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Abstract

Heat shock cognate 70-kDa protein (RH-Hsc70) was identified from a cDNA library synthesized from the sialotranscriptomes of
unfed and fed Rhipicephalus haemaphysaloides. The RH-Hsc70 open reading frame is 1950 bp long and encodes a protein that is
649 amino acids in length, with a predicted molecular weight of 71.1 kDa and a theoretical pl of 5.43. RH-Hsc70 exhibits 98%
amino acid identity with Hsc70 in Haemaphysalis flava and 83% identity with Hsc70 in arthropods and mammals. RH-Hsc70
was mainly expressed in nymphs and adult ticks, not in larvae. Real-time quantitative PCR analysis indicated that RH-Hsc70
mRNA expression was induced by blood feeding in adult ticks. In addition, RH-Hsc70 gene expression was higher in the ovaries
of fed adult ticks than that in the midguts, salivary glands, and fat bodies of unfed or fed adult ticks. RH-Hsc70 gene knockdown
inhibited tick blood feeding, significantly decreased tick engorgement rate, and increased tick death rate. These data illustrate the
importance of RH-Hsc70 in tick blood feeding and aging, which makes it a promising candidate for the development of anti-tick
vaccines.
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Introduction

Ticks are responsible for the transmission of several zoonotic
pathogens that cause economically important diseases
(Sanchez et al. 2016; Schnittger et al. 2012; Sivakumar et al.
2016). In addition, due to the widespread use of chemicals like
insecticides, it is common for ticks to develop drug resistance
(Reck et al. 2014). Thus, a new method of controlling tick
infections is needed, such as developing biologically based
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treatments, including anti-tick vaccines. After blood feeding,
nutrient endocytosis and lysosome maturation facilitate blood
digestion and salivary gland maturation (Gulia-Nuss et al.
2016; Moreira et al. 2017), thus integrating reproduction and
nutrition. After engorgement, the tick salivary gland ages, and
adult female ticks die after oviposition. So, genes relating to
blood feeding and aging would be a promising candidate for
the development of anti-tick vaccines (de la Fuente et al.
2016). Genome and proteome analyses have provided insight
into parasitic processes that are unique to ticks (Aguilar-Diaz
etal. 2018; Barrero et al. 2017; Cafarchia et al. 2015; Charrier
et al. 2018; Gulia-Nuss et al. 2016), including transmission,
immunity, and detoxification. Another study investigated the
midgut, ovary, and salivary gland transcriptomes of the
Amblyomma sculptum tick and found that transcripts of genes
involved in nutrient assimilation processes and metabolic pro-
cesses, such as transportation and sugar, protein, and lipid
digestion, were abundant in the tick midgut and ovary
transcriptomes (Moreira et al. 2017).

Heat shock cognate 70-kDa protein (Hsc70) gene is a mo-
lecular chaperone that plays a critical role in protein folding
and is expressed under normal physiological and heat stress
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1 ATGGCGAAGGTGCCCGCTATTGG TTGATCTTGGAACGACCTATTCCTGCBTTGGAGTCTTCCAGCACGGGAAGGTCGAAATTATCGCCAACGACCAAGGAAATCGTACCACGCCGAGC
M AKVPATIG D L G T T Y Q HG KV ETITIANDA QGNT RTT

121 TATGTCGCGTTCACGGACACGGAGCGACTCATTGGAGACGCCGCGAAGAACCAAGTGGCGATGAATCCCAACAACACAGTGTTCGACGCTAAGCGGTTGATTGGGCGACGCTTTGACGAC
Y VAFTDTETRLTIGDAAKNA QVAMNPNNTVFDAKT RLTIGTRTRTFTDTD

241 CCTGCCGTCCAGAGCGACATGAAGCACTGGCCTTTCGAGGTGATCAGCGATGGCGGCAAACCGAAGATCCAGGTTGAGTACAAGGGCGAGACAAAGACGTTTTTCCCCGAGGAGATCTCG
P AV QS DMZEKHW F E VI SDGG P KTIQVEYZ KSGETTZ KTTFTFZPETETIS

361 TCCATGGTGCTCATCAAGATGAAGGAAAT(GCCGAGGCGTATCTCGGCAAGACCTCACCAACGCCGTGGTCACCGTACCCGCCTACTTCAACGACTCGCAGCGCCAGGCTACGAAGGAC
S M VLTI KMEKETHRBWEAYTLGEKTREVTNAVVTVPAYTFNDSA QR QATTIKTD

481 GCCGGAACCATCGCCGGCTTGAACGTCCTCCGAATTATCAACGAGCCTACTGCGGCTGCCATCGCTTACGGCCTCGACAAGAAGGGCACGGGCGAGCGCAATGTGCT
A GTTAGLNVILZRTITINETPTAAAIAYGLUDI KT K GTT GET RNVILIIFDL

601 |GGCGGTGGCACATTCGATGTGTCTATTCTTACCATCGAGGACGGCATCTTCGAGGTCAAGTCCACGGCTGGAGACACCCACCTTGGTGGCGAGGACTTCGACAACCGCATGGTGAACCAC
G G GTF DV S T L I EDGIFEV KSTAGDTHLTGSGEUDTFDNIRMMVNH

721 TTTGTCCAGGAGTTCAAACGCAAGCACAAGAAGGACCTCACGGTGAACAAGCGCGCCCTGCGGCGTCTGAGGACCTCCTGCGAGAGGGCCAAGAGGACGCTGTCTTCCAGCACACAGGCC
FVQEFI K RIKHOIKZEKTDILTVNIEKRALIRRLIRTS ST CETRAEKTRTILSSSTAQA

841 AGCATTGAGATAGACTCCCTGTTCGAGGGAGTGGACTTCTACTCCACCATCACTCGTGCCCGTTTTGAGGAGCTGAACGCTGACCTCTTCCGAAGCACCCTCGAGCCCGTGGAGAAGGCT
S T ETIDS SLT FEGVDFYSTTIT A R F EELNADTLT FRS STILETPVETKA

961 CTGCGTGATGCCAAGCTCGACAAGTCCCAGGTTCACGAGATTGTGCTTGTCGGTGGCTCGACCCGTATCCCCAAGATCCAGAAGCTCCTGCAGGACTTCTTCAATGGCAAAGAGCTGAAC
LRDAKLUDI K S QVHDIVLVGGSTRTIZPIEKTIAQEK L Q D F FNGIKTETLN

1081 AAGTCCATCAACCCTGATGAGGCTGTGGCGTATGGTGCTGCAGTCCAGGCTGCCATCCTCATTGGTGACAAGTCCGAACAAGTCCAGGATCTGCTCCTGTTGGACGTCACGCCGCTGTCG
K S INPDEA AV AYGAAV QAATLTIGDI KT SEA® QVQDLTLTLTLDUVTTPTLS

1201 CTTGGCATTGAAACGGCCGGTGGTGTCATGACTGTCCTCATCAAGCGCAACACAACCATTCCCACTCGCCAGACGCAGACCTTCACAACCTACTCTGACAACCAGCCCGGTGTGCTCATC
ETAGGVMTVLTIZKIRNTTTIPTIRAQTAQTTF FTTYSDNA QPG GV LTI

1321 CAGGTGTTTGAGGGTGAACGGGCAATGACCAAAGACAACAACCTGCTGGGCAAGTTCGAACTCACCGGCATTCCTCCTGCACCGCGCGGCGTGCCGCAGATAGAGGTCACCTTTGACATC
Q VF EGGERAMTI KIDNNTLILSGI KT FETLTSGTI®PPAPTRGVYPQTIEUVTTFTUDTI

1441 GACGCCAACGGCATCCTCAATGTGTCTGCCGTGGACAAGAGCACCGGGAAGGAGAACAAGATCACCATCACGAATGACAAGGGTCGTCTGTCAAAGGAGGAGATCGAGAGGATGGTAAAA
DANGILNVYVSAVDKSTS GI KENIKTITTITNDIE KTGRTLSIZ KTETETITET RMVYVK

1561 GATGCCGAGAAGTACAAGGACGAGGATGACAAGCAGAAGACGAGGATTGCCGCCAAGAACGCCTTGGAAAGCTACTCCTTCAACGTCAAGTCCACAGTCGAGGATGAGAAGCTCAAGGAC
DAEKYI KDEDDI KU O KT RTIAAKNALES SYS ST FNVKS STVETDTET KTLTKT?D

1681 AAGATTTCGGACGAAGATCGCACGAAGATCCTTGACAAGGTACAGGAGACCATCAAATGGCTGGACTCCAACCAGTTGGCCGAAAAGGAAGAATACGAGCATCGGCAGAAGGAGTTGGAG
K I S DEUDRT I KTITLTDIEKVYQETTI KUWILDSNA QLA AET KTETEYEHTRA QZKTETLE

1801 CAGATCTGCAACCCAGTCATCACAAAGTTGTACCAGGCTEGTGGCATGCCTECTEGTGGATTCCCGEGTGCAGGAGGAGCTGCTGGTGGTGCCGGTGCAGCACCAGGTGGAGGTGCCGGA
Q T C NPV ITIE KTILYQQA G M P G F P A GGAAGGAGAAPGG GTGAG

IQZIWTWWTTMTWEAA
S G P T T EEVTD

Fig. 1 Structural analysis of the RH-Hsc70 gene from ticks R. haemaphysaloides. Nucleotide and predicted amino acid sequences of the RH-Hsc70 gene
were analyzed with motif

TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. The quality of the total
RNA was evaluated using an Agilent 2100 Bioanalyzer
RNA Nano Chip (Agilent Technologies, Santa Clara, CA,

designed to amplify the ORF sequence of RH-Hsc70, the se-
quence was routinely cloned into the pMD-18 T easy vector
using TaKaRa Premix Taq™ (TaKaRa), and the obtained
clones were sequenced. The encoding protein sequence of

USA). The RNA samples were stored at — 80 °C until use. RH-HSC70 was analyzed by software GENETYX and
ExPASy prosite (https://prosite.expasy.org/prosite.html). A
phylogenetic tree was performed using software MEGAS.1
with Neighbor-joining tree and 100 of bootstrap replications

based on the amino acid sequences in Genbank.

Cloning the open reading frame of RH-Hsc70 gene

A sequence of Hsc70 was found from the sialotranscriptomes
of unfed and fed R. haemaphysaloides, named RH-Hsc70 gene.
Complementary DNAs (cDNAs) were synthesized by Reverse
Transcription System Kit (TaKaRa, Dalian, China) from total
RNA of R. haemaphysaloides ticks. Oligonucleotide primers
(Hsc70-F: 5-CGG ATT TCG GAC ACA GGC ATG-3' and
Hsc70-R: 5'-GCT TAG TCG ACC TCC TCA ATC-3') were

Determination of tick mRNA levels by real-time
quantitative PCR

Primers (Hsc70-qRTPCR-F: 5'-CAT TGT GCT TGT CGG
TGG CTC-3" and Hsc70-qRTPCR-R: 5-GCA CCA TAC

Fig_ 2 Phylogenetic analysis of 100 ATB54998.1 Helicoverpa amigera
RH-Hsc70 genes from represen- 100 BAF03556.1 Mamestra brassicae

tative species. A phylogenetic tree 73 NP 001036892.1 HSC Bombyx mori

of RH-Hsc70 genes from repre- ARK20000.1 Ampulex compressa
sentative species with the acces- 9 00 ACA53150.1 Pteromalus puparum

sion numbers was constructed by 100 NP 001166228.1 Nasonia vitripennis
software MEGA 5.1 with 8 NP 001262586.1 Dros ophila melanogaster

Neighbor-joining tree and 100
bootstrap replications based on
available amino acid sequences of
typical species

XP 023224332.1 Centruroides sculpturatus
XP 015908911.1 Parasteatoda tepidariorum

0 XP 002407132.1 Ixodes scapularis
2
EAISS&MGS 1 Haemaphysalis flava
92 HSC70 Rhipicephalus Haemaphysaloides Z}

NP 005336.3 HSP70 1A Homo sapiens

100

—— ABF18258.1 HSC70 Aedes aegypti
100 I—ACA84007 1 HSP70 5A Haemaphysalis longicomis
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Relative expression of transcripts &

Relative expression of transcripts &

Fig. 3 Expression profile of RH-Hsc70 mRNA in ticks
R. haemaphysaloides. a Real-time quantitative PCR analysis of RH-
Hsc70 mRNA expression in larvae, nymphs, and adult ticks at different
blood-feeding stages by one-way ANOVA. b Relative expression of RH-
Hsc70 mRNA versus ELF1x mRNA was investigated in four tick organs
of unfed and fed adult ticks by one-way ANOVA. SG, salivary gland;
MG, midgut; FB, fat body; OV, ovary. Data not sharing a common letter
indicated there was a significant difference (P < 0.05)

GCC ACA GCC T-3") were designed to determine the level of
mRNA expression of the RH-Hsc70 gene. PCR was per-
formed on QuantStudio 5 (ABI, USA) using SYBR Premix
Ex Taq™II(Tli RNaseH PluS, Takara). Tick elongation factor
lx was used as an internal control because of its stable ex-
pression level in R. microplus and R. appendiculatus (Nijhof
et al. 2009). The reactions were incubated for 30 s at 95 °C,
followed by 40 cycles at 95 °C for 5 s and 60 °C for 34 s,
followed by analysis of the melting curve. All of the reactions
were performed in triplicate. The 2~ *“" method was used to
calculate the relative expression levels.

RNA interference for gene knockdown in ticks

Double-stranded RNA (dsRNA) was synthesized using the T7
RiboMAX™ RNAI System (Promega, Madison, WI, USA)
according to the manufacturer’s recommendations. Primers
containing T7 promoter sequences (in italics at the 5’-end)
(RNAi-Hsc70-1F: 5"GGATCCTAATACGACTCACT
ATAGGCTCGACAAGAAGGGCACG-3"; RNAi-Hsc70-1R:

@ Springer

5'-GAAGAAGTCCTGCAGGAGC-3'; RNAi-Hsc70-2F: 5'-
CTCGACAAGAAGGGCACG-3"; RNAi-Hsc70-2R: 5'-
GGATCCTAATACGACTCACTATAGGGAAG
AAGTCCTGCAGGAGC-3') were used to amplify the RH-
Hsc70 cDNA. A dsRNA targeting luciferase was used as a
negative control, and it was subjected to the same PCR am-
plification protocol using luciferase-specific primers (Yu et al.
2013). The quality of the dsSRNA was determined by electro-
phoresis on a 1.5% agarose gel using a BioPhotometer. The
dsRNA was stored at — 80 °C until use. Unfed adult ticks (N =
30 females per group, two independent groups) were
microinjected with 0.5 pL. dsRNA (about 1 pg) at the base
of the fourth right leg of the ventral surface. Ticks in the
control group were microinjected with luciferase dsRNA.
After microinjection, ticks were maintained in an incubator
at 25 °C with 95% humidity for 24 h, after which they were
allowed to feed on rabbits. Four female ticks per group were
collected after 5 days of feeding for RNA and protein extrac-
tion using TRIZOL Reagent (Sigma, USA) following the
manufacturer’s instructions. Real-time quantitative PCR was
then used to characterize gene knockdown relative to the con-
trol. The remaining ticks were allowed to feed until full en-
gorgement, and tick mortality, engorgement rate, and engorge-
ment weight were determined for the individual female ticks.

Statistical analysis

The levels of RH-HSC70 mRNA in different organs or life
stages were expressed as the mean expression + SEM and ana-
lyzed by one-way ANOVA and the level of RH-HSC70 mRNA
downregulation was analyzed by Student’s ¢ test. Differences in
the 48-h attachment rate, engorgement rate, and death rates of
ticks in different groups were tested by chi-square, which was
performed using SPSS 20.0 software. A probability P value <

0.05 was considered statistically significant.

Results

Sequence and phylogenetic analysis of the RH-Hsc70
open reading frame

We isolated the RH-Hsc70 gene (comp82371 c0) from the
sialotranscriptomes of unfed and fed R. haemaphysaloides
(Table 1) (Yu et al. 2015). The open reading frame (ORF) is
1950 bp long and is predicted to encode a protein with a length
of 649 amino acids, a molecular mass of 71.1 kDa, six N-
glycosylation sites (underlined in red), and a pl of 5.43. The
complete amino acid sequence of RH-Hsc70 contains three
signature sequences (red boxes): IDLGTTYSC (aa 9-17),
IFDLGGGTFDVSIL (aa 197-210), and
IVLVGGSTRIPKIQK (aa 334-348). In addition, the predict-
ed RH-Hsc70 protein includes two tetrapeptide motifs
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Fig. 4 Effect of the gene a
knockdown of RH-Hsc70 mRNA
on tick blood feeding. a The
quality of RH-Hsc70 dsRNA was
determined by electrophoresis
using 1.5% agarose gel. M,
marker; 1 represents luciferase
dsRNA; 2 means RH-Hsc70
dsRNA. b Relative expression of
RH-Hsc70 mRNA after interfer-
ence with RH-Hsc70 dsRNA
versus luciferase dsSRNA (control
group). ¢ Tick attachment at 5-day
blood feeding between RH-
Hsc70 dsRNA interference and
luciferase gene knockdown.
**Significant difference using
Student’s ¢ test (P < 0.01)

M1 2

HSC70 1

(GGMP and GGFP, green boxes), a putative bipartite nuclear
location signal (KK and RRLRT, underlined in green), a po-
tential non-organelle eukaryotic consensus motif (RARFEEL,
underlined in blue), an ATP/GTP binding site motif A
(AEAYLGKT, black box), and a cytosolic localization signal
at the extreme C-terminus (SGPTIEEVD, blue box) (Fig. 1),
which is consistent with the protein structure of Hf-Hsc70.
Based on these structural characteristics, we concluded that
the protein was RH-Hsc70.

Gene alignment and phylogenetic analyses performed on
available amino acid sequences using MEGA 5.0 software
(Fig. 2) showed that RH-Hsc70 is highly conserved in arthro-
pods and mammals, with greater than 83% identity. Notably, it
is also highly homologous to Hsc70 in Haemaphysalis flava
(98%) and Ixodes scapularis (97%), which indicates that RH-
Hsc70 is an evolutionarily conserved gene.

Luciferasel

E3 HSC70 RNAI
&3 Luciferase RNAI

0.3

0.2+

0.1

e e e

Relative expression of transcripts

HSC702

Luciferagse 2

RH-Hsc70 mRNA expression patterns at different
developmental stages and in different tick organs

RH-Hsc70 was expressed during multiple developmental
stages, and primarily in nymphs and adult ticks. RH-Hsc70
was not expressed in unfed larvae, but was induced in larvae
during blood feeding (Fig. 3a). Unfed and fed adult ticks were
dissected to obtain the salivary glands, fat bodies, midguts,
and ovaries. Real-time quantitative PCR analysis indicated
that RH-Hsc70 mRNA expression was higher in all of the
organs from fed adult ticks compared with the organs from
unfed adult ticks. In addition, the RH-Hsc70 gene was
expressed at higher levels in the ovaries (OV) of fed adult
ticks than that in midguts (MG), salivary glands (SG), and
fat bodies (FB), regardless of the feeding status (Fig. 3b).

Table 2 Effect of RH-Hsc70

gene knockdown on tick feeding Groups Attachment Engorged body Engorgement Death rate®
and death rate in 48 h weight (mg) rate®
RH-Hsc70 94.06% (95/101) - 0% 100%
Luciferase 96% (48/50) 415.47+83.72 80.49% (33/41) 17.07% (7/41)

# Significant difference using the chi-square test
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Effect of RH-Hsc70 mRNA knockdown
on R. haemaphysaloides blood feeding

The quality of the isolated RH-Hsc70 dsRNA was determined
by electrophoresis on a 1.5% agarose gel, as shown in Fig. 4a.
Female ticks that had fed for 5 days were collected to detect
the expression level of RH-Hsc70 mRNA. RH-Hsc70 mRNA
expression decreased by 87% after microinjection with RH-
Hsc70 dsRNA, compared with the luciferase RNAi group
(Fig. 4b). When RH-Hsc70 gene expression was silenced,
the mean 48-h attachment rate was 94.1%, the death rate
reached up to 100%, and no engorged females were observed.
In the luciferase RNAi group, the mean 48-h attachment rate
was 96%, the death rate was 17%, and the average engorge-
ment rate was 80.48%. These results show that downregula-
tion of RH-Hsc70 expression significantly decreased the tick
engorgement rate and increased the tick death rate (Table 2).
Although ticks that were microinjected with RH-Hsc70
dsRNA attached to rabbit ears (Fig. 4c), they did not engage
in blood feeding or become engorged (Fig. 4d), indicating that
RH-Hsc70 expression promotes tick blood feeding.

Discussion

Heat shock proteins are molecular chaperones that are con-
served in 1. scapularis, H. flava, and H. longicornis ticks
(Busby et al. 2012; Liu et al. 2017; Tian et al. 2011) and affect
stress responses (Lu et al. 2017; Shahein et al. 2010; Villar et al.
2010). However, little is known about the Hsc70 gene in ticks.
Here, we found that the RH-Hsc70 gene sequence was highly
homologous to Hsc70 in other tick species, as it had 98% iden-
tity with Haemaphysalis flava Hsc70 and 97% identity with
1 scapularis Hsc70, indicating that RH-Hsc70 is evolutionarily
conserved. RH-Hsc70 mRNA was expressed at higher levels in
all of the organs of fed adult ticks compared with organs of
unfed adult ticks, indicating that RH-Hsc70 expression is in-
duced by blood feeding. Although we originally isolated the
RH-Hsc70 gene from R. haemaphysaloides sialotranscriptomes
(Yu et al. 2013), we found that RH-Hsc70 was expressed at a
significantly higher level in the ovaries than that in the midguts
and salivary glands, which is consistent with the expression
pattern of Hsc70 in H. longicornis (Tian et al. 2011).

Blood feeding is essential for reproduction in adult female
ticks (Gulia-Nuss et al. 2016). Although the data are as yet
inconclusive, there is increasing evidence that nutrient transpor-
tation is critical for ovary development and embryonic devel-
opment in ticks. In ticks, blood feeding triggers salivary gland
degeneration (Friesen and Kaufman 2009) and ovary matura-
tion (Ullah and Kaufman 2014), while oviposition leads to the
aging of the ovary and salivary gland tissue, and ultimately
death in adult female ticks (Freitas et al. 2007; L’ Amoreaux
et al. 2003). In this study, we found that RH-Hsc70 gene
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silencing significantly inhibited blood feeding and increased
the tick death rate, which further verified that RH-Hsc70 plays
an important role in blood feeding and would be a useful can-
didate for an anti-tick vaccine. Some Drosophila melanogaster
HSPs are upregulated following exposure to oxidative stress
and during the aging process (Morrow and Tanguay 2003).
HSP expression and increased antioxidant activity extend the
D. melanogaster lifespan by regulating the downstream protein
autophagy-related gene 7 (Chen et al. 2012; Liao et al. 2008;
Morrow et al. 2004; Sarup et al. 2014; Vos et al. 2016), while
HSP depletion reduces the number of viviparous offspring and
simultaneously increases the number of premature nymphs de-
veloping in the ovaries, suggesting an unexpected role in aphid
embryogenesis and eclosion (Will et al. 2017). This shows that
heat shock proteins play pleiotropic roles in embryogenesis,
longevity, and fecundity, and that slower aging is associated
with reproductive dormancy. The Hsc70 gene is highly homol-
ogous in invertebrates like ticks (Busby et al. 2012; Liu et al.
2017; Tian et al. 2011), sea urchins (Gonzalez-Aravena et al.
2018), and insects. However, understanding the relationship
between RH-Hsc70 expression and tick aging, as well as the
mechanism underlying this relationship, requires further study.

In this work, we isolated RH-Hsc70 from the
sialotranscriptomes of unfed and fed R. haemaphysaloides,
analyzed its expression pattern, and found that it played an
important role in blood feeding. RH-Hsc70 silencing inhibited
tick blood feeding, significantly decreased tick engorgement
rate, and increased tick death rate. We believe that this study
adds to our current knowledge of tick salivary gland develop-
ment and blood feeding, and it could help lead to the discovery
of novel target molecules for effective anti-tick vaccines.
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