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Abstract 

Background  The khapra beetle (Trogoderma granarium Everts) is among the world’s most destructive invasive pests, 
threatening food security and international trade. Its larvae exhibit exceptional resilience to extreme cold, enabling 
expansion beyond typical habitats. However, the molecular mechanisms underlying its cold tolerance remain largely 
unexplored due to limited genomic resources.

Results  We generated the first chromosome-level genome assembly for T. granarium (327 Mb, contig N50 = 883 kb), 
identifying 19,112 protein-coding genes across 9 chromosomes (99.0% BUSCO completeness). Comparative genom-
ics revealed significant expansions in gene families associated with stress response, detoxification, and metabolism, 
including P450s, HSPs, and the insulin/IGF/relaxin family. Transcriptomic analysis and RNA interference targeting INSR, 
PIK3CB, and ADCY9 demonstrated marked effects on mortality and development following cold exposure. Crucially, 
functional validation revealed distinct survival roles: while INSR and PIK3CB are essential for sustaining basal homeo-
stasis under stress, ADCY9 specifically mediates the response to cold adaptation. Additionally, miRNAs such as tca-miR-
305-3p suggest post-transcriptional regulation of cold-responsive genes within the longevity and insulin signaling 
pathways.

Conclusions  This study elucidates the genetic basis of T. granarium’s resilience, uncovering an integrated survival 
strategy involving both robust metabolic maintenance and targeted adaptive responses. These findings provide high-
quality genomic resources and identify actionable molecular targets for the development of quarantine measures 
and invasion prevention strategies.
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Background
The khapra beetle, Trogoderma granarium Everts 
(Coleoptera: Dermestidae), is one of the 100 worst inva-
sive species in the world and has been listed as a quar-
antine pest in many countries [1, 2]. The name “khapra” 
reflects the species’ notorious persistence and destruc-
tive nature [3]. Khapra beetle larvae are ravenous feeders 
with a broad host range, including both plant and animal 
products [2]. They can completely devastate stored food 
supplies, causing up to 75% economic losses (Additional 
file 1: Fig. S1a and b) [4]. The beetle’s exceptional toler-
ance to harsh environments and superior diapause ability 
enable it to rapidly invade and establish in new habitats 
[3, 5] posing severe threats to food security and interna-
tional trade [6–8].

The khapra beetle is primarily distributed between 35° 
north (N) and 35° south (S), but was also been reported 
in higher latitude regions with colder climates, such as 
Norway (62° N), Russia (60° N), Denmark (56° N), and 
Ireland (53° N) (Additional file 1: Fig. S1c) [9]. Ambient 
temperature is a critical factor limiting the geographic 
distribution of insects [10]. Deviations from their thermal 
range can disrupt enzyme activity, cellular homeostasis, 
and metabolic rates, ultimately impairing survival and 
development [11]. Thus, the ability to withstand tempera-
ture stress is essential for successful colonization of new 
habitats. Despite eradication efforts in many regions, his-
torical distribution records demonstrate the khapra bee-
tle’s resilience and adaptability to diverse environmental 
conditions. In recent years, interceptions of khapra bee-
tles at quarantine ports have increased steadily in coun-
tries such as China, the USA, and Australia [3]. Given its 
invasive potential, many countries not infested remain at 
risk of importing the beetle through international trade. 
Understanding the mechanisms underlying its remark-
able cold tolerance is therefore of critical economic and 
quarantine importance.

As ectothermic organisms, insects exhibit phenotypic 
plasticity in response to variable temperatures [12], ena-
bling them to cope with environmental changes over 
short- or medium-term periods [13]. This plasticity can 
manifest as morphological alterations, life history modi-
fications, and differential gene expression [14]. However, 
research on the khapra beetle has been limited, partly due 
to a lack of biological and genomic resources. High-qual-
ity genome assemblies can provide insights into species-
specific gene families associated with stress resistance, 
such as heat shock proteins (HSPs), cytochrome P450 
monooxygenases (P450s), and insulin/IGF/relaxin fami-
lies [15–17]. Without an annotated genome, however, 
comparative genomic and functional studies are hin-
dered, leaving our understanding of the beetle’s cold tol-
erance largely confined to ecological and physiological 

experiments [3, 18]. Furthermore, while evidence sug-
gests that microRNAs (miRNAs) may promote survival 
at low temperatures through unique regulatory mecha-
nisms [19, 20], their role in Dermestidae beetles remains 
unexplored.

In this study, we de novo generated the first chromo-
some-level genome of the khapra beetle and conducted 
comparative evolutionary analyses with other resilient 
insect species. Using transcriptomic and functional 
approaches, we investigated the effects of low tempera-
ture on survival and development in its laboratory pop-
ulations, identifying key signaling pathways and genes 
involved in the response. Additionally, we employed 
small RNA sequencing and bioinformatics to predict 
miRNAs potentially associated with cold temperature. 
Our study aims to elucidate the genetic mechanisms 
underlying the khapra beetle’s remarkable cold tolerance 
and to provide novel resources for developing effective 
strategies to prevent infestation and control this invasive 
pest.

Results
A chromosome‑level genome assembly for the khapra 
beetle
We assembled and annotated a high-quality chromo-
some-level genome of the khapra beetle by combining 
Illumina, PacBio, and Hi-C sequencing with transcrip-
tome data. Initially, we generated 21.2  Gb of Illumina 
raw-read data (70,675,373 paired reads, ~ 50 × coverage), 
and a 21-mer genome survey predicted a genome size of 
278 Mb with relatively high duplication (1.58%) and het-
erozygosity (1.24%) (Additional file 1: Fig. S2). We further 
produced 35.7 Gb of PacBio long-read data (~ 126 × cov-
erage) with a subread N50 of 28.4 kb and an average read 
length of 24.2  kb. Following redundancy purging and 
correction, we obtained a 327  Mb draft genome com-
prising 1116 contigs with a contig N50 of 913 kb (Addi-
tional file 1: Table 1). This draft was then scaffolded with 
26.4 Gb of Hi-C sequencing data (88,026,344 read pairs), 
of which 82.7% were uniquely aligned. After manual 
curation, we successfully assembled a final chromosome-
level genome with a total size of 327 Mb and a scaffold 
N50 of 38  Mb. This assembly consists of 9 major chro-
mosomes (Fig.  1a and b), covering 93.97% of the draft 
genome with a contig N50 of 883  kb (Additional file  1: 
Table 1). Benchmarking Universal Single-Copy Orthologs 
(BUSCO) analysis indicated high completeness (Fig. 1c), 
with the draft genome reaching 99.1% (90.9% single-copy, 
8.2% duplicated, 0.5% missing), and the chromosome-
level assembly reaching 99.0% (96.3% single-copy, 2.7% 
duplicated, 0.5% missing).

For annotation, we constructed a TruseqmRNA-
seq (Eukaryotes) library and generated 11.0  Gb of 
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full-length transcriptome data. Structural annotation 
identified 154 Mb of 625,392 repeat elements, occupy-
ing 47.13% of the genome (Additional file  1: Table  2), 
including DNA transposon (12.4%), retrotransposons 
such as long interspersed nuclear elements (LINEs, 
16.87%) and long terminal repeats (LTRs, 17.86%), and 
other repeat motifs. We also identified 1678 non-coding 
RNAs (Additional file  1: Table  3) and 19,112 protein-
coding genes with a mean length of 8403 bp (Additional 
file  1: Table  4). Functional annotation assigned poten-
tial roles to 16,969 genes, of which the majority were 
successfully annotated in multiple databases, includ-
ing NR (88.65%), Swiss-Prot (58.29%), KEGG (37.01%), 
GO (29.40%), and eggNOG (84.50%) (Additional file 1: 
Fig. S3, Additional file  1: Table  5). The completeness 
of the protein-coding gene set was further evaluated 
using BUSCO, which identified 98.6% of the conserved 
orthologs (Additional file  1: Table  5), confirming the 
high quality of our gene models. Together, these results 
provide a comprehensive, high-quality genome assem-
bly and annotation for the khapra beetle (Fig. 1b).

Conserved synteny and evolutionary divergence 
among beetles
We first investigated synteny between the khapra beetle 
(Tgr) and Tribolium castaneum (Tca), the main model 
species among beetles (Fig. 1d). These analyses revealed 
that a large segment of Chr9 in the khapra beetle is col-
linear with a corresponding region of T. castaneum 
ChrX, indicating that Chr9 represents the X chromo-
some of the khapra beetle, a conclusion further sup-
ported by the presence of conserved X-linked markers 
on this chromosome, such as G6PD, MSL2, and MSL3. 
In addition, we identified two fission events: khapra bee-
tle Chr2 represents a fusion of segments derived from T. 
castaneum Chr2 and Chr10, while Chr8 of T. granarium 
incorporates sequences from T. castaneum Chr6 and 
Chr8. Despite these rearrangements, gene order within 
homologous segments of the two species remains largely 
conserved, with most differences attributable to a limited 
number of fission events in the khapra beetle genome.

To place the khapra beetle in a broader evolutionary 
context, we conducted a comparative genomic analy-
sis involving 18 species: ten globally recognized invasive 
pests (including T. granarium) and eight non-invasive 

Fig. 1  Chromosome-level genome architecture of the khapra beetle. a Hi-C contact heatmap showing genome-wide chromosomal interactions. 
b Circos plot of the nine chromosomes (outer tracks) displaying gene density (red), repeat content (green), and GC content (blue). c Genome 
completeness assessment using BUSCO. d Whole-genome synteny comparison between the khapra beetle (Tgr) and Tribolium castaneum (Tca)
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controls (Fig.  2a, Additional file  1: Table  6). Using 
OrthoFinder v2.5.1, we clustered 286,650 genes (91.4% 
of the total) into 21,943 orthogroups (Additional file  1: 
Table  7). Among these, 2639 orthogroups were shared 
across all species, including 319 composed entirely of sin-
gle-copy genes. For T. granarium, 1919 of its 19,112 genes 
were assigned to 413 species-specific orthogroups (Addi-
tional file  1: Table  8). Tandem sequences of single-copy 

genes generated were then used to reconstruct the spe-
cies phylogeny. The resulting tree resolved Coleopteran, 
Lepidopteran, and Dipteran species into three distinct 
clades. Using MCMCTREE, we estimated that T. grana-
rium diverged from Cucujiformia beetles approximately 
240 million years ago (mya) (Fig. 2a), consistent with the 
calibration range of 225–250 mya applied in our analysis.

Fig. 2  Comparative genome evolution and functional expansion in the khapra beetle. a Phylogenomic relationships and gene family dynamics 
across selected insect species. b Abundance of representative gene families in beetles based on BITACORA v1.3 annotations. Relative gene 
counts within each family were scaled separately for beetles and outgroups due to high gene numbers in Cpo and Rpo. c Functional annotation 
of significantly expanded gene families (p < 0.05) in the khapra beetle identified by CAFE v5 and KinFin v1.0
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Expansion of stress resistance‑related gene families
The khapra beetle is highly polyphagous, remarkably tol-
erant to harsh environmental conditions, and exhibits a 
well-developed diapause capability, enabling it to adapt 
to and colonize new environments [3, 5] and infest a wide 
range of stored agricultural products [6–8]. To investigate 
the potential genomic basis of these adaptive traits, we 
first analyzed the overall evolution of gene families across 
the selected species. Comparative analysis revealed that 
gene family expansions were largely lineage-specific 
rather than strictly correlated with invasiveness (Fig.  2a 
and b), and the khapra beetle (Tgr) stood out with a sub-
stantial proportion of expanded gene families. Notably, 
relative to other Coleopteran species, T. granarium dis-
played remarkable expansions in the insulin/IGF/relaxin 
family, which is essential for growth and development, as 
well as in the UDP-glucuronosyl transferases (UGTs) and 
P450s families, which are key to pesticide resistance and 
detoxification (Fig. 2b, Additional file 1: Tables 9 and 10).

Among the 1305 expanded gene families identified in 
the khapra beetle, functional annotation based on GO 
terms, InterPro, and Pfam databases revealed significant 
enrichment (p < 0.05) in pathways critical for survival. 
These included metabolism and energy production (e.g., 
ATPase families), stress response and protein folding 
(e.g., HSP20/α-crystallin), and xenobiotic detoxification 
(e.g., P450s, solute carriers, and carboxylesterases). We 
also observed expansions in families regulating stress 
signaling (e.g., Ras and serine proteases), transmembrane 
transport (e.g., sugar transporters), and chemosensa-
tion (olfaction and odor recognition) (Fig. 2c, Additional 
file 2: Table 11). Collectively, these expanded gene fami-
lies likely provide the genomic basis for the khapra bee-
tle’s exceptional stress tolerance and capacity to colonize 
diverse and challenging habitats.

Survival and gene expression under cold stress
To explore how the khapra beetle utilizes its stress-
related genomic repertoire to withstand low tempera-
tures, we examined its physiological performance and 
transcriptional responses under cold exposure (Fig.  3a). 
Larvae were subjected to a low-temperature treat-
ment (−1°C), which imposed significant thermal stress 
(Additional file  1: Fig. S4a and b). After 5  days, lar-
val development was markedly impaired, with survival 
(86.50 ± 4.54%), pupation rate (31.00 ± 12.32%), pupal 
period (5.55 ± 0.50 d), and pupal weight (1.54 ± 0.63 mg) 
all significantly reduced compared to controls (Addi-
tional file 1: Fig. S4c–f).

Using the chromosome-level genome assembly as a ref-
erence, we identified 4408 differentially expressed genes 
(DEGs) in response to cold stress (|log2FoldChange|> 1, 

padj < 0.05), including 2621 upregulated and 1787 
downregulated genes (Fig.  3b and c, Additional file  2: 
Table  12). To establish a link between genomic evolu-
tion and cold tolerance, we intersected these DEGs 
with the genes from significantly expanded gene fami-
lies (p < 0.05). This analysis identified 335 overlapping 
genes (Additional file  2: Table  12), which were signifi-
cantly enriched in pathways critical for cold tolerance 
(Fig.  3d), such as energy metabolism (protein process-
ing, cholesterol metabolism, steroid biosynthesis, and 
fatty acid biosynthesis), stress signaling (MAPK and 
AMPK signaling pathways), and regulatory processes 
(insulin signaling and longevity-regulating pathways). 
Consistent with these findings, broader GO enrichment 
of all upregulated genes (149 terms) revealed activation 
of pathways related to lipid storage, the stress-activated 
MAPK cascade, and responses to heat (Additional file 1: 
Fig. S5a, Additional file  2: Table  13), while downregu-
lated genes (250 terms) were associated with nutrient 
response and amino acid metabolism (Additional file  1: 
Fig. S5b, Additional file 2: Table 14). Furthermore, KEGG 
pathway analysis of the total DEGs identified 32 signifi-
cantly enriched pathways (padj < 0.05, q < 0.05) (Additional 
file  2: Table  15), with 26 pathways (e.g., oxidative phos-
phorylation, thermogenesis, and longevity-regulating 
pathways) showing high significance (padj < 0.01, q < 0.01) 
(Additional file  1: Fig. S5c). Several genes involved in 
the longevity-regulating and insulin signaling path-
ways were notably upregulated (Fig.  3e and f ), includ-
ing insulin-like peptide receptor (INSR, Chr05_g11712), 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit (PIK3CB, Chr06_g13868), adenylate cyclase 
type 9 (ADCY9, Chr05_g10254), cAMP-dependent pro-
tein kinase catalytic subunit (PRKACA​, Chr03_g06686), 
ribosomal protein S6 kinase alpha-5 (RPS6KA5, Chr01_
g02000), superoxide dismutase (SOD2, Chr07_g14199), 
and catalase-rel domain containing protein (CAT​, 
Chr02_g04085). These findings indicate that the khapra 
beetle enhances metabolic flexibility, energy homeosta-
sis, and oxidative stress defense to maintain cellular func-
tion under cold stress, thereby supporting its capacity to 
survive and establish in colder environments.

Verification of gene function under cold stress
Quantitative real-time reverse transcription PCR (qRT-
PCR) tests confirmed that the expression of INSR, 
PIK3CB, ADCY9, PRKACA​, and RPS6KA5 was signifi-
cantly upregulated under low-temperature conditions, 
showing fold increase of 1.73, 3.05, 4.68, 5.36, and 12.96, 
respectively (Fig.  3f ). In contrast, the expression levels 
of SOD2 and CAT​ remained unchanged compared to 
the control, suggesting that upstream genes in the lon-
gevity-regulating pathway may contribute to cold stress 
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adaptation. To validate the functional roles of these 
upregulated genes, we performed RNAi knockdown in 
late fourth-instar larvae. Prior to functional assays, we 
optimized the double-stranded RNA (dsRNA) dosage 
using a concentration gradient (34, 75, and 150 ng), iden-
tifying 75  ng as the most effective dosage for achieving 

maximal silencing (Additional file 1: Fig. S6a). Using this 
optimized dosage (75 ng), all target genes exhibited sig-
nificantly reduced transcript levels 3 days post-injection 
(Additional file  1: Fig. S6b–f). Under cold stress, larvae 
treated with dsINSR, dsPIK3CB, and dsADCY9 exhib-
ited significantly reduced survival rates (11.39 ± 5.9%, 

Fig. 3  Transcriptomic analysis and functional validation of cold tolerance mechanisms in the khapra beetle. a Schematic workflow for analyzing 
cold tolerance mechanisms. b Principal component analysis of cold-treated (TR) versus control (CK) samples. c Volcano plot of differentially 
expressed genes (DEGs) (|log2FoldChange|> 1, padj < 0.05). d KEGG pathway enrichment analysis of the overlapping genes between significantly 
expanded gene families (p < 0.05) and DEGs (padj < 0.01, q < 0.01). e Heatmap of DEGs involved in the longevity-regulating pathway. f qRT-PCR 
validation of selected genes under cold stress. Functional effects of ADCY9 RNAi under cold stress: relative daily survival (g), pupation rate (h), pupal 
duration (i), and pupal weight (j)
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69.84 ± 7.04%, and 73.42 ± 4.47%, respectively) compared 
to the dsGFP (dsRNA of green fluorescent protein) con-
trol group (Fig. 3g, Additional file 1: Fig. S7a, c). To dis-
tinguish between general developmental defects and 
specific cold-tolerance impairment, we also monitored 
phenotypes at the control temperature (35°C). Notably, 
knockdown of INSR and PIK3CB resulted in high lethal-
ity and failed pupation at both cold and control tempera-
tures (Additional file 1: Fig. S7b). This indicates that these 
upstream signaling components are essential for basal 
survival and development. Their significant upregulation 
under cold stress (Fig.  3f ) suggests that robust signal-
ing activity of these essential components is required to 
withstand the metabolic demands of cold stress. In con-
trast, ADCY9 knockdown showed a distinct genotype-
by-environment interaction. The fitness consequences, 
including mortality and impaired pupal development, 
were significantly more severe under cold conditions 
than at 35°C (Fig.  3h–j), highlighting a specific role for 
ADCY9 in enhancing cold tolerance.

Differential expression of miRNAs associated 
with the longevity‑regulating pathway under cold stress
To further explore post-transcriptional regulation under 
cold exposure, we constructed small RNA libraries using 
the same samples employed for transcriptome sequenc-
ing (Fig.  4a, Additional file  1: Table  16). The majority 
of small RNAs ranged from 18 to 26 nt, with a domi-
nant peak at 22 nt, and the first nucleotide at the 5′ end 
showed a strong preference for uracil (70.27%) (Fig.  4b, 
Additional file  1: Tables  17 and 18). Using miRDeep2, 
we identified 235 miRNAs, including 123 novel candi-
dates and 112 conserved miRNAs previously reported 
in T. castaneum. Among them, 14 miRNAs were differ-
entially expressed in response to cold stress (|log2Fold-
Change|> 1, padj < 0.05), with 11 being upregulated and 
3 being downregulated (Fig.  4c and d, Additional file  1: 
Table  19). These differentially expressed miRNAs were 
predicted to target 6736 genes, and their expression lev-
els were significantly correlated with those of target tran-
scripts (|r|> 0.4) (Additional file 2: Table 20).

Fig. 4  Putative miRNA regulatory networks underlying cold tolerance in the khapra beetle. a Principal component analysis of miRNA profiles 
under cold stress (TR) and control (CK) conditions. b First nucleotide bias distribution of known and novel miRNAs across different sequence 
lengths. c Volcano plot of differentially expressed miRNAs (DEMs) (|log2FoldChange|> 1, padj < 0.05). d Heatmap illustrating hierarchical clustering 
of significant DEMs. e Venn diagram showing the prediction of miRNA targets within the longevity-regulating pathway using miRanda v3.3a, 
RNAhybrid v2.1.2, and TargetScan. f Joint KEGG pathway enrichment of upregulated DEMs and their target genes (miRNA + /mRNA +) (padj < 0.05, 
q < 0.05). g Schematic of the putative regulatory network involving insulin signaling and longevity pathways under cold stress. Genes verified 
by RNAi to significantly impact cold survival or development are highlighted in red (red box: ADCY9; red font: INSR, PIK3CB). Dashed arrows indicate 
predicted miRNA-target interactions
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Within the longevity-regulating pathway, we identi-
fied high-confidence miRNA-target pairs by intersecting 
predictions from three independent computational algo-
rithms (miRanda, RNAhybrid, and TargetScan) (Fig. 4e). 
Functional enrichment analyses of these robustly pre-
dicted and positively correlated miRNA-mRNA pairs 
revealed significant overrepresentation of GO terms 
related to the MAPK cascade, stress-activated protein 
kinase signaling, and regulation of cellular response to 
stress, as well as enrichment of the longevity-regulating 
pathway in KEGG analysis (Fig. 4f, Additional file 1: Figs. 
S8 and S9). In the resulting putative regulatory network 
(Fig. 4g), INSR was predicted to be targeted by tca-miR-
305-3p and novel0012, while ADCY9 and RPS6KA5 
showed potential interactions with novel0120 and tca-
miR-34-3p, respectively (Additional file  2: Table  20). 
These findings suggest that miRNAs responding to low 
temperature may contribute to the fine-tuning of insulin-
related and longevity-associated signaling pathways. The 
observed positive correlations hint at a complex post-
transcriptional regulatory mechanism consistent with 
the transcriptional activation of these genes in the mRNA 
dataset.

Discussion
High-quality genomic resources are essential for under-
standing the mechanisms underlying invasiveness and 
environmental adaptation in insects [21, 22]. As a glob-
ally significant quarantine pest, the khapra beetle (Tro-
goderma granarium Everts) poses major biosafety and 
economic threats, particularly to stored agricultural 
products [1–4]. The chromosome-level genome pre-
sented here provides a robust framework for molecular 
investigations, enabling comparative, evolutionary, and 
functional studies.

The assembled genome (327  Mb) was slightly larger 
than the k-mer estimate (278  Mb), likely reflecting 
residual heterozygosity (1.24%) and duplicate sequences 
(1.58%) (Additional file  1: Fig. S2) [23]. Repetitive ele-
ments, particularly DNA transposons, often correlate 
with genome size [24–26], and they accounted for 47.13% 
and 12.40% of the genome, respectively (Additional file 1: 
Table 2), which may complicate assembly. Although mul-
tiple generations of inbreeding can reduce heterozygosity 
[15], this approach is impractical for khapra beetles. We 
therefore combined long-read, Hi-C, and transcriptomic 
data to generate a near-complete, highly contiguous 
genome (Fig. 1a and b, Additional file 1: Table 1) [27–29]. 
Notably, our Hi-C data resolved the genome into nine 
chromosomal scaffolds, which is highly congruent with 
the known cytogenetic profile of the genus Trogoderma 
(typically 2n = 18), as documented in historical karyo-
type surveys [30]. This convergence between physical 

chromatin interaction mapping and classical evolution-
ary evidence provides strong confidence in the chromo-
somal architecture of our assembly. This high-quality 
resource, further validated by BUSCO analyses (99.0% 
completeness, Fig. 1c), now enables accurate gene anno-
tation and functional inference for stress-related gene 
families and pathways.

Despite diverging ~ 250 million years ago, the khapra 
beetle and T. castaneum show high synteny, with lim-
ited fission events (Fig. 1d). This remarkable collinearity 
underscores strong conservation of gene order across 
Coleopterans and provides confidence in the assembly’s 
structural accuracy. Specifically, the khapra beetle Chr9 
aligns with T. castaneum ChrX, indicating its identity as 
the X chromosome (Fig. 1d). Phylogenomic analyses fur-
ther confirmed divergence times and evolutionary rela-
tionships in agreement with previous studies (Fig.  2a), 
placing the khapra beetle in the broader context of resil-
ient insect species [31].

Gene family expansions likely underpin the beetle’s 
adaptability and invasiveness. Our comparative analysis 
revealed significant expansions in detoxification (P450s, 
UGTs, carboxylesterases), stress response (HSPs), olfac-
tion-related gene families, and metabolism (insulin/
IGF/relaxin) (Fig.  2b and c, Additional file  1: Table  9, 
Additional file 2: Table 11). The expansion of detoxifica-
tion-related genes aligns with the beetle’s documented 
resistance to malathion, methyl bromide, and phosphine 
[3, 32, 33], whereas expanded HSPs likely contribute to 
thermal tolerance, starvation resilience, and general 
stress response [34]. Likewise, expansions in odorant-
binding proteins and odorant receptors may enhance 
host detection, feeding plasticity, and oviposition site 
selection [28]. The insulin/IGF/relaxin gene family, which 
involves insulin, insulin-like growth factors, and relaxin 
family peptides (including insulin-like peptides) [35], 
plays a crucial role in the regulation of growth and devel-
opment, metabolism, fertility, stress resistance, and lon-
gevity [36]. Together, these genomic adaptations provide 
a molecular explanation for the beetle’s invasiveness, and 
targeting these gene families with RNA-based biopes-
ticides may offer novel pest-control strategies, although 
ecological efficacy requires further evaluation.

Temperature is a major factor limiting insect distri-
bution, and the khapra beetle’s survival in high-latitude 
regions suggests exceptional cold tolerance [9, 10]. Its 
most cold-tolerant stage is old larva, where > 90% mor-
tality is only achieved under −10°C for 30 days [18]. Our 
experiments confirmed that low-temperature exposure 
(−1°C) significantly reduced larval survival, pupation 
rate, pupal period, and pupal weight (Additional file  1: 
Fig. S4), validating the phenotypic impact of cold stress. 
Transcriptomic analyses identified differential expression 
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of genes in lipid metabolism, MAPK signaling, oxida-
tive phosphorylation, and thermogenesis (Additional 
file 1: Fig. S5, Additional file 2: Table 13). Importantly, we 
identified 335 genes at the intersection of expanded gene 
families and cold-responsive DEGs (Fig. 3d), with signifi-
cant enrichment in the insulin signaling and longevity-
regulating pathways. This finding reveals an evolutionary 
basis for the beetle’s physiological response and provides 
a strong rationale for our subsequent focus on key genes 
within these pathways. Notably, our functional analysis 
highlights how different layers of the insulin signaling 
pathway coordinate to support survival under cold stress. 
First, INSR and PIK3CB were identified as fundamental 
components essential for basal survival, as their knock-
down caused high lethality even at control temperatures 
(Additional file  1: Fig. S7). However, their significant 
upregulation under cold stress suggests that maintaining 
robust signaling activity through these core components 
is a prerequisite for the organism to withstand environ-
mental stress (Fig. 3f ). Studies have shown that insulin-
like peptides and their pathways regulate substance and 
energy metabolism in response to changes in external 
environments in insects, as demonstrated by effects on 
tissue and organ development as well as on size and body 
weight [37]. Activation of INSR and PIK3CB is key for 
regulating anabolism, cell growth, and metabolic pro-
cesses [37, 38]. Under cold stress, the demand for these 
homeostatic processes likely increases, requiring elevated 
expression of these upstream genes to prevent physiolog-
ical collapse.

Beyond these general metabolic roles, definitive evi-
dence has linked the insulin/insulin-like growth factor 
signaling (IIS) pathway specifically to insect cold toler-
ance. For example, in Drosophila melanogaster, the IIS 
system co-regulates cold-resistant behaviors, such as 
food acquisition under thermal stress [39]. Furthermore, 
in the mosquito Culex pipiens, the IIS pathway is a mas-
ter regulator of the overwintering response and associ-
ated stress tolerance [40]. In T. granarium, the significant 
expansion and cold-induced upregulation of this pathway 
suggest that it has been evolutionary co-opted to meet 
the extreme metabolic demands of its highly resilient lar-
vae. In contrast, ADCY9 exhibited a more specific role in 
cold adaptation. Its knockdown resulted in significantly 
more severe mortality and developmental impairment 
under cold conditions compared to the control tempera-
ture (Fig. 3). ADCY9 can act as integrators of transmem-
brane signal transduction [41], and our results suggest it 
is specifically recruited to modulate signaling intensity in 
response to low temperatures. Together, these findings 
demonstrate that cold adaptation in T. granarium relies 
on a dual mechanism: the reinforcement of essential 
basal pathways (INSR, PIK3CB) to maintain viability and 

the recruitment of stress-specific modulators (ADCY9) 
to fine-tune energy homeostasis and defense responses.

Post-transcriptional regulation by miRNAs appears to 
be another layer of the cold adaptation mechanism. Using 
a stringent intersection approach with three independ-
ent algorithms, we identified high-confidence miRNA-
target pairs, such as tca-miR-305-3p and novel0120, 
which showed significant positive correlations with key 
genes in the insulin and longevity pathways (Fig. 4, Addi-
tional file  1: Table  19, Additional file  2: Table  20). Evi-
dence from other insect species supports the biological 
relevance of these findings. The differential expression 
of miR-8-3p under low temperature mirrors patterns 
observed in overwintering individuals of the rice water 
weevil, Lissorhoptrus oryzophilus [42]. Similarly, a func-
tional link between miR-305 and the insulin signaling 
pathway has been demonstrated in the oriental fruit fly, 
Bactrocera dorsalis [43], where the miR-305 loss dis-
rupts energy metabolism. Notably, while miRNAs are 
typically associated with mRNA repression [44, 45], we 
observed a positive correlation between miR-305 and its 
predicted targets, consistent with findings in B. dorsalis 
[43]. This suggests a complex regulatory scenario, poten-
tially involving indirect regulation or feedback loops that 
maintain homeostasis under stress, although the precise 
molecular mechanisms await experimental validation.

Based on the conserved insulin signaling pathway in 
D. melanogaster [46] and our computational predictions, 
we propose a putative mechanistic model for cold toler-
ance in the khapra beetle (Fig.  4g). In this hypothetical 
network: Cold stress induces the upregulation of INSR, 
which is predicted to be targeted by tca-miR-305-3p and 
novel0012. Concurrently, PIK3CB, potentially modu-
lated by novel0120, may facilitate signal transduction to 
ADCY9 [47]. In parallel, tca-miR-34-3p shows a strong 
correlation with RPS6KA5 (MSK1), a kinase known to 
phosphorylate transcription factors like CREB [48]. Col-
lectively, while direct biochemical verification is needed, 
the robustness of these multi-algorithm predictions sug-
gests that these miRNA-mRNA interactions likely con-
stitute a fine-tuning mechanism. This network would 
enhance metabolic activity and protein translation, 
thereby contributing to the khapra beetle’s resilience 
against low temperatures.

Conclusions
We present the first chromosome-level genome of 
Trogoderma granarium and integrate transcriptomic 
and functional analyses to uncover the genetic basis 
of its remarkable cold tolerance and invasiveness. Key 
expansions in detoxification, stress-response, meta-
bolic, and olfactory gene families, together with insu-
lin and longevity pathway regulation by both mRNAs 
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and miRNAs, underpin the beetle’s ability to survive 
low temperatures and colonize diverse habitats. Func-
tional validation revealed that cold survival relies on an 
integrated signaling mechanism: the reinforcement of 
essential upstream components (INSR and PIK3CB) to 
sustain basal homeostasis, combined with the specific 
action of adaptive modulators (ADCY9) to enhance 
cold tolerance. These findings provide foundational 
insights into the molecular mechanisms driving inva-
siveness, offering broadly relevant resources for under-
standing adaptation and resilience in other invasive 
insect species.

Methods
Insect strains
The Trogoderma granarium population used in this study 
was originally intercepted from an Iranian cargo ship in 
May 2013. Beetles were subsequently reared on peanut 
meal in an artificial climatic chamber at 35 ± 1°C and 65% 
relative humidity in constant darkness [49]. To prevent 
escape, all work involving live insects was conducted 
under strict containment conditions at Suzhou Customs 
District. The developmental duration of young larvae 
(first to fourth instars) and old larvae (fifth instar and 
older) was approximately 23 days and 7 ~ 8 days, respec-
tively [50]. Preliminary observations indicated that lar-
vae at 28 days post-hatching exhibited signs of imminent 
pupation (e.g., cessation of feeding, increased excretion, 
and movement to the food surface).

Sampling, sequencing, and library construction 
for high‑quality genome
Genomic DNA was extracted from 40 male pupae using 
the Wizard SV Genomic DNA Purification System (Pro-
mega, Madison, USA) for both Illumina (short-read) and 
PacBio (long-read) sequencing. For Hi-C library con-
struction, an additional 40 male pupae were processed at 
Berry Genomics (Beijing, China), where chromatin was 
cross-linked with formaldehyde and digested with MboI, 
followed by random fragmentation into 300 ~ 500  bp 
fragments. For transcriptome data required for genome 
annotation, mixed samples representing different devel-
opmental stages (five eggs, three larvae, two pupae, and 
two adults) were collected, and total RNA was extracted 
using the RNAsimple Total RNA Kit (Tiangen, Beijing, 
China). All sequencing was performed at Berry Genom-
ics (Beijing, China) using the Illumina NovaSeq plat-
form (RRID:SCR_016387) and PacBio Sequel system 
(RRID:SCR_017990).

Genome survey, draft assembly, and polishing
Genome size, heterozygosity, and repeat content were 
estimated using Jellyfish v2.2.1 (RRID:SCR_005491) 
(k = 21) and GenomeScope v2.0 (RRID:SCR_017014) 
[27, 51]. PacBio reads were assembled using Canu v2.1.1 
(RRID:SCR_015880) (minReadLength = 2000, minO-
verlapLength = 500, corOutCoverage = 120, corMin-
Coverage = 2) [52]. Long reads were mapped to the 
draft genome and error-corrected using pbmm2 v1.4.0 
(https://​github.​com/​Pacif​icBio​scien​ces/​pbmm2) and 
gcpp v1.9.0 (https://​github.​com/​Pacif​icBio​scien​ces/​
gcpp). Illumina reads were aligned to the corrected 
assembly using BWA v0.7.17 (RRID:SCR_010910) [53], 
and final polishing was performed with Pilon v1.23 
(RRID:SCR_010910) [54].

Chromosome‑level genome assembly
The polished assembly was scaffolded using Juicer 
(RRID:SCR_017226) and 3D-DNA v180114 [55, 56], 
followed by manual curation in Juicebox v1.11.08 
(RRID:SCR_021172) [57]. Genome completeness was 
evaluated using BUSCO v5.1.3 (RRID:SCR_015008) with 
the arthropoda_odb10 database [58]. Whole-genome 
synteny between T. granarium and the reference spe-
cies T. castaneum was examined and visualized using jcvi 
[59].

Genome annotation
Repeat sequences were identified de novo using Repeat-
Modeler v2.0.1 and RepeatMasker v4.1.0 [60, 61]. 
Gene prediction integrated evidence from homolo-
gous Coleopteran genomes (T. castaneum, Harmo-
nia axyridis, Rhagonycha fulva, Propylea japonica, 
and Coccinella septempunctata), ab  initio predictions 
from SNAP (RRID:SCR_007936) and Augustus v3.0.3 
(RRID:SCR_008417), and evidence integration by EVM 
(RRID:SCR_014659) [62–64]. Functional annotation was 
conducted by aligning protein sequences to the NCBI 
NR, Swiss-Prot, and eggNOG databases using DIA-
MOND (RRID:SCR_009457) [65]. GO terms and KEGG 
pathway information were assigned through Blast2GO 
(RRID:SCR_005828) and eggNOG-mapper v2.1.7 
(RRID:SCR_021165) [66, 67].

Ortholog identification, phylogeny, and divergence time 
estimation
Orthologous and paralogous genes were identified using 
OrthoFinder v2.5.1 (RRID:SCR_017118) (Additional 
file 1: Table 6) [68]. The dataset included ten globally rec-
ognized invasive pests (including T. granarium) selected 
from either the CABI Invasive Species Compendium 
(https://​www.​cabid​igita​llibr​ary.​org/​produ​ct/​QI) or the 

https://github.com/PacificBiosciences/pbmm2
https://github.com/PacificBiosciences/gcpp
https://github.com/PacificBiosciences/gcpp
https://www.cabidigitallibrary.org/product/QI
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EPPO Global Database (https://​www.​eppo.​int/​ACTIV​
ITIES/​invas​ive_​alien_​plants/​iap_​lists), characterized 
by aggressive invasiveness and devastating agricultural 
impact. Eight related non-invasive species were included 
as controls to ensure that observed gene family changes 
primarily reflect adaptation to invasiveness rather than 
phylogenetic effects. Notably, while some species in the 
non-invasive group are significant pests (e.g., Tribolium), 
they were classified as non-invasive for this study because 
they do not meet the strict invasive or quarantine criteria 
defined by these international organizations. Phyloge-
netic trees were constructed with single-copy orthologs 
using RAxML [69]. Divergence times were estimated in 
MCMCTREE (PAML v4.9, RRID:SCR_014932) based 
on the calibration of 237 ~ 261 mya for T. granarium and 
Cucujiformia lineages (Fig. 2a) [70, 71].

Inference of gene family dynamic
To investigate gene family expansion and contraction, 
we utilized CAFE v5 (RRID:SCR_005983), modeling 
gene gain and loss rates across the phylogeny. The global 
parameter λ was estimated using a birth–death model to 
account for background genomic change. PAML v4.9 was 
applied to refine branch length estimations (parameters: 
rgene_gamma = 2, 18.75) [70, 72]. Families showing sig-
nificant size changes were identified based on a p value 
threshold of 0.05, with functional enrichment performed 
via KinFin v1.0 [73]. Furthermore, specific adaptive gene 
families—including those associated with insecticide 
resistance, sensory perception, and cold tolerance—were 
meticulously annotated using BITACORA v1.3. This 
workflow integrated HMM models from Pfam (http://​
pfam-​legacy.​xfam.​org/) and high-quality NCBI protein 
datasets (critical e-value = 1e − 5) to mitigate annotation 
biases and capture lineage-specific expansions in T. gra-
narium (Additional file 1: Table 10) [74].

Cold tolerance assays
Old larvae, previously reported as the most cold-tol-
erant [3, 18], was used for thermal tolerance experi-
ments. To determine critical temperature thresholds, 
groups of 35 larvae were exposed to 35°C (control), 
0°C, −1°C, −2°C, −3°C, −4°C, or −5°C for a duration of 
7  days [75], then recovered under rearing conditions. 
Four biological replicates were included per treatment, 
and mortality was assessed after 2  weeks. Immobile, 
darkened larvae were recorded as dead [49].

To evaluate time-dependent physiological effects, lar-
vae were exposed to −1°C or the control temperature 
(35°C) for durations of 1, 3, 5, or 7 days. These intervals 
were selected based on the 5 ~ 10-day window typically 
required to observe significant physiological shifts in 
insect cold hardiness. Following recovery, survival rates, 

pupation rate, pupal duration, and pupal weight were 
recorded to quantify the developmental impact of cold 
stress.

RNA sequencing and differential expression analysis
For transcriptome profiling, larvae exposed to −1°C or 
35°C for 5 days followed by 1 h recovery were used. This 
5-day time point was selected as it represented the earli-
est interval where significant developmental impairments 
were consistently observed in our preliminary assays. 
Each replicate (n = 3) included five larvae. Total RNA 
was extracted using the RNAsimple kit (Tiangen, Bei-
jing, China) and sequenced by Lianchuan Bio (Hangzhou, 
China). Low-quality reads and adapters were removed 
using fastp v0.23.2 (RRID:SCR_016962) [76]. Clean reads 
were aligned to the T. granarium genome, and gene 
counts were obtained using featureCounts v2.0.1 and 
analyzed by DESeq2 via the Trinity v2.11.0 pipeline [77].

qRT‑PCR
cDNA synthesis was performed using the PrimeScript™ 
RT reagent kit with gDNA Eraser (TaKaRa, Kyoto, Japan), 
followed by 5 × dilution. qRT-PCR reactions were run 
using TranStart® Top Green qPCR SuperMix (+ Dye II) 
(TransGen, Beijing, China). Primer pairs (Additional 
file 1: Table 21) were designed with NCBI Primer-BLAST. 
β-actin (ACTB) was validated as a stable reference gene. 
Relative expression levels were calculated by the 2−ΔΔCt 
method.

Gene cloning and RNA interference
Gene-specific primers were designed based on conserved 
protein domains identified through NCBI’s CD-Search 
and appended with T7 promoter sequences (5′ -TAA​
TAC​GAC​TCA​CTA​TAG​G-3′) at 5′ end (Additional 
file 1: Table 21). dsRNAs were synthesized using the T7 
RiboMAX™ Express RNAi System (Promega, Madison, 
USA) and verified via NanoDrop ND-1000 and agarose 
electrophoresis.

For functional validation, groups of 35 late 4th-instar 
larvae were injected with 75  ng of dsRNA into the 
intersegmental membrane between the second and third 
to last abdominal segments using a DRUMMOND Nano-
ject II microinjector. To maintain consistent gene silenc-
ing, injections were repeated every 72  h, starting from 
the late 4th-instar stage and continuing until the larvae 
reached 28 days of age. This regimen ensured that each 
larva received at least two injections prior to the com-
mencement of cold stress. Following the final injection 
at 28  days old, the larvae were subjected to cold stress 
(−1°C) for 5 days, followed by a 2-week recovery period 
under standard conditions (35°C). RNAi efficiency was 
assessed by qRT-PCR at 72  h post-injection. Larval 

https://www.eppo.int/ACTIVITIES/invasive_alien_plants/iap_lists
https://www.eppo.int/ACTIVITIES/invasive_alien_plants/iap_lists
http://pfam-legacy.xfam.org/
http://pfam-legacy.xfam.org/
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survival and developmental performance were moni-
tored throughout the recovery period. dsGFP served as 
a control.

Small RNA sequencing and analyses
The same RNA samples used for transcriptome sequenc-
ing were used for small RNA libraries by Lianchuan Bio 
Company (Hangzhou, Zhejiang, China). Clean reads 
(18 ~ 26 nt) were generated using fastp v0.23.2 [76] and 
TrimGalore v0.6.10 (-stringency 3, -phred33) (https://​
github.​com/​Felix​Krueg​er/​TrimG​alore), de-duplicated 
with mapper.pl in miRDeep2 v0.1.3 [78]. Known miR-
NAs were annotated by aligning to miRBase (v22.1), 
Rfam (v15.5), and T. granarium genome features (allow-
ing ≤ 2 mismatches). Novel miRNAs were predicted from 
unannotated reads using miRDeep2.pl (-r 5), with T. cas-
taneum as the reference species.

Differentially expressed miRNAs (DEMs) and interaction 
analysis
DEMs were identified from miRNA count data using 
miRDeep2’s quantifier.pl script. Target genes were pre-
dicted using miRanda v3.3a (-en −10, -strict module), 
RNAhybrid v2.1.2 [79] (-b 10, -c, -f, 2&8, -m 10,000, -v 
3, -u 3, -s 3utr_fly, -e −20), and TargetScan (http://​www.​
targe​tscan.​org) (default parameters). To ensure high con-
fidence, only miRNA-target pairs independently pre-
dicted by the intersection of all three tools were retained 
for subsequent analysis. Pearson’s correlation coefficients 
(PCCs) between miRNAs and mRNAs were calculated 
across all samples. Potential regulatory pairs were identi-
fied based on a correlation threshold of |PCC|> 0.4.

Statistical analysis
All statistical analyses were performed in SPSS v25 (SPSS 
Inc., IL, USA). Welch’s ANOVA and Games-Howell 
tests were used for multiple comparisons. Survival was 
analyzed by Cox proportional hazards models, with 
final survival rates compared using χ2 test when exceed-
ing 50%. Pupation rate, pupal duration, pupal weight, 
and qRT-PCR results were analyzed by t-tests. Expres-
sion data were arcsine-transformed for correlation 
analysis using asin() and rcorr() functions in RStudio 
v1.4.1717 (RRID:SCR_000432) [80]. Statistical signifi-
cance was defined as p < 0.05. Error bars were presented 
as mean values ± SD. Graphs were generated using iTOL 
(RRID:SCR_018174) (https://​itol.​embl.​de/), Microsoft 
Office 2010 (RRID:SCR_016137), and Origin v2023b 
(OriginLab Corporation, MA, USA).
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