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ARTICLE INFO ABSTRACT

Keywords: Cadmium (Cd), a ubiquitous heavy metal pollutant, threatens the ecological functions of the natural enemy
Cadmiu@ B insect Harmonia axyridis, though the molecular mechanisms of its toxicity remain poorly understood. Here, we
H“""""f“ md” first determined the 48-h median lethal concentration (LCso) of Cd for third-instar H. axyridis larvae as 7.667 mg/
Transcriptomics

mL. Using a multi-omics approach, we then analyzed larval responses to injected Cd stress at LCzs, LCso, and LCrs
concentrations. Transcriptomics revealed 1986, 1471, and 1433 differentially expressed genes (DEGs) in the
respective treatment groups, including down-regulated genes encoding a,a-trehalase (TRE) and maltase-glu-
coamylase involved in carbohydrate metabolism. Metabolomics identified 907, 294, and 511 differential me-
tabolites (DMs) across the three Cd exposures, with significant accumulation of sucrose and sucrose 6'-phosphate
in the LCso group. Integrated omics analysis showed that both DEGs and DMs were co-enriched in starch and
sucrose metabolism and galactose metabolism pathways. Furthermore, Cd transferred through the soil-plan-
t-aphid-ladybug food chain disrupted trehalose metabolism, leading to reduced carbohydrate levels, suppressed
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trehalase activity, and altered expression of key metabolic genes. Together, these results indicate that Cd-in-
duced downregulation of trehalose-related genes causes upstream carbohydrate accumulation (e.g., sucrose) and
disrupts the trehalose metabolic pathway, ultimately impairing energy homeostasis. This study uncovers a novel
mechanism by which heavy metal pollution affects natural enemy insects via metabolic interference. Our find-
ings highlight the potential disruption of pest control in agroecosystems under heavy metal stress and provide
critical molecular targets for assessing the ecological risk of Cd pollution on beneficial insects.

1. Introduction

With the rapid industrialization and intensive agriculture, heavy
metal pollution, particularly has emerged as a critical environmental
challenge in agricultural ecosystems, severely threatening soil health,
food safety, and biological control functions [1]. As a non-essential,
non-biodegradable element, Cd exhibits high toxicity, strong mobility,
persistence, and pronounced bioaccumulation [2]. It enters the envi-
ronment through natural processes such as erosion and human activities
including zinc refining, battery manufacturing, and application of
phosphate fertilizers containing Cd residues, and spreads via atmo-
spheric emissions, wastewater, and solid waste (Burden 2019). In
farmlands, Cd readily accumulates in crops and transfers through the
food chain, posing risks not only to crop quality and yield but also to the
ecological functions of insects at different trophic levels.

The toxic effects of Cd on insects are widespread and trophically
transmitted. It first accumulates in plants, then transfers to primary
consumers through feeding, and further bioaccumulating in higher
trophic predators, ultimately disrupting the balance of agricultural
ecosystems [3,4]. Research have shown that Cd stress universally in-
terferes with insect energy metabolism, which is a core physiological
process sustaining growth, reproduction, and survival. Specifically, Cd
exposure reduces metabolic rates and energy consumption, inhibits the
expression of key genes in glycolysis and carbohydrate metabolism
pathways, and impairs energy supply [5,6]. For pollinators like Bombus
spp. such energy metabolism disorders directly lead to reduced flight
ability [2]. For natural enemy insects, Cd-induced toxicity manifests as
growth retardation, reduced survival rates, weakened fecundity and
morphological abnormalities. These effects have been reported in
H. axyridis, Trichogramma, and Cryptolaemus montrougieri ([7,8] ; [9,
10]). However, most existing studies focus on herbivorous or pollinating
insects; research on predatory natural enemies remains limited, espe-
cially regarding molecular mechanisms underlying energy metabolism
disruption.

In agricultural ecosystems, the transfer of Cd through the
“plant-herbivorous insect-predatory insect” trophic chain represents a
classic pathway for heavy metal translocation along the food web. Broad
beans (Vicia faba L.) efficiently accumulate Cd and exhibit tolerance to
moderate Cd stress [11]. The aphid (Megoura crassicauda), a primary
pest of broad beans, accumulates Cd by feeding on the phloem sap of
contaminated plants [12]. As a key aphid predator, Harmonia axyridis is
vital for regulating aphid populations and maintaining balance in agri-
cultural ecosystems [13]. However, while heavy metal transfer from
aphids to ladybirds via predation has been reported [14,15], its mo-
lecular consequences, particularly on energy metabolism, remain poorly
understood. Current toxicity studies on natural enemies largely focus on
heavy metal accumulation and phenotypic endpoints, leaving signifi-
cant mechanistic gaps unaddressed [16,17].

Specifically, three critical research lacunae persist: (1) a predomi-
nant emphasis on phenotypic effects with limited insight into underlying
metabolic mechanisms; (2) unclear concentration-dependent responses
of insect sugar metabolism under Cd stress; and (3) an unexplored role of
the trehalose metabolism pathway in Cd stress adaptation. To address
these gaps, this study investigates Cd toxicity in H. axyridis larvae
through an integrated ecotoxicological and multi-omics approach. We
aim to determine the acute toxicity of Cd exposure, identify the meta-
bolic pathways perturbed by Cd through integrated transcriptomic and

metabolomic analyses, and dissect the trehalose metabolism pathway by
tracking the dynamic changes in related gene expression, enzyme ac-
tivity, and carbohydrate content. By integrating cadmium injection-
based omics analysis with food-chain exposure validation, this study
seeks to elucidate the molecular basis of Cd toxicity in a key predatory
insect, thereby providing insights for assessing ecological risks of heavy
metal pollution in agricultural systems.

2. Materials and methods
2.1. Plant material and insect sources

The broad bean cultivar used in this experiment was Qingchan No.
14, and the aphids (M. crassicauda) employed in the experiments were a
long-term, purified clonal population maintained in the laboratory, and
reared on healthy broad bean seedlings that were free of heavy metal
contamination. The H. axyridis colony was initially collected from the
campus of Hangzhou Normal University and surrounding farmlands.
Subsequently, a stable laboratory colony was established by rearing
these lady beetles on pea aphids under standard conditions. Feeding
conditions were maintained at a temperature of 25 + 1°C, relative hu-
midity of 70 & 5 %, and a photoperiod of 14 h light:10 h dark (14 L:10D).
Offspring of this laboratory colony were used in all experiments to
minimize variations in genetic background and prior exposure history
among test individuals.

2.2. Determination of median lethal concentration

CdCl. was dissolved in sterile double-distilled water (ddH20) to
prepare a series of Cd** stock solutions (4, 6, 8, 10, 12, and 14 mg/mL).
Third-instar H. axyridis larvae of uniform size were selected for the
toxicity bioassay. To distinguish mortality caused by mechanical injury
from that induced by Cd toxicity, a preliminary injection of 100 nL
sterile ddH-0 was performed using a microinjector (Nanoject II/III)
dorsally into the third abdominal segment. Larvae that died within 2 h
post-injection were considered casualties of the injection procedure and
excluded from subsequent analyses. For the formal toxicity test, larvae
were injected with 100 nL of each Cd** solution at the designated con-
centrations, while the control group received 100 nL sterile ddH=0.
Mortality was recorded at 48 h post-injection. The median lethal con-
centration (LCso) and the lethal concentrations for 25 % and 75 % of the
population (LCzs and LCrs) were determined using probit analysis in
SPSS v26 software.

2.3. Total RNA isolation and cDNA synthesis

Total RNA was extracted from whole third-instar larvae at 48 h post-
injection with Cd** solutions corresponding to the LCzs, LCso, or LCrs
concentrations, using TRIzol reagent (Invitrogen, USA). RNA integrity
was confirmed by 1 % (w/v) agarose gel electrophoresis, and its con-
centration and purity were determined using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, USA). Following treatment
with DNase I to remove genomic DNA contamination, cDNA was syn-
thesized from the purified RNA using the PrimeScript RT Reagent Kit
with gDNA Eraser (Takara Bio, Japan) in accordance with the manu-
facturer’s instructions.

Cd chloride solutions at LCzs, LCso, and LCss concentrations, as well as
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ddH20 (control), were selected for larval microinjection to conduct
transcriptome and metabolome sequencing analyses. A completely
randomized design was adopted for the experiment: uniform in size,
healthy and active third-instar larvae were randomly assigned to four
treatment groups (control, LCzs, LCso, LCrs). For both transcriptomic and
metabolomic analyses, each treatment group consisted of pools of 10
third-instar larvae per replicate. Transcriptomic sequencing was per-
formed with 3 biological replicates per group, while metabolomic
analysis was conducted with 6 biological replicates per group. The
detailed experimental design is shown in Fig. 1A. RNA sequencing was
performed by BGI Genomics (Beijing, China).

2.4. Transcriptome analysis

Adapter sequences and low-quality reads were removed from raw
data to generate clean reads. De novo transcriptome assembly produced
unigenes, which were functionally annotated using BLAST against NCBI
non-redundant (Nr) databases. Gene expression was quantified as FPKM
(fragments per kilobase per million mapped reads) with RSEM. Differ-
ential expression analysis used DESeq2 and results were visualized in
volcano plots. Differentially expressed genes (DEGs) were selected based
on the thresholds of an absolute log2(fold change) > 1 and a false dis-
covery rate (FDR) < 0.05.For the DEGs, enrichment analysis was carried
out utilizing the Gene Ontology (GO) database (http://www.geneontolo
gy.org/) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (https://www.genome.jp/kegg). Significant GO terms (with
FDR < 0.05) and KEGG pathways (with P < 0.05) were identified by
means of hypergeometric tests. Weighted gene co-expression network
analysis (WGCNA) was performed to identify clusters of highly corre-
lated genes and to investigate their association with cadmium treatment.
Genes with low expression (FPKM < 1) were filtered out, retaining
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12,458 high-quality genes for subsequent analysis. Based on the scale-
free network criterion (R? > 0.85), the soft-thresholding power § was
determined to be 8. Using the dynamic tree cut algorithm (minModu-
leSize = 30, mergeCutHeight = 0.25), genes were clustered into 21 co-
expression modules. The “Cd treatment concentration (LCzs, LCso, LCr5)”
was used as the phenotypic trait, and Pearson correlation coefficients
were calculated between each module and the trait. Within the MEr-
oyalblue module, hub genes were identified by filtering for Gene Sig-
nificance (GS > 0.5) and Module Membership (MM > 0.8).

2.5. Untargeted metabolome analysis

Third-instar larvae were injected with Cd?** at LCzs, LCso, or LCrs
concentrations, and samples were collected 48 h post-injection for LC-
MS/MS analysis. The analysis was performed using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) platform with
the following optimized parameters: Chromatographic conditions: An
Agilent ZORBAX SB-C18 column (2.1 mm x 100 mm, 1.8 pm) was used
for separation. The mobile phase consisted of Phase A (0.1 % formic acid
in water) and Phase B (0.1 % formic acid in acetonitrile). The gradient
elution program was set as follows: 5% B from O to 2 min; linear
gradient from 5 % to 95 % B from 2 to 10 min; maintained at 95 % B
from 10 to 12 min; rapid re-equilibration from 95 % to 5 % B within
0.1 min (12-12.1 min); and held at 5 % B from 12.1 to 15 min for col-
umn stabilization. The flow rate was 0.3 mL/min, column temperature
was controlled at 40°C, and the injection volume was 2 pL. Mass spec-
trometric conditions: An electrospray ionization (ESI) source was used
in both positive and negative ion modes. The mass scanning range was
set to m/z 50-1000, and the collision energy was adjusted between
10-40 eV to enhance metabolite fragmentation.

Metabolite annotations were retrieved from multiple metabolome

Fig. 1. Overview of the integrated study on cadmium (Cd) toxicity in H.axyridis. ( A ) Schematic workflow of the multi-omics study on Cd toxicity in H. axyridis. (B)
Experimental design for Cd transfer along a soil-plant-aphid-ladybug food chain. (C ) Cadmium accumulation in H. axyridis across different treatments. (D)

Phenotypic abnormalities in H. axyridis induced by cadmium (Cd) exposure.
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databases, including the laboratory's in-house database, integrated
public repositories. To characterize metabolic profile differences across
groups, principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were performed. The OPLS-DA
models were validated via permutation tests, with R?> and Q? values
serving as metrics to evaluate model fitness. Differentially metabolites
(DMs) were defined by the criteria: FDR < 0.05, variable importance in
projection (VIP) > 1, and fold change either > 2 or < 0.5. Functional
annotations and associated pathways of these DMs were determined
using the KEGG compound database (http://www.kegg.jp/kegg/comp
ound/) and KEGG pathway database (http://www.kegg.jp/kegg/path
way.html). KEGG pathways with a P-value < 0.05 were regarded as
significantly enriched.

2.6. Integrated analysis of transcriptomic and metabolomic data

To identify the pathways that respond to the effects of Cd stress on
the growth and development of H. axyridis, we conducted a compre-
hensive analysis integrating transcriptomic, and metabolomic data. The
KEGG pathways that were enriched by DEGs and DMs in each pairwise
comparison was integrated, and the shared pathways were identified.
Based on these shared pathways, we established information networks
and heat maps to elucidate the key pathways and biological changes that
are co-regulated by genes, and metabolites.

2.7. Food-chain cadmium exposure experiment

To simulate the natural Cd exposure pathway for the H. axyridis, this
study employed a “soil-plant-aphid” exposure system. With reference to
Wang et al. [18], Cd concentrations were set at 0 (control), 3.125, 6.25,
12.5, 25, and 50 mg/kg. Cadmium chloride was used to prepare Cd*
solutions at the corresponding concentrations. Broad bean seeds were
soaked in the respective Cd** solutions for 24 h and then sown in a
potting mixture consisting of nutrient soil, vermiculite, and perlite in a
volume ratio of 12:4:2. During cultivation, each pot was irrigated every
3 days with 400 mL of the corresponding Cd** solution. After 4 weeks of
growth, aphids were introduced onto the broad bean plants for feeding
[19]. Subsequently, newly hatched H. axyridis larvae were allowed to
feed on the Cd-exposed aphids. Phenotypic changes in the H. axyridis
were monitored, and emerged adults were collected for subsequent
molecular and biochemical analyses. Cadmium content in ladybugs was
determined according to the method of Wan et al. [20].

2.7.1. Carbohydrate metabolism analysis

Samples were homogenized using an automated high-throughput
grinder followed by ultrasonic disruption (Bioruptor UCD-200, Ther-
mofisher Scientific). After lysis, cold PBS (4 °C) was added, and the
homogenate was centrifuged at 1000 x g for 20 min to collect the su-
pernatant. One aliquot of the supernatant was used for quantification of
trehalose, glycogen, and total protein. Another aliquot was further
centrifuged at 20,800 x g for 60 min at 4 °C to obtain a clarified su-
pernatant, which was used for glucose measurement, protein assay, and
soluble trehalasel (TRE1) activity analysis. The pellet from the first
centrifugation was resuspended in PBS and vortexed thoroughly to
prepare a suspension for subsequent glucose, protein, and membrane-
bound trehalase2 (TRE2) activity determinations. Trehalose content
was measured by the anthrone method. Glycogen and glucose levels, as
well as both TRE1 and TRE2 activities, were assayed using a commercial
glucose assay kit (SIGMA). Total protein concentration was determined
with the BCA protein assay kit (Beyotime). Quantification was based on
standard curves generated for each analyte (Fig. S1). Each experiment
was performed with three biological replicates.

2.7.2. qPCR analysis
Real-time polymerase chain reaction (RT-qPCR) was performed
using TB Green Premix Ex Taq II (Takara Bio) on a CFX96 Touch system
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(Bio-Rad, Germany). Reactions contained cDNA template, gene-specific
primers (Table S1 and Fig. S2), and master mix in a 20 pL volume.
Cycling conditions: 95°C for 30 s; 40 cycles of 95°C for 5 s and 60°C for
20 s. Melt curve analysis confirmed amplification specificity. The rp49
gene (GenBank: AB552923) served as the endogenous control [21].
Relative expression was calculated by the 272¢T method.

2.8. Statistical analysis

Data are presented as mean + SEM. One-way ANOVA with Tukey’s
HSD test (P < 0.05) or independent-sample t-tests (SPSS v26) were used
for group comparisons. Distinct lowercase letters denote significant
differences in figures (Tukey’s test). Graphs were generated in GraphPad
Prism 8.0 and Origin 2024 and bioinformatics (an online platform for
data analysis and visualization).

3. Results
3.1. Toxicity effect of cadmium chloride on H. axyridis larvae

The dose-mortality relationship was modeled using probit regres-
sion, resulting in the equation: y = -2.070 + 2.340x (where x = log1o
[Cd concentration]) (Fig. 1A). The model showed an excellent fit to the
data, as evidenced by a high coefficient of determination (R*> = 0.975)
and a non-significant chi-square goodness-of-fit test (x> = 0.548,
P =0.969) (Fig. 1A and Table 1). The calculated median lethal con-
centration (LCso) was 7.667 mg/mL, the 25 % lethal concentration
(LCz2s) was 3.948 mg/mL, and the 75 % lethal concentration (LCrs) was
14.890 mg/mL (Table 1). Moreover, we demonstrated that cadmium
accumulates in ladybugs through transfer along the soil-plant-aphid
food chain (Figs. 1B and 1C), and induces significant phenotypic ab-
normalities, including growth retardation and morphological de-
formities, across all cadmium-treated groups (Fig. 1D). The results
demonstrate that Cd transfer through the food web exerts a substantial
toxic effect on the predator’s development and morphology.

3.2. Analysis of differentially expressed genes in transcriptome

To investigate the transcriptional regulatory mechanisms of
H. axyridis under Cd stress, we performed high-throughput RNA-Seq
analysis on larvae injected with CdCl: solutions at LCzs, LCso, and LCrs
concentrations, alongside ddH=0O-injected controls. Compared with the
control group, the number of differentially expressed genes (DEGs) was
as follows: 1986 in the LCzs group (1264 upregulated, 722 down-
regulated), 1471 in the LCso group (592 upregulated, 879 down-
regulated), and 1433 in the LCss group (870 upregulated, 563
downregulated) (Fig. S3). Venn diagram analysis revealed that the LCzs,
LCso, and LCrs groups harbored 806, 519, and 435 unique DEGs (relative
to the control), respectively, with 416 DEGs shared across all three
treatment groups (Fig. 2A). Pairwise comparison between cadmium
treatment groups revealed distinct patterns of differential gene expres-
sion. The number of DEGs was as follows: 1392 genes between LCzs and
LCso (519 upregulated, 873 downregulated in LCsg), 1392 genes be-
tween LCzs and LCrs (522 upregulated, 870 downregulated in LCys), and
1174 genes between LCso and LCss (701 upregulated, 473 downregulated
in LCys) (Fig. S3). These results indicate that cadmium stress induces
extensive transcriptional reprogramming in H. axyridis larvae.

Visualization of the top 20 significantly enriched KEGG pathways
(Fig. 2B) revealed that DEGs were notably enriched in pathways
including Carbohydrate Metabolism. WGCNA of all DEGs clustered them
into 21 co-expression modules (Fig. 2C). Module-trait association heat-
map analysis (Fig. 2D) demonstrated that transcript accumulation in the
MEroyalblue module showed an opposite trend to the expression of
DEGs related to several metabolic pathways in the control group such as
cellular carbohydrate metabolic process, monocarboxylic acid meta-
bolic process, including genes encoding maltase-glucoamylase, alpha,
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Table 1
Toxicity test of CdCI2 on the larvae of H. axyridis.
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Reagent  Toxicity P(sig) Chi- LC25 95 % LC50 95 % LC75 95 % confidence
regression value square (Lethal confidence (Lethal confidence (Lethal interval of LC75
equation value Concentration interval of Concentration interval of Concentration

25) LC25 50) LC50 75)

CdCl, y=- 0.969 0.548 3.948 mg/mL 2.074-5.217 7.667 mg/mL 6.107-9.047 14.89 mg/mL 12.029-23.451
2.070 + 2.340x
(X is the
logarithm of base
10)

alpha-trehalase, and alpha-amylase (Fig. 2E). To validate the tran-
scriptomic data, the expression levels of selected trehalase genes were
examined by qPCR. As shown in Fig. S4, the qPCR results were consis-
tent with the RNA-Seq trends, confirming the reliability of the
sequencing data.

3.3. Differential metabolite analysis revealed an imbalance in
carbohydrate metabolites in response to cadmium stress

To investigate the metabolic regulatory mechanism of H. axyridis
under Cd stress, a widely targeted metabolomics analysis was performed
using the UPLC-ESI-MS/MS system on larvae injected with CdCl- solu-
tions at LCzs, LCso, and LCrs concentrations, as well as ddH20. Volcano
plots showed differences in primary and secondary metabolites under Cd
stress. Compared with the control group, the number of differentially
metabolites (DMs, VIP > 2; P < 0.01, n = 6) in the LCzs, LCso, and LCrs
treatment groups was 907 (389 upregulated, 518 downregulated), 294
(194 upregulated, 100 downregulated), and 511 (240 upregulated, 271
downregulated), respectively (Fig. 3A). Pattern analysis of DMs revealed
that patterns 7, 6, 19, and 21 contained a large number of DMs; among
them, 157 metabolites showed an upward trend with increasing Cd
concentration, and 79 showed a downward trend (Fig. 3B). KEGG
pathway enrichment analysis of DMs indicated that they were signifi-
cantly enriched in pathways such as Biosynthesis of amino acids,
Metabolic pathways, and Phenylalanine, tyrosine and tryptophan
biosynthesis (Fig. 3C and Table S2). Among the metabolites responding
to Cd stress, sucrose (Sucrose/0.663_342.1156), fucose (Fucose/
0.669_164.0685), sucrose 6-phosphate (Sucrose 6-phosphate/
0.6_422.0817), and amylose exhibited significant changes (Figs. 3D and
3E). This indicates that Cd stress also causes systemic disorders at the
metabolite level, confirming the extensive nature of its toxic effects.

3.4. Multi-omics integrated analysis: Construction of a molecular
regulatory model for energy metabolism disorders under cadmium stress

By integrating transcriptome and metabolome data, starch and su-
crose metabolism was identified as a key pathway in response to Cd
stress. Nine-quadrant plot analysis showed that for the Cd treatment
groups, genes with a fold change (FC) > 2 and p-value < 0.05 exhibited
consistent and positively correlated change patterns with their associ-
ated metabolites, indicating that the changes in these metabolites may
be positively regulated by their associated genes (Fig. 4A). Pathway
enrichment analysis further revealed that cysteine and methionine
metabolism, galactose metabolism, and starch and sucrose metabolism
were the pathways significantly co-enriched by differentially expressed
genes (DEGs) and differentially metabolites (DMs) (Fig. 4B). In the
starch and sucrose metabolism pathway, 3 DEGs including alpha, alpha-
trehalase, and 2 DMs including sucrose were identified (Fig. 4C, D). RT-
gPCR was used to verify the expression levels of trehalase genes in
H. axyridis from the transcriptome data, and the expression patterns of 7
genes were basically consistent between the two detection methods (Fig.
S4), confirming the reliability of the transcriptome sequencing results.
To further dissect the regulatory associations between key DEGs and
DMs in the starch and sucrose metabolism pathway, a gene-metabolite

correlation network analysis was performed based on Spearman’s cor-
relation coefficients (Fig. 4E). The results demonstrated that TRE1-2
was significantly positively correlated with multiple metabolites
including Histamine, Galactose-1-phosphate and Phosphoric acid, indi-
cating that the expression dynamics of TREI-2 were highly consistent
with the accumulation trends of these metabolites. In contrast, TRE2—1
and trehalose-6-phosphate synthase (TPS) both showed a significant
negative correlation with histamine, suggesting that the trehalose
catabolic and anabolic pathways may exhibit opposite regulatory trends
under Cd stress. Notably, a negative correlation was also observed be-
tween TREI-2 and TPS, which implies an antagonistic regulatory rela-
tionship between trehalose synthesis (mediated by TPS) and
decomposition (mediated by TREI-2) during Cd-induced metabolic
reprogramming. Considering that trehalase is an enzyme that de-
composes trehalose in insects, and trehalose metabolism plays a key role
in insect growth and development, subsequent experiments were
designed to explore the effect of Cd exposure on trehalose metabolism in
H. axyridis.

3.5. Effects of cadmium stress on gene expression, enzyme activity, and
sugar content in the trehalose metabolic pathway

To further explore the impact of Cd stress on trehalose metabolism,
indicators related to sugar content in H. axyridis feeding on Cd-
contaminated aphids were determined. Compared with the control
group, the trehalose content in all five Cd treatment groups (3.125, 6.25,
12.5, 25, 50 mg/kg) decreased, with significant reductions observed in
the 3.125, 6.25, and 12.5 mg/kg groups. Glycogen and glucose contents
in Cd treatment groups were generally lower than those in the control
group, with significant differences in all groups except the 50 mg/kg
group (Fig. 5A-C). After Cd treatment, the activity of soluble trehalase
was significantly lower than that in the control group (Fig. 5D). The
activity of membrane-bound trehalase was also significantly reduced in
the 12.5 and 25 mg/kg treatment groups (Fig. S5E). Gene expression
analysis revealed that TREI-1 was significantly downregulated in the
3.125, 6.25, and 25 mg/kg groups but upregulated in the 12.5 mg/kg
group. TRE1-3 expression was significantly increased in the 12.5 mg/kg
group but decreased in the 25 mg/kg group (Fig. 5F). TRE2 was down-
regulated across all treatment groups, while TRE2-like was significantly
downregulated specifically in the 12.5 mg/kg group. TPS expression
was significantly upregulated in the 3.125 and 50 mg/kg groups but
downregulated in the 6.25 and 25 mg/kg groups (Fig. 5G).

4. Discussion

Heavy metal Cd (Cd) pollution poses a severe threat to the stability of
agricultural ecosystems, particularly by impairing the population health
of natural enemies like Harmonia axyridis a key biological control agent
for pests [22,23]. To clarify the toxic effects of Cd on H. axyridis and its
intrinsic mechanisms, this study systematically integrated toxicological
testing, transcriptomics, metabolomics, and molecular validation. The
findings, closely aligned with the results of each analytical phase,
confirm that 3rd instar H. axyridis larvae are highly sensitive to Cd (LCso
= 7.667 mg/mL for CdClz); Cd stress primarily disrupts carbohydrate
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(E) Heatmap of expression trends of DEGs related to key metabolic pathways in the MEroyalblue module under different cadmium treatment concentrations (showing

expression patterns compared with the control group).

metabolism especially starch-sucrose and trehalose metabolism and
amino acid biosynthesis; and the core toxic mechanism relies on a
"gene-metabolite” regulatory network centered on trehalase down-
regulation and trehalose decomposition blockage.

Consistent with the toxicological results (Fig. 1A), the LCso of Cd 3rd
instar larvae of H. axyridis larvae (7.667 mg/mL) is lower than that of
Coccinella septempunctata [24], a congeneric H. axyridis widely used in
biological control, indicating higher Cd sensitivity in H. axyridis. This
sensitivity is not only prominent among ladybug species but also in
comparison with other predatory natural enemies. Such high sensitivity

implies that H. axyridis populations face greater survival pressure in
Cd-contaminated farmlands. As shown in the phenotypic observation
results (Fig. 1B), Cd exposure induces dose-dependent abnormalities
such as developmental arrest and body teratogeny, with the LCrzs group
showing 42 % higher mortality and 37 % more teratogenic individuals
than the LCzs group.

These phenotypic damages are not random but stem from physio-
logical dysfunction: the developmental arrest directly correlates with
the blocked carbohydrate catabolism observed in metabolic results,
which leads to insufficient energy supply; while body teratogeny is
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Fig. 3. Results of metabolomics analysis. (A) Volcano plots of differentially metabolites (DMs) under different cadmium treatment concentrations (green: down-
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pathways significantly enriched with DMs. (D) Expression heatmap of key differential metabolites under different cadmium treatment concentrations. (E) Protein-

protein interaction (PPI) network diagram of key differential metabolites.

linked to disrupted amino acid biosynthesis (Fig. 3C) which impairs
protein synthesis. This observation aligns with studies on herbivorous
and aquatic insects such as Tramea cophysa, Spodoptera litura, and spe-
cies of Trichogramma, which confirm that heavy metals induce insect
growth retardation by impairing core physiological processes [25,10,
26]. However, our study extends this conclusion to predatory natural
enemies and highlights a trophic level-specific difference. Compared
with herbivorous insects that often show generalized metabolic disor-
ders under Cd stress [27], H. axyridis exhibits a more focused disruption
on energy metabolism pathways, reflecting the unique physiological
adaptation characteristics of predatory insects with high energy demand
for predation and movement.

The transcriptomic enrichment results (Fig. 2B) clearly show that
carbohydrate metabolism is the most significantly disrupted pathway,
confirming Cd’s targeted interference with H. axyridis’ energy supply
system, consistent with previous findings that heavy metals disrupt in-
sect glycolysis, TCA cycle, and sugar metabolism [5,27]. However, our
study reveals a more specific mechanism than prior research on her-
bivorous insects. For instance, Jiang et al [5]. reported that Cd down-
regulates GAPC and Idhl1 (key glycolysis genes) in Lymantria dispar, a

herbivore, focusing on general glycolytic flux inhibition. In contrast, our
WGCNA results (Fig. 2D) identifies the MEroyalblue module as the core
regulatory module for Cd-induced energy disorders, and the module’s
key genes including maltase-glucoamylase and a, o-trehalase (Fig. 2E)
specifically target starch-sucrose and trehalose metabolism. This tar-
geted disruption of trehalose metabolism, an insect-specific core energy
pathway, is a novel insight into heavy metal toxicity in predatory in-
sects, which differs from the reported Cd-induced disruption of fatty acid
metabolism in Apis mellifera, a pollinator [28] .Notably, the down-
regulation of these catabolic genes shows a distinct dose-dependent
trend consistent with the transcriptomic data (Fig. 2E): a,a-trehalase
expression in the LCrs group is only 35 % of the control, while the LCas
group retains 62 % of the control level. This dose dependence directly
explains the concentration-dependent severity of phenotypic damage, as
higher Cd concentrations further suppress gene expression, exacerbating
energy shortage.

The metabolomic results (Figs. 3D, 3E) provide direct evidence for
this metabolic blockage: 157 differentially metabolites (DMs) are
upregulated, including sucrose and sucrose 6’-phosphate which are
upstream substrates of carbohydrate catabolism, while 79 DMs are
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downregulated, such as amylose which is an energy storage compound.
Functional clustering of these DMs based on KEGG enrichment shows
that upregulated metabolites are mainly enriched in starch-sucrose
metabolism, amino acid biosynthesis, and stress response pathways:
sucrose accumulation (2.8-fold higher in LCss vs. control) directly re-
flects blocked trehalose decomposition; the upregulation of amino acid
biosynthesis metabolites may be a compensatory response to Cd-
induced protein damage; and stress response metabolites such as

proline accumulate to mitigate osmotic stress. In contrast, the down-
regulation of amylose and glycogen which are energy storage com-
pounds is a direct result of insects decomposing stored energy to
compensate for glucose shortage, forming a "substrate accumulation-
storage depletion" metabolic signature that confirms carbohydrate
catabolism blockage.

Following Cd exposure, the DMs in H. axyridis were mainly enriched
in amino acid biosynthesis and carbohydrate metabolism pathways
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(Fig. 3E). Insect energy metabolism relies on pathways including
glycolysis, the tricarboxylic acid (TCA) cycle, and amino acid meta-
bolism [11], and heavy metal stress has been confirmed to disrupt these
pathways [6,27]. The results of this study further support the hypothesis
that Cd may impair the physiological functions of H. axyridis by inter-
fering with the core pathways of energy metabolism.

The 90 % consistency between DEGs and DMs (Fig. 4A) further
strengthens the causal link between gene downregulation and metabolic
disorders: the transcriptomic downregulation of trehalose metabolism
genes directly drives the accumulation of sucrose and other metabolites
observed in metabolomics (Fig. 4D). The starch-sucrose metabolism
pathway (Fig. 4B) is identified as the core response pathway, with
a,a-trehalase downregulation (Fig. 4C) being the key trigger for treha-
lose decomposition blockage. Trehalose is the main energy source in
insect hemolymph [29], the abnormal expression of TRE1-3, upregu-
lated in the LCzs group but downregulated in LCso and LCss groups, can
be explained by a stress compensation mechanism: under low Cd con-
centrations, H. axyridis transiently upregulates TREI-3 to compensate
for reduced activity of other trehalase isoforms such as TREI-2 and
TRE2-1, attempting to maintain trehalose decomposition; however,
high Cd concentrations exceed the compensation capacity, leading to
universal downregulation.

The enzyme activity results (Figs. 5D, 5G) further validate the
disruption of the trehalose pathway. Cd exposure significantly reduced
TRE1 activity, and membrane-bound TRE2 activity was also notably
suppressed in several treatment groups. For instance, soluble TRE ac-
tivity decreased progressively relative to the control across increasing
exposure levels. Building upon evidence from toxicological, tran-
scriptomic, metabolomic, and enzymatic assays, we propose that Cd
impairs H. axyridis primarily by disrupting trehalose-mediated energy
homeostasis. Specifically, Cd downregulates key TRE2 and inhibits

TRE2 activity, which blocks trehalose decomposition, limits glucose
availability, and ultimately leads to energy deficiency, growth arrest,
and phenotypic abnormalities. The upregulation of TRE1-3 observed at
12.5 mg/kg may represent a compensatory response under moderate
stress. This mechanism is consistent with Wu et al [30]. ’s observation
that heavy metals act by disrupting core metabolic pathways in insects,
but specifies trehalose metabolism as the key target in predatory insects,
which complements the existing understanding of heavy metal toxicity
mechanisms across different insect trophic levels. The practical value of
these findings is closely tied to agricultural ecosystem protection and
can be benchmarked against existing studies on natural enemy protec-
tion in polluted areas. The LCso (7.667 mg/mL) and LCzs (3.948 mg/mL,
corrected to match results section) values from toxicological results can
serve as more sensitive biological indicators for Cd pollution risk
assessment compared with traditional indicators such as earthworms
(LCso = 20.5 mg/mL [21]). When environmental Cd exceeds LCzs,
H. axyridis population stability and biological control capacity are
significantly impaired, which provides a more precise threshold for
ecological risk early warning in farmlands.

Despite these insights, this study has limitations linked to its exper-
imental design, which are also common in related insect heavy metal
studies but require attention. The research focused solely on 3rd instar
larvae, and results may not apply to other developmental stages
including eggs, pupae and adults. As shown in preliminary observations,
adult H. axyridis show lower mortality than larvae, a stage-specific
sensitivity that has also been reported in C. septempunctata [26]. The
toxicity mechanism is inferred from multi-omics correlations, and direct
evidence such as RNAi-mediated trehalase knockout is needed to verify
the causal link between trehalase downregulation and energy shortage.
Future studies should address these limitations by expanding to multiple
developmental stages and long-term exposure scenarios, and using
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molecular tools such as RNAi to validate trehalase’s regulatory role.

In conclusion, this study systematically reveals the Cd toxicity
mechanism of H. axyridis centered on trehalose metabolism disruption,
which not only complements the knowledge gap of heavy metal toxicity
on predatory natural enemies but also provides a theoretical basis for the
protection of natural enemy resources in Cd-polluted agricultural eco-
systems. The comparative analysis with other insect species highlights
the trophic level-specific response characteristics of H. axyridis, which is
of great significance for improving the accuracy of ecological risk
assessment and the effectiveness of biological control in heavy metal-
polluted areas.

5. Conclusion

This research provides mechanistic insights into Cd toxicity in
H. axyridis. The key finding is that Cd stress specifically perturbs core
carbohydrate metabolic pathways, as evidenced by the co-enrichment of
differential genes and metabolites in starch/sucrose and galactose
metabolism. This work not only advances our understanding of heavy
metal toxicity in beneficial arthropods but also identifies potential mo-
lecular targets for assessing ecological risks in agricultural systems.

Environmental implication

Cadmium (Cd), as a ubiquitous heavy metal pollutant, poses a po-
tential threat to the ecological functions of the natural enemy insect
Harmonia axyridis, but the molecular mechanism underlying its toxic
effects remains unclear. In this study, a multi-omics approach combining
transcriptomics and metabolomics was employed to systematically
analyze the molecular responses of H. axyridis under cadmium stress.
The results showed that differentially expressed genes (DEGs) and dif-
ferential metabolites (DEMs) were co-enriched in the starch and sucrose
metabolism pathway when comparing Cd-treated groups with controls.
And cadmium stress significantly inhibited the expression of key genes
in the starch and sucrose metabolism pathway. In conclusion, the
downregulation of gene expression led to the accumulation of key car-
bohydrates such as trehalose, causing energy supply disorders, which
may be the key mechanism mediating the toxic effects of cadmium on
H. axyridis. The findings of this study reveal a new mechanism by which
heavy metal pollution affects natural enemy insects.
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