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Dissection of genetic basis underlying heat
stress response of Apis cerana
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Abstract

The honeybee Apis cerana as an important pollinator contributes significantly to ecological diversity. In recent
years, it has been used as a common pollinator in greenhouses, but it is highly susceptible to heat stress, which
affects its behavior, physiology, survival, and gene expression. Here, we conducted transcriptomic analysis to
identify differentially expressed genes (DEGs) and reveal the associated biological processes in the queen head
and ovary of honeybee A. cerana under different temperatures. Differential expression analysis revealed 116 DEGs
(72 upregulated, 44 downregulated) in the head and 106 DEGs (78 upregulated, 28 downregulated) in the ovary
after 24 h of heat stress. At 96 h, 29 DEGs (17 upregulated, 12 downregulated) were identified in the head, and 44
DEGs (34 upregulated, 10 downregulated) in the ovary. After 168 h, the number of DEGs increased significantly:
846 DEGs (567 upregulated, 279 downregulated) in the head, 479 DEGs (296 upregulated, 183 downregulated)

in the ovary, and 582 DEGs (338 upregulated, 244 downregulated) in the thorax. DEGs associated with metabolic
processes, signaling, and transport pathways were significantly altered under heat stress, potentially contributing to
the reduced reproductive and growth capacity of bees. Additionally, genes related to antioxidant activity, nutrient
metabolism, heat shock proteins, zinc finger proteins, and serine/threonine-protein kinases were differentially
expressed across treatments. Overall, the head and ovaries of honeybee queens show a significant response to
heat shock, and these responses are related to antioxidant genes, heat shock proteins, and metabolic regulation,
our findings provide genetic information for the breeding of heat-resistant bee strains.
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within protected cultivation systems has gained increas-
ing attention. However, the elevated temperatures in such
environments pose significant challenges to bee health
and pollination efficiency. Understanding the molecular
mechanisms underlying the effects of heat stress on key
organs of queen bees is therefore of great significance for
ensuring the sustainability of bee-mediated pollination
services.

Temperature is one of the abiotic factors that affects
insects [4—10]. Given that climate change may affect
the distribution of organisms [11]. Insects exposure to
high temperatures during key developmental stages can
lead to reduced reproductive output and morphological
deformities [12, 13]. Honeybees, as crucial insect polli-
nators, are particularly susceptible to temperature fluc-
tuations, which directly affect their reproductive capacity
and colony health [14, 15]. The optimal temperature
range for honeybee reproduction is between 15 C and
25 °C, beyond which the queen’ s egg-laying rate declines
significantly or ceases, leading to a shortage of new bees
and subsequent disruptions in colony growth and forag-
ing efficiency [16, 17]. Furthermore, elevated tempera-
tures during larval and pupal development can result in
reduced body size and structural deformities, impairing
the bees’ ability to forage and pollinate effectively [12, 13].
Under extreme heat conditions, the colony’s thermoregu-
lation capacity is compromised, leading to incomplete
egg hatching and an increased incidence of diseases such
as chronic paralysis, larval infections, septicemia, and
wing deformities [16, 18—21]. During periods of intense
summer heat, often accompanied by drought, nectar and
pollen shortages become prevalent, further exacerbating
colony stress. In large-scale apiaries, high colony densi-
ties lead to increased food consumption, raising the risk
of honey starvation and cessation of egg-laying due to
resource scarcity [22—-24]. These challenges highlight the
investigation of honeybee thermal adaptation.

Heat stress induces the excessive accumulation of
reactive oxygen species (ROS) in the queen’ s body,
resulting in oxidative stress and potential cellular dam-
age. In response, antioxidant defense systems, includ-
ing key enzymes such as catalase (CAT), are activated to
scavenge ROS and mitigate oxidative damage, thereby
maintaining cellular homeostasis [25-28]. In addition
to antioxidant enzymes, detoxifying enzymes such as
DDTase, GST, CES, CYP450P, and AChE play critical
roles in enhancing the queen’ s resilience to high-temper-
ature stress by neutralizing toxic metabolic byproducts
[28]. Exposure to high temperatures often triggers mul-
tiple heat shock protein genes expression, with families
such as sHsp, Hsp60, Hsp70, and Hsp90 being commonly
involved in insect and honeybee thermal adaptation [29—
31]. Among them, the Hsp70 family is particularly crucial
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in conferring heat tolerance by preventing protein dena-
turation and facilitating protein refolding [22, 26, 32—34].

While previous studies have explored the behavioral
and physiological adaptations of honeybees to high tem-
peratures, the molecular mechanisms remain insuffi-
ciently understood, especially transcriptome changes of
A. c. cerana queens after exposing to heat stresss. In this
study, we performed transcriptomic analysis to inves-
tigate the alteration of gene expression in A. c. cerana
under different temperature conditions, identifying dif-
ferentially expressed genes (DEGs) and associated biolog-
ical processes that associated with heat stress response.
Our findings lay the groundwork for future investigations
into the molecular changes governing insect responses to
heat stress.

Materials and methods

Sample collection and Preparation

The newly mated queen of Apis cerana were collected
from the Guangxi Academy of Agricultural Sciences
High-Quality Pollination Bee Colony and Queen Rear-
ing Demonstration Base in Guangxi, China, and sub-
sequently reared in the Guangxi Subtropical Crops
Research Institute. Queens were collected at 72 h post-
mating. Continuous temperature and humidity moni-
toring in both greenhouse and natural apiaries revealed
that greenhouse colonies maintained an average internal
temperature of 40°C+0.5°C for 5 consecutive daylight
hours, while stabilizing at34.5°C+0.5°C during remain-
ing periods (Fig. 1). Based on these measurements and
preliminary test data, we established two experimental
treatments: a control group (CK: 34.5°C+0.5C, 75%+1%
RH) and a high-temperature treatment (HT: 40°C+0.5C,
75%+1% RH). Both groups were subjected to differential
temperature and duration treatments within laboratory-
controlled constant temperature and humidity chambers.
One queen and 20-30 worker bees were housed together
in a small cage, and both queens and workers were pro-
vided with a daily diet consisting of a mixture of water
and honey in a ratio of 1:1.5. The high-temperature treat-
ment was maintained at 40°C+0.5°C with a tempera-
ture cycle of 5 h at this temperature followed by 19 h at
34.5°C. The control group was maintained at a constant
temperature of 34.5°C+0.5°C for 24 h daily. The control.
(CK: 34.5°C+0.5°C, 75%+1% RH) and the high-temper-
ature treatment (HT: 40°C+0.5°C, 75%+1% RH) groups
were treated at one cycle (24 h), four cycles (96 h) and
seven cycles (168 h). Each group sample included 60
queen individuals, and three biological replicates were
sampled. After processing, the heads, thoraxes, and ova-
ries of all queen individuals were dissected and imme-
diately frozen in liquid nitrogen before being stored at
- 80°Cfor subsequent RNA extraction.
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Fig. 1 Schematic representation of queens handling and sampling procedures

RNA isolation, cDNA library Preparation and sequencing
RNA quality assessment was assessed by 1% agarose gel
electrophoresis. RNA purity was determined using the
NanoPhotometer® spectrophotometer (IMPLEN, CA,
USA), and RNA concentration was quantified with the
Qubit® RNA Assay Kit on a Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). RNA integrity was evaluated
using the RNA Nano 6000 Assay Kit with the Bioanalyzer
2100 system (Agilent Technologies, CA, USA).

Sequencing libraries were prepared using the NEB-
Next® Ultra™ RNA Library Prep Kit for Illumina® (NEB,
USA). mRNA was isolated and fragmented, followed by
first- and second-strand c¢cDNA synthesis. Overhangs
were converted to blunt ends, and adaptors were ligated.
cDNA fragments were size-selected and PCR-ampli-
fied using Phusion High-Fidelity DNA Polymerase. The
products were purified, and library quality was assessed
on the Agilent Bioanalyzer 2100. Index-coded samples
were clustered on a cBot Cluster Generation System and
sequenced on an Illumina HiSeq 2500/X platform with
125/150 bp paired-end reads.

Raw fastq data were processed using in-house Perl
scripts to obtain clean reads by removing adapter
sequences, poly-N reads, and low-quality data. Qual-
ity metrics, including Q20, Q30, and GC content, were

calculated for the clean data. All subsequent analyses
were performed using the high-quality clean data.

Read mapping to the reference genome

Reference genome and annotation files were downloaded
(Apis cerana genome, http://v2.insect-genome.com/O
rganism/79). The genome index was built with Bowtie
v2.2.3 [35] and paired-end clean reads were aligned using
TopHat v2.0.12, which generates splice junction data-
bases for improved mapping accuracy over non-splice
tools [36].

Cuffquant and Cuffnorm (v2.2.1) calculated gene
FPKMs [37], summed from transcript FPKMs. FPKM
represents fragments per kilobase per million mapped
reads. DESeq2 calculated FPKMs based on fragment
length and read counts [38].The all_sample_cluster cor-
relation heatmap was used to evaluate the correlation
among biological replicates, generated using the lattice R
package.

Identification of deferentially expressed genes (DEGs)
Differential expression analysis between two conditions
was performed using DESeq?2 [38], which applies a nega-
tive binomial model. P-values were adjusted using the
Benjamini-Hochberg method, and genes with an adjusted
P-value <0.01 were considered differentially expressed.
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Gene Ontology (GO) enrichment analysis of differen-
tially expressed genes was performed using the GOseq R
package [39]. GO terms with a corrected P-value<0.05
were considered significantly enriched. KEGG pathways
were analyzed using KOBAS software [40] to assess the
statistical enrichment of differentially expressed genes.

Protein-Protein interaction (PPI) network

PPI analysis of differentially expressed genes was per-
formed using the STRING database, which includes
known and predicted protein-protein interactions. For
species in the database, networks were constructed
directly from the target gene list. For other species, Blastx
(v2.2.28) was used to align gene sequences to reference
proteins, and networks were built based on known inter-
actions of the selected reference species.

Novel transcripts prediction and alternative splicing
analysis

The Cufflinks v2.1.1 RABT assembly method was used to
identify known and novel transcripts from TopHat align-
ments. Alternative splicing events were classified into 12
types using Asprofile v1.0. The number of AS events was
estimated for each sample. SNP analysis involved sort-
ing, marking duplicates, and reordering BAM files using
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Picard-tools and Samtools. SNP calling was performed
with GATK (v3.6) [41].

Validation of the gene expression level by qRT-PCR

Four genes associated with the heat stress response were
randomly selected for expression analysis, which was
quantified using qRT-PCR. The amplification conditions
were as follows: initial denaturation at 95 C for 3 min,
followed by 45 cycles of denaturation at 95 C for 10 s,
annealing at 57°C for 10 s, and extension at 72°C for 20 s.
Each reaction was performed in triplicate. The threshold
cycle (CT) values were determined, and gene expression
levels were calculated using the 2 - At method.

Results

Transcriptome analysis of the queen bee after high
temperature stress

The transcriptome sequencing generated 1,405.46 million
raw reads. After quality filtering, 392.37 Gb of clean data
were retained (Table S1), with Q30 values ranging from
93 to 96%, and GC content between 35% and 41%. The
mapping rate to the reference genome ranged from 91 to
96%. Gene annotation was identified 13,207 annotated
genes (Fig. 2A). The reproducibility of the sequencing
data was assessed using Pearson’s correlation coefficients,

All samples FPKM correlation

B e e

Fig. 2 Statistical analysis results of annotated databes and cluseter results of all the samples. (A) Statistical analysis of genes annotated in different data-
bases. (B) cluseter results of gene expression in all the samples. CK_T_24 (head under normal condition at 24 h), CK_T_96 (head under normal condition
at 96 h), CK_T_168 (head under normal condition at 168 h), HT_T_24 (head under heat stress at 24 h), HT_T_96 (head under heat stress at 96 h), HT_T_168
(head under heat stress at 168 h), CK_L_24 (ovary under normal condition at 24 h), CK_L_96 (ovary under normal condition at 96 h), CK_L_168 (ovary
under normal condition at 168 h), HT_L_24 (ovary under heat stress at 24 h), HT_L_96 (ovary under heat stress at 96 h), HT_L_168 (ovary under heat stress
at 168 h), CK_X_168 (thorax under normal condition at 168 h), and HT_X_168 (thorax under heat stress at 168 h)
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with all biological replicates showing strong correlation
(R*=0.90) (Fig. 2B).

Differential expression after high temperature stress and
gene functional classification
Compared to the normal condition, 116 DEGs (72 upreg-
ulated, 44 downregulated) were identified in the head
and 106 DEGs (78 upregulated, 28 downregulated) in the
ovary after 24 h of heat stress. After 96 h, 29 DEGs (17
upregulated, 12 downregulated) were identified in the
head, and 44 DEGs (34 upregulated, 10 downregulated)
in the ovary. After 168 h, the number of DEGs increased
significantly: 846 DEGs (567 upregulated, 279 down-
regulated) in the head, 479 DEGs (296 upregulated, 183
downregulated) in the ovary, and 582 DEGs (338 upregu-
lated, 244 downregulated) in the thorax (Fig. 3; Table S2).
Analysis of DEG profiles showed temporal varia-
tions in transcriptional responses to heat stress across
tissues. Notably, the proportion of DEGs relative to
total expressed genes was highest at 168 h, indicat-
ing enhanced transcriptional regulation at this stage.
Furthermore, tissue-specific response patterns were
observed: ovaries exhibited higher DEG proportions
than heads at 24 h and 168 h, while the opposite trend
occurred at 96 h. Further functional characterization of
these DEGs is required to determine their specific roles
in heat stress response. This indicates that different tis-
sues have varying capacities to respond to high tempera-
ture stress.

Functional analyses of DEGs in bees after high temperature
stress

GO enrichment analysis was conducted on the DEGs,
revealing several significant terms, including amino acid
transmembrane transport, nucleoside transmembrane
transporter activity, ammonium transmembrane trans-
porter activity, secondary active sulfate transmembrane
transporter activity, tricarboxylic acid cycle, cellular
amino acid metabolic process, fatty acid biosynthesis,
unsaturated fatty acid biosynthesis, aromatic amino acid
family metabolism, signal transduction, Notch signaling
pathway, DNA binding, fatty acid beta-oxidation, and
stress response (Table 1). Most of these GO terms were
enriched in the comparisons of CK-X_168_vs_HT-X_168,
CK-T_168_vs_HT-T_168, and CK-L_168_vs_HT-L_168,
with DNA binding and transmembrane transporter
activity observed in almost all comparison groups. This
suggests that these two GO terms play a crucial role at
all time points under heat stress, while other terms are
mainly relevant at the 168-hour time point. These find-
ings indicate that DEGs involved in metabolic, signaling,
and transport pathways are significantly altered after heat
stress, potentially contributing to reduced reproduction
and growth capacity in bees.
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KEGG enrichment analysis revealed pathways such as
biosynthesis of unsaturated fatty acids, MAPK signaling
pathway, mTOR signaling pathway, Notch signaling path-
way, protein processing in the endoplasmic reticulum,
TGE-beta signaling pathway, Wnt signaling pathway,
and ubiquitin-mediated proteolysis. The MAPK signal-
ing pathway and protein processing in the endoplasmic
reticulum were enriched across all comparison groups,
highlighting their central role under heat stress. Other
pathways were more prominent at the 168-hour time
point. These results suggest that changes in protein pro-
cessing, metabolic, and signaling pathways may underlie
the reduced reproduction and growth capacity of bees
after heat stress (Table 2).

Kmeans cluster

To better characterize gene expression patterns under
heat stress across different treatments, we normalized
the expression levels of 24,731 genes from 42 samples
using K-means clustering analysis (Fig. 3), which grouped
the genes into 15 clusters. Among these, genes in clusters
1 (4,582 genes), 2 (1,206 genes), and 11 (593 genes) exhib-
ited increased expression levels under heat stress in most
groups, representing 25.80% of the total genes (Fig. 4).
Therefore, we hypothesize that genes in clusters 1, 2, and
11 may be strongly upregulated in response to heat stress
in bees.

Given the limited GO and KEGG annotations for
cluster 2, we focused on genes in clusters 1 and 11. GO
enrichment analysis revealed significant terms related
to metal ion binding, transcription regulation, DNA-
templated protein phosphorylation, sequence-specific
DNA binding, integral membrane components, trans-
membrane transport, and oxidation-reduction processes
(Fig. 5). KEGG enrichment analysis identified pathways
related to chromosomal proteins, protein kinases, tran-
scription factors, the ubiquitin system, protein phos-
phatases, MAPK signaling, protein processing in the
endoplasmic reticulum, cytochrome P450, and trans-
porters (Fig. 4). These results suggest that genes exhib-
iting similar expression patterns under heat stress may
play key roles in heat stress tolerance and the reduced
reproductive capacity of bees.

DEGs identified in bees after high temperature stress

High-temperature stress alters metabolic processes, sig-
naling, and transport pathways, which may be crucial
for heat tolerance and reproductive capacity (Fig. 6).
Many transporters were differentially expressed in bees
under heat stress. Specifically, six ABC transporter genes
showed differential expression, with most being down-
regulated, except one that was upregulated in ovaries at
24 h and another in the head after 168 h. Transporters
such as amino acid transporters, glucose transporters,
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sugar transporters, and trehalose transporters also exhib-
ited differential expression, predominantly downregu-
lated under heat stress.

We also analyzed genes involved in sugar, amino acid,
and fatty acid metabolism. Alpha, alpha-trehalase was
downregulated in the head after 24 h of heat stress.
Six glucose dehydrogenase genes were differentially

. (@) CK-X_168_vs_HT-X_168. (H) Venn diagram of all the DEGs

expressed, with four upregulated and two downregulated
after 168 h. One glyceraldehyde-3-phosphate dehydroge-
nase-like gene was upregulated in the head after 168 h.
Additionally, two malate dehydrogenase genes were
upregulated, with one in the head at 24 h and the other
in the ovary after 168 h. An NADP-dependent malic
enzyme was downregulated in the thorax after 168 h. Five
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amino acid-related genes, including aspartate carbamoyl-
transferase, glutamine synthetase, tryptophan 2,3-dioxy-
genase, tryptophan 5-monooxygenase, and tyrosine
3-monooxygenase, were differentially expressed, with
aspartate carbamoyltransferase, tryptophan 2,3-dioxy-
genase, and tryptophan 5-monooxygenase upregulated,
while glutamine synthetase and tyrosine 3-monooxygen-
ase were downregulated after 168 h.

Inositol-related genes, including inositol mono-
phosphatase 2 isoform X1, inositol polyphosphate
5-phosphatase INPP5A, and myo-inositol-1(or 4)-mono-
phosphatase, were downregulated after 168 h of heat
stress. Fatty acid 2-hydroxylase isoform X2, isocitrate
dehydrogenase (NAD+), and stearoyl-CoA desatu-
rase were also differentially expressed, with most being
downregulated.

Transcription factors were also affected, with one bZIP
transcription factor, one C2H2-type zinc finger, one
helix-loop-helix DNA-binding domain, and four homeo-
box protein genes showing differential expression, mostly
upregulated, except for one homeobox gene. Seven zinc
finger proteins were differentially expressed, most of
which were upregulated.

Significant alterations in oxidative stress and heat
shock response pathways were also observed under
thermal stress. Antioxidant enzyme activity was notably
affected, with one catalase (CAT) and one peroxidase
(POD) downregulated, while another POD isoform was
upregulated—suggesting a compensatory mechanism
to mitigate oxidative damage. Cytochrome P450 (CYP)
genes, critical for detoxification and redox homeostasis,
exhibited pronounced differential expression: thirteen
CYPs were dysregulated, predominantly downregulated
in head tissues (CK_T_24 vs. HT_T_24; CK_T_168 vs.
HT_T_168), though a subset was upregulated in thoracic
and ovary tissues at 168 h (CK_X_168 vs. HT_X_168;
CK_L_168 vs. HT_L_168), implying tissue-specific regu-
latory dynamics. The heat shock response was robustly
activated, with ten heat shock proteins (HSPs) and two
DnaJ cochaperones upregulated systemically. Nota-
bly, HSP induction was most pronounced in thoracic
and ovary tissues at 168 h (CK_X_168 vs. HT_X_168;
CK_L_168 vs. HT_L_168), with minor upregulation in
ovaries at 24/96 h (CK_L_24 vs. HT_L_24; CK_L_96 vs.
HT_L_96), aligning with prolonged stress adaptation.
Additionally, fifteen serine/threonine kinases were upreg-
ulated. Intriguingly, E3 ubiquitin ligases (ten differentially
expressed, evenly split between up/downregulation) and
one antimicrobial peptide (transiently upregulated in
heads at 24 h but suppressed by 168 h) also found to be
differentially expressed under stress.

These expression changes may play a crucial role
in heat stress tolerance and the reduced reproductive
capacity of bees.

L 168

NA
:Acer005450;Acer00340

3;Acer009993

Acer020088;Acer014854;A  Acer020088;Acer021003 Acer020088;Acer0148

cer015385;Acer019678:Ac

CK-L_168_vs_HT-

NA

T 168

:Acer007936;Acer01170  54;Acer001665;XLOC

41:Acer022015;Acer002  er012005
575;XLOC_000541;Acer

r009971;Acer015724;Ac
er027876;Acer025551

Acer000724;Acer012543;A NA

cer001029

015022;Acer013310;Ace

Acer027494

Acer024869;Acer005450;A  Acer009713;Acer005450 Acer024869;Acer010590

cer003403;Acer019389
er002946;Acer026028:Ace  7;Acer015385;Acer0077  000541;Acer009971;Ac

r009971;Acer007712;Acer

CK-X_168_vs_HT-X_168 CK-T_168_vs_HT-
021785;Acer009289

NA

Acer015022

NA
NA
NA

NA
NA

CK_T_96_vs_HT_T_96 CK_L_96_vs_HT_L 96
NA

Acer011830

XLOC_010487;Ac

CK_L_24 vs_HT_L_24

Acer015022;Acer002
er011830

NA
NA
946;
NA

K_T_24 vs HT T_24
NA

NA

N
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Kegg_path- CK_T 24  CK L_24_ CK_T_96_ CK_ L 96_ CK-X_168_vs_HT-X_168 CK-T_168_vs_HT- CK-L_168_vs_HT-
way VvS_ vs_HT_L 24 wvs_ VS_ T_168 L_168
HT_T_24 HT_T_96 HT_L_96
Biosynthesis  NA NA NA NA Acer006279;Acer011582 Acer004541 Acer006466
of unsatu-
rated fatty
acids
MAPK signal-  Acer018381 Acer002712;,A NA Acer017219 Acer006624;Acer011993;A  Acer006658;Acer018093  Acer003894;Acer01
ing pathway cer017219,XL cer026484;XLOC_020770  ;Acer020086;Acer02165  1993;Acer017219;Ac
0C_010487 2;Acer025074;Acer0255 er018381
98;Acer026484
MAPK signal-  NA XLOC_010487 NA NA Acer025391,XLOC_020770 Acer005103;Acer007632 Acer003894;Acer025087
ing pathway :Acer009872:Acer01198
-fly 5;,Acer013342:Acer0205
58;Acer025087
mTOR signal-  NA NA NA NA Acer000515 Acer000515;Acer001117  Acer007503
ing pathway ;Acer002719;Acer01110
4:Acer023231
Notch signal- NA NA NA NA Acer004360;Acer006324  Acer013953;Acer02 NA
ing pathway 3393;Acer024756;Ac
er026401
Protein Acer01118  Acer017219,A NA Acer0172 Acer002381;Acer006692;A  Acer002381;Acer0111 Acer010241;Acer011141
processing in - 9;Acer025  cer025812;A 19;Acer02  cer011141;Acer011993;A  41;Acer011189;Acer01  ;Acer011189;Acer01199
endoplasmic  812;,Acer0  cer026130;A 5812;Acer  cer012969;Acer019907,A  9907:Acer020871;Acer  3;Acer017001;Acer0172
reticulum 27110;Ace  cer027110,A 027374:XL  cer020758;Acer020871;Ac  021075;Acer023184;Ac  19;Acer019907;Acer026
r027374;XL  cer027374,XL 0OC_016603 er021075;Acer023184;,Ac  er023267;Acer023614; 130;Acer027110;Acer02
0C_016603 0OC_016603 er023267;Acer023614;,Ac  Acer025532;Acer0258 7374,XLOC_016603
er025532;Acer025808;,Ac  12;Acer026259;Acer02
er025812;Acer026259;,Ac  6450;Acer026823;Acer
er027110;Acer027374,XL  027110;Acer027374;XL
0C_016603 0C_016603
TGF-beta Acer018381 NA NA NA Acer006873;Acer013512  Acer004301;Acer006873 Acer011437;Acer018381
signaling :Acer014627;Acer02339
pathway 3;Acer026401
Ubiquitin NA NA NA NA NA Acer000256;Acer004848 NA
mediated
proteolysis
Wntsignal-  Acer018381 NA NA NA Acer006624;Acer024230;,A  Acer002719;Acer0111 Acer018381
ing pathway cer026484;XLOC_020770  04;Acer023231;Acer02
3393;Acer024230;Acer
025074;Acer026401;Ac
er026484
PPl analysis 1/2/6/8, and heat shock protein 90 kDa beta—selected

To further investigate the interaction of these DEGs, a
PPI network was constructed using the STRING data-
base. In the CK-L_168_vs_HT-L_168 comparison, the
PPI network consisted of 89 nodes and 102 edges, with
five genes - heat shock protein 90, heat shock protein 83,
heat shock protein Hsp70Ab-like, stress-induced phos-
phoprotein 1, and heat shock 70 kDa protein 1/2/6/8—
identified as hub genes. In the CK-T_168_vs_HT-T_168
comparison, the PPI network included 243 nodes and
507 edges, with six genes—heat shock protein 110 kDa,
heat shock protein 90, heat shock protein cognate 3 pre-
cursor, heat shock protein 83, heat shock 70 kDa protein

as hub genes. In the CK-X_168_vs_HT-X_168 compari-
son, the PPI network contained 137 nodes and 264 edges,
with PTK7 (protein tyrosine kinase 7) identified as a hub
gene, suggesting its potential key role in heat stress toler-
ance in bees (Fig. 7).

Verification of DEGs using qRT-PCR

Ten genes (belongs to heat shock proteins) were selected
from the DEGs identified in this study for qRT-PCR anal-
ysis. The relative mRNA expression levels, as determined
by qRT-PCR, closely related with those obtained from
the RNA-seq analysis (Fig. 8).
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Fig. 4 Genes across 42 samples by K-means clustering analysis

signaling pathways,

associated with metabolic processes,

Iscussion

D

and transport were significantly altered after heat stress,
potentially contributing to the reduced reproductive

and growth capacity of bees.

Apis cerana is widely utilized for pollination in controlled

agricultural environments,

genes related

Additionally,

where high temperatures pose

significant challenges to colony health and productiv-
ity. Investigating the molecular mechanisms underlying

heat stress responses in A

nutrient metabolism, heat shock

proteins, zinc finger proteins, and serine/threonine-

to antioxidant activity,

. cerana queens is essential for

protein kinases were differentially expressed, which may
serve as candidate genes for explaining the mechanisms

of reduced reproduction, growth, and stress resistance

developing strategies to enhance their thermal resilience,

ensuring sustainable colony development and pollination
efficiency under changing climate conditions. This study

in bees under heat stress. Our findings provide a com-

explored molecular mechanisms of heat adaptation in A.

prehensive expression profile of heat-resistance genes in

cerana queens through transcriptomic analysis. We iden-

tified tissue-specific (head

A. cerana, offering valuable insights for future efforts to

improve heat stress tolerance in queen bees.

thorax and ovary) and time-

4

dependent differentially expressed genes (DEGs) involved

High temperatures also trigger the accumulation of
reactive oxygen species (ROS) in the queen’s body, lead-

in metabolic processes, stress responses, and signaling

pathways. Key genes related to antioxidant activity, heat

ing to oxidative stress. The antioxidant enzymes in

shock proteins, and nutrient metabolism were differ-
entially expressed, providing insights into the molecu-

insects can effectively eliminate active oxygen in the body
and maintain normal physiological activities [42]. The
queen bee, as the most reproductively capable individual

in the colony, typically exhibits unique physiological and

molecular responses to cope with heat stress,

lar mechanisms of heat stress adaptation. Our findings
offer a comprehensive transcriptomic profile of A. cerana

under heat stress, laying a foundation for future strate-
gies to enhance heat tolerance in queen bees and improve

colony resilience.

thereby

protecting its reproductive function and maintaining

colony survival [43]. Antioxidant responses are impor-

In this study, 168-hour time point is more crucial for
the heat stress response than 24-hour time point and

tant physiological responses of insects to heat stress [43].

In our study, antioxidant oxidase has also been focused,
some Cytochrome P450 was differentially expressed

96-hour time point, with a stronger molecular response
compared to the 24-hour and 96-hour time points. DEGs
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under heat stress tolerance, almost all these genes are
down regulated. suggesting that heat stress can affect oxi-
dative stress in bees.

Research has indicated that Zinc finger proteins
(ZFPs) and serine/threonine protein kinases (STKs) are
involved in the stress resistance mechanisms of organ-
isms responding to various biotic and abiotic factors
[44]. Recent studies have highlighted the significant role
of several ZFP genes in the post-transcriptional regula-
tory processes when responding to heat stress [45]. Addi-
tional studies have shown that various ZFP genes, STKs,
and antimicrobial peptide genes are critical components
in the regulatory mechanisms activated by heat stress
[45-48]. In our study, 7 zinc finger protein was differ-
entially expressed under heat stress tolerance, almost all
these genes are up regulated except one gene was down-
regulated bees under heat stress tolenrance. 15 serine/
threonine-protein kinase was differentially expressed
under heat stress tolerance, almost all these genes are up
regulated. This result show that ZFPs and STKs can be
considered to be candidate genes for subsequent studies
on the thermostable mechanism of bee.

Moreover, heat stress can trigger a reprogramming of
the queen’ s energy metabolism, leading to the activation
of heat stress-related genes, such as heat shock proteins

(HSPs), antioxidant genes, and stress signaling path-
way genes (e.g., MAPK signaling pathway) [22]. Nutri-
ent metabolism plays a crucial role in heat resistance in
bees, as our findings confirm: under high-temperature
stress, bee nutrient metabolism is significantly enhanced
[49-52]. In our study, GO or KEGG analysis revealed
the many DEGs invoved in nutrient metabolic pathways
(including carbohydrate, amino acid and fatty acid).
Heat stress can trigger a range of metabolic responses in
insects, including an increase in energy expenditure [53].
and changed synthesis of metabolites, this could reflected
the changed in expression of genes alpha, alpha-treha-
lase, Glucose dehydrogenase, malate dehydrogenase,
glutamine synthetase, tryptophan 2,3-dioxygenase, fatty
acid 2-hydroxylase isoform and etc., this may partially
explain the reduced reproduction and growth ability of
bees after high temperature stress. Free amino acids play
a key role in enhancing cell water retention and stability
[54]. The elevated levels of free amino acids in the hemo-
lymph appear to be a significant physiological response
of insects to heat stress [55]. Our results revealed DEGs
associated with tyrosine, and tryptophan metabolism
may partially explain response of bees after high temper-
ature stress. Existing studies have revealed that the vesic-
ular inhibitory amino acid transporter gene (AcVIAAT)
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Fig. 6 DEGs with target annotation in different treatment groups. A-D. The division into A-D is for the aesthetic appearance of the layout, and A-D are

the same table

in Apis cerana can enhance thermoregulatory capacity
under heat stress by modulating oxidative stress-related
genes. Administration of GABA to A. cerana significantly
improved bee survival rates and upregulated oxidative
stress-related gene expression [56].

Among the numerous thermal-resistance genes, the
heat shock proteins (HSPs) gene family plays a crucial

role, temperature stress can stimulate insects to produce
heat shock proteins, enhancing their tolerance to ele-
vated temperatures and shielding the body from thermal
damage [57-61]. Previous research has demonstrated
that the expression of the HSP protein family signifi-
cantly increases following high-temperature exposure in
various insect species [62—66]. These proteins mitigate
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Fig. 9 The model of genetic basis underlying heat stress response of bees

damage to thermosensitive proteins at high temperatures
and help maintain the integrity of cellular proteins [67].
Acting as molecular chaperones, they assist in repairing
damaged proteins and preserving protein stability, thus
safeguarding cells from heat-induced harm [26, 32-34].
We found nine DEGs associated with HSPs (heat shock
70, heat shock 27, heat shock 60 A) in different tissues
at different time point after high temperature stress in
bees under heat stress tolerance were almost all upregu-
lated, indicating that Hsp family played important roles
in the resistance of honeybees to heat shock. Overall,
our results indicate that high temperature can induce the
upregulation of various HSPs in honeybees.

Conclusions

Collectively, this study explored the transcriptome
changes of A. cerana queens under heat stress. Initially,
transcriptome analysis revealed a lot of DEGs in heads,
thoraxes, and ovaries of queens at 24 h, 96 h and 168 h.
And these DEGs were associated with metabolic pro-
cesses, signaling, and transport pathways were signifi-
cantly altered under heat stress, potentially contributing
to the reduced reproductive and growth capacity of bees.
Additionally, genes related to antioxidant activity, nutri-
ent metabolism, heat shock proteins, zinc finger proteins,
and serine/threonine-protein kinases were differentially
expressed across treatments. Finally, a putative model
was thus proposed for genetic underpinnings of heat
stress responses in A. cerana queens (Fig. 9). Overall, the
present study unveils the molecular basis underlying heat

J
\ y
¥

N\

stress responses in A. cerana queen, and provides poten-
tial gene targets for enhancing their thermal resilience.
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