pupae stage, P’S). All periods of larvae or pupae are naturally reared by nurse workers. The
larvae or pupae were carefully extracted from the comb, placed in asepsis petri dishes, and subjected
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to three rinses with asepsis double-distilled water to ensure the cleanliness of their body surfaces.
Subsequently, the larvae were gently dried with sterile filter paper. Positioning the larvae on sterile
filter paper, a small asepsis incision was made in the head using scissors, and the hemolymph was
aspirated with an asepsis pipette and then transferred to a 1.5 mL sterile EP tube. The collected
volume of bee larval hemolymph in each EP tube was 800 uL. After centrifugation at 14,000 x g for
15 minutes at 4°C, 450 uL of supernatant was removed from a fresh 2 mL freezing tube and rapidly
frozen in liquid nitrogen for subsequent analysis.

Each honey bee colony contributed two biological replicates, consisting of eight individuals per
biological replicate. In total, 18 samples were collected for the hemolymph metabolome study.

4.4. Pre-Treatment of Hemolymph Samples

A volume of 300 puL of the sample was accurately aspirated into a 2 mL centrifuge tube, and a 6
mm diameter grinding bead was added. Subsequently, 240 puL of aqueous methanol with water in a
ratio of 4:1 (v:v) was added, with L-2-chlorophenylalanine introduced as an internal standard at a
concentration of 0.02 mg/mL in the sample. Following a 6-minute grinding period at -10 °C and 50
Hz, the centrifuge tubes were placed into a frozen tissue grinder (SCIENTZ, Ningbo, China) and
subjected to extraction through low-temperature ultrasonication for 30 minutes at5 °C and 40 KHz.
Lastly, the sample was extracted at -20 °C for 30 minutes, followed by centrifugation for 15 minutes
at13000 x gand4 °C.Thesupernatant was then transferred to a 1.5 mL vial with an internal cannula
for subsequent analysis.

4.5. LC-MS Method

Samples (3 pL) were injected into an ACQUITY UPLC HSS T3 column (100 mm x 2.1 mm, 1.8
pum; Waters, Milford, USA) using the Ultra High-Performance Liquid Chromatography-Fourier
Transform Mass Spectrometry UHPLC-Exploris 240 system (Fisher Scientific Inc.). The column was
washed with a gradient of mobile phases A and B for 8 minutes at a flow rate of 0.5 mL/min. Mobile
phase A consisted of 95% water + 5% acetonitrile (containing 0.1% formic acid), while mobile phase
B comprised 47.5% acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid). The
column temperature was maintained at 40 °C, and the flow rate was set at 0.4 mL/min.

Mass spectrometry conditions involved the ionization of samples via electrospray ionization,
with mass spectrometry signals collected in positive and negative ion scanning modes, respectively.
Specific details of the parameters are provided in Table S1.

4.6. Quality Control

Quality control (QC) samples were generated by combining equal volumes of extracts from all
individual samples. Each QC sample shared an identical volume with the individual samples and
underwent the same processing and assay procedures as the analyzed samples. These QC samples
were systematically integrated into the instrumental analysis to assess the overall stability and
consistency of the entire assay process.

4.7. Identification of Metabolites in Hemolymph

The raw data underwent processing using the metabolomics software ProgenesisQI (Waters
Corporation, Milford, USA), encompassing baseline filtering, peak identification, integration,
retention time correction, and peak alignment. This comprehensive analysis resulted in a data matrix
containing information on retention time, mass-to-charge ratio, and peak intensity. The finalized data
matrix encapsulated essential details for subsequent analyses.

Following this, the software executed a characteristic peak search for library identification,
aligning the MS and MS/MS mass spectral information with the metabolic data library. Metabolite
identification was then carried out using the software, which matched the MS and MS/MS mass
spectral information with the metabolic database. The MS mass error was set to less than 10 ppm,
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and metabolites were identified based on secondary mass spectral matching scores. Comparison
databases utilized were accessible from http://www.hmdb.ca/ and https://metlin.scripps.edu.

The initial preprocessing step involved the data matrix, where missing values were addressed
using the 80% rule. Variables with more than 80% non-zero values in at least one set of samples were
retained, and missing values were then imputed with the smallest values from the original matrix.
To mitigate errors arising from sample preparation and instrument instability, the response
intensities of sample mass spectral peaks were normalized through the sum normalization method,
resulting in a normalized data matrix. Furthermore, variables with a relative standard deviation (RSD)
exceeding 30% were eliminated from the QC samples and log10-transformed to yield the final data
matrix for subsequent analysis.

Subsequently, PCA and PLS-DA were conducted on the preprocessed data matrices using the
ropls package in R (Version 1.6.2). Model stability was evaluated through 7 cycles of cross-validation.
Significant metabolites were chosen based on Variable Importance in Projection (VIP) values
obtained from the Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) model and
the student's t-test P-value. Metabolites with VIP > 1 and P < 0.05 were regarded as statistically
significant.

Differential metabolites were identified through metabolic pathway annotation using the KEGG
database (https://www.kegg jp/kegg/pathway.html) to explore pathways associated with these
metabolites. Pathway enrichment analysis was conducted using the Python package "scipy. stats",
and Fisher's exact test was employed to determine the experimental treatments most relevant to the
biological pathways.

4.8. Data Analysis

Independent samples t-test, analysis of variance, and least significant difference were used to
determine the significance of the differences, and P < 0. 05 was considered as statistical significance.
The data were expressed as mean + SD.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Mass spectrometry parameters; Figure S1: The relative abundance of
linoleic acid, uridine diphosphate-N-acetylglucosamine, tyrosine and tryptophan in different developmental
stages of Apis mellifera. (A) Relative abundance of linoleic acid in FS and PPS; (B) Relative abundance of uridine
diphosphate-N-acetylglucosamine in FS, PPS and PS; (C) Relative abundance of tyrosine in FS, PPS and PS; (D)
Relative abundance of tryptophan in FS, PPS and PS.
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