International Journal of Biological Macromolecules 144 (2020) 351-361

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

journal homepage: http://www.elsevier.com/locate/ijbiomac

Stress response and silencing verification of heat shock proteins in
Dermatophagoides farinae under temperature stress

Check for
updates

DongLing Niu, YaE Zhao *, XiaoJuan Gong, Rui Yang, Li Hu, WanYu Zhang

Department of Pathogen Biology and Immunology, School of Basic Medical Sciences, Xi'an Jiaotong University, Xi'an 710061, China

ARTICLE INFO ABSTRACT

Article history:

Received 22 September 2019

Received in revised form 28 October 2019
Accepted 2 December 2019

Available online 5 December 2019

Dermatophagoides farinae is a major exogenous allergen. Its ability to tolerate adverse external temperatures
makes it responsible for widespread occurrence of allergies. Heat shock protein (HSP), a recognized temperature
stress response gene, but its role in D. farinae remained unclear. Here, we performed a comprehensive study. First,
we found that 25 °C was the optimal temperature, and all mites died at 48 or —20 °C for 1 h (LT100). Thus, 41 °C
(LT15),43 °C (LT25), 45 °C (LT45), and —10 °C (LT25) were selected as stress temperatures to perform de novo
RNA-seq. Then, 17 main genes of the 47 differentially expressed HSP, were detected by qRT-PCR. Temperature
and time gradient versus expression magnitude histogram revealed that HSP70, HSP83-1, HSP83-2, and HSP16-
1 showed heat stress response only at 41-43 °C, while HSC71 and HSF played a regulatory role under both heat
and cold stress, particularly HSF, with strong intensity, long duration, and quick upregulation at recovery for
10-20 min. Finally, gene expression and D. farinae survival rates significantly decreased following RNAI. These
findings indicated that HSPs conferred thermo-tolerance or cold-tolerance to D. farinae. In conclusion, this was
the first meaningful exploration that confirmed HSP and HSF playing an important role in temperature resistance
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of D. farinae.
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1. Introduction

Dermatophagoides farinae (Hughes, 1961) is a species of small mites
that is widely distributed among human habitats globally. As pests they
not only destroy food products, such as flour, thereby causing huge eco-
nomic losses, but also threaten human health as pathogens, causing al-
lergic diseases such as allergic asthma, allergic rhinitis, and allergic
dermatitis. D. farinae are poikilotherms: adults can tolerate 38 °C for
24 h [1]. D. farinae in carpets can survive for up to 3 h in sunlight [2].
At low temperatures, the survival rate of D. farinae decreases with de-
crease in temperature, but can still survive for some time at tempera-
tures as low as —18 °C [3]. This strong adaptability and high tolerance
to unfavorable external temperatures enables D. farinae to breed ubiqui-
tously, thereby making it difficult to prevent and control allergic dis-
eases they caused. However, the stress response mechanism of D.
farinae resistance to environmental temperatures remains unclear.

Heat shock proteins (HSPs) are currently recognized as biological
stress response genes and encode a series of stress response proteins
widely distributed among various organisms. They are composed of
several subfamilies, such as HSP110, HSP90, HSP70, HSP60, HSP40,
and sHSP [4]. When organisms are subjected to stressful conditions,
e.g., high temperatures, cold temperatures, hypoxia, starvation, trauma,
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poisoning, and pathogens, HSP synthesis increases rapidly. They then
participate in cell damage repair and heat tolerance processes, thus re-
ducing peroxide damage, stabilizing cell structure, and maintaining nor-
mal physiological functions. HSPs have therefore been extensively
studied in the field of biological stress. Although there have been reports
on agricultural mites in the context of temperature stress, for example
on Tetranychoidea, Panonychus, Phytoseiidae, and Varroidae [5-15], lit-
tle is known about medically important mites such as D. farinae, and no
relevant literature can be found so far. In GenBank, the complete ge-
nome sequence of D. farinae is absent. Only three HSP sequences can
be retrieved, namely HSP70 (accession No: KC305502), Der f 28 (acces-
sion No: KM009992), and HSC70-5 (accession No: JQ001475). The scar-
city of the HSP gene sequences has hampered the research on regulation
of responses to temperature stress on D. farinae.

In recent years, a new generation of high-throughput transcriptome
sequencing technology (RNA-seq) has provided the technical means for
determining D. farinae HSP sequences and for comprehensive analysis
of HSP expression changes under temperature stress. In this study, a se-
ries of experiments at various temperatures were conducted to examine
the viability changes of D. farinae. Then, all differentially expressed HSPs
under heat and cold stress were determined using de novo RNA-seq,
and expression changes were confirmed by quantitative real-time PCR
(qRT-PCR). The genes and functional characteristics of HSPs mainly in-
volved in the temperature stress responses were screened and identi-
fied. Furthermore, the corresponding “temperature gradient versus
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expression magnitude” and “time gradient versus expression magni-
tude” histograms for each gene were determined to reveal expression
change rule. Finally, RNA interference (RNAi) was used to silence key
HSP genes, and expression and viability changes after gene silencing
were examined; additionally, the temperature stress response function
of HSPs found in D. farinae were verified. This study will be helpful in
providing new insights for physical control and selection of target
genes for molecular control of D. farinae.

2. Materials and methods
2.1. A series temperature survival experiments on D. farinae

D. farinae used for the experimentation were obtained from pure
cultures maintained at 25 + 1 °C and 70-75% relative humidity in our
laboratory incubator and were collected by the vibrating sieve separa-
tion method. Adult female D. farinae with good vitality were chosen
under a microscope, placed on a glass slide coated with Vaseline and
covered with preservative film. They were then placed in hot water or
ice salt baths to find the lethal temperatures in a preliminary experi-
ment under heat and cold stress for 1 h, respectively. Temperatures of
48 and —20 °C were confirmed as lethal temperatures under heat and
cold stress for 1 h, respectively, and 25 °C was selected as the normal
control. A total of 27 temperature groups were then designed, ranging
from 48 to —20 °C. The recovery condition was 25 + 1 °C for 1 h. The
vitality and the number of live D. farinae in each temperature treatment
group was observed and recorded under the microscope, and the sur-
vival rates were calculated.

2.2. RNA-seq and functional annotation

2.2.1. RNA extraction

D. farinae were subjected to the normal control temperature of 25 °C,
heat stress temperatures of 41 °C (lethal temperature of 15%, LT15),
43 °C (LT25), and 45 °C (LT45), and cold stress of —10 °C (LT25), for
1 h. After recovery at 25 4 1 °C for 1 h, which was fixed based on previ-
ous studies [10,12,16], live adult female D. farinae were collected for
total-RNA extraction according to instructions on the RNeasy Micro
Kit (Qiagen, Germany).

2.2.2. RNA quality assessment

The RNA concentration and purity was assessed on a UV spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and quali-
fied RNA samples were then sent to the Beijing Genomics Institute
(BGI) (Wuhan, China) to evaluate RNA quality on an Agilent Bioanalyzer
2100 system (Agilent Technologies, CA, USA). After that, the qualified
samples were used for cDNA library construction.

2.2.3. ¢cDNA library construction

Eukaryotic mRNA was enriched by means of magnetic beads carry-
ing oligo (dT) and then digested with a disruption reagent at high tem-
perature. The 1st and 2nd stand cDNAs were synthesized from the
fragmented mRNA as the template and purified. The ends were blunted,
a 3’ terminal single nucleotide A (adenine) was added, and adapters
were attached. cDNAs of the appropriate size were then separated by
agarose gel electrophoresis and amplified by PCR. The constructed
cDNA library was tested on the Agilent 2100 Bioanalyzer and an ABI
StepOne Plus Real-Time PCR system. A suitable cDNA library was se-
quenced on the BGI seq 500 platform.

2.2.4. De novo assembly

Clean sequence reads were obtained using the SOAPnuke filter soft-
ware of BGI after filtering out noise reads that were adaptor-polluted,
had low quality, or contained >5% of unknown bases. Q20, Q30, GC%,
and the proportion of clean reads were calculated, which were then as-
sembled into transcripts in the Trinity software (v.2.0.6, parameter:-

min_contig_length150-CPU8-min_kmer_cov3-min_glue3-bfly_opts'-
V5-edge-thr=0.1-stderr"). Ultimately, these were clustered using Tgicl
to obtain the final Unigenes.

2.2.5. Functional annotation

BLAST (http://BLAST.ncbi.nlm.nih.gov/BLAST.cgi, v2.2.23 with de-
fault parameters) was used to align the Unigenes with sequences in
the following databases: non-redundant nucleotide (Nt, ftp://ftp.ncbi.
nlm.nih.gov/BLAST/db), non-redundant protein (Nr, ftp://ftp.ncbi.nlm.
nih.gov/BLAST/db), Clusters of Orthologous Groups (COG, http://www.
ncbi.nlm.nih.gov/KOG), Kyoto Encyclopedia of Genes and Genomes
(KEGG, http://www.genome.jp/kegg) and Swiss Protein (SwissProt,
http://ftp.ebi.ac.uk/pub/databases/swissprot). BLAST2GO (https://
www.BLAST2go.com, v2.5.0 with default parameters) was then per-
formed with Nr annotations to retrieve the Gene Ontology (GO) annota-
tions. Protein domains and motifs of the Unigenes were analyzed by
means of InterProScan 5 (https://code.google.com/p/interproscan/
wiki/Introduction, v5.11-51.0 with default parameters). The E-
value < 1.0E-5 in BLAST was chosen as the threshold.

The raw data were subsequently submitted to the Sequence Read
Archive (SRA) database in NCBI. The clean reads were mapped onto
Unigenes using the Bowtie2 software (v2.2.5, parameter:-q-phred64-
sensitive-dpad0-gbar99999999-mp1,1-np1-score-minL,0,-0.1-11-
X1000-no-Mixed-no-discordant-p1-k200, http://bowtie-bio.
sourceforge.net/Bowtie2/index.shtml) and the gene expression of each
sample was calculated in RSEM (v1.2.12, with default parameter,
http://deweylab.biostat.wisc.edu/RSEM). The gene expression magni-
tude was calculated as fragments per kilobase of transcript per million
mapped reads (FPKM). Differentially expressed genes (DEGs) were
identified by the PossionDis algorithm and the log,FoldChange
(log,FC) of expression differences between samples were calculated
and compared. The screening criteria for DEGs were |log,FC| > 1 and
false discovery rate (FDR) < 0.001.

2.3. Screening and analysis of DEGs for differentially expressed HSPs [1]

Annotated DEGs were screened to identify HSPs among them. Open
reading frames (ORFs) were identified in the ORF Finder software
(http://www.bioinformatics.org/sms2/orf_find.html). Through artificial
Blast alignment, the HSPs gene sequences were determined based on
coverage rates and similarities with the relative species. The quantities
of Unigenes with the same ORF were added up. Neighbor joining (NJ)
phylogenetic trees were constructed by the P-distance method with
1000 permutations in MEGA 5.0 software after multiple sequence align-
ment in Clustal X 1.8. These procedures helped in determining the genes
and subfamilies of HSPs.

2.4. qRT-PCR detection

The highly expressed HSPs with FPKM >100 were regarded as the
main stress response genes and were chosen for confirmation of expres-
sion using qRT-PCR. The residual genomic DNA was removed from total
RNA using DNase I (Tiangen, Beijing, China). The treated RNA was
employed as the template and was reverse-transcribed into 1st-strand
cDNA according to the instructions for reverse transcriptase M-MLV
(TaKaRa, Nojihigashi, Kusatsu, Shiga, Japan). These cDNA samples
were then stored at —20 °C. qRT-PCR primers were designed in Primer
Premier 5 software (Table 1). The specificity and accuracy of the ampli-
fication products were determined by general PCR amplification [17],
recombination, cloning, and sequencing. a-tubulin was selected as the
reference gene for qRT-PCR confirmation of the RNA-seq results [18].
The 20 pL qRT-PCR reaction system consisted of 10 pL SYBR Premix Ex
Taq™ II (TaKaRa Bio), 0.5 pL each primer (10 uM), 1 pL of cDNA, and
8 UL nuclease-free water. The qRT-PCR experiments were performed
on the ABI instruments (MX3005P) under the following thermal cycling
conditions: 95 °C for 10 min; then 40 cycles of 95 °C for 15 s, 60 °C for
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Table 1
The qRT-PCR primers of main stress HSP genes in D. farinae.

Gene Sequence (5'-3") Amplicon Gene Sequence (5'-3") Amplicon

dnaJ Al F:GTGGTGAGAAAGCAATCAAAGAA 103 HSC71-2 F:GGCTGCTGCCATTGCTTA 129
R:CCATGATCACGTTTTGATCGA R:TTCACTTCAAAGATACCGTCCTC

dnaj1 F:CGAAGAAGGTCTTTCCGGT 108 HSC71 F:GCTGCTGCCATTGCTTA 110
R:GTTTGTCTTGGATCGCCATG R:CTCGATAGTCAAGATGGAAAC

HSP16-1 F:GCCTGATGATGTTGATTTGGAT 125 HSC71-3 F:TGTATCAAGGTGGTGCTGGTG 103
R:CACGTTTGATTGGTATTTCACG R:TAATCTACTTCTTCTACGGTTGGAC

HSP16-2 F:GCCAGGATGGTAAATTCGCA 98 HSC70-4 F:CTCTTTCCTCGTCCTCTGTAGC 172
R:GGCTTGAACTTGAAGATTGTTGC R:TGTCCTTTGTCGCATCTTCC

HSP70 F:GCCAAGAATCAAGTTTCCATG 138 HSP83-1 F:CGGCATCGGTATGACTAA 167
R:CTTTCCAGATTCGCTTACAAC R:CGGTAACTTTATCCGCCAC

HSP70-3-1 F:CATGCTGTCGTAACAGTTCCAG 124 HSP83-2 F:GATCAATAATCTTGGTACTATCGCTAA 115
R:CAATGGCAGCGGCAGTAG R:GCCAGAATAGAAACCGACACC

HSP70-1 F:TATGTAGCAGTTGCCCGGC 111 HSP90.Cdc37 F:GAGCTAGAAAAACGTGAACAAGAGA 158
R:AACACCCAATTCACGTTGATTAC R:CGTTGTTCAAGTTCTTCATCGG

HSC71-1 F:CAACGATGATGATTCGGGTAG 114 HSF F:GGCTAATCAGGTGAACAACTCC 162
R:CCATCGGGATAACGCATTTC R:TTAGATGTTGTAGGTTGAGGTGCT

HSC70-5 F:CGAACCATGTAAGAAAGCTATCG 153 a tubulin F:CGTCTATCCAGCACCACAAG 129
R:TCGGGATTGACAGATTTACTCG R:CAGATGTCGTAGATGGCTTCA

Amplicon: the length of amplicon (bp).

30s,72 °Cfor30s,and finally 95 °C for 1 min, 55 °Cfor 30s, and 95 °C for
30 s. This latter procedure was intended to generate a melting curve for
determining the specificity of the amplification products. The relative
expression was calculated by the 2724 method [19].

2.5. Bioinformatics analysis of key differentially expressed genes

The differentially expressed HSPs with baseline FPKM > 500, or base-
line FPKM > 100 and log,FC > 5 in qRT-PCR were assumed to be key dif-
ferentially expressed genes. The protein molecular weight and
theoretical isoelectric point (PI) were predicted using EXPASy (https://
web.expasy.org/compute_pi/). The relevant motifs and structural and
functional domains were analyzed in the PROSITE software (http://
www.expasy.org/prosite). The amino acid sequences were aligned in
MEGA 5.0 with HSPs from Drosophila melanogaster, Aedes aegypti and
Tribolium castaneum as the outgroups, for which full genome sequences
were available.

2.6. Effect relationship of temperature gradient vs. expression magnitude

According to survival rates across a temperature gradient, 14 sets of
temperatures from the gradient with approximate survival rates at high
and low temperatures were selected as treatment temperatures for
which qRT-PCR would be performed for confirmation. Three biological
and technical replicates were set up for each group. The temperature
gradient vs. expression quantity histogram was constructed with the
temperature as the X-axis and log,FC of the relative expression level
as the Y-axis, to reveal the patterns of key differentially expressed
genes.

2.7. Effect relationship of time gradient vs. expression magnitude

In order to find out the expression magnitude changes of key HSP
stress response genes during the recovery period, based on the effect re-
lationship of temperature gradient vs. expression magnitude, six genes
with log2FC > 2 in qRT-PCR under temperature stress, HSP70, HSC71,
HSP83-1, HSP83-2, HSP16-1 and HSF, were selected to further study
the effect relationship of time gradient vs. expression magnitude. The
temperature at which the highest expression of each gene target was
observed was chosen as the treatment temperature. The treatment
was carried out for 1 h, followed by recovery at 25 °C for 10 min,
20 min, 40 min, 1 h,2h,4 h,8 h,12 h, 16 h, 20 h, 24 h, and the resultant
expression levels were detected by qRT-PCR. The histogram of time gra-
dient vs. expression magnitude was drawn with recovery time as the X-
axis and log2FC as the Y-axis.

2.8. Functional confirmation by RNAi

2.8.1. Double-stranded RNA (dsRNA) preparation

DsRNA primers containing a T7 promoter region (TAATACGACTC
ACTATAGGG) in both the sense and antisense strand, were designed
first (Table 2). DNA fragments were purified after PCR amplification
and transcribed into dsRNA with the Transcript Aid T7 High Yield Tran-
scription Kit (Thermo Scientific, UK). The transcription product was
then purified by the phenol-chloroform method and dissolved in 20 pL
of diethyl pyrocarbonate (DEPC)-treated water. The quality of dsSRNA
was evaluated by 1% agarose gel electrophoresis.

2.8.2. RNAi

The functions of the representative key stress genes were verified by
RNAi-based silencing. The target genes were screened according to the
following criteria: FPKM > 1000 and qRT-PCR log,FC > 2, baseline
FPKM > 500 and qRT-PCR log,FC > 3, or baseline FPKM > 100 and qRT-
PCR log,FC > 5. RNAi was performed according to the procedure [20].
Specimens of 30 active adult D. farinae were placed into 1.5 mL
RNase-free Eppendorf tubes, to which 20 pL DEPC water, 1200 ng/uL
non-target control dslacZ, or target gene-specific dsSRNA were added.
The tubes were then incubated at 4 °C for 24 h to induce RNAj, followed
by washing three times with precooled DEPC-treated water. The mites
were subjected to heat or cold shock at the temperature at which the
expression of each target gene was the highest in order to detect the
RNAI effect. The mites were subdivided into two groups. In one group,
live D. farinae were used to extract RNA and perform qRT-PCR detection
so that the gene silencing effect could be verified. In the other group, the
survival rates of D. farinae were determined under a microscope to

Table 2
The dsRNA primers in D. farinae.

Primers Sequence (5'-3") Length(position) GC%

dslacZ F: CGGTCGCCGCATACAC 321(2504-1635) 49
R: AGTTCGCCAGTTAATAGTTTGC

dsHSP16-1 F: GCCGACCTGCCAGGATG 293(129-421) 38
R: TTTCAATCGGTATAACACGTTCT

dsHSP70 F: GTTGTAAGCGAATCTGGAAAG 309(192-439) 44
R: GAGAACATTTTTTTCACCACC

dsHSP83-1 F: TCATTGAAAGATTATGTATCACGAA 229(1308-1536) 34
R: GCAATTCAAGACCTTCTTTGG

dsHSF F: CTGCCTTCCAAGCAGAAA 290(1159-1448) 42
R: CCAGATACAGCAGAATGTCG

dsHSC71 F: GCAATAAACGTGCACTTCGT 272(764-1035) 46

R:TTTAGGAATACGAGTGGAGCC
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verify the influence of the RNAi knockdown on viability. Each experi-
ment was performed in triplicates.

2.9. Repeatability test and statistical analysis

Effect relationships of temperature gradient, time gradient and the
RNAI experiment were set up with three biological and three technical
duplicates to ensure reliability. The expression differences were evalu-
ated by one-way ANOVA and Student's t-test in GraphPad Prism 6
(GraphPad Software Inc., USA). The survival rates were compared by
the chi-square test in SPSS 18.0 software (SPSS Inc., Chicago, IL). Data
with a P value < .05 were considered statistically significant.

3. Results
3.1. The experiments on D. farinae survival in a temperature gradient

Compared with the control group of 25 °C, the vitality of D. farinae
strengthened after heat stress for 1 h, while it weakened under cold
stress. However, the survival rates of D. farinae followed a symmetrical
trend for the temperature increase and decrease (Fig. 1, Table S1). Tem-
peratures groups 33, 25, and 5 °C showed survival rates of 100%. Mortal-
ity rates gradually increased when the temperature rose or fell outside
this range. The mortality rates at 35 and 0 °C, 37 and —2 °C, 39 and
—6°C,41 and —7 °C, 43 and —10 °C, and 45 and —15 °C were 3% +
1%, 6% £ 1%, 13% & 1%, 17% 4= 1%,26% £ 1%, and 45% + 1%, respectively.
In contrast, when the temperature reached 48 or —20 °C, the mortality
rate reached 100%. To ensure that there were enough live D. farinae
specimens to extract RNA, mites treated at 41, 43, 45, and —10 °C
were chosen for RNA-seq analysis.

3.2. RNA extraction and RNA-seq

3.2.1. RNA extraction

The RNA concentrations of five samples ranged from 133 to 212 ng/
UL and the absorbance Axgo/Azso ratio ranged from 1.68 to 2.08 accord-
ing to spectrophotometry. The Agilent 2100 detection results showed a
smooth baseline and a distinct 18S rRNA peak (Fig. S1A-E,) and the RNA
integrity numbers (RINs) were above 6.5. This result indicated that the
extracted RNA was intact and met RNA-seq requirements.

3.2.2. RNA-seq

More than 6G of raw data were produced on the BGI seq 500 plat-
form (SRA: SRR9005248 and SRR9005249). The clean reads ratio, Q20,
and Q30 were 85.95%, 95.17%, and 86.50% respectively, indicating
good sequencing quality. The average length and N50 of Unigenes
were 957 bp and 1756 bp (Table S2), respectively, indicating efficient
assembly. A Venn diagram showed that 11,800 Unigenes were simulta-
neously annotated by NR, COG, KEGG, SwissProt, and Interpro (Fig. S2).
The numbers of DEGs in four treatment groups (41, 43, 45, and —10 °C)
were 10,031, 7376, 5687, and 3842 (Fig. S3), respectively. The numbers
of Unigenes with FPKM >100 in each group were 269, 233, 202, and 108,
respectively.

3.3. Screening, alignment and analysis of DEGs for differentially expressed
HSPs

A total of 163 Unigenes turned out to be annotated as HSPs. 88
Unigenes were differentially expressed, of which 63 had ORFs and
were assigned to 47 HSP genes belonging to six major subfamilies.
These subfamilies included HSP20 (3 genes), HSP60 (1), and HSP70
(16), HSP90 (6), HSF (2), and dnaJ (19 genes) (Fig. 2A, Table S3).
Twenty-five Unigenes had FPKM > 100 in any group and belonged to
17 HSP genes and five subfamilies consisting of HSP20, HSP70, HSP90,
HSF, and dna] (Table 3). According to BLAST alignment, the similarity
of HSP70 and HSC70-5 with the corresponding sequences of D. farinae

in GenBank was 100.00% and 99.65%, and the coverage rates were
100.00% and 81.00%, respectively. The similarities and coverage rates
of the other 15 HSP genes with the corresponding sequences of D.
pteronyssinus in GenBank ranged from 83.29% to 93.64% and from
96.00% to 100.00%, respectively. The phylogenetic trees showed that
the each of the subfamilies clustered separately (Fig. 2B, Table S4).
Among them, HSP70s involve the most mite species, including D.
farinae, D. pteronyssinus, Aleuroglyphus ovatus, Tetranychus urticae, T.
cinnabarinus, Panonychus citri, Neoseiulus barkeri and N. cucurbits,
followed by HSP90s, which involves D. pteronyssinus, T. cinnabarinus
and P. citri. HSP20s, HSFs and dnaJs are clustered with D. pteronyssinus.

3.4. qRT-PCR verification of DEGs

gRT-PCR analysis of 17 differentially expressed HSPs with
FPKM > 100 uncovered seven types of response to temperature stress
(Fig. 3, Table S5). HSP16-1, HSP16-2, HSP70, HSC71-3, HSP83-1 and
HSP83-2 were upregulated under heat stress conditions of 41 and
43 °Cand were downregulated under heat stress at 45 °C and cold stress
at —10 °C. In particular, HSP83-1 and HSP70 were upregulated most sig-
nificantly at 41 and 43 °C with log,FC > 4. HSP16-1 and HSP16-2 were
downregulated most significantly at 45 °C with log,FC < —7. HSF,
HSC71-1, and HSC71 were upregulated at all four temperatures of heat
and cold stress, especially HSF, which was upregulated at 41 °C with
log,FC of 5.61. HSC71-2, HSC70-5, and dnaJ A1 were upregulated at 43
and —10 °C, while there were no significant changes at 41 and 45 °C.
HSP70-1 and dnaj1 were upregulated at 41 and 43 °C, but no significant
changes were observed at 45 and —10 °C. HSP70-1 was upregulated
more significantly at 43 °C than at 41 °C, whereas dnaJ was upregulated
more significantly at 41 °C than at 43 °C. HSP90 Cdc37 was upregulated
more significantly at 41 and 43 °C than at —10 °C, but there was no sig-
nificant change at 45 °C. HSC70-4 was upregulated only at 41 °C, and
downregulated at the other three temperatures. HSP70-3-1 was down-
regulated at all four temperatures.

3.5. Bioinformatics analysis of key differentially expressed HSP genes

Eight HSP genes in D. farinae, which had baseline FPKM > 500, or
baseline FPKM > 100 and log,FC > 5 in qRT-PCR under temperature
stress, were defined as key differentially expressed HSP gene. Their
properties are shown in Table 4. The bioinformatics analysis of amino
acid sequences indicated each key stress response genes family of D.
farinae shared conserved motifs with the closely related species and
displayed high amino acid sequence homology (Fig. S4). HSP70 of D.
farinae contains three conserved signatures of the HSP70 subfamily,
namely IDLGTTySIDLGTTY, IFDLGGGTfdvSVL, and IvLvGGsTRIPkIgK, ba-
sically consistent with the closely related species A. ovatus, T.
cinnabarinus and P. citri. The C-terminal sequence is EEVN, and thus of
HSP70 of D. farinae belongs to the cytoplasmic HSP70 group. HSC71 con-
tains three conserved signatures of the HSP70 family, namely IDLGTTyS,
IFDLGGGT{dVSIL, and IVLvGGsTRIPKIgK, and the C-terminal sequence is
EEVN, and therefore HSC71 also belongs to the cytoplasmic HSP70
group. HSP70-3-1 contains three conserved signatures of the HSP70
subfamily, namely IDLGTTyS, VFDLGGGTfdvSLL, and IvVLvGGSTRIPkIqQ.
The C-terminal sequence is KDEL, and therefore HSP70-3-1 belongs to
the endoplasmic-reticulum HSP70 group.

HSP83-1 and HSP83-2 of D. farinae both contain a conserved signa-
ture of the HSP90 subfamily: YsNKEIFLRE, shared conserved signature
not only with the closely related species Tyrophagus putrescentiae, P.
citri, N. cucumeris, T. cinnabarinus, but also with outgroups Drosophila
melanogaster, Aedes aegypti, and Tribolium castaneum. A conserved
MEEVD sequence is present at the C terminus, and therefore HSP83-1
and HSP83-2 belong to the cytoplasmic HSP90 group.

HSP16-1 and HSP16-2 each contain a conserved signature of the
sHSP subfamily, NWLSTLNSDIHMPTCQDGKFAMNFDVRNFDPNSVQVKL
DGNNLQVQAKQEKKADGHYEYREFVRHVTVPQNVQSDQLKCKMDKDGV
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Fig. 1. Mortality rates of D. farinae at various stressful temperatures.

LRFEAPLKQIKNEEPKERVIPIE and RTPLSRALPMETIEDGQRMFKIEIDLP
DFKPENVNVTVKKGEVKIDAKCEITDGSSKQFKQINYSYSLPDDVDLDRVRS
LLKTDGRLVIEAPLPALEAPKENREIPIKRE, respectively, share high amino

acid sequence homology with D. pteronyssinus.
HSF contains an HSF-type DNA-binding domain signature:

LplyFKHsNmASFIRQLNmYgFRKV, completely consistent with D.
pteronyssinus.

3.6. The patterns of HSP expression change under gradient temperature
stress

Based on the mortality rates of D. farinae in a series of stressful tem-

peratures, the expression histogram of eight key differentially
expressed HSP genes were plotted, and three kinds of change pattern
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as a function of temperature were noted (Fig. 4, Table S6). Compared
with the normal control group of 25 °C, HSP16-1, HSP16-2, HSP70,
HSP83-1, and HSP83-2 showed the same pattern of responses to temper-
atures, namely only upregulated under heat stress but downregulated
under cold stress. The survival rate of D. farinae was 100% at 33 °C, but
the gene expression was downregulated. As the temperature continued
to rise, mortality and expression increased synchronously. HSP16-1 was
the first gene to be upregulated at 37 °C at a mortality rate of 6% + 1%,
followed by HSP16-2 upregulation at 39 °C. When the temperature in-
creased to 41 °C, the mortality rate rose to 17% + 1%, and these five
genes were upregulated to their highest levels. This was especially
true of HSP70, HSP83-1, and HSP16-1, which were upregulated by 4.31
in log,FC (19.84-fold, absolute expression quantity [FPKM] of
38,122.90), 3.96 (15.56-fold, absolute [FPKM] of 12,808.54), and 2.31
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Fig. 2. The N] tree of ORFs for (A) differentially expressed HSP genes and (B) main stress response HSP genes with the closely related species.
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Fig. 3. The histogram of qRT-PCR results on the main stress response HSP genes.

(4.96-fold, absolute [FPKM] of 19,162.71), respectively. When the tem-
perature rose to 43 °C and the mortality rate rose to 26% =+ 1%, their ex-
pression began to decrease. When the mortality rate reached 45% 4+ 1%
at 45 °C, expression decreased abruptly. Expression of HSP16-1 and
HSP16-2 decreased most notably, to log,FC of —5.20 and —6.82 (0.03
and 0.01-fold, absolute [FPKM] of 105.13 and 10.49), respectively.

HSF and HSC71 manifested another pattern of stress response,
namely always being upregulated under heat and cold stress. Upregula-
tion started at 33 or 5 °C, and HSF reached the highest expression at
41 °C under heat stress, and then HSC71 expression reached its maxi-
mum at 43 °C. At these maxima, HSF and HSC71 were upregulated
5.31 (39.67-fold, absolute [FPKM] of 5126.64) and 4.35 (20.39-fold,

Table 3
The annotated FPKM and log,FC of main stress response HSP genes in D. farinae.

Gene 25 °C 41 °C 43 °C 45 °C —10 °C

FPKM FPKM log,FC FPKM log,FC FPKM log,FC FPKM log,FC
HSP16-1 3864.36 16,101.54 2.06 6927.63 0.84 76.13 —5.67 139.04 —4.80
HSP70 1921.97 6198.56 1.69 5667.60 1.56 57.18 —5.07 174.45 —3.46
HSP16-2 1185.39 6697.18 2.50 3118.52 1.40 51.90 —4.51 111.70 —341
HSC71 831.39 2217.90 1.42 2492.00 1.58 1286.63 0.63 832.03 0.00
HSP83-1 823.04 6091.26 2.89 2775.53 1.75 87.05 —3.24 87.28 —3.24
HSP70-3-1 794.13 512.05 —0.63 824.51 0.05 192.80 —2.04 300.10 —1.40
HSP83-2 634.56 3759.06 2.57 1376.88 1.12 372.55 —0.77 291.25 —1.12
HSC71-2 383.90 1043.30 1.44 1502.52 1.97 183.93 —1.06 301.14 —0.35
HSC71-1 237.07 679.67 1.52 609.69 1.36 131.71 —0.85 162.75 —0.54
HSC71-3 236.35 581.63 1.30 725.80 1.62 85.93 —1.46 82.90 —1.51
HSC70-5 166.97 58.41 —1.52 128.53 —0.38 72.00 —-1.21 103.96 —0.68
HSF 129.23 397.22 1.62 198.61 0.62 165.86 0.36 167.01 0.37
HSP70-1 123.52 1044.50 3.08 2132.90 411 222.64 0.85 127.88 0.05
dnaj1 104.42 763.95 2.87 570.84 2.45 45.31 —1.20 61.12 —0.77
dnaJ.A1 61.76 155.76 1.33 141.14 1.19 57.04 —0.11 57.01 —0.12
HSP90.Cdc37 43.05 314.39 2.87 87.42 1.02 43.72 0.02 47.89 0.15
HSC70-4 5.41 161.55 4.90 1.85 —1.55 29.92 2.47 5.50 0.02

FPKM: fragments per kilobase of transcript per million mapped reads;
log,FC: log,FoldChange.
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Table 4

The properties of key stress response HSP amino acid sequences in D. farinae.
Gene ORF aa MW PI C-terminus Cell

(bp) (kDa) sequence localization

HSP70 1965 654 72.6 5.81 EEVN Cytoplasm
HSP70-3-1 2010 669 739 5.20 KDEL ER
HSC71 1983 660 71.9 5.38 EEVD Cytoplasm
HSP83-1 2193 730 84.7 494 MEEVD Cytoplasm
HSP83-2 2157 718 82.8 5.01 MEEVD Cytoplasm
HSP16-1 462 153 17.9 6.83 - -
HSP16-2 369 122 14.0 494 - -
HSF 1611 536 59.5 5.08 - -

ORF: the length of ORF; aa: the number of amino acids; MW: molecular weight;
PI: theoretical isoelectric point; ER: endoplasmic reticulum.

absolute [FPKM] of 16,954.51), respectively. HSF and HSC71 both
reached their highest expression at —10 °C under cold stress and were
upregulated 2.98 (7.89-fold, absolute [FPKM] of 1019.61) and 2.81
(7.01-fold, absolute [FPKM] of 5830.41), respectively. However, the up-
regulation at 45 and —15 °C was weaker.

o

357

HSP70-3-1 showed its own unique pattern of responses to tempera-
tures: down-regulation under both heat and cold stress.

3.7. The patterns of HSP expression change under gradient recovery time

In view of the fact that the log,FC of the highest expression level
under gradient temperature of six genes HSP70, HSC71, HSP16-1,
HSP83-1, HSP83-2 and HSF were all >2, they were defined as the key
stress response genes and their effect relationship of time gradient vs.
expression quantity was studied. The following four responses were ob-
served under 41 °C and 43 °C heat stress (Fig. 5, Table S7). 1) After re-
covery for 10 min, HSP70, HSC71, HSP16-1 and HSP83-1 were
significantly upregulated with log,FC being 2.73, 2.44, 1.85 and 1.21
(6.63, 5.43, 3.60 and 2.31-fold), respectively. In addition, HSP83-2 and
HSF were upregulated after recovery for 20 min, and the log2FC were
1.93 and 1.31 (3.81 and 2.48-fold), respectively. 2) After 40 min to 2 h
recovery, they reached the highest up-regulation. HSP16-1 and HSP83-
2 reached the highest upregulation at 40 min, followed by HSP70,
HSC71 and HSP83-2 at 1 h, and HSF reached its peak expression at 2 h.
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Fig. 4. The patterns of expression changes of HSPs vs. the temperature gradient.



358 D. Niu et al. / International Journal of Biological Macromolecules 144 (2020) 351-361

3) The duration of stress response was between 12 h to 16 h, of which
HSP70 and HSF lasted for 16 h, and the other four HSP genes lasted for
12 h. 4) The comparative intensities of stress response were as follows:
HSF > HSC71 > HSP70 > HSP83-1 > HSP83-2 > HSP16-1, log,FC were 5.36,
4.17,4.16,3.46,2.33 and 2.18 (41.07, 18.00, 17.88, 11.00, 5.02 and 4.53-
fold), respectively.

Under cold stress at —10 °C, only HSF and HSC71 were upregu-
lated. After recovery of 10 min, HSF and HSC71 were up-regulated
with log,FC of 1.57 and 1.04 (2.97 and 2.04-fold), respectively, fol-
lowing which the expression gradually increased after 20 min recov-
ery, and reached the highest expression at 16 h with log,FC being
5.27 and 3.02 (38.59 and 8.11-fold), respectively. After that, the reg-
ulation effect decreased gradually, and the log2FC was <1 after re-
covery for 28 h.

3.8. Confirmation of the participation of HSPs in the response to tempera-
ture stress by gene silencing

Based on the qRT-PCR results and temperature vs. expression mag-
nitude histogram, there were five genes that met the criteria of baseline
FPKM 21000 and qRT-PCR log,FC > 2, baseline FPKM >500 and qRT-PCR
log,FC > 3, or baseline FPKM >100 and qRT-PCR log,FC > 5. These genes
were HSP16-1, HSP70, HSP83-1, HSC71, and HSF. Among them, HSP16-1,
HSP70, and HSP83-1 were upregulated only under heat stress, and were
most highly expressed at 41 °C. HSC71 and HSF were upregulated under
heat stress and cold stress. HSC71 was most highly expressed at 43 °C
and —10 °C, whereas HSF at 41 °C and —10 °C. These genes were si-
lenced separately, and their involvement in the response to tempera-
ture stress was thus confirmed.
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Fig. 5. The patterns of expression changes of HSPs vs. the recovery time gradient.
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Fig. 6. Relative expression levels of HSPs (A-G) and survival rates of D. farinae after the RNAi-based knockdown of HSPs (H—N).

Fig. 6 shows that, compared with the blank control DEPC-treated
water and the non-target control dslacZ, the target genes of RNA oligos
dsHSP16-1 (Fig. 6A), dsHSP70 (Fig. 6B), dsHSC71 (Fig. 6C, D), dsHSF
(Fig. 6E, F), dsHSP83-1 (Fig. 6G), and were successfully downregulated
by RNAI (P <.0001), and the corresponding survival rates of D. farinae
(Fig. 6H-N) also significantly decreased (all P <.0001; Table S8). This
finding indicated that the expression of HSP16-1, HSP70, and HSC71
was silenced by RNAI, and thus the stress response ability of D. farinae
diminished, the vitality of mites significantly weakened, while mortality
of the mites significantly increased.

4. Discussion

HSPs are a class of ancient and highly conserved intracellular pro-
teins. Although, in 1962, an Italian research team Ritossa et al., from
the Laboratorio Internazionale di Genetica e Biofisica, Napoli, Italy, dis-
covered the heat shock response (HSR) for the first time when they
raised the culture temperature of D. melanogaster [21], by 1974, Swiss
molecular biologists Tissieres et al., isolated a new set of proteins via
to SDS-PAGE from D. melanogaster that participate in HSR and named
them heat shock proteins [22]. In 1982, Adems et al., confirmed that
both prokaryotic cells and eukaryotic cells can synthesize a class of pro-
teins with similar function and biological activity when subjected to
high temperatures [23]. Since then, an upsurge in the research on
HSPs has gradually taken place internationally [24-26]. Subsequent
studies revealed that hypoxia [27], heavy metals [28], viral infections
[29], ultraviolet light [30], DNA damage, free radicals, and many other
stimuli can cause an HSR and induce HSP synthesis.

Research on the HSR of mites had not been carried out until 2006 [5].
According to incomplete statistics, there are 12 reports on the HSR of
mites in the literature. The stimuli include temperatures, drugs
[7,11,13], and starvation [5], of which heat and cold stress are the
most studied [6,8-14]. The high and low temperatures in those studies
mainly are in the ranges of 30-45 °C and —8 to 20 °C, respectively. The
main research method has been qRT-PCR. The expression levels of agri-
cultural mites have been determined, including A. ovatus, N. barkeri, P.
citri, N. cucumeris, T. cinnabarinus, and T. urticae. The target genes have
mainly involved the four subfamilies: HSP90, HSP70, HSP60, and
HSP40, especially HSP70. In general, these HSP genes have shown differ-
ent degrees of upregulation at high temperatures but have not mani-
fested a consistent pattern of expression changes at low temperatures.
In addition, SDS-PAGE has been used for HSP analysis in Varroa:
HSP70 protein expression increased at 40 and 50 °C, especially at

40 °C [13]. However, the existing research on HSPs in mites has the fol-
lowing shortcomings: 1) There are obvious limitations of the detection
methods. The existing reports have mainly been focused on qRT-PCR
and SDS-PAGE. The limited number of D. farinae HSP gene sequences
in GenBank has limited comprehensive research on all HSP family se-
quences by qRT-PCR. SDS-PAGE results involve some uncertainty be-
cause the proteins bands have been analyzed based on the standard
marker; 2) The numbers of temperature groups have been small and
have been arbitrarily defined by the researchers, thus lacking systematic
experimental evaluation of survival rates in vitro; and 3) most studies
lack silencing verification of the stress response function by RNA..

In this context, the following breakthrough improvements were
made in the experimental design of this study: 1) Firstly, from —20 to
48 °C, a total of 27 temperature groups were designed to discover the
overall profile of the D. farinae viability changes under extremely high
or low temperatures, thus providing a scientific basis for screening the
treatment temperature of RNA-seq and constructing temperature gradi-
ent vs. gene expression histogram. 2) Because of the absence of the
complete genome sequence of D. farinae, de novo RNA-seq was per-
formed for the first time to determine all HSP sequences and screen all
DEGs involved in temperature stress response. These findings not only
enriched the molecular data on D. farinae HSPs in GenBank, but more
importantly, provided candidate gene sequences for subsequent qRT-
PCR confirmation of the DEGs. 3) The qRT-PCR method was used to ver-
ify the changes in expression of stress response genes (HSPs) under heat
and cold stress and to confirm their stress response effects and charac-
teristics. 4) The temperature gradient vs. expression magnitude histo-
gram was built to clarify the relation between the HSP expression and
survival rates. The temperature starting point, the highest point and
the inactivation point in the regulation of the key D. farinae HSP genes
were identified and the relationship of change rule of expression quan-
tity with the survival rate was fully revealed. 5) Based on the tempera-
ture with the highest expression, the gradient time experiments were
set to observe the change of HSPs expression from 10 min to 36 h recov-
ery, and the time vs. expression quantity effect relationship and dura-
tion time change rule were deduced. 6) The RNAi method was
employed to validate the observed correlation between gene silencing
and mite viability changes. Finally, the stress response function of
HSPs under temperature stress was confirmed at both the genetic
level and the living body.

In this first exploratory study on the stress response function of HSPs
under temperature stress in clinically important mites D. farinae, the fol-
lowing original results were obtained: A total of 163 Unigenes were
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assigned to HSPs in five RNA-seq samples, among which 88 Unigenes
were DEGs. These 88 HSP Unigenes were aligned to 47 genes. Seventeen
HSP genes had FPKM >100 and were defined as the main stress re-
sponse genes, including HSP16-1, HSP16-2, HSP70, HSP70-1, HSP70-3-1,
HSC70-4, HSC70-5, HSC71, HSC71-1, HSC71-2, HSC71-3, HSP83-1,
HSP83-2, HSP90.Cdc37, dnaj1, dnaj A1, and HSF. Eight HSP genes had
baseline FPKM >500 or baseline FPKM >100 and log,FC > 5 in qRT-PCR
analysis; they were defined as key stress response genes: HSP16-1,
HSP16-2, HSP70, HSP70-3-1, HSC71, HSP83-1, HSP83-2, and HSF.

HSP16-1 and HSP16-2 were the two important sHSP subfamily
genes involved in the temperature stress response of D. farinae in
this study. sHSP proteins can recognize and bind to incompletely
folded or incorrectly assembled proteins to help peptides fold cor-
rectly, to ensure their proper transport, and to prevent aggregation
[31]. Consequently, these functions protect cells from stressors and
increase tolerance to stressful stimuli. In this study, based on the
temperature gradient vs. gene expression histogram, it was found
that HSP16-1 and HSP16-2 have the same expression pattern,
i.e., they were upregulated under heat stress at 37-43 °C and down-
regulated under cold stress from 5 to —15 °C. Moreover, HSP16-1
showed a greater expression change than HSP16-2: 1) higher base-
line expression (3864.36 vs.1185.39), 2) preferentially started up-
regulation (37 °Cvs. 39 °C), 3) higher upregulation at 41 °C (2.31
vs. 1.61). Further, time gradient recovery experiment showed that
when recovery for 40 min, HSP16-1 reached the highest expression,
and could last for 12 h. In addition, after RNAi knockdown of
HSP16-1, the gene expression and the survival rate of mites de-
creased by 48.35% and 54.79%, respectively. Thus HSP16-1 indeed
performs a regulatory function under heat stress was confirmed.
However, under cold stress, HSP16-1 and HSP16-2 were both down-
regulated, implying that they did not play regulatory roles under
cold stress.

HSP83-1 and HSP83-2, belonging to the cytoplasmic HSP90 group,
are two key stress response genes identified in this study. HSP90 is a
regulatory enzyme that prevents irreversible protein aggregation
under stressful conditions, thereby increasing cell tolerance to stress.
The roles of HSP83-1 and HSP83-2 in D. farinae under temperature stress
were basically the same as those of HSP16-1 and HSP16-2. Although the
change in their expression was greater under heat stress, upregulation
started at a higher temperature and mainly indicated a participation
in the response to stress within the narrow range from 41 to 43 °C.
These findings are in agreement with the results of experiments carried
out on HSP90 gene of N. cucumeris [10] and N. barkeri [15], indicating
that these two genes are involved only in the heat stress response.

HSP70 is the most studied stress response protein among HSPs and
is widely distributed: it can be present in the cytoplasm, nucleus, endo-
plasmic reticulum, and Golgi apparatus. HSP70 participates in many
processes, such as growth and development, apoptosis, antioxidant de-
fense, and synergistic immunity. As the most important molecular chap-
erone in the cell, it plays an important part in basic processes such as
protein synthesis, correct folding, transmembrane transport, transloca-
tion, degradation, assembly, cytoskeleton dynamics, and nuclear-matrix
stability. This study revealed that HSP70s are the gene family strongly
involved in the temperature stress response in D. farinae. Nine genes
were identified, including HSP70, HSC71-3, HSP70-1, HSC70-4, HSC71,
HSC71-1, HSC71-2, HSC70-5, and HSP70-3-1. However, expression regu-
lation patterns (changes in expression vs. temperature gradient) of the
three key differentially expressed HSP70 genes turned out to be differ-
ent. We found that HSP70 was the most potent HSP gene, especially
for the response to heat stress. Its expression regulation pattern was
similar to that of HSP83, but HSP70's upregulation was greater. It ulti-
mately reached the highest expression at 41 °C, with log,FC up to 4.31
and absolute FPKM up to 40,296.59. The log,FC of HSP70 after 10 min re-
covery was 2.73, higher than that of HSP83, and the stress response time
of 16 h was also longer than that of HSP83 (12h). Its upregulation later
weakened at 43 °C and sharply switched to downregulation at 45 °C,

with the expression at only 0.17% of its highest expression level. Com-
pared with the non-target RNAi control group, the tolerance of D. farinae
at 41 °C decreased significantly, with relative expression decreasing
from 0.90 to 0.31 (arbitrary units), and the survival rate decreasing
from 60.83% to 15.83% after HSP70 silencing. This result confirmed
that HSP70 indeed performs an important regulatory function in D.
farinae during heat stress. Bioinformatics analysis indicated that the
HSP70 of D. farinae evaluated in this study belongs to the cytoplasmic
HSP70 group and has the same regulatory effect as the HSP70 of P. citri
[8], namely participates only in the heat stress response.

Despite being a homolog of HSP70s, HSC71 manifested a
completely different pattern of expression regulation, apparently
playing an important regulatory role in the responses to both heat
and cold stress. Upregulation of HSC71 gradually increased when
the temperature became more extreme (as compared to 25 °C),
and the highest upregulation under heat and cold stress was ob-
served at 43 and —10 °C, respectively, and could sustain for 16 h
and 28 h. At more extreme temperatures, HSC71 expression weak-
ened. This result was also verified by gene silencing. The expression
regulation of HSC71 has a pattern similar to that of HSC71-1 of D.
farinae obtained in this study, HSP70-1 and HSP70-3 of T.
cinnabarinus [6], and HSP70-2 of A. ovatus [14], reported in the liter-
ature. However, HSC71-3 showed an expression pattern different
from that of HSC71 and yielded similar responses to temperature
changes in comparison with HSP70, but with weaker intensity.

Heat shock factors (HSFs) are upstream regulators of HSPs and have
the ability to protect cells from protein misfolding, inflammation and
environmental damage. When the cell mounts a temperature stress re-
sponse, HSF first dissociates from HSPs, releasing an free inactive HSF
monomer. The free monomers are then polymerized into a trimer and
phosphorylated. They are transferred from the cytoplasm to the nu-
cleus, binding to a heat shock element to initiate transcription and in-
crease HSP expression. A large amount of HSP has a cytoprotective
effect, enhancing the cell's ability to resist damage. It in turn binds to
HSF to inhibit its further activation, thereby performing negative feed-
back regulation of the HSR [32]. Notably, we determined, for the first
time, that HSF plays a very important regulatory role in D. farinae
under heat and cold stress. The regulatory function of HSF was found
to be similar to that of HSC71, namely upregulating under both heat
and cold stress. At gradient temperature, it was the stress response
gene to preferentially start upregulation with temperature changes (at
33 °Cor 5 °C), and was expressed at a sustained high level when tem-
perature increased and decreased. Under the heat stress, the expression
of HSF reached its peak at 41 °C (log,FC of 5.31, 39.67-fold), which was
higher than that of HSC71 (20.39-fold) and HSP70 (19.84-fold). How-
ever, the regulation intensity of HSF under cold stress was lower than
that of heat stress. The expression of HSF reached the peak at —10 °C
(log,FC of 2.98, 7.88-fold), which was higher than that of HSC71 (7.01-
fold). The stress response time of HSF under temperature stress was
just the opposite with the regulation intensity. Under —10 °C cold stress
for 1 h, the upregulation could be detected after recovery for 10 min,
and reached the peak at 16 h, and the log,FC decreased to <1 after recov-
ery for 32 h. Under 41 °C heat stress, the upregulation could be detected
after recovery for 20 min, and reached the peak at 2 h, and the log,FC
decreased to <1 after recovery for 20 h. It can be seen that the stress re-
sponse function of HSF was not only significantly greater than HSP70,
HSP83 and HSP16, but also greater than that of HSC71.

In summary, this study showed for the first time that multiple HSP
genes play a key role in the temperature stress response of D. farinae.
Different gene subfamilies have different regulatory functions under
heat and cold stress. Many genes such as HSP16-1, HSP16-2, HSP83-1,
HSP83-2, HSP70, HSC71 and HSF are involved in heat stress response,
while only HSF and HSC71 are involved in cold stress response. These re-
sults imply that there are other gene or gene families should be involved
in cold stress response of D. farinae, which needs to be confirmed by fur-
ther research.
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5. Conclusion

This study was the first systematic exploration on the stress re-
sponse function of HSP under temperature stress in D. farinae. The fol-
lowing pioneering conclusions were derived: 1) It was confirmed that
17 differentially expressed genes in the HSP family were mainly in-
volved in temperature stress response of D. farinae, and six genes played
a key role—namely, HSF, HSC71, HSP70, HSP83-1, HSP83-2 and HSP16-1.
2) The regulation patterns of these key genes were different. HSP70,
HSP83-1, HSP83-2 and HSP16-1 were only involved in heat stress re-
sponse, but not in cold stress, while HSF and HSC71 played a regulatory
role in both heat and cold stress. 3) It was found that HSF had the stron-
gest regulatory effect for the first time; it not only started upregulation
earliest, but also had the largest regulation intensity and the longest du-
ration. In addition, the upregulation of HSP key stress response genes
could be detected at recovery for 10 min after temperature stress for
1 h. The results of this study not only help further promote the study
of D. farinae at a molecular level, but also provide technical support for
exploring the regulatory role of HSP under temperature stress in impor-
tant medical mites such as Sarcoptes scabiei and Demodex.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2019.12.014.
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#ed. aeg. HSP70Aa. ACJ64193 5N, LA EAT. .KDEKIQ.V. . [450]
#Dro. mel. HSP70. AAA28640 IR..P. AL EAT. .. [450]
#Tri. oas. HSP70. NP_001164098  LTK. AL EAL . [450]
itDer. far. HSCT1. WKB96227 S AL [450]
#Der. pte. HSC71. XP_027200494 A AL [450]
#Tet. oin. HSP70-4. ACHT2064 LA LA [450]
#Tot. oin. HSP70-3. ACG60424 A A [450]
#Pan. oit. HSPT0-2. ADMS3424 LA LA [450]
#Pan. oit. HSPT0-1. ADMS3423 LA .S.A [450]
#Tot. oin. HSP70-1. ACG60422 A S.AL L [450]
#Fra. occ. HSC70-1. AFNG5668 LA LAV A [450]
#Neo. bar. HSP70. AXZ96464 A AL A [450]
#Nea. ouc. HSPT0. AGQ50609 A A A [450]
k #Der. far. HSP70-3-1. MKB96236 REV.K. LGAIL AR. . N o [450]
#Pra. occ. HSC70-2. AGT36553 R . N .Q.V.E . SDUN.KDV. . [450]
#Tyr. put. HSPT0-2. ANA96232 AN AR, . 'S ..Q.V.E..D.Q.KD.. . [450]
#Pan. cit. HSPT0-3. ADMB3425 AH. AR N0 .QV.E..D.QEKD.. . [450]
#Tot. oin. HSP70-2. ACG60423 . AH. AR LN .Q.V.D .SD.Q.KD.. . - X [450]
#Tri. oas., HSC70-3. XP_008200986 . A ALVR, LN LQ.V.E..DUN.KDV. ..eevnrens .o.V.Q. [450]
e, far. HSP70. MKB96234 VP QIEVIFDYDA [600]
#Ale. ova. HSPT0-1.A0D27714 V. I [600]
#Ale. ova. HSP70-2. AOD2TT15 [600]
#ed. aeg. HSPT0Aa. ACJ64193 [600]
#Dro. mel. HSP70. AAA28640 [600]
#Tri. oas. HSP70. NP_001164098 [600]
 #Der. far. HSCTL. MKB9622T [600]
#Der. pte. HSC71. XP_027200494 [600]
#Tet. oin. HSPT0-4. ACHT2064 [600]
#Tot. oin. HSP70-3. ACG60424 [600]
#Pan. cit. HSPT0-2. ADMB3424 [600]
#Pan. oit. HSPT0-1. ADMS3423 [600]
#Tot. oin. HSP70-1. ACG60422 [600]
#Fra. occ. HSC70-1. AFNG5668 [600]
#Neo. bar. HSP70. AXZ96464 [600]
#Neo. cuc. HSP70. AGR50609 . [600]
S #Der. far. HSP70-3-1. MKB96236 . [600]
#Pra. occ. HSC70-2. AGT36553 -GN, [600]
#Tyr. put. HSPT0-2. ANA96232 LN . KFSDE. KKV K.KVE...E. [600]
#Pan. oit. HSP70-3. ADMB3425 AN, o [600]
#Tot. oin. HSP70-2. ACG60423 . N, _KFADE.K.T K KVE...E. .5.. [600]
#ri. oas. HSC70-3. XP_008200986 QN .KFAD. . KKL K..VE.R.E. .5.. [600]

iDer. far. HSP70. WKB96234 VN [722]

#Ale. ova. HSP70-1. AOD27714 .D [722]
#Ale. ova. HSP70-2. AOD2TT15 D [722]
#fied. acg. HSPT0Aa. ACJ64193 .D [722]
#Dro. mel. HSP70. AAA28640 -D [722]
#ri. cas. HSP70. NP_001164098 D [722]
SitDer. far. HSCT1. MKB96227 .D [722]
#Der. pte. HSC71. XP_027200494 — GMPGGFPGGH PGFDPSS. A -A. STGSG. G GRS, .T1.. .D [722]

#Tet. oin. HSP70-4. ACH72064 —AG~ GMPGGMPGGF PG——-GAP -G. APKSGGP —-G..TL. .D [722]

#Tet. oin. HSP70-3. ACG60424 . GAAGA—~ G. MP. GMPG~ GMPGGMPGGW PG——-GFT -G.MPGGGAP K—-S..TIL. .D [722]
#Pan. cit. HSP70-2. ADMB3424 -D [722]
#Pan. oit. HSP70-1. ADM83423 .D [722]
#Tet. cin. HSP70-1. ACG60422 -D [722]
#Pra. occ. HSC70-1. AFN65688 -D [722]
#Neo. bar. HSP70. AXZ96464 .D [722]
#Neo. cuc. HSP70. AGQ50609 . -D [722]
#Der. far. HSP70-3-1. UK896236 . .NDD. KS.I EKAI. .AIK. e . L- [722]
#Fra. occ. HSC70-2. AGI36553 LGDKD-KLGA . ..DS. KTRM EEATE.KIK. ..E.. . L- [722]
-2. ANA96232 TGDKE-KLGG ...DD.K..T ESS....IK. . L- [722]

-3. ADM83425 IODKE-KLGA . .TDD. KTKI EESL. AAIK. ..A. . L- [722]

#Tet. cin. HSP70-2. ACG60423 TGDKE-KLGA ..TDD. KTKT EESL. AAIRK. ..A. . L- [722]
#Tri. cag. HSCT0-3. XP_008200986 LNDKD-KLG. .V.SDEKTKM EEAL .KIK. . . 1- [722]

#Degk far. HSP83-1. MK896237  MPEENG— ~EIETFAFQA EIAQUVSLLI NTFYSNKEIF LRELISNSSD ALDKIRYESL IDPSKIANCK DFYIKIIPNK Dmm.mm GIGMTKADLI NNLGTIAKSG TKAFMEALQA GADISMICQR GVGFYSAYLV ADKVIVESKH  [150]
#Dejie far. HSPB3-2. M896238 A [150]

#Tyr. put. HSP90. AJQ31840 [150]
#Pan. cit. HSPYO. ADUB3426 [150]
#Tet. oin. HSPRO. ACFT5907 [150]
#Pan. oit. HSP90. ADQ20111 (1501

#Neo. cuc. HSP90. AGQ50610 .
#Aed. aeg. HSP83. XP_001649752 . ..
#Dro. mel. HSP83. NP_001261362 ... .



#ri. cas. HSP90. NP_001300806 . ... NG— -DV. TN..RLDSG. EL. NDG. V..N
s#Der. far. HSP83-1.MKB96237  NDDEQNVWES SAGGSFTIRP DHDNGEQLAR GTKIVLYMKE 15Q FIGYPTKLVY KIEDVTDDDK N RTRRTKEKYT DEEELNKTKP
 #Der. far. HSPB3-2. MKB96238 . Q .

#Tyr. put. HSP90. AJQ31840 Q

it. HSP90. ADHB3426 Q
in. HSP90. ACF75907 Q
it. HSP90. ADQ20111 ET. X
. HSP90. AGQ50610 L QB . GEED A menm K
. HSPB3. XP_001649752 .. . B. ALK . .D.F—... .....B B~ EKD.—— .K.
- HSPB3. NP_001261362 E .....GE.ED AK.D.DA- .K.
#ri. cas. HSP90. NP_001300806 E GE.ED E.T..EDK-. .K.

Je#Der. far. HSPB3-1. MKB96237  IWMRNPEEIT QEEYAEFYRS LTNWDD][LA VRHFSVEGQL EFRALLFYPR RAPPDLPEN'R KQRNNIKLYV RRVFIMENCE ELIP'E’Y'[NFI( KGVVDSEDLP LNTSREMLGQ NKTLKVIRKN LVKKCVELFE mmmm msm
JtDer. far. HSPB3-2. MKB96238  L.....D..S ...
#1yr. put. HSPO. ATQ31840 D.. .

it. HSP90. ADQ20111
. H5P90. AGQ50610
. HSP83. XP_001649752
- HSP83. NP_001261362 .
. HSP90. NP_001300806 .. T..

cPopPEPRD

iDer. far. HSP83-1. MKB96237  KLGIHEDHNN RKKLADLLRF YTSATGDDVC smwsm ENQRHTYFIT GESREIVSNS AFVERVRERG YEVIYMVEPT DEYCVQQLKE mmvsv'r KEGLELPEDD EERRRFEEAK ERFENLCKIM RDILDKRVER VLVSNRLVSS

JtDer. far. HSPB3-2. UKB9E238 .55, EL. Ao [ I BALKL.D KR.D...A cooiieiens ceieiinnns
#1yr. put. HSPO. ATQ31840 . e . . .
#Pan. oit. HSPOO. ADHB3426
#Tet. oin. HSPRO. ACFT5907
#Pan. oit. HSPRO. ADQ20111
#Neo. ouc. HSP90. AGR50610
#Aed. ag. HSPB3. XP_001649752 ..
#Dro. mel. HSP83. NP_001261362 . .

take

DIRRRNIS

F.
F.
F.
.. R
. F
F.
F.
F.

Ezﬁz'm'm'méﬁ

Ve
A

#Iri. oas. HSP90. NP_001300806 . .

Y #Der. far. HSP83-1. MKB96237  PCCIVISQYG WSANMERIMK AQALRDSSTM GYMAAKKNLE INPDHPVIET LRQKAESDKN DKSVKDLVIL LYETSL[ESG FSLEDFQTHA SRIYRMIKLG LGIDEDEMAI DSNEIDGTIA NTIVPDADAD ANDKSRMEEV D [741]

Y #Der. far. HSP83-2. MKB96238 . . .o . V.K....V.L WF.. ..DTVW .DG——GDV.D EPT...SQ.Q .A. - 4]
#Tyr. put. HSP90. AJQ31840 WL DLPV VEE--APIAE EP-1.. —.E .A. .. [l
#Pan. oit. HSP90. ADUB3426 .F.. B .. [l
#Tet. cin. HSP90. ACF75907 WE. -E - . [
#Pan. oit. HSP90. ADQ20111 .F. .. .E. .. [l
#Neo. cuc. HSP90. AGQ50610 -F. —-.PFEGV .E.AA..... . [741]
#Aed. aeg. HSP83. XP_001649752 WE. . GGDA.PLVD. .E.A.H.... . [741]
#Dro. mel. HSP83. NP_001261362 .F. ~-DA.SLVE. TE.A.H.... . [741]
#Tri. cas. HSP90. NP_001300806 . . .F.. —-APSADA. E SE. A. - [ra1]

HDog, Far. HSP16-1. MK89G232

#Der. pte. orystallin. XP_02719555
#De: Far. HSP16-2. MK896233 2
#Der. pte. HSP16. 1. XP_027195049  —MSSTRIIR QLVPIGGNLC TR.-LWLMPN . LARRNFLPS RRGYDPFADI QRSFDSFFRE MERS. FPTVY Q. R— ———TP.H RS.P.E.TE. .

H..G.
. TVKKGEVKI D.

[150]

[300]
[300]
[300]
[300]
[300]
[300]
[300]
[300]
[300]
[300]

[450]
[450]
[450]
[450]
[450]
[450]
[450]
[450]
[450]
[450]

[600]
[600]
[600]
[600]
[600]
[600]
[600]
[600]
[600]
[600]

H-YEYREFVR [150]

[150]

C. ITDGS. S KAFKQINY [150]

- QVRRGEVKI D.. C.LNEGT T-KQFKQISY [150]
#Eur. may. HSP20. OTF69786 P.§ RALPIE. IE. .QRM.KIEL LPD.K.ED.N .TVKKGEVKI D..C.ITEGS S-KQFKQISY [150]
#5ar. sca. HSP20-1. KPM02991 —-MSSQKLLT L. PMVCKRLA RMPNIGLY.Q ITSKRHFLPS RRGFDP—— P.§ RS.P.E. IEN . QRL.KIEL LPY.K.ENIN .TVKKGEVII D..L. mas 54 msxuvm{ (1501
#6ar. sca. HSP20-2. KPM04326 ~  ———- s HL. —¢—VS. .L—— ———— .CA-— ——GLM..M. H.TSV..FKN D.—YQ.C.. . [150]
#1ri. cas. HSP23. XP_973344 ~—MSLLLFG DPFES. . HPY GRLLDRYFAS LLN-——- ————— ————— -] F. D, LPLET ETRG—— ——HLRQR FOAPESDVRL N. EK, QACL. .Q0.K EELT .. VD.VVI. EG.K.E. E B .GFIS. (1501
#hed. aeg. HSP23. ABU49236 MVLLPTILFS DL¥DGCLDSP -I.SSQIRCQ HL.RQP—- FPGG. LVTFD CCRTPSGRK. APTN.QV. LN . QE.Q. EDIS .. ATSQFVI. E..H.E.DAE NG.VL. [150]
e, far. HSP16-1. UK896232 HVIVPQNVQS DQLKCKMDKD GVLRFEAPLK nnmmm vmmmm KPAVEQQK— ———— - [221]
#Der. pte. crystallin. XP_02719555 N.EA.
sk #Der. far. HSP16-2. UKB96233 SYSL.DD.DL . .P ALEAPK{N.

. P ALES. KKEN,
.P A.EAAR-EN.
. P . LEQQP-EN.

#Der. pte. HSP16. 1. XP_027195949  SYSL.ED.DL .
#Bur. may. HSP20. 0TF69786 SYSL. EDADL .
#5ar. gca. HSP20-1. KPM02991 CYSL. DE. DL .

#Bar. sca. H5P20-2. KPM04326 E.N..D..HA EK.T.... M.EPPRSA. .

#Tri. oas. HSP23. XP_973344 RYVI. EGHDL GKIESRLSS. . .R- —. TEGGQAS.

#Aed. aeg. HSP23. ABU49236 RYRL. EGHD. .RIESTLSS. .. VL ALPAP. —. . H SVMVNHL KVS TADEK. CTKE NKNYTLEDLD E [221]

#Dok: far. HSF. MK896231 ~ ———— —MHTLGSN- —ANIPTFI LKL'IQNCDD SSNDLICWNR NGRSFIIKDQ GRFAKEILPL

#Der. pte. HSP. XP_027198510 —
#Der. pte. HSP. XP_027198511 —
#Der. pte. HSF. XP_027198509 —
#Der. pte. HSP. XP_027198512 —
#fed. aeg, HSF. XP_021704332 — .. FIEIG

#Dro, nel. HGF. BAE16323  MSRSRSSAKA VOFKHESEER BEDBEGQLPS R.. SY.DAA ALGSGY.A.L A...R..D.A DT.R....TK D...V.QN.

RE.K..M.T .
-H.ITS.DN... RR.R..L..S .

#Tri. cas. HSF. XP_0081 5 —.EETANT- ——VSP.V ..... MISHQ EAANV. V. 6D 6.D.....N. -D.H . ICVERS-— ——N.M. YK .
*#Dsr. far. HSF. MR896231 ~TNNNSKCLT SIVEVDEIQD ILSDVESIKG RQDSVDSLLN NLRQENEALY RETATLRQRH LKQQQIVEKL LQFLVSIVR- -——NRVV GGLKRKAPLL IDSNGSNSRK ITRNKE—— —SNTICIP-
#Der. pte. HSF. XP_027198510 . AL LT . . . . v. .

#Der. pte. HSF. XP_027198511
#Der. pte. HSF. XP_027198509
#Der. pte. HSF. XP_027198512 . P

#Aed. aeg. HSF. XP_021704332 NSKWDK GL EAMN'R v. ‘I"M(QIIR .E. L. TRFS 6l
#Dro. mel. HSF. BAE16323 —. .KNGDDK GVL.PEAMSK ..T..KVMR. ...NL..RFS AM..
#Iri. oas. HSF. XP_008193605 — LNK. CSRGSC. LVN LS. EITA.RK Q..EICAQL V.

. Ve - s
. RSGLGSMGN . NN. .RFQ. M . NDAPESKH. KTEGS. —GAS. QELG EALEAYGNEQ ELLSQDRSKK
V.. N T IT QP ———S.NM 6.V..HVQ. M .NNTPEID. A RTTSETESES GGGPV.HELR EELLDEVMNP SPAG-——
VTLNLSSHAQNNNTLWIVVHPFW —— S KN -

 #iDer. far. HISF. UK896231 —SPPSNSG PITHDITDLE ESSNLRNDSI mssspmc mwmml
#Der. pte. HSP. XP_027198510
#Der. pte. HSP. XP_027198511
#Der. pte. HSF. XP_027198509 .5.NN..EGK N...S.
#Der. pte. HSP. XP_027198512 _S.NN..BGK N...S. N . . .
#ed. aog HSF. XP_021704332 VKLTTSGSIK KEK. QKTK, S DRASE. PEVT SPISTQQ. P YHSANEL EE A YSPOFATG NTKQEAFD. S SGVT. HSEQI VSDVVEDDQL DGEYDDEGYL V. HVDEINEN THQFFDD, m L. TP—MVIK M, KQEQLKQ EQGPHIOQKA
#Dro. mel. HSF. BAE16323 Y TAA-HIDQES VSPPAVERPR SKUSISSHNY DYSHQ. VDL . LGN, TAG SQ. PAQHD. Y TVIEAP. SHV QEV. NSPPYY EEQN, LTTPH . REQEQQKRQ .. KE. NKLRR QAGDVILDAG
#ri. cas. HSP. XP_008193605 — —-E-V.N. .KFFHVCQSV PQIEVF. KNA STNN-—— —— . CAPP.E. QGG BTLSRDT—-L ... DN——- ELSNIIETEM LD.PSL..SH D. NQDFNLET G—-V. DDNP

IPSTSVGGVN SLSNLKDNTM IDLPQIFEID LAN'UVNNSQI VNN—-LIEN QLN’N'YTIDN ADSIITEAEL
-6.NN..EGK N...S. A B
-6.NN..EGK N...S.

—- —LDTSSTNEA
.PG.A..P
.PG.A..P
.PG.A..P

— e . .PG.A..P
VPSAKPS TSMAYGVE. F NVGEVPTDIF DDDS. VQKE- PI.G. N M YN'P’N 'VNINEMKGRQ L QPAQPQLQ
.. ISEDMP- -———T. T FEDA. LPDGV EEAAKL.QQQ KFGQST.S5G K. ASN. DVPT N———ST L. . ANQASTS

ELNWLQDQLY GGSLNIDP—-

Je#Der. far. HSF. MR896231 LKTINNVPPS APQPTTSNHL NNFSTELILP LSk
#Der. pte. HSF. XP_027198510 . -Q. .
#Der. pte. HSF. XP_027198511 . N
#Der. pte. HSF. XP_027198509 . N.
#Der. pte. HSF. XP_027198512 . N.
#Aed. aeg. HEF. XP_021704332 TNKGESLLEN RKSSV. N'KDQ KSLLN'SN'KIA YSALPG T w. SGKNMIS
#Dro. mel. HSF. BAE16323 DILVDSSS. K . QRTSIQHST T. SEPE. . SG .

#Tri. cas. HSF. XP_008193605 KTKVDF-——
*#Der. far. HSF. MK896231 NTIPKAIWF —-LDLT NIGNDTK—-
#Der. pte. HSF. XP_027198510 . ..M. .GAV...SS. . e S ..GLS QPMILRSSLY DSNGQ—

#Der. pte. HSF. XP_027198511 . - GAV...BS. . . GLS QPMTLRSSLY DSNGQ—
#Der. pte. HSF. XP_027198509 ..
#Der. pte. HSF. XP_027198512

#Aed. aeg. HSF. XP_021704332 QQQQNLQA. - ———VSNQA GTDEHDESS NTGAMA. FI§ N'NADL— RL T YGQHI- ~————— —ITI'VUI' D SLKDLL.GDN YQFDANTLLG AAGGSGPQYG RVYFAPASFE ‘l‘ A N'K.LF S NDDIMGMDFP HN'LPDIIAD
#Dro. mel. HSF. BAE16323 KAAA. . QASE EEGMAVAKY. GAENGN.RDT NNSQLLRMAS VLVDQK.TN. .RISHNQAAN SYCCSDELHG HLESWQDE.E TLKDLLRODG VAIDQNMLMG ALSRTPN-—- ——— FQLPE DEL.LKLFND SDLMDNYG-L SFPNDSI..E
#Tri. cas. HSF. XP_0081 5
e#Der. far. HSF. MR896231 N — [802]
#Der. pte. HSF. XP_027198510 — [802]
#Der. pte. HSF. XP_027198511 — [802]
#Der. pte. HSF. XP_027198509 — [802]
#Der. pte. HSF. XP_027198512 . — [802]
#Aed. aeg. HSF. XP_021704332 RKAVDGT ————TIAAP VINSNETNNP SGMSVTTLKK FG-——— — [802]
#Dro. mel. HSF. BAE16323 KRAPSGSELI SYQPMYDLSD ILDTDDGNND QEASRRQMQT QSSVLNTPRH

(=]
g

#Tri. cas. HSF. XP_008193605

[150]
[150]
[150]
[150]
[150]
[150]
[150]
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[300]
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[300]
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[450]
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[450]

[600]
[600]
[600]
[600]
[600]
[600]
[600]
[600]

[750]
[750]
[750]
[750]
[750]
[750]
[750]
[750]



Table S1 Mortality rates of D. farinae at various stressful temperatures

Tem Dead/ Tem Dead/

Group O total Morality % O total Morality %
control 25 0/100 0.00
5 0/108 0.00 -9  36/108 22.22
0 4/120 3.33 -10 36/134 26.57
-2 9/132 6.82 -12 37/133 27.82
Low tem -5 15/120 12.50 -15  54/120 45.00
-6 14/104 13.46 -18 111/118 94.06
-7 30/160 18.75 -20 135/135 100.00
-8 30/144 19.56
33 0/108 0.00 42 24/124 19.35
35 4/100 4.00 43  27/103 26.21
37 12/134 8.95 44  52/122 42.62
High tem 38 13/108 12.03 45  85/187 45.45
39 16/120 13.33 46 129/135 95.55
40 22/142 15.41 48 135/135 100.00
41 20/118 16.95

Tem: temperature;
Dead/total: the ratio of the number of dead mites and total mites.



Table S2 The quality index of RNA-seq sample for D. farinae under temperature stress

Data Clean No. of Mean
(G) Q20% Q30% Reads% Unigenes length
25°C 6.65 9764 9045 9544 27,748 1140 2,114
41°C 651 9517 8650 8595 33,206 957 1,756
43°C 6.67 98.00 9180 95.63 29,663 1033 1,851
45°C 657 95.07 86.26 86.04 30,745 1084 2,069
-10°C 6.63 97.75 90.78 95.12 26,265 1129 2,051

samples N50




Table S3 The sequence information of 47 HSP genes of D. farinaein Fig. 2A

annotation information of D. farinae Blast alignment HSPs confirmation in D.farinae
basdine
GenelD ORF FPKM Gene of closely related species accession No. Chh 1% Gene accession No.
U1237 1929 236.35 D.pte.heat shock cognate 71 kDa protein XM_027338446 100 89.44 H3:71-3t MK896230
CL5225.C1;U1751 1224 237.07  D.ptemethanethiol oxidase XM_027344696 100 87.70  HSC71-1’ MK896228
U1195 1980 89.63 D.pte.heat shock cognate 71 kDa protein-like XM_027338446 94 86.29 HSC71-4 MNO046872
u1775 1983 831.39 D.pte.heat shock cognate 71 kDa protein XM_027344693 100 88.32 Hsc71’ MK896227
U1315,U1181 1980 38390  D.pte.heat shock cognate 71 kDa protein XM_027344693 100 8609  HSC71-2' MK896229
U9706 1965 1921.97 D .far.Der f 28 KM009992 100 100.00 HsP70* MK896234
CL2097.C2 1995 64.73 D.pte.endoplasmic reticulum chaperone BiP-like XM_027340753 93 91.11 HSP70-3-2 MNO046873
CL2097.C1,3 2010 79413  D.pte.endoplasmic reticulum chaperone BiP XM_027340753 97 90.45  HSP70-3-1° MK 896236
CL4735.C1 1962 5.41 D.pte.heat shock 70 kDa protein cognate 4 XM_027347090 96 93.64 HSC70-4' MK896225
CL4735.C2 1962 367  D.pteheat shock 70 kDa protein cognate 4-like XM_027347090 95 9294  HSC70-4-2 MNO046874
U19203 1959 123.52 D.pte.heat shock 70 kDa protein 4 XM_027341546 99 87.71 HsP70-1' MK896235
U5192 1899 1.16 D.pte. NAD-specific glutamate dehydrogenase-like XM_027344572 41 96.03 HSP70-0-3 MNO046875
U10152,U10153 2073 166.97 D.far.heat shock protein cognate 5 JQ001475 81 99.65 HSC70-5 MK896226
CL1774.C2 2094 196  D.pteheat shock 70 kDa protein-like XM_027347006 99 9842  HSP70-3 MNO046876
CL1774.C1 2100 1.10 D.pte.heat shock 70 kDa protein-like XM_027347006 99 86.75 HSP70-4-2 MNO046877
CL1774.C3 2079 0.58 D.pte.heat shock 70 kDa protein-like XM_027347006 99 90.22 HSP70-4-3 MNO046878
CL1110.C3 939 215  D.pteheat shock protein beta-1-like XM_027339362 91 8480  HSPheta MNO046849
uU18672 462 3864.36  D.pteapha-crystalin A chain XM_027339750 100 84.63 HSPlfrlf MK896232
U17706 369 1185.39 D.pte.heat shock protein Hsp-16.1 XM_027340148 98 83.29 HSP16-2° MK896233
ur777 6447 1157 D.pte.dnal homolog subfamily C member 13-like XM_027347481 100 90.44 dnaJ.C13 MNO046853
U13834 1359 001  Nosignificant similarity found / / / dnaJ.dom? MNO046854
CL1435.C4 2406 17.54 D.pte.dnal homolog subfamily C member 16-like XM_027338742 100 88.96 dnaJ.C16 MNO046855
CL3962.C3 1164 67.26 D.pte.dnal homolog subfamily B member 14-like XM_027347483 99 90.82 dnaJ.B14 MNO046856
CL5250.C2 942 0.13  Nosignificant similarity found / / / dnaJ.dom5 MNO046857
CL4115.C1,2 1116 43.05 D.pte.hsp90 co-chaperone Cdc37 XM_027348446 96 87.31 HSP90.Cdc37" MK896239
CL379.C1 2118 199  D.pteheat shock protein 90-like XM_027346304 100 90.51  HSP90-1 MNO046850
CL379.C2 2118 37.24 D.pte.heat shock protein 90-like XM_027346304 100 98.35 HSP90-3 MNO046851
U713 2103 050  D.pteheat shock protein 90-like XM_027349667 61 97.00  HSP90-2 MNO046852
CL4916.C2 2193 823.04 D.pte.heat shock protein 83 XM_027341196 99 87.67 HsP83-1* MK896237
u9047 2157 634.56  D.pte.heat shock protein 83 XM_027342139 100 9162  HSP83-2’ MK896238
U13618 351 0.18 No significant similarity found / / / dnaJ.dom4 MNO046858
CL3976.C1, 2,34 951 25.54 D.pte.E3 ubiquitin-protein ligase ubr3-like XM_027338059 95 86.50 dnaJ.B6 MNO046859
CL498.C1 1062 30.15 D.pte.dnal homolog subfamily B member 1 XM_027346959 99 99.15 dnaJ.B1 MNO046860
CL498.C2 1059 045  D.ptednal homolog subfamily B member 1-like XM_027346959 100 8451  dnalB2 MNO046861
CL765.C1 1038 104.42  D.pte.dnal protein homolog 1 XM_027350323 100 8511  dnall MK896224
u11887 726 373 D.pte.dnal homolog subfamily B member 1-like XM_027346959 21 75.86 dnaJ.B3 MNO046862
U13223 1227 61.76 D.pte.dnal homolog subfamily A member 1 XM_027348547 100 89.33 dna). A1’ MK896223
U22268 1269 0.17 D.pte.chaperone protein dnaJ 3-like XM_027349640 82 96.67 dnaJ3 MNO046863
U7698 1230 0.53  D.ptednal protein homolog 2-like XM_027337805 100 98.86  dnal2 MNO046864
CL3636.C3 1653 021  Nosignificant similarity found / / / dnaJ.domé MNO046865
CL3636.C1, 2 1701 043  Nosignificant similarity found / / / dnaJ.doml MNO046866
CL2925.C1 R 0.64  Nosignificant similarity found / / / dnaJ.dom3 MNO046867
CL2925.C2 915 0.49 No significant similarity found / / / dnaJ.dom2 MNO046868
CL2602.C2, 3 1773 61.03  D.pteheat shock protein 60A-like XM_027341724 99 9146  HSP60 MNO046870
CL5330.C1, 2 1155 10.07 D.pte.uncharacterized XM_027345633 96 77.75 dnaJ MNO046869
CL1714.C5,8,9,10 1668 129.23  D.pte.heat shock factor protein XM_027342711 100 8659 HSF' MK896231
CL1714.C1,2,4 1653 38.56 D.pte.heat shock factor protein-like XM_027342709 100 86.81 HSF-1 MNO046871

C%: Coverage Rate %; 1%: identity %;
D.pte.: Dermatophagoides pteronyssinus; D.far.:Dermatophagoides farinae;
': HSPs gene were performed gRT-PCR.
*: HSPs gene were performed temperature gradient versus expression magnitude curves plotting.

*: HSPs gene were performed RNAI.



Table 4 The related sequence information of HSPsin Fig. 2B

Subfamily Gene mites  accession No. Gene mites  accession No.

HSP70s HSC71 D.far MK896227 HSC71-2' D.far MKB896229
HSC71 D.pte  XM_027344693 HSC71-3’ D.far  MK896230
HSC71 D.pte XM_027338446 HSP70° D.far MK896234
Derf28 D.far KM009992 HSP70-1 P. cit GQ495083
HSP70-1 T.cin EU679412 HSP70-2 P. cit GQ495084
HSP70-3 T.cin EU679414 HSP70-4 T.cin EU977182
HSC70 T. urt DQ310791 HSP70 N.bar MF542317
HSP70 N.cuc KC335213 HSP70 D.far KC305502
HSP70-1 A.ova KX237517 HSP70-2 A.ova KX237518
HSC70-4" D.far MK896225 HSC70-4 D.pte XM_027347090
HSP70-3-1° D.far MK896236 ER.chaperoneBiP D.pte XM_027340753
HSP70-2 T.cin EU679413 HSP70-3 P. cit GQ495085
HSC70-5" D.far MK896226 HSC70-5 D.far JQ001475
HSP70-1" D.far MK896235 HSP70-4 D.pte XM_027341546
met.oxidase ~ D.pte XM_027344696 HSC71-17 D.far MK896228

HSFs HSF* D.far MKB896231 HSF D.pte XM_027342711

dnals dnaJ1’ D.far MK896224 dnaJi D.pte XM_027350323
dnaJ. A1’ D.far MK896223 dnaJ. Al D.pte XM_027348547

HSP20s crystallinA D.pte XM_027339750 HSP16-1° D.far MK896232
HSP16 D.pte XM_027340148 HSP16-2' D.far MKB896233

HSP90s  HSP90.Cdc37 D.pte XM_027348446 HSP90.Cdc37’ D.far MK896239
HSP83-1° D.far MK896237 HSP83 D.pte XM_027341196
HSP83-2f D.far MK896238 HSP83 D.pte XM_027342139
HSP90 P. cit GQ495086 HSP90 T.cin EU851046
HSP90 P. cit HQ257511

D. far: Dermatophagoides farinae; D. pte: Dermatophagoides pteronyssinus; A. ova: Aleuroglyphus ovatus; N. bar: Neoseiulus
barkeri; T. cin: Tetranychus cinnabarinus; N. cuc: Neoseiulus cucumeris; T. cin: Tetranychus cinnabarinus; T.urt: Tetranychus
urticae; P.cit: Panonychuscitri.

': HSPs gene were performed qRT-PCR.

*: HSPs gene were performed temperature gradient versus expression magnitude curves plotting.

*: HSPs gene were performed RNAI.



Table S5 log,Foldchange and absolute expression quantity of main stress response HSP genesin D. farinae

G 25°C 41°C 43°C 45°C -10°C

ene FPKM log,FC FC FPKM  log,FC FC FPKM  log,FC FC FPKM  log,FC FC FPKM
HSP16-1 3864.36 2.00 400 15457.44 148 279  10779.58 -7.69 0.00 18.71 -441 0.05 181.78
HSP16-2 1185.39 171 327 3878.13 1.60 3.03 3593.43 -4.14  0.06 67.24 -436 0.05 57.73
HSP70 1921.97 439 2097  40296.59 437 2068 3974181 -482 0.04 68.04 -486 0.03 66.18
HSC71-3 236.35 393 1524 3602.50 2.88 7.36 1739.89 -271 015 36.12 -237 019 45.72
HSP83-1 823.04 489 29.65 24403.81 3.23 9.38 7722.32 -1.01 0.50 408.68 -128 041 338.92
HSP83-2 634.56 2.95 7.73 4903.56 1.40 2.64 1674.61 -157 034 213.73 -457 0.04 26.72
HSF 129.23 561 4884 6311.63 489 29.65 3831.78 327 965 1246.61 269 645 833.94
HSC71-1 237.07 1.30 2.46 583.73 1.30 2.46 583.73 172 329 780.99 181 351 831.27
HSC71 831.39 2.35 5.10 4238.63 2.90 7.46 6205.71 1.03 204 1697.72 132 250 2075.70
HSC71-2 383.90 0.61 153 585.93 134 253 971.85 086 1.82 696.79 116 223 857.85
HSC70-5 166.97 0.03 1.02 170.48 1.20 2.30 383.60 028 121 202.73 177 341 569.46
dnaJ. Al 61.76 0.56 147 91.05 184 3.58 221.11 047 139 85.54 161 305 188.52
HSP70-1 12352 3.08 8.46 1044.50 411 17.27 2132.90 085 1.80 222.64 005 1.04 127.88
dnaJl 104.42 342 10.70 1117.65 2.58 5.98 624.37 -0.68 0.62 65.18 -041 0.75 78.59
HSP90.Cdc37 43.05 252 5.74 246.93 337 1034 445.09 085 1.80 77.60 113 219 94.22
HSC70-4 5.41 6.00 66.26 358.45 -111 0.46 2.51 -0.14 091 491 -091 053 2.88
HSP70-3-1 794.13 -2.13 0.23 181.43 -2.99 0.13 99.96 -213 023 181.43 -3.86 0.07 54.69

log,FC: log2FoldChange; FC: FoldChange



Table S6 The expression of HSPsin the temperature gradient vs. expression magnitude histogram (Meant SD)

Tem(°C) HSP16-1 HSP16-2 HSP70 HSP83-1 HSP83-2 HSF HSC71 HSP70-3-1
-15 -528+0.19 -5.64+0.28 -4.84+0.09 -3.98+0.05 -3.39+0.09 257+0.04 1.80+0.06 -2.33+0.09
-10 -545+0.22 -5.75+0.13 -4.61+0.02 -3.88+0.20 -2.59+0.24 298+0.11 2.81+0.14 -2.43+0.04

-7 -521+0.02 -6.30+0.06 -5.51+0.17 -5.00+0.25 -2.09+0.07 2.86+0.01 2.01+0.02 -3.20+0.02
-5 -51440.04 -5.97+0.08 -5.43+0.07 -516+0.04 -2.09+0.02 2.84+0.02 1.91+0.04 -3.52+0.12
-2 -51240.14 -5.77+0.06 -5.31+0.03 -533+0.06 -2.06+0.11 2.74+0.07 1.80+0.10 -3.69+0.31

0 -508+0.04 -570+0.23 -3.97+0.13 -3.67+0.10 -1.95+0.13 246+0.05 1.04+0.01 -3.76+0.04

5 -480+0.24 -544+0.10 -1.75+0.11 -3.29+0.24 -1.58+0.10 2.11+0.02 0.62+0.18 -2.27+0.14
25 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00  0.00+0.00
33 -3.86+0.21 -2.95+0.24 -3.23x0.21 -3.03+0.26 -1.21+0.09 2.24+0.02 1.46+0.07 -3.04+0.01
35 -152+0.04 -2.07+0.13 -2.38+0.31 -2.35+0.06 -1.18+0.18 243+0.14 1.72+0.18 -0.89+0.06
37 0.94+0.18 -0.84+0.18 -1.33+043 -2.21+0.22 -1.00+0.08 2.70+0.03 1.74+0.19 -0.90+0.05
39 136022 0.88+0.22 -1.21+0.16 -1.29+0.12 -0.71+0.20 2.75+0.12 2.16+0.02 -0.33+0.18
41  231+0.08 1.61+0.20 4.31+0.09 3.96+0.05 2.00+0.07 5.31+0.15 2.64+0.02 -1.05+0.03
43  1.84+0.05 1.45+0.11 4.01+0.05 3.05£0.08 1.20+0.10 4.81+0.07 4.35+0.11 -2.38+0.08
45 -5.20+0.04 -6.82+0.19 -2.70+0.08 -3.05+0.03 -2.18+0.14 3.31+0.04 1.01+0.04 -3.15+0.07

Mean relative expression + SD following temperature stress for 1 h and 25 °C recovery for 1 h from gRT-PCR analysis.
Tem: Temperature;
The statistical differences were observed in the expression level between control group of 25 °C and each temperature

group (Student's t-test, all P < 0.001).



Table S7 The expression of HSPs in the time gradient vs. expression magnitude histogram (Meant SD)

Time of HSP70 HSP16-1 HSP83-1 HSP83-2 HSF HSC71 HSF HSC71

recovery (h) 41°C 41°C 41°C 41°C 41°C 43°C -10°C -10°C

1/6 2.73+0.07  1.85+0.04 1.21+0.05 0.89+0.11 0.71+0.17 2.44+0.27 157+0.16 1.04+0.06
13 355+0.03 2.00+0.08  1.84+0.22  1.93+0.08 1.31+0.28 3.12#0.12 2.55+0.08 1.75+0.15
2/3 3.69+0.12  218+0.17  2.11+0.06  233+0.25 3.26+0.15 4.05+0.24 2.73+0.07 1.79+0.23
1 4.16+0.04 2.01+0.10 346£0.15 2.05+0.06 5.23+0.20 4.17+0.11 3.01£0.29 1.99+0.24
2 3.49+0.18 192012  256+0.20 1.73+0.41 536+0.15 2274021 3.58+0.05 2.02+0.21
4 275+0.19 187017  217+0.05 157+0.31 3.34+0.16 2.05+0.09 3.83+0.16 2.04+0.02
8 2424016  141x017  1.91+017  150+0.22 2.61+0.01 1.40+0.08 4.21+0.08 2.04+0.18
12 114+0.17  1.24#0.17  1.29+0.02 1.22+0.08 2.04+0.20 1.19+0.13 5.03+0.22 2.34+0.07
16 1.07£0.23 -0.55+0.03 -0.95+0.10 -0.80+0.17 1.43+0.08 0.63+0.11 5.27+0.14 3.02+0.19
20 -1.03+0.03 -0.71+0.06 -1.61+0.05 -1.50+0.15 0.87+0.19 0.60+0.07 3.75+0.10 2.37+0.16
24 -1.76+0.09 -0.83£0.16 -1.99+0.14 -1.67+0.12 0.70+0.25 0.39+0.04 3.63+0.13 2.02+0.04
28 1.06+0.13  1.02+0.08
32 0.97+0.04 0.73£0.10

36 0.85+0.04  0.55+0.10




Table S8 The relative expression of HSP and survival rate of D. farinae after RNAi (Meant SD)

Target Tem  Before Relative expression of HSP Survival rate % of D. farinae

gene (°C) ___RNAI DEPC dslacZ target P value DEPC dslacZ target P value
HSP16-1 41 231 1.00:0.00  0.91+0.05  0.47+0.03 0.0002  65.00(78/120)  60.83(73/120) ~ 27.50(33/120)  0.000
HSP70 41 431 100000 0.90+0.02 0.31+0.05 <0.0001 65.00(78/120) 60.83(73/120)  15.83(19/120)  0.000
HSP83-1 41 396 100000 0.92+0.02  0.53+0.04 0.0001  65.00(78/120)  60.83(73/120)  25.00(30/120)  0.000
HSF 41 531 1.000.00 0.92+0.01  0.43+0.08 0.0006  65.00(78/120)  60.83(73/120)  28.33(34/120)  0.000
HSC71 43 435 1.00:0.00  0.92+0.01 0.33t0.02 <0.0001 60.00(72/120)  55.83(67/120)  23.33(28/120)  0.000
HSF -10 298 1.00£0.00  0.92+0.01  0.50+0.08 0.0006  60.00(72/120)  55.00(66/120)  29.16(35/120)  0.000
HSC71 -10 281 1.00:0.00  0.91+0.03  0.34+0.04  <0.0001  60.00(72/120)  55.00(66/120)  26.67(32/120)  0.000

Tem: Temperature;
Before RNAI: log,FC of the relative expression of HSPs before RNAI.
P value: the statistical difference between the relative expression of HSP; the statistical difference between survival rate % of D. farinae.
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