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ABSTRACT

Global climate change includes a substantial increase in the frequency and intensity of extreme
high temperatures which pose a threat to the survival of arthropod individuals and populations.
As a blood sucking arthropod, Haemaphysalis longicornis is mainly distributed in Asia with an
expanding distribution range that has successfully invaded multiple regions, and has excellent
ecological adaptability. In the natural environment, H. longicornis has the capacity of tolerating
environment temperature of 5.7°C to 42.1°C. However, the heat stress response mechanism of H.
longicornis has not been revealed. In order to illustrate the heat stress tolerance and ecological
adaptability of H. longicornis, we exposed the engorged female ticks to transient extreme heat
(42°C for 30 min), and found that the heat stress did not affect the survival of engorged females,
and had only limited effects on reproduction. Based on the microbiome, metabolome and
transcriptome analyses, it was confirmed that H. longicornis has a series of complex and efficient
heat stress repair mechanisms. Among them, the obligate endosymbiotic bacteria that Coxiella-
like endosymbiotic of H. longicornis (CLE-HI) and the heat shock protein 68 (Hsp68) gene play
an important role in heat stress tolerance of H. longicornis. In summary, this study uncovers
details for understanding the heat stress tolerance mechanism from multiaspects, and further

confirms that H. longicornis has excellent ecological adaptability.

KEY WORDS
Haemaphysalis longicornis; Short-term high temperature stress; /6S rRNA; Transcriptome;

Metabolome

INTRODUCTION
Ticks, a blood sucking arthropod, are widely distributed throughout countries and regions, with

diverse host types (Madison-Antenucci et al., 2020). Ticks can be a tremendous hazard to human
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health, livestock production and wildlife (Tian et al., 2025), and the world's economic losses are
more than $18 billion a year (Calvano et al., 2019). Due to the excellent environmental
compatibility, the distribution range of ticks has expanded (Moustafa et al., 2025), and numerous
novel tick-borne viruses capable of infecting humans have been identified (Sahara et al., 2019;
Yuan et al., 2025; Zhang et al., 2019; Zhang et al., 2024; Zhang et al., 2025). Against the
background of increasingly severe global warming, heat stress tolerance is crucial for ecological
adaptability and population expansion capacity of ticks. H. longicornis has successfully invaded
many regions (Moustafa et al., 2025; Tian et al., 2025), and therefore the research on the
mechanism of heat stress tolerance of H. longicornis requires urgent investigation.

Global climate change includes a substantial increase in the frequency and intensity of extreme
high temperatures which effects arthropods lifespan and fertility, also pose a threat to the
survival of arthropod individuals and populations (Guillén et al., 2022; Ma et al., 2021; Sanchez-
Guillén et al., 2016). Arthropods, as ectothermic animals whose life activities are restricted by
environmental conditions, are highly sensitive to alterations in environmental temperature. The
heat stress responses of arthropods mainly includes altering the lipid utilization, synthesizing
osmotic protective metabolites such as trehalose and sorbitol, and inducing the genes expression
of heat shock proteins (HSPs) and antioxidant defense (Li et al., 2022). Exposed to heat stress,
the neuroendocrine system triggers rapid adipokinetic hormone (AKH) secretion and AKH
release into the hemolymph, and the mobilization of glycogen and triacylglycerol in the fat body
via the AKH/adipokinetic hormone receptor (AKHR) axis drives sugar or lipid utilization
(Bobrovskikh & Gruntenko, 2023). In addition, heat stress also activates amines and hormone,
like dopamine, octopamine, and juvenile hormone (JH), that interact with AKH in response heat

stress and repair heat-damaged (Bobrovskikh & Gruntenko, 2023). The increase of fructose
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availability triggers activity of pentose phosphate pathway, and provides the substrate and
coenzyme for polyols synthesis (Salvucci et al., 1999). And the accumulation of sugars, polyols,
and amino acids can protect cell structure stability and response to heat stress injury (Li et al.,
2023). HSPs as molecular chaperones, play a vital role in protecting organisms and induced by
multiple abiotic stresses such as heat, cold, anoxia, and insecticides (Fang et al., 2021; King &
MacRae, 2015). Many genes within the HSP family are proven to have the function of
responding to heat stress in various species, containing HSP70, HSP26 and HSP83 (Amstrup et
al., 2024; Benoit et al., 2011; Sivan et al., 2017). Exposure to heat stress resulted in the increase
in the metabolic rate and the reactive oxygen species (ROS) of arthropods (Colinet et al., 2015),
which was relieved by antioxidants intake as Vitamin C or dehydroascorbic acid (DHA) (Hwang
et al., 2025). And heat stress also up-regulated the expression of superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD) activities to avoid the damage to cells caused by ROS
accumulation to maintain the physiological functions (Khurshid et al., 2021; Li et al., 2022).

In addition, the microbiota also plays a positive role in the host's ecological adaptability and
stress tolerance. It has been confirmed in various arthropods that symbionts can assist the host in
heat stress resistance. Serratia symbiotica, as a common facultative symbionts in Acyrthosiphon
pisum, relieve the detrimental effects of heat stress and improve host fitness (Oliver et al., 2010;
Zhou et al., 2021). Compared with the Rickettsia-tfree population, the Rickettsia-containing
whitefly Bemisia tabaci B biotype significantly increases tolerance to heat stress even reaching
40°C, and the tolerance is not dependent on HSP gene expression (Brumin et al., 2011). In
reproduction stage, symbionts also play a important role in heat stress tolerance. After a short
heat stress during the juvenile stage, compared with the aphids bearing symbionts with short

allele, the aphids bearing symbionts possessed a greater number of progeny and symbiont
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content (Dunbar et al., 2007). Under the heat stress, Rickettsia-infected whiteflies produced more
progeny, and had a higher female sex ratio (Himler et al., 2011).

H. longicornis is mainly distributed in Asia, and has strong ecological adaptability. As important
vectors, H. longicornis transmits various pathogens, like Coxiella burnetii, Borrelia burgdorferi,
and Babesia ovata (Mezouar et al., 2025; Price et al., 2021; Yu et al., 2011). Since H.
longicornis was first recorded in the United States in 2017, it has successfully invaded more
regions in rencent years (Moustafa et al., 2025; Tian et al., 2025). Coxiella-like endosymbiotic
was a nutritional symbionts are crucial for the survival of H. longicornis that specifically
distributed in the ovaries and malpighian tubules of female ticks, and could 100% vertical
transmission to the posterity (Liu et al., 2013). In reproduction stage, the CLE-HI also could
stimulate female ticks to engorgement (Zhong et al., 2021), provide the nutritional support at the
end of ovulate stage by recycling metabolites from malpighian tubules (Cibichakravarthy et al.,
2022), and synthesis vitamin B and amino acids (Duron et al., 2018; Duron & Gottlieb, 2020;
Gottlieb et al., 2015; Smith et al., 2015). Using antibiotics to inhibit CLE-HI can make a negative
impact on H. longicornis reproduction (Zhang et al., 2017; Zhong, 2012). The role of ticks
endosymbiotic under stress-conditions wasn’t expounded. Through field investigations, diel
activity of H. longicornis revealed that the major activity temperature was between 25°C and
40°C from 10:00 to 14:00, however, the activity of H. longicornis was also detected from 5.7°C
to 42.1°C (Noh et al., 2024). In order to understand the ecological adaptability and population
expansion capacity of H. longicornis, the research on the mechanism of heat stress tolerance of
requires urgent investigation.

In the present study, we found that exposing the engorged female ticks to transient extreme heat

did not affect the survival, and only limitedly impacted the reproduction. Furthermore, by the
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microbiome, metabolome and transcriptome analyses of ovary, it was confirmed that CLE-HI
and the HSP68 gene play an important role in restoring the reproductive capacity of the engorged
female ticks after transient extreme heat treatment. Overall, these results provide resource for

understanding the heat stress tolerance mechanism and ecological adaptability of H. longicornis.

MATERIALS AND METHODS

Ticks rearing

H. longicornis was obtained from the Xiaowutai National Nature Reserve, Hebei Province,
China (E114°47°—115°28", N39°50'—40°6"). During the non-parasitic stage, ticks were cultured
in an environmental chamber (temperature=26+1°C, relative humidity=754+5%, light:
darkness=16h:8h). At the parasitic stage, ticks were allowed to feed on the ears of New Zealand

white rabbits.
Transient extreme heat treatment and sample collection

Collecting the engorged female H. longicornis, the ticks were excluded that oversize (over
0.2500 g) or undersize (lower than 0.1500 g), and then the ticks were randomly divided into two
groups. The high-temperature group was directly placed in 42°C (relative humidity=75+5%) for
30 min, and cultured in the environmental chamber (temperature=26+1°C, relative
humidity=75+5%). The untreatment group was cultured in the environmental chamber directly

(temperature=26=+1°C, relative humidity=75+5%).

The accordingly groups of ticks were dissected and moved into 1xPBS (Solarbio, China) to
obtain the ovaries. After washing by 1xPBS (Solarbio, China) three times, the ovaries were

labelled to follow-up studies.
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Bright-field imaging

The different treatment groups of ticks, ovaries, eggs and offspring generation larvae were

observed with a microscope (Carl Zeiss Microscope GmbH, Germany).

Transmission electron microscope (TEM) imaging

The ovaries of H. longicornis were dissected and immediately fixed in 4% glutaraldehyde for 4h
at 4°C. The sample was moved to a 1/15 mol/L phosphate buffer solution for 12h, and then 1%
osmium tetroxide was added for 2h at 4°C. After washing in 1/15 mol/L phosphate buffer
solution, the sample was dehydrated using increasing concentrations of acetone (30%, 50%,
70%, 80%, 90%, and 95%) for 25 min each step, followed by three washes with 100% anhydrous
acetone at 4°C, 25 min each. Subsequently, the samples were infiltrated with increasing
concentrations of Agar 100 resin in propylene oxide: 50% for 3h, 75% for 12h, and 100% for
12h at 37°C. The samples were dried in an incubator at 37°C for 12h and at 60°C for 48h. The
samples were sectioned with a diamond knife and collected onto thin copper bar grids (100
mesh). The sections on the grids were stained with uranyl acetate for 8 min and with lead citrate
for 5 min and then viewed with a model H-7650 transmission electron microscope (Hitachi,
Japan).

Reproductive ability assay

To estimate reproductive ability of accordingly groups, the reproductive efficiency index (REI)
and hatchability were performed. For one single female, the weight of engorgement ticks and all

eggs were measured by electronic balance, and the REI was calculated.

the weight of all eggs
REI = g 28

" the weight of engorgement ticks

(D
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For all the female in group, all eggs were completely mixed and labelled. After 30 days of

cultivation, the hatchability was calculated.

the amounts of offspring generation larvae

Hatchability =

2

the amounts of eggs
16S ribosomal RNA gene high-throughput sequencing

The ovary samples of the untreatment group and the high-temperature group were collected and
separately washed by 70% ethanol, sterile and nuclease-free dH,O three times to avoid

environmental contamination. DNA extraction was performed using a QIAamp Fast DNA Stool
Mini Kit (Qiagen, USA). The concentration and quality of DNA were measured using Nanodrop

2000 (Thermo Scientific, USA) and 1% gel electrophoresis detection, respectively.

Barcode-indexed primers (338F: 5'~ACTCCTACGGGAGGCAGCAG-3'; 806R: 5'—
GGACTACHVGGGTWTCTAAT-3") were used to amplify the V3—V4 region of the bacterial
16S ribosomal RNA (rRNA) gene by TransStart Fastpfu DNA Polymerase (TransGen, China).
And sterile ddH,O was used as negative control for PCR. The amplicons were purified by
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA), and then were quantified using
QuantiFluor-ST (Promega, USA). The purified productions were pooled in equimolar
concentrations. The paired-end sequencing was performed on the Illumina MiSeq PE300
platform (Majorbio Bio-pharm Technology, China). The further analyses, including merging and
filtering the MiSeq sequence data by the Trimmomatic software (Bolger et al., 2014), aligning to
Silva database (Pruesse et al., 2007), screening for chimeras by Uchime algorithm (Edgar et al.,
2011), grouping (over 97% similarity) into operational taxonomic units (OTUs) by OptiClust

clustering algorithm (Westcott & Schloss, 2017), processing OTU table in Qiime (MACQIIME
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v.1.9.0) (Caporaso et al., 2010), taxonomically assigning by RDP Classifier v.2.2.0 (Wang et al.,
2007), obtaining the Greengenes /6S rRNA database v.13.5.0 (with 70% confidence) (McDonald
et al., 2012), and summarizing OTU in all levels, were performed by the platform of Majorbio

(https://www.majorbio.com/tools). The a-diversity indices, Shannon index, was calculated to

measure bacterial community richness and diversity between the high-temperature group and
untreatment group by Mothur v.1.30.1 (Schloss et al., 2009). Beta diversity was calculated by
weighted and unweighted UniFrac analysis (Lozupone & Knight, 2005) to plot the differences by
principal coordinate analysis (PCoA). The co-occurrence network analysis was performed by the

iNAP2 (https://inap.denglab.org.cn/) (Peng et al., 2024).

DNA-fluorescence in situ hybridization (FISH)

The ovaries was dissected and immersed in 4% paraformaldehyde for 24h at —4°C. The protocol
followed the method of Buysse et al. (2019). Samples were preincubated with 200 pL of
hybridization buffer [20xSSC Buffer (Solarbio, China)/50xDenhardt’s solution (Solarbio,
China), v:v = 1:1] for 15 min and then moved to 200 uL HB containing 1 puL of probe and
incubated for 16h at 46°C. The DNA-FISH probe for CLE-HL was 5-CY3—
GACTTCCCACATCGTTT-3, as used by Wang et al. (2018). Samples were washed with 200
uL of pre-warmed washing buffer [20 mmol/L TrisHCI pH 8.0 (Solarbio, China)/80 mmol/L
NaCl/50 mmol/L EDTA (Solarbio, China)/0.01% SDS (Solarbio, China)] for 30 min at 48°C and
then washed with 1 mL of PBS (Solarbio, China) for 15 min. The samples were incubated with
DAPI (Thermo Fisher Scientific, USA) to label the nuclear DNA. Fluorescent signals were

observed with a fluorescence microscope (Carl Zeiss Microscope GmbH, Germany).

Vitamin B rescue in transient extreme heat treatment female ticks
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To verify the lack of the eggs’ CLE-HI leading the low hatching rate of the high-temperature
group, ten kinds of vitamin B, multivitamin, and DEPC-H,0 were injected to females after 24h
of the transient extreme heat treatment, respectively. The working concentrations of ten kinds of
vitamin B and multivitamin were listed in Supplementary Table S1, and the microinjections were

performed with 1 uL of vitamin B or DEPC-H,O per engorged female tick.

Transcriptome analysis

The ovary samples of the untreatment group and the high-temperature group were collected, with
three replicates in each groups. The samples were sent to Majorbio Bio-Pharm Technology Co.
Ltd. (China) for transcriptomic sequencing. Sequencing libraries were constructed using the
Hieff NGS Ultima Dual-mode messenger RNA (mRNA) Library Prep Kit (Yeasen, China) and
sequenced on the Illumina NovaSeq platform. The bioinformatics analyses, including the quality
control, sequence alignment, transcript prediction, gene annotation, expression level calculation,
differential transcripts expression analysis (P-value<0.05 and fold change>1.2 or <0.83), Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis, were performed by the platform of Majorbio

(https://www.majorbio.com/tools). The reference genome of H. longicornis

(GCA _013339765.2 BIME HaeL 1.3) was downloaded from the National Center for

Biotechnology Information database (https://www.ncbi.nlm.nih.gov/datasets/genome/).
Metabonomics analysis

The 100 mg ovary sample of the untreatment group and the high-temperature group with six

replicates in each groups were ground and added 800 puL extraction solution (methanol: water =

4:1 (v:v) with four internal standards (0.02 mg/mL L-2-chlorophenylalanine, etc.). Samples were
10
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kept at —20°C for 30 min, and then centrifuged at 13000xg for 15 min (4°C). The supernatants
were used for Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) analysis. For
quality control process, the quality control (QC) sample was mixed by the equal volumes of all
samples and tested in the same manner as the analytic samples. The LC-MS/MS analysis of 12
samples were managed on a UHPLC-Orbitrap Exploris 480 system with the ACQUITY HSS T3
column (100 mmx2.1 mm i.d., 1.8 um; Waters, USA) at Majorbio Bio-Pharm Technology Co.
Ltd. (China). For the chromatographic, the condition setting as solvent A (0.1% formic acid in
water:acetonitrile=2:98, v/v) and solvent B (0.1% formic acid in acetonitrile) in the mobile
phases with the flow rate was 0.40 mL/min (the column temperature=40°C). The UPLC system
was jointed to the UHPLC-Orbitrap Exploris 480 system mass spectrometer with the
electrospray ionization (ESI) source operating in positive mode and negative mode. For the mass
spectrometer, the conditions setting as that sheath gas flow rate was 40 arb, aux gas flow rate
was 10 arb, source temperature was 400°C, ion-spray voltage floating (ISVF) was 3500V for the
positive mode and —2800V for the negative mode, and normalized collision energy was 4. And
the data acquisition was enforced the Data Dependent Acquisition (DDA) mode with a mass

range of 70-1050 m/z.

The raw data was performed by Progenesis QI (Waters Corporation, USA) software and was
exported in CSV format which including sample information, metabolite name and mass spectral
response intensity. Internal standard peaks and false positive peaks were removed, deredundant
and peak pooled. The metabolites were identified by searching database including the HMDB
(http://www.hmdb.ca/), Metlin (https://metlin.scripps.edu/) and the self-compiled Majorbio
Database (MJDB) of Majorbio Biotechnology Co., Ltd. (Shanghai, China). For data matrix pre-

processing, over 80% of the metabolic features detected in any set of samples were reserved. The
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response intensities of the sample mass spectrometry peaks were normalized using the sum
normalization method. The variables of QC with relative standard deviation (RSD)>30% were
excluded, and log)( logarithmicized. The further analyses, including the perform variance
analysis, principal component analysis (PCA) and orthogonal least partial squares discriminant
analysis (OPLS-DA) by R package “ropls” (Version 1.6.2), different metabolites analysis
[Variable importance in the projeciton (VIP)>1, P<0.05], and KEGG enrichment analysis by the
Python packages “scipy.stats” (https://docs.scipy.org/doc/scipy/), were performed by the

platform of Majorbio (https://www.majorbio.com/tools).

RNA interference

The double-stranded RNA (dsRNA) was synthesized using a MEGAscript RNAi Kit (Thermo
Fisher Scientific, USA) to verify the function of three candidate genes. Based on the cDNA
sequences, primers with a T7 promoter sequence were designed; these are listed in
Supplementary Table S2. The green fluorescent protein (GFP) (KX247384.1) was used as the
exogenous control (Gong et al., 2009). The dsSRNA was dissolved in RNase-free dH,O
(Invitrogen, USA), and microinjections were performed with 20,000 ng of dsSRNA per engorged
female tick. After 24h, 48h and 72h post-injection, five ovaries from different treatment groups

were dissected as a single sample (three biological replicates for each group).

RNA extraction

Total RNA of tick ovaries was purified using the TRIzol reagent (Invitrogen, USA) following
the manufacturer’s instructions. cDNA was synthesized using 400—600 ng RNA by the Verso
cDNA Synthesis Kit (Thermo Fisher Scientific, USA). The concentration and quality of RNA
and cDNA were measured using Nanodrop 2000 (Thermo Scientific, USA) and 1% gel

electrophoresis detection, respectively.

12
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DNA extraction

For detecting the relative numbers of CLE-HI, the total DNA of tick ovaries was purified using
an EasyPure®Genomic DNA Kit (TransGen Biotech, China). The concentration and quality of
DNA were measured using Nanodrop 2000 (Thermo Scientific, USA) and 1% gel

electrophoresis detection.

Quantitative real-time PCR (qPCR)

To measure gene interference efficiency and relative amounts of CLE-HI by qPCR, a
MagicSYBR Mixture (CwBiotech, China) was employed following the manufacturer’s
instructions. The cDNA and total DNA of treatment groups were quantified using a Roche
LightCycler 480 (Roche, USA). The reactions for each sample and GFP were run in duplicate.
Gene interference efficiency was determined by relative quantification normalized to actin
(EU019716.1). Relative amounts of CLE-HI were determined by absolute quantification. The
pEASY®-T1 Simple Cloning Kit (TransGen Biotech, China) and an EasyPure® Plasmid MiniPrep
Kit (TransGen Biotech, China) were used to construct plasmids containing the target genes, ropb
of CLE-HI and actin of H. longicornis, and to draw the standard curve. The primers are listed in

Supplementary Table S2.

Statistics

The Student’s #-test was used to compare statistical significance between two groups. One-way
ANOVA test was used to compare statistical significance among different treatment groups, and
Tukey’s multiple comparison was used for post hoc analysis. P<0.05 was considered statistically
significant. Data analysis was carried out using Graph Prism version 8.0.2 for Windows

(GraphPad Software, USA).
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RESULTS

Effect of transient extreme heat on reproduction

The transient extreme heat treatment would not have any impact on the survival ability of female
ticks, but the ovarian development was seriously delayed. In untreatment group, the bright-field
images of ovary revealed that the oocytes outside the ovarian longitudinal groove turning light-
yellow from the 1 day post treatment (dpt), and the mature oocytes presenting in ovariole from
the 3 dpt (Figure 1A). By contrast, in high-temperature group, the ovarian bright-field images
displayed obvious inhibition of development that the oocytes keeping opalescent at the 1 and 2
dpt, the vitellogenin accumulating from the 3 dpt, and the mature oocytes presenting in ovariole
from the 5 dpt (Figure 1A). Surprisingly, the maturation of oocytes are similarity from the 10 dpt
at two groups (Figure 1A). To describe the characteristic of egg-laying in two groups, the daily
productive efficiency of females were quantified. In untreatment group, the laying of eggs begins
at the 4 dpt and peaks at the 6 dpt, but in high-temperature group the laying of eggs begins at the
5 dpt and peaks at the 8 dpt (Figure 1B). The TEM was performed to explore more details about
the inhibition of ovarian development after the transient extreme heat treatment. Compared with
untreatment group, at the 1 dpt the oocytes in high-temperature group contains large numbers of
grey granules, and the mitochondria with intumescent form and quantity increasing (Figure 1C).
At the 3 dpt the oocytes in high-temperature group shows further abnormalities that the
vitellogenin granules with the rough surfaces (Figure 1C). Comparison of ovarian morphology at
the peak of ovulation, in untreatment group the eggshell is structurally complete and thick, and
containing granular protein, but in high-temperature group the eggshell is thin and uneven

(Figure 1C).
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The reproductive ability is slight decrease after the transient extreme heat treatment, but have not
significant difference. The REI decrease from 0.4740+0.01476 in untreatment group to
0.4518+0.02090 in high-temperature group (P=0.3730) (Figure 1D), and the weight of egg-
laying decrease from 0.1011+ 0.00383 in untreatment group to 0.0911£0.00597 in high-
temperature group (P=0.1418) (Figure 1E). Although the transient extreme heat treatment does
not affect the reproductive ability of female ticks, the eggs of high-temperature group ticks show
a significant proportion of withered and paler color. Furthermore, the hatching rates of eggs were
calculated, in the high-temperature group the hatching rate is significant reduction to
62.14+0.836% than the 89.38+0.462% in untreatment group (Figure 1F). The hatching process
of eggs were recorded, the high-temperature group eggs retards than untreatment group, and
some of them appearance of arrested-developing eggs (Figure 1G). In two groups, the phenotype
of offspring generation larvae has a little difference in the body color. The larvae in high-
temperature group are pale yellow, which due to the abnormal of midgut (Figure 1H). In
summary, the transient extreme heat partly impacts the reproduction of ticks, but the influences

gradually be repaired by the unknown mechanisms.

168 rRNA sequencing

To explore the impact of temperature variation to microbiota of ovary, at the 3 dpt, the
microbiota in two groups ovary was detected by /65 rRNA sequencing. The diversity of six
samples in two groups was analyzed. After removing the low-quality reads, a total of 348 212
optimized sequences were obtained which totally 149 205 445 bp, and the average length of
reads was 428 bp. Perform the OTUs clustering analysis on non-redundant sequences based on a
97% similarity criterion, the details were listed in Supplementary Table S3. The bacterial

microbiota was assigned to 11 phyla, 20 classes, 41 orders, 61 families, 93 genera, and 103
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species. The venn diagram showed the amounts of unique and shared OTUs in phylum, class,
order, family, genus, and species levels, respectively (Figure 2A; Supplementary Table S4). By
comparison, after transient extreme heat treatment the bacterial richness was slight increase. The
proportions of the top 10 dominant bacteria in phylum, family, and genus levels are shown in
Figure 2B, respectively. The main change of proportions of bacterial microbiota was brought by
the CLE-HI increase. Bacterial community diversity (Shannon index) showed no significant
difference (P=0.149) between the two groups at the OTU level (Figure 2C). Principal Co-
ordinates Analysis (PCoA) based on Bray-Curtis distance showed a trend of separation between
the two groups, but PERMANOVA revealed no significant difference (P=0.098) (Figure 2D). To
further analyze the impact on the microbial community, the co-occurrence network analysis was
performed to understand the potential symbiotic relationships of the ovarian microbiota in
transient extreme heat stress (Figure 2E; Table 1). While in the network of untreatment group, 71
OTUs were enriched, with an average weighted degree of 22.645, a diameter of 2, and an
average path length of 1.245161 (Figure 2E; Table 1). But, in the network of the high-
temperature group, 31 OTUs were enriched, with an average weighted degree of 18.845, a
diameter of 3, and an average path length of 1.74004 (Figure 2E; Table 1). It is revealed that the
ovarian microbiota subjected to a significant impact that the reduction of connectivity and the
weakned of potential interaction after the ransient extreme heat treatment. Basing the closeness
centrality to screen the hub-nodes in co-occurrence network, the top 10 nodes that appear most
frequently on the shortest connection path of two groups were listed in Table 2. The results
reflected that the hub-nodes of untreatment group were disappeared after the transient extreme
heat treatment, and the new hub-nodes of high-temperature group were formed by the microbiota

at periphery of network except the OTU63 (Methyloversatilis) (Table 2). In contrast, the mutual
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OTUs in the two groups confirmed that the six OTUs (OUT60, OTU28, OTU74, OTU38,
OTU29 and OTU31) in the Module 4 of untreatment group were reformed the new hub of high-
temperature group (Figure 2E; Table 2). Among them, the hub-nodes, OUT60 (Pseudomonas
brenneri), OTU28 (uncultured Caulobacteraceae) and OTU74 (Bradyrhizobium japonicum),
may provide support for the formation of multi-species biofilms. In addition, the
Methyloversatilis, which specificity in the high-temperature group, have played a role in
promoting the ovarian development in Portunus trituberculatus (Wei et al., 2020). Although in
two co-occurrence networks the OTU44 (CLE-HI) are located at the periphery, its contents hold
an absolute dominance within the microbiota and increases after the transient extreme heat
treatment. As the most important endosymbiotic bacteria during reproduction of H. longicornis,
the CLE-HI has a relatively distant relationship with other bacterial of microbiota for
community, but has a close relationship with the host. Although the contents of CLE-HI is high,
its dependence on other bacterial of network is relatively low. The details of CLE-HI potential

functions were further investigation.

Effect of transient extreme heat on ovarian CLE-HI

The relative amounts of ovarian CLE-HI in two groups were revealed from the 1 dpt to 8 dpt,
separately (Figure 3A; Supplementary Figure S1). After transient extreme heat treatment, the
relative amounts of ovarian CLE-HI were increase, especially in the 1 dpt, from the 10.97+0.52
in the untreatment group increasing to 98.71+3.33 in the high-temperature group (Figure 3A),
which implied the CLE-HI may be involved in assisting the host in heat stress resistance. The
distributions of CLE-HI at the 1 to 8 dpt were exposed by the DNA-FISH assay (Figure 3B). By
contrast, in high-temperature group, the CLE-HI distribution range has expanded and it is widely

present in oocytes at the 1 and 2 dpt (Figure 3B9). At the 4 dpt, the difference in CLE-HI
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distribution between two groups was concentrated in the oocytes inside the ovarian longitudinal
groove which have a high density in the high-temperature group (Figure 3B%"). From the 5 dpt,
the difference focuses on the oocytes outside the ovarian longitudinal groove which having a
large volume with a significant accumulation of vitellogenin (Figure 3B*P-P"), In the
untreatment group, the CLE-HI aggregated on one side of oocytes and showed a layered
distribution till the 8 dpt (Figure 3Bi-!>"?"), But in the high-temperature group, the layered
distribution of CLE-HI showed incomplete that contrary to the high relative amounts within the
ovaries, and the phenomenon was gradually intensifying (Figure 3B"-¥>™"°") To confirm this
phenomenon, the relative amounts of eggs’ and offspring generation larval CLE-HI were
revealed. Surprisingly, although the relative amounts of CLE-HI in the high-temperature group
ovaries increased, the relative amounts of CLE-HI within the eggs’ and offspring generation
larval significantly decreased (eggs: untreatment group=7.539+0.1198, high-temperature
group=4.250+1.3047; larval: untreatment group=7.003+0.0995, high-temperature
group=4.094+0.0340) (Figure 3C, D), which implied the additional CLE-HI is mainly involved

in the host's response to heat stress.

Effect of Vitamin B rescue on reproduction after transient extreme heat treatment

During reproduction, the CLE-HI providing the nutritional support at the end of the ovulate stage
by synthesizing vitamin B. At the 3 days post injection (dpi), the ovaries of the 12 groups were
obtained and collected images in the bright-field and fluorescence-field microscope. Compared
with the DEPC-H,O group, ovaries of all other groups showed development restoration in the
bright-field, especially in the vitamin B2, vitamin B6, vitamin B7, vitamin B9 and multivitamin
groups (Figure 4A®). In the fluorescence-field, the CLE-HI distribution in the vitamin B2,

vitamin B6, vitamin B7, inositol and multivitamin groups were expanded and content increase
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than the DEPC-H,O groups (Figure 4A%-"). Furthermore, the eggs of vitamin B rescue groups
displayed obvious color differences. In the vitamin B1, vitamin B2, vitamin B5, vitamin B7 and
vitamin B12 groups the color of eggs becomes lighter (Figure 4B¢>4>-1".1") "in the vitamin B3,
vitamin B6 and inositol groups the color of eggs becomes darker and turns back to amber (Figure
4B¢-2-1), and in the vitamin B9 and choline chloride groups the color of eggs turns to a grayish-
brown (Figure 4B"-¥"). The daily productive efficiency in vitamin B rescue groups revealed that
the Vitamin B rescue It is failed to recover the time of egg-laying, but in vitamin B2, vitamin B35,
vitamin B7 and multivitamin groups it can help to promote the egg-laying peak (Figure 4C). The
REI of the vitamin B rescue groups verified the vitamin B1, vitamin B3, vitamin B5, vitamin B6,
vitamin B7, vitamin B9, choline chloride and multivitamin rescue could increase the fertility of
transient extreme heat treatment females (Figure 4D). Except the vitamin B7 rescue group, the
hatching rates of eggs in other groups are significant increase, especially in the multivitamin
group the hatching rate reaches to 97.20+£0.318% (P<0.0001) which exceeding the untreatment
group (89.38+0.462%) in Figure 1F, and the vitamin B2 (88.96+0.292%, P<0.0001) and inositol
(89.50+0.442%, P<0.0001) rescue groups are also close to those of the untreatment group
(Figure 4E). The hatching rates of eggs in Vitamin B rescue groups confirmed the hypothesis
that the reduction of eggs’ CLE-HI content due to additional consumption of ovarian CLE-HI in

heat stress, which causing the decreased vitamin B supply, and led to the low egg hatching rate.

Metabonomics analysis

The ovarian metabonomics of the high-temperature and untreatment group at the 3 dpt were
detected to explore the effects of the transient extreme heat treatment. The metabolites were
analysed, identified and annotated through liquid chromatography. Totally, it was obtained 548

metabolites in positive model and 257 metabolites in negative model. The component of
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423  metabolites was slightly alterated that only contant two specifically metabolites in the
424  untreatment group at positive and negative model, separately (Supplementary Figure S2). The
425  metabolites annotated in the KEGG database were classified, and the results are presented in

426  Supplementary Figure S3. The differential metabolites (DMs) (VIP>1, P-value<0.05)were

427  calculated, it is shown that 34 metabolites had significantly increased, and 49 metabolites had
428  significantly decreased (Supplementary Figure S4). The top 30 marker metabolites were

429  screened from DMs (Supplementary Figure S5). Except the short peptides, the marker

430  metabolites including some prominent secondary metabolites of pivotal enzymes in metabolism
431  alteration, as queuine, osmaronin, dynorphin B (6-9), 4-hydroxynonenal and paxilline

432 (Supplementary Figure S5). The DMs were enriched in KEGG database, and the top 20

433  pathways were shown in Figure SA which most of the pathways were amino acid metabolism-
434  related pathways. Except that, the “pentose phosphate pathway (map00030)” and “pantothenate
435  and CoA biosynthesis (map00770)” were enriched, which indicating the energy utilization mode
436  was change after the transient extreme heat treatment. The enrichment of “linoleic acid

437  metabolism (map00591)”, “alpha-linolenic acid metabolism(map00592)”, “glycerophospholipid
438  metabolism (map00564)” pathways implied the temperature changes leading to alteration in

439  lipids utilization. It is indicated the transient extreme heat treatment caused utilization changes of
440  sugar and lipid. The “drug metabolism-other enzymes (map00983)” pathway indicated that the
441  heat stress resultes in the oxidative damage repair. The enrichment of “neuroactive ligand-

442  receptor interaction (map04080)” and “ABC transporter (map02010)” pathways suggested the

443  heat stress triggered the transport of a wide variety of substrates such as hormones, sterols, lipids

444  and ions to protect cell structure stability and response to heat stress injury.

445  Transcriptome analysis
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The ovarian transcriptome of the high-temperature and untreatment group at the 3 dpt were
sequenced to explore the effects of the transient extreme heat treatment. Totally 55.28 Gb of
Clean Data was obtained, and each sample reached more than 7.39 Gb (Supplementary Table
S5). The percentage of Q30 base was more than 96.31%, and the average sequencing error rate
was 0.0117% (Supplementary Table S5). The GC content was between 51.87% and 52.27%, and
the values of samples in two groups were similar (Supplementary Table S5). The Clean Reads
were aligned with the genome of H. longicornis, and the alignment rate ranged from 79.56% to
79.85% (All of the alignment rates exceeded 70%), indicating that the sequence alignment
results could be used for subsequent analysis (Supplementary Table S6). The quality evaluations
were performed (Supplementary Figure S6; Supplementary Figure S7), the transcripts were
assembled and annotated (Supplementary Figure S8; Supplementary Figure S9), and distribution
of transcription expression in six samples was displayed (Supplementary Figure S10). Analyzed
the amounts of unique and shared genes between the two groups, it is showed that the 260 genes
specifically expressed in the high-temperature group, the 239 genes specifically expressed in the
untreatment group, and the 6 875 genes expressed in both groups (Supplementary Figure S11).
The differentially expressed genes (DEGs) were revealed (Supplementary Figure S12;
Supplementary Figure S13), and the directed acyclic graph based on the GO database enrichment
revealed that the enriched GO terms mainly perform three types of functions as the metabolic
process regulation triggering by proteolysis (The aqua background), the molecular function
regulating by serine-type endopeptidase (The golden-amber background), and the cellular
response to superoxide radical stress (The light-pink background) (Supplementary Figure S14;
Supplementary Figure S15). The DEGs were enriched in the KEGG pathways by GSEA to

explore more details, the enriched pathways (Supplementary Figure S16). The enriched
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pathways in genetic information processing and cellular processes conformed to that the transient
extreme heat treatment formed a severe DNA double strand damage but the damage only
triggered the cell cycle arrest not cellular senescence or apoptosis. The enriched pathways in
organismal systems showed the high-temperature group increased energy and substance demand,
and initiated cell survival mechanisms. In addition, the enrichment of the “estrogen signaling
pathway (map04915)” and “cholinergic synapse (map04725)” pathways suggested the hormones
system and peripheral nervous system in ovary also involved in the recovery after heat stress.
The enrichment of pathways in environmental information processing and metabolism categories
implied the changes in cell membrane, extracellular structures and intercellular connection
structures. Remarkably, the up-regulation of “riboflavin metabolism (map00740)” pathway
indicated the accumulation of riboflavin exceeding the requirement. The enriched DEGs in
KEGG database were visualization which containing the 78 up-regulated genes and the 46 down-
regulated genes (Figure 5B). The function of enriched DEGs could be divided into the lysosome,
ubiquitination, immunoreaction, chitin relevant, apoptosis, cell signal, neural signal, cellular
community, genetic information processing, metabolism and energy, others and function
unknown genes. Cells avoided heat stress damage by genes expression alteration to change the
structure of cell membrane and transporter compositions. Based on the function and the
expression foldchange, the HPB48-0018326 (cytochrome P450 6a9, Cyp6a9) genes for
antioxidant defense, HPB48-0023605 (heat shock protein 68, Hsp68) genes for heat shock
response, and the HPB48-0016741 (chloride channel accessory 2, CLCA2) genes for DNA
damage repair were screened as candidate genes to verify the role in the process of repairing heat

stress damage.

Roles of candidate genes in transient extreme heat on reproduction
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The three candidate genes were performed for RNA interference, and the interference efficiency
of three genes were detected at 24h, 48h and 72h post-injection (hpi) in ovary (Figure 5C). The
interference efficiencies of the CLCA2 genes were 64.6% at 24 hpi and 63.6% at 48 hpi,
separately. In the Hsp68 genes interference group, the interference efficiencies were 35.2% at 24
hpi and 52.0% at 48 hpi. And the interference efficiencies of the Cyp6a9 group were 30.1% at 24
hpi, and 74.2% at 48 hpi. The bright-field images of ovary displayed the effect of candidate
genes interference to the fecundity after the transient extreme heat treatment (Figure 5D). At 24
hpi, the ovaries of Hsp68, CLCA2 and Cyp6a9 groups were significantly developmental
inhibition than the GFP group. At 48 and 72 hpi, the ovaries of Hsp68 and CLCA2 groups were
maintained inhibition, but the Cyp6a9 group similar with the GFP group. Compared with the
GFP group (0.09089+0.007771), the weight of egg-laying decrease in three RNA interference
group. Although there was no significant difference in CLCA2 group (0.06557+0.008337,
P=0.0951), both Hsp68 (0.04289+0.005099, P=0.0003) and Cyp6a9 (0.05942+0.009909,
P=0.0230) groups showed a significant decrease (Figure 5E). The REI decrease from
0.4054+0.02742 in GFP group to the 0.2197+0.02745 (P=0.0018) in Hsp68 group, the
0.3230+0.03371 (P=0.2870) in CLCA?2 group, and the 0.2940+0.04663 (P=0.0884) in Cyp6a9
group (Figure 5F). In summary, the above results indicate that the specific up-regulation of the
three candidate genes plays a pivotal role in the recovery of reproductive capacity after transient

extreme heat treatment, especially the Hsp68 gene plays the most crucial role.

DISCUSSION
As a blood sucking arthropod, H. longicornis is mainly distributed in Asia with an expanding
distribution range, and has excellent ecological adaptability. The field investigations revealed

that H. longicornis have the capacity of tolerating environment temperature of 5.7°C to 42.1°C
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(Noh et al., 2024). In order to understand the heat stress tolerance and ecological adaptability of
H. longicornis, we exposed the engorged female ticks to transient extreme heat (42°C for 30
min), and found that the heat stress did not affect the survival of engorged females, and had only
limited effects on reproduction. Based on the microbiome, metabolome and transcriptome
analyses, it was confirmed that H. longicornis has a series of complex heat stress repair
mechanisms, and the endosymbionts CLE-HI and the HSP68 gene play an important role in heat
stress tolerance of H. longicornis. In summary, this study uncovers details for understanding the
heat stress tolerance mechanism and ecological adaptability of H. longicornis.

The engorged female ticks have excellent heat tolerance such that transient extreme heat
treatment would not have any impact on their survival, and partly impacts reproduction as the
ovarian development was delayed and the hatching rates was reduced. However, the weight of
egg-laying and REI slightly decrease under the transient extreme heat treatment (Figure 1D, E).
The bright-field and TEM images confirmed that the inhibition of ovarian development in the
high-temperature group was caused by the heat damage repair (Figure 1A, C). When exposed to
high temperatures for over 5 hours, the F1 generation of Microplitis manila was suppressed in
longevity and fecundity (Ren et al., 2025). Heat stress significantly reduced the survival and
fecundity of Pteromalus puparum which parasitizes butterfly (Xiong et al., 2023), and inhibited
the development and parasitism of Coccophagus japonicus (Sun et al., 2024). Moreover, the B.
tabaci declines in the hatching rate and female sex ratio after expose to 43°C—45°C for 1 hour
(Williams et al., 2003). The results of transient extreme heat treated females reflect that H.

longicornis possess excellently heat stress tolerance and extremely ecological adaptability.

The ovarian microbiota analysis revealed that after transient extreme heat treatment the co-

occurrence network forming a new hub which could survive at high temperatures (Figure 2E;
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Table 2). The CLE-H1 was located at the edge of the network in both of two groups and
interacted with other bacteria less. However, in the high-temperature group the CLE-H1
increased in content which indicated that it might play a role in heat tolerance of H. longicornis
(Figure 3A). It has been confirmed in various arthropods that symbionts can assist the host in
heat stress resistance (Brumin et al., 2011; Oliver et al., 2010; Zhou et al., 2021). Further
analysis revealed that the amount of CLE-H1 within the egg decreased to a half (Figure 3C). In
consideration of CLE-H1 expressing different protein profile by the location (malpighian tubules
or ovary) to cooperate with the organizational functions of host, it is speculated that CLE-H1
increase sharply might have participated in the execution of heat stress damage repair (Figure 6).
The Duox-ROS which induced by gut commensal bacteria is vital for maintaining peritrophic
matrix (PM) structural, in contrast the PM regulates immune deficiency (Imd) pathway to protect
epithelial cells (Bai et al., 2025). The abnormal midgut colour phenotype in offspring larvae was
speculated to result from limited vertical transmission of microbiota, leading to insufficient ROS
stimulation and thus lack of melanization during PM formation. As a nutritional endosymbiotic,
the most important role of CLE-H1 is to provide the required vitamin B to the developmental
oocyte. The limited vertical transmission of CLE-H1 caused vitamin B deficient which might
result the low hatching rate. After vitamin B rescue to the transient extreme heat treatment
females, it was found that in some vitamin B rescue groups, especially in the multivitamin group,
the vitamin B2 group and the inositol group, the reduced hatching rate were significantly
restored. It was confirmed that the deficiency of vitamin B is the main reason of the hatching rate

decrease (Figure 6).

Metabolic and transcriptomic results indicated that the heat stress response of H. longicornis was

consistent with that of other arthropods, involving alterations in lipid utilization, synthesizing
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osmotic protective metabolites, and induction of the expression of HSPs genes and antioxidant
defense genes. The top 20 enriched pathways of DMs based on KEGG database revealed that the
“pentose phosphate pathway (map00030)”, “pantothenate and CoA biosynthesis (map00770)”,
and “glycerophospholipid metabolism (map00564)” are associated with alterations in sugar and
lipid utilization, while the “ABC transporter (map02010)” is involved in typical osmotic
protective metabolites synthesis, with the purpose of protecting cell structure stability (Figure
5A; Figure 6). Except the short peptides, the top 30 marker metabolites including some
prominent secondary metabolites of pivotal enzymes in metabolism alteration, as queuine,
osmaronin, dynorphin B (6-9), 4-hydroxynonenal and paxilline (Supplementary Figure S5).
Queuine is a hypermodified nucleobase acting on the first position of the anticodon of tRNAs
which is specific for Asn, Asp, His, and Tyr. Queuine is relevant to oxidative stress response,
and impairs mitochondrial function and protein folding (Ehrenhofer-Murray, 2025). Osmaronin
involved in defense against pathogens and environmental stresses, and is biosynthesized through
cytochrome P450 and UDP-glucosyltransferases triggered by the L-leucine (Ehlert et al., 2019).
Dynorphin B (6-9) binds to the kappa opioid receptor in the cell nucleus, which triggers a
signaling cascade involving nuclear PKC activation to enhance the transcription of key
developmental genes (Ventura et al., 2003). As an oxidative stress biomarker, 4-hydroxynonenal
(4-HNE) 1s an endogenous electrophilic lipid peroxidation product and an inhibitor of aldehyde
dehydrogenase 2 (ALDH2) whose dehydrogenase activity is related to the metabolism of
aldehydes produced under oxidative stress and a pivotal enzyme in insect hormone biosynthesis
(Gao et al., 2022). Paxilline belongs to the indole diterpenes class, acts primarily as an inhibitor
of calcium-sensitive potassium channels in calcium-activated potassium channels subfamily, and

can also inhibit the sarcoplasmic or endoplasmic reticulum Ca?*-ATPase (Ghatta et al., 2006).
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The directed acyclic graph of DEGs based on GO database revealed that three types of functions
as the metabolic process regulation triggering by proteolysis, the molecular function regulating
by serine-type endopeptidase, and the cellular response to superoxide radical stress were
performed (Supplementary Figure S15), which is consistent with the heat stress response of the
metabolic. Screened out the pivotal enriched KEGG pathways by the GSEA, among them, the
Cyp6a9, Hsp68 and CLCA?2 genes with the highest expression foldchange were selected as the
candidate genes (Figure 5B). Members of this family regulate chloride transport across the
plasma membrane. The Cyp6a9 involved in the metabolism of insect hormones and in the
breakdown of synthetic insecticides (Santisree et al., 2017). Hsp68 encodes a protein involved in
the life-span determination and response to heat shock and starvation (Yang & Lu, 2024). The
tumor suppressor protein p53 upregulates the expression of the CLCA2 genes in response to
DNA damage (Walia et al., 2009). The CLCA2 genes encodes a member of the calcium-activated
chloride channel regulator (CLCR) protein family (Walia et al., 2009). The RNA interference of
candidate genes confirmed that both HSP68 and Cyp6a9 were deeply involved in ovarian
function repairment and maintained the egg production, particularly the HSP68 genes. The
weight of egg-laying (0.04289+0.005099, P=0.0003) and the REI (0.2197+0.02745, P=0.0018)
in HSP6S interference group were significantly reduced, indicating that HSP68 plays a crucial
role in the repair of heat damage (Figure 6).

This study exposed the engorged female ticks to transient extreme heat (42°C for 30 min), and
found that the heat stress did not affect the survival of engorged females, and had only limited
effects on reproduction. Based on the microbiome, metabolome and transcriptome analyses, it
was confirmed that H. longicornis has a series of complex heat stress repair mechanisms (Figure

6), and the endosymbionts CLE-HI and the HSP68 gene play an important role in heat stress
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tolerance of H. longicornis. In summary, this study uncovers details for understanding the heat

stress tolerance mechanism and ecological adaptability of H. longicornis.
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Figure 1: Effect of transient extreme heat treatment on reproduction.

A: The effect of transient extreme heat on Haemaphysalis longicornis ovarian development by
bright-field imaging. The scale bars are 1000 pm in length.

B: The daily productive efficiency of female ticks after transient extreme heat treatment. Data
are presented as mean+SEM (n=12).

C: The effect of transient extreme heat on H. longicornis ovarian development by TEM. The
scale bars are 4 um (5000%) and 1 um (20000%) in length.

D: The REI of transient extreme heat treatment and untreatment H. longicornis. Data are
presented as mean+=SEM (n=41). The “ns” indicate the no significant difference (P>0.05)
(Student’s t-test).

E: The weight of total eggs of transient extreme heat treatment and untreatment H. longicornis.
Data are presented as mean=SEM (n=41). The “ns” indicate the no significant difference
(P>0.05) (Student’s #-test).

F: The hatching rates of two groups of eggs. Data are presented as mean=SEM (n=5). The
asterisks indicate the significant difference (****P<(0.0001) (Student’s z-test).

G: The hatching process of two groups of eggs. The scale bars are 500 um in length.

H: The phenotypes of two groups of offspring generation larvae. The scale bars are 1000 pm in

length.
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Figure 2: Effect of transient extreme heat on ovarian microbiota of Haemaphysalis

longicornis.

A: The venn diagram of ovarian OTUs between the untreatment group and high-temperature

group at the phylum, class, order, family, genus and species levels.

B: The proportions of the top 10 dominant bacteria in untreatment group and high-temperature

group at the phylum, family, and genus levels.

C: The bacterial community diversity (Shannon index) of ovarian microbiota between the

untreatment group and high-temperature group.

D: Principal coordinate analysis (PCoA) results of the ovarian microbiota in untreatment group

and high-temperature group.
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E: The co-occurrence network of ovarian microbiota between the untreatment group and high-
temperature group. The thumbnail in left corner represents coloring according to the modules.
The black boxes marked the mutual OTU in the untreatment group and high-temperature group.

The nodes colour in main image stands for the phylum of OTUs.

H stands for the high-temperature group, and N stands for the untreatment group.
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Figure 3: Effect of transient extreme heat on ovarian CLE-HI.

ropb (CLE-HI)factin (H. fengicornis)

A: The relative amounts of ovarian CLE-HI in two groups. Data are presented as mean+SEM
(n=3). The “ns” indicate the no significant difference (P>0.05). And the asterisks indicate the
significant difference (0.01<*P<0.05, 0.001<**P<0.01, 0.0001<***P<0.001, and
*Ax%P<0.0001) (Student’s z-test).

B: Spatiotemporal expression pattern of the CLE-HI distribution in two groups measured by
DNA-fluorescence in situ hybridization. The scale bars are 1000 um, 500 pm and 200 um in
length.

C: The relative amounts of eggs’ CLE-HI in two groups. Data are presented as mean+SEM
(n=3). The asterisks indicate the significant difference (0.01<*P<0.05, 0.001<**P<0.01,

0.0001<***P<0.001, and ****P<0.0001) (Student’s ¢-test).
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853  D: The relative amounts of offspring generation larval CLE-HI in two groups. Data are presented
854  as mean+SEM (n=3). The asterisks indicate the significant difference (****P<0.0001) (Student’s

855  f-test).
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Figure 4: Effect of Vitamin B rescue female ticks in transient extreme heat treatment.

A: The bright-field images and the spatiotemporal expression pattern of the CLE-HI distribution
in Vitamin B rescue ticks ovarian after transient extreme heat treatment. The scale bars are 1000
um in length.

B: The appearances of ticks and eggs in Vitamin B rescue groups after transient extreme heat
treatment. The scale bars are Imm and 500 um in length.

C: The daily productive efficiency of Vitamin B rescue female ticks after transient extreme heat

treatment. Data are presented as mean+=SEM (n=12).

43



865

866

867

868

869

870

871

872

D: The REI of Vitamin B rescue female ticks after transient extreme heat treatment. Data are
presented as mean+SEM (n=12). The “ns” indicate the no significant difference (P>0.05). And
the asterisks indicate the significant difference (0.0001<***P<0.001) (Tukey’s test).

E: The hatching rates of eggs in Vitamin B rescue groups after transient extreme heat treatment.
Data are presented as mean=SEM (n=6). The “ns” indicate the no significant difference
(P>0.05). And the asterisks indicate the significant difference (0.001<**P<0.01,

0.0001<***P<0.001, and ****P<0.0001) (Tukey’s test).
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Figure 5: Transient extreme heat response of Haemaphysalis longicornis revealed by
metabonomics and transcriptomics.

A: The KEGG pathway enrichment of different metabolites between the high-temperature group
and the untreatment group. For each dot in diagram, the P-value of enriched pathways is
indicated by a color gradient; the amounts of enriched metabolites in each pathway are indicated
by the size of the dot.

B: The interaction network of differentially expressed genes based on the KEGG database. For
each dot in diagram, the Log,FC of enriched genes are indicated by a color gradient.

C: The relative expression of genes (GFP, HSP68, CLCA2, CyP6a9) at 24 h, 48 h and 72h after
RNA interference was compared. Data are presented as mean+=SEM (n=3). The asterisks indicate
the significant difference (0.0001<***P<0.001, and ****P<(0.0001) (Tukey’s test).

D: The effect of H. longicornis ovarian development in candidate genes (GFP, HSP68, CLCA?2,
CyP6a9) knockdown groups measured by bright-field imaging after transient extreme heat
treatment. The scale bars are 1000 pm in length.

E: The weight of total eggs of candidate genes (GFP, HSP68, CLCA2, CyP6a9) knockdown
groups after transient extreme heat treatment of H. longicornis. Data are presented as
mean+SEM (n=12). The “ns” indicate the no significant difference (P>0.05). And the asterisks
indicate the significant difference (0.001<**P<0.01) (Tukey’s test).

F: The REI of candidate genes (GFP, HSP68, CLCA2, CyP6a9) knockdown groups after
transient extreme heat treatment of H. longicornis. Data are presented as mean+SEM (n=12).
The “ns” indicate the no significant difference (P>0.05). And the asterisks indicate the

significant difference (0.01<*P<0.05, and 0.0001<***P<(0.001) (Tukey’s test).
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896  GFP stands for green fluorescent protein, HSP68 stands for heat shock protein 68, CLCA2

897  stands for chloride channel accessory 2, CyP6a9 stands for cytochrome P450 6a9.
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Coxiella-like endosymbiotic
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Figure 6: Schematic diagram of the H. longicornis heat stress response mechanism.
Summary diagram showing the heat stress response mechanisms in multiaspects of H.
longicornis. The metabonomics analysis revealed that the “pentose phosphate pathway”,
“pantothenate and CoA biosynthesis”, and “glycerophospholipid metabolism” enriched pathways
are associated with alterations in sugar and lipid utilization, while the “ABC transporter”
enriched pathway is involved in typical osmotic protective metabolites synthesis, with the
purpose of protecting cell structure stability. The transcriptome analysis revealed that the HSP68
and Cyp6a9 genes are involved in heat stress response. The /6S rRNA sequencing and further
research of CLE-HI revealed that the excessive proliferation of CLE-HI in other ovarian cells is
also involved in heat stress response, and limited vertical transmission of CLE-HI reduced the

hatching rate of offspring.
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910  HSP68 stands for heat shock protein 68, CyP6a9 stands for cytochrome P450 6a9.

911
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912

913

914

group.

untreatment group high-temperature group
Description Length 574.771 1797.861
Number of Communities 15 33
Modularity 0.112 0.165
Modularity with resolution 0.112 0.165
Number of Communities 2 4
Number of Weakly Connected Components 1 1
Average Clustering Coefficient 0.789 0.29
Total triangles 2022 1228
Average Degree 22.645 18.845
Average Weighted Degree 22.645 18.845
Density 0.755 0.269
Diameter 2 3
Radius 2 2
Average Path length 1.245161 1.74004
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Table 1 The co-occurrence network details of the untreatment group and high-temperature
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915

916

917

918

919

920

Table 2 The Top 10 OTUs’ closeness centrality of the untreatment group and high-

temperature group.

Top 10 OUTs of the Closeness Top 10 OUTs of the Closeness

untreatment group centrality high-temperature group centrality

OTU123 0.660377358 OTU60 0.909090909
OTU41 0.642201835 OTU74 0.882352941
OTU107 0.636363636 OTU28 0.882352941
OTU140 0.636363636 OTUs1 0.857142857
OTU108 0.630630631 OTU63 0.857142857
OTUl116 0.630630631 OTU38 0.857142857
OTU143 0.630630631 OTU78 0.857142857
OTUI121 0.630630631 OTU65 0.833333333
OTU35 0.630630631 OTU31 0.833333333
OTU45 0.625000000 OTU67 0.833333333

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at

the end of the article.
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921 Supplementary Information
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922

923  Supplemental Figure S1: Standard curve for gPCR

924  A) Standard curve of H. longicornis actin. B) Standard curve of CLS-HI ropb.

925  Log Co: The log value of the copy number concentration of the standard; Threshold Cycle: The number
926  of cycles required for the sample concentration to reach a certain threshold.

927
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928
929

930

931

932

Positive Model

H 0 N

Negative Model

Supplemental Figure S2: The venn diagram of ovarian metabolites between the high-temperature

group and the untreatment group in positive and negative model.

H stands for the high-temperature group, and N stands for the untreatment group.
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Supplemental Figure S3: The metabolites annotated in the KEGG database.
The annotated metabolites were classified in organic acids, peptides, steroids, nucleic acids,

carbohydrates, vitamins and cofactors, hormones and transmitters, lipids and antibiotics.
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Supplemental Figure S4: The volcano map of different metabolites between the high-temperature
group and the untreatment group.

For each dot in volcano map, the significance of metabolites are indicated by a color, yellow stands for
the significantly up-regulation, and blue stands for the significantly down-regulation. The VIP-value of

metabolite is indicated by the size of the dot.
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For each dot in VIP diagram, the significance of metabolites are indicated by a color, yellow stands for

the significantly up-regulation, and blue stands for the significantly down-regulation; the P-value of

2. Zoological Research

Supplemental Figure S5: The VIP diagram of different metabolites between the high-temperature
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954  Supplemental Figure S6: The sequencing saturation curve.
955  The abscissa is the percentage of valid reads. The ordinate is the proportion of deviation between the
956  expression and the final value under the sampling condition.
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Supplemental Figure S7: The sequencing coverage distribution.

The horizontal coordinate is the percentage of the base length of a single gene to the total base length, 0
represents the 5' end of the gene, 100 represents the 3' end of the gene; The ordinate is the sum of the
number of sequences aligned to the corresponding interval on the horizontal axis of all genes. The H1, H2

and H3 stands for the sample of the high-temperature group at the 3 dpt, and the N1, N2 and N3

stands for the sample of the untreatment group at the 3 dpt.

58

@ & R Zoological Research



966

967

968

969

970

12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Transcripts number

12039

I 0~200

I 201~400
B 401~600
B 601~800

7774
801~1000

1001~1200

4994 7 1201~1400
3899 1401~1600

3055 I 1601~1800

1746 A5

6839

> S
F S
S

/¢
~
S
v

Supplemental Figure S8: Distribution of transcript length.

i . L L L . . L Transcripts length (bp)

Distribution of different transcript lengths. The horizontal coordinate is the length range of transcript; The

ordinate is the number of transcripts within the length range of the transcript.
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Supplemental Figure S9: Functional annotation statistics of transcripts.

The horizontal coordinate indicates the database name; The ordinate represents the number or percentage

of sequences annotated to the database.
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Supplemental Figure S10: Distribution of transcription expression in six samples.

The H1, H2 and H3 stands for the sample of the high-temperature group at the 3 dpt, and the N1, N2

and N3 stands for the sample of the untreatment group at the 3 dpt.
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983

984

985

Supplemental Figure S11: The venn diagram of the high-temperature and untreatment group
expression genes.

H stands for the high-temperature group, and N stands for the untreatment group.
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Supplemental Figure S12: The amount of different expression gene between the high-temperature
group and the untreatment group.
The green stands for the number of up-regulated genes, and the pink stands for the number of down-

regulated genes.
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Supplemental Figure S13: The volcano map of different expression gene between the high-
temperature group and the untreatment group.

Each dot stands for a specific gene, with the green dots representing significantly up-regulated genes,
pink dots representing significantly down-regulated genes, and the yellow dots representing non-

significantly differenced genes.
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Supplemental Figure S14: The Column chart of GO classification statistics.

The ordinate indicates the secondary classification term for GO, and the abscise indicates the number of

genes/transcripts compared to that secondary classification.
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Supplemental Figure S15: The directed acyclic graph based on the GO database.
For each arrow in diagram, the relationship of GO term is indicated by a color, yellow stands for the
positive-regulation, red stands for the negative-regulation, black stands for the belong to, and nevy blue

stands for the partly belong to.
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Supplemental Figure S16: The GSEA analysis diagram of differentially expressed genes based on

the KEGG database.

For each dot in diagram, the significance of enriched pathway is indicated by a color, red stands for the
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significantly up-regulation, and blue stands for the significantly down-regulation.
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1016  Supplementary Table S1 The concentration in the Vitamin B rescue after transient extreme heat

1017 treatment.

Name Concentration (pg/mL)

Vitamin B1 100
Vitamin B2 20
Vitamin B3 100
Vitamin B5 100
Vitamin B6 100
Vitamin B7 1
Vitamin B9 30
Vitamin B12 1
Choline chloride 185
Inositol 118
Multivitamin mixture of above vitamins

1018
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1019

1020

Supplementary Table S2 The sequence of primers

Name Sequence (5'-3)

rpoB-F CCTTATTTAGAAGACGGGACTC

rpoB-R ATTACCCATACCTTTTGCTG

Actin-F CGTTCCTGGGTATGGAATCG

Actin-R TCCACGTCGCACTTCATGAT

HSP68-F-T7 GGATCCTAATACGACTCACTATAGGAGGTCGAAGATGAGCACGTT
HSP68-F AGGTCGAAGATGAGCACGTT

HSP68-R GCTACGACGACCCCAAGAT

HSP68-R-T7 GGATCCTAATACGACTCACTATAGGGCTACGACGACCCCAAGAT
CLCA2-F-T7 GGATCCTAATACGACTCACTATAGGGTCGTCGTGAAGCGTGATG
CLCA2-F GTCGTCGTGAAGCGTGATG

CLCA2-R AACGCTCTTCTATTTCCAGGC

CLCA2-R-T7 GGATCCTAATACGACTCACTATAGGAACGCTCTTCTATTTCCAGGC
Cyp6a9-F-T7 GGATCCTAATACGACTCACTATAGGGCATCACCGCCTTCATTTTC
Cyp6a9-F GCATCACCGCCTTCATTTITC

Cyp6a9-R ATACCAGGACCACCGATTGA

Cyp6a9-R-T7 GGATCCTAATACGACTCACTATAGGATACCAGGACCACCGATTGA

HSP68-qPCR-F

HSP68- gPCR-R
CLCA2- gPCR-F
CLCA2- qPCR-R
Cyp6a9- qPCR-F
Cyp6a9- qPCR-R

GCCAAGACGTTCACCACGTA
GTTGGTGATGCGGATGCTCT
TTCTGGTGGACGCCAATCTC
TGCACGTCCTTGGTACACTC
GAAGTGCAGAAGAACCCGGA
AATGTGGTAGGCGGTTTCGT

@ & & Zoological Research

69



1021

1022

1023
1024

Supplementary Table S3 The operational taxonomic units (OTUs) clustering analysis of the high-

temperature group and the untreatment group.

The data was presented in a separate Excel.
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1025

1026

1027
1028

Supplementary Table S4 All operational taxonomic units (OTUs) in phylum, class, order, family,

genus, and species levels.

The data was presented in a separate Excel.
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1029

1030

1031

Supplementary Table S5 The quality control results of ovarian transcriptome analysis in the high-

temperature group and the untreatment group.

Sample  Clean reads Clean bases Error rate (%) Q20 (%) Q30(%) GC content (%)
H1 62 155726 9338 805 831 0.0117 98.93 96.54 52.19
H2 69 373 622 10 422 264 577 0.0117 98.92 96.49 52.27
H3 60 030 048 9013 581 692 0.0117 98.92 96.50 52.03
N1 65 061 108 9770 807 879 0.0117 98.94 96.55 51.94
N2 49 125 028 7 388 244 375 0.0118 98.86 96.31 52.02
N3 62 229 806 9 347 590 840 0.0118 98.90 96.42 51.87
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1032

1033

1034

Supplementary Table S6 The comparative analysis of ovarian transcriptome sequences in the high-

temperature group and the untreatment group.

Sample

Total reads

Total mapped

Multiple mapped

Uniquely mapped

HI
H2
H3
N1
N2
N3

62 155 726
69 373 622
60 030 048
65 061 108
49 125 028
62 229 806

49 597 735 (79.80%)
55397 900 (79.85%)
47 762 640 (79.56%)
51 838 094 (79.68%)
39 145 842 (79.69%)
49 565 137 (79.65%)

1 431 486 (2.30%)
1 534 249 (2.21%)
1315 244 (2.19%)
1384 118 (2.13%)
1007 771 (2.05%)
1226 476 (1.97%)

48 166 249 (77.49%)
53 863 651 (77.64%)
46 447 396 (77.37%)
50 453 976 (77.55%)
38 138 071 (77.63%)
48 338 661 (77.68%)
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