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Abstract 

Background  Glutathione S-transferases (GSTs) are a superfamily of multifunctional enzymes in living organ-
isms with metabolic and detoxification functions, which can detoxify exogenous and endogenous compounds 
and thereby reduce the damage caused by toxic substances to the body. Ticks are obligate blood-sucking ectopara-
sites that can transmit various pathogens, and the characterization of tick-derived GSTs may help improve current 
understanding of the molecular mechanism of tick resistance to insecticides. In this study, a novel GST gene, named 
HrGSTm1, was identified from Hyalomma rufipes.

Methods  Sequence analysis was performed by using bioinformatics techniques. A prokaryotic expression system 
was used to obtain the recombinant expression protein rHrGSTm1. Detection of spatiotemporal expression patterns 
of target genes and their response to the toxicity of cyhalothrin on female H. rufipes was performed by using a quan-
titative PCR platform. The optimal enzymological parameters of rHrGSTm1 using glutathione as substrate were cal-
culated. The antioxidant capacity of the recombinant protein was evaluated by DPPH• (1,1-Diphenyl-2-picrylhydrazyl 
radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl). Knockdown of the HrGSTm1 genes through RNA interference 
was used to analyze their effects on the physiological parameters of ticks. The changes in HrGSTm1 messenger RNA 
expression patterns under cypermethrin stress were analyzed.

Results  The complementary DNA sequence of HrGSTm1 contained a 672-bp open reading frame, which potentially 
encoded 223 amino acids. The predicted molecular weight was 25.62 kDa, and the isoelectric point 8.22. HrGSTm1 
is a Mu-class GST, belonging to the cytoplasmic GSTs with no signal peptide observed. The Vmax and Km of rHrGSTm1 
were 3.367 ± 0.81 uM and 2.208 ± 0.76 uM, respectively, and its activities were dependent on different temperatures 
and pH conditions; the scavenging rate of rHrGSTm1 to DPPH• reached 76.4% at 1.25 mg/ml. Variable expressions 
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of HrGSTm1 were observed under various treatment periods and in different tissues, with the highest appear-
ing in eggs (analysis of variance [ANOVA], F(2, 9) = 279.9, P < 0.0001) and Malpighian tubules (ANOVA, F(3, 12) = 290.5, 
P < 0.0001). After knockdown of HrGSTm1, compared with the control group, the mortality in the treatment group 
was increased by 16.7%, the average oviposition rate decreased by 33.9%, the average engorged body weight 
decreased by 287.38 mg and egg weight decreased by 127.46 mg, although only the engorged body weight was sig-
nificantly different (t-test, t(44) = 2.886, P = 0.006). After exposure to three sublethal concentrations (LC05, LC10, LC50) 
of cyhalothrin, the expression level of HrGSTm1 in the midgut, ovary and salivary gland was upregulated, whereas 
in Malpighian tubules, it showed a trend of upregulation at first and then downregulation, implying different func-
tions during the detoxification in different tissues.

Conclusions  In this study, a novel GST of the Mu-class was successfully isolated from H. rufipes and systematically 
subjected to bioinformatic analysis and recombination identification. The variation trend of HrGSTm1 expression level 
in different tissues suggests that the gene has different detoxification functions in different tissues. The potential func-
tion of this gene was analyzed to provide basic research for further investigation of its detoxification mechanism.

Keywords  Hyalomma rufipes, Glutathione S-transferase, Prokaryotic expression, Enzyme activity, Functional analysis, 
Tick control

Background
Glutathione S-transferases (GSTs) are an ancient super-
family of multifunctional enzymes in all living organ-
isms. As major detoxifying enzymes, they can detoxify 
and metabolize exogenous toxic substances, and inac-
tivate the endogenous α, β-unsaturated aldehydes, 
quinones, epoxides and the hydroperoxides produced 
during antioxidant or oxidative stress. In addition, they 
closely participate in the biosynthesis of leukotriene, 
prostaglandin, testosterone and progesterone and in 
the degradation of tyrosine [1]. GSTs are divided into 
cytosolic GSTs, mitochondrial GSTs and microsomal 
GSTs [2, 3]. The GST molecule is a homodimer with a 
molecular weight of about 50 kDa, and each monomer 
consists of an N-terminal domain folded by thioredoxin 
and a C-terminal domain with a helix connected by 
the connecting ring. The N-terminal domain of GSTs 
is relatively conservative, containing key specific resi-
dues for catalytic activity through the binding to the 
glutathione (GSH) through hydrogen bonds. Most of 
residues are tyrosine, cysteine or serine, which promote 
the deprotonation of GSH and produce active thiola-
tion reactions. The variability of the C-terminal domain 
of GSTs enables these enzymes to use a variety of sub-
strates to bind activated glutathione to most hydropho-
bic compounds containing electrophilic atoms [4].

As obligate blood-sucking ectoparasites, ticks are 
important vectors which can transmit a great diversity of 
pathogens, thus causing significant harm to humans and 
animals [5]. The tick Hyalomma rufipes mainly lives in 
desert or semi-desert areas, and often parasitizes domes-
tic animals such as goats, cattle, horses and sheep. It can 
transmit diverse zoonotic pathogens, including Babesia 
spp., Rickettsia spp., Crimean-Congo hemorrhagic fever 
virus and human typhus fever virus [6].

Cyhalothrin is a synthetic type II pyrethroid insec-
ticide extensively used for agricultural and domestic 
insect pest management all over the world [7]. Pyre-
throids are usually recognized as sodium channel mod-
ulators which can modify the kinetics of voltage-gated 
sodium channels and inhibit various enzymes within 
insects and other pests [8]. However, GSTs cannot par-
ticipate in the direct metabolism of pyrethroid insec-
ticides, whereas they may mediate insect resistance to 
pyrethroid insecticides by detoxifying lipid peroxida-
tion products induced by pyrethroids [9]. GSTs also 
protect organisms from toxicity by reducing the pen-
etration of pyrethroids from the insect’s body surface 
[10].

In the present study, a novel GST named HrGSTm1 
was cloned and identified in H. rufipes, followed by 
bioinformatic and enzymatic analysis. In addition, 
we further evaluated the antioxidant capacity, relative 
expression and detoxification function of this novel 
GST, in the hope of revealing the molecular mechanism 
of tick resistance to insecticides and providing the the-
oretical basis for subsequent tick control.

Methods
Collection and rearing of ticks
Unfed H. rufipes adults were collected from vegetation 
by flag-dragging in Wuhai county, Inner Mongolia 
Autonomous Region, northern China. The larvae and 
adults were raised on the ears of domestic rabbits 
(Oryctolagus cuniculus). After engorgement, the 
ticks were collected, placed in glass tubes containing 
one folded filter paper and stored in an incubator 
(26 ± 1  °C, 75 ± 5% relative humidity, 6:18-h light:dark 
cycle).
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Total RNA extraction and complementary DNA library 
construction
Groups of unfed adults (5 females and 5 males in each 
group) were collected, put into a precooled mortar and 
ground with liquid nitrogen into powder, then moved 
to a 1.5-ml EP tube for total messenger RNA (mRNA) 
extraction. The quality of the extracted RNA was 
assessed by spectrophotometry (NanoDrop® ND-1000; 
NanoDrop Technologies, Wilmington, DE, USA). The 
First-Strand cDNA Synthesis SuperMix Kit (TransGen 
Biotech, Beijing, China) was used to synthesize the 
first-strand complementary DNA (cDNA), following 
the manufacturer’s instructions. The cDNA was then 
stored at − 20 °C until use.

Cloning and sequence analysis
Specific primers for HrGSTm1 (forward primer 5′-ATG​
GCT​CCG​GTT​CTCG-3′; reverse primer 5′-TCA​TGG​
CTT​CTT​CTG​CAG​-3′) were designed using Primer 5.0 
software according to the GST sequence of H. rufipes 
from Connective Map (CMAP), and the PCR was car-
ried out using specific primers. The PCR conditions 
were: 94  °C for 5  min; followed by 30 cycles each of 
94 °C for 30 s, 58 °C for 30 s and 72 °C for 1 min; with 
a final elongation at 72  °C for 10  min. The PCR prod-
ucts were detected by agarose gel electrophoresis (1%) 
and sequenced. Sequence alignment was performed 
for HrGSTm1 with other GST sequences from Gen-
Bank, and the physical and chemical parameters were 
analyzed. The maximum likelihood method was used, 
and the phylogenetic tree was constructed with Mega5 
software.

Prokaryotic expression system and protein purification 
of HrGSTm1
A prokaryotic expression system was used to obtain 
recombinant HrGSTml (rHrGSTm1). Briefly, the cod-
ing sequence (CDS) of HrGSTm1 was cloned into the 
pET-32a(+) vector (TaKaRa, Shiga, Japan) with BamHI 
and HindIII restriction sites, then transformed into com-
petent Escherichia coli (DE3) cells (AxyGen, Shanghai, 
China) and cultured at 37 °C for 24 h. A single bacterial 
colony was selected for ordinary PCR and the positive 
clones were screened by sequencing.

The optimal expression conditions of rHrGSTm1 were 
selected to induce the expression. The bacterial cells 
with IPTG induction were centrifuged at 12,000  rpm 
for 10  min and rHrGSTm1 was extracted by ultrasonic 
fragmentation; bacteria without IPTG addition served as 
the negative control. The expression level of rHrGSTm1 
in both the supernatant and precipitate was analyzed by 

sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE).

The rHrGSTm1 labeled with histidine (His) was puri-
fied by passage through an Ni column and eluted through 
an imidazole gradient of 20–500  mM; the purity was 
detected by SDS-PAGE. The rHrGSTm1 was identified 
by liquid chromatography-tandem mass spectrometry 
(LC–MS/MS) (Thermo Fisher Scientific, Waltham, MA, 
USA).

Enzyme kinetics of rHrGSTm1
At the concentration of 5 mM GSH, the specific activity 
of rHrGSTm1 at different concentrations of 1-Chlom-
2,4-Dinitrobenzene (CDNB, 0.125, 0.25, 0.5, 1 and 2 mM) 
were detected and calculated. For the negative control, 
the denatured recombinant protein boiled for 7 min was 
used as the substrate. Data were processed using Graph-
Pad Prism 8.0 (GraphPad Software, San Diego, CA, USA) 
and the Michaelis constant (Km) and the maximum reac-
tion rate (Vmax) of rHrGSTm1 were calculated by the 
Michaelis-Menten equation.

The formula used for the specific activity value 
was: specific activity (μmol/min/mg) = (ΔOD340 × V)/
(ε × T × L × E), where ε is the molar extinction coefficient 
(9.6 mM/cm); E is the amount of enzyme added (1 μg); 
L, is the optical path (1  cm); ΔOD340 is the change of 
absorbance; V is the total reaction system (200 μl);  and T 
is the reaction time (1 min).

Effects of temperature and pH on the catalytic activity 
of rHrGSTm1
The catalytic activity of rHrGSTm1 was determined by 
water bath treatment at different temperatures (10  °C, 
20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C and 80 °C) for 15 
min. Eight pH buffers (pH 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 
9.0) were used to detect the catalytic activity of rHrG-
STm1, determined using phosphate buffers (100  mM) 
at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and Tris hydrochloric 
acid buffers (100  mM) at pH 8.5 and 9.0. For the nega-
tive control, the denatured recombinant protein boiled 
for 7 min was used as the substrate. The experiment was 
repeated three times, and the highest enzyme activity 
was regarded as 100%.

Antioxidant analysis
The 100× stock solution was prepared by dissolving 
2.4 mg DPPH• in 1 ml of anhydrous ethanol and storing 
the solution in the  dark. Before use, the stock solution 
was diluted with methanol to make a 6 × 10–5 DPPH• 
working solution; the rHrGSTm1 was diluted into five 
different concentrations (0.3125, 0.625, 1.25, 2.5 and 
5.0 mg/ml). No substrate was added to the blank group 
(only ddH2O), whereas in the positive control group 



Page 4 of 12Zhao et al. Parasites & Vectors            (2024) 17:1 

Trolox was added. The working solution and rHrG-
STm1 were added to each well, and the absorbance were 
detected at 517  nm. Each sample was repeated three 
times.

Acontrol, the ratio of methanol to DPPH· (1:1); Ablank, the 
ratio of rHrGSTm1and methanol was 1:1.

Tissue distribution and stage‑specific expression 
of HrGSTm1
The relative expression of HrGSTm1 in different tis-
sues and developmental stages was detected by Real-
time Quantitative polymerase chain reaction (qPCR). As 
the first step, the primers for HrGSTm1 (forward primer: 
5′-CGG​CTA​CTG​GGA​CAT​TCG​-3′; reverse primer: 
5′-CAC​CGT​CAA​TGT​AGT​AAG​GCA-3′) and the prim-
ers for β-Actin as control (forward primer: 5’-CGT​TCC​
TGG​GTA​TGG​AAT​CG-3′; reverse primer: 5′-TCC​ACG​
TCG​CAC​TTC​ATG​AT-3′) were designed. The ovary, 
Malpighian tubules, salivary gland and midguts of the 
engorged females were dissected in phosphate buffer, fro-
zen with liquid nitrogen and stored at -80 °C, and three 
different developmental periods, including eggs, larvae 
and adults, were collected for subsequent assays.

Total RNA was extracted as described above, and the 
EasyScript® First-Strand cDNA Synthesis SuperMix 
Kit (TransGen, Beijing, China) was used to synthesize 
cDNA, following  the manufacturer’s instructions. Then 
TransStart® Tip Green qPCR SuperMix Kit (TransGen) 
was used for the qPCR. Each sample was divided into 
an experimental group, actin control group and mixed 
sample group, and the qPCR was repeated three times. 
The mixed sample group was used to eliminate the back-
ground signals. The expression of HrGSTm1 was meas-
ured by the 2−ΔΔCt method, and the results of the qPCR 
assays were analyzed by GraphPad Prism 8.0 software 
(GraphPad Software). The results were analyzed by Stu-
dent t-test and multivariate analysis of variance.

Synthesis of double‑stranded RNA in vitro and RNA 
interference
Specific primers (forward primer: 5′-TGG​ACG​ACA​AGC​
GTT​ACT​CAT-3′; reverse primer: 5′-CAT​AGG​CAA​TGA​
AGT​CAA​CAT​AAG​T-3′) for HrGSTm1 double-stranded 
RNA (dsRNA) and green fluorescent protein (GFP) (for-
ward primer: 5′-TAA​TAC​GAC​TCA​CTA​TAG​GG GAC​
GTA​AAC​GGC​CAC​AAG​T-3′; reverse primer: 5′-TAA​
TAC​GAC​TCA​CTA​TAG​GGG​CTT​CTC​GTT​GGG​GTC​
TTT-3′) were designed using Primer version 5.0 soft-
ware (GraphPad Software). After verified by PCR, the T7 

DPPH · free radical scavenging rate : ESC% =

[

1−
(

Asample − Ablank

)

/Acontrol

]

∗ 100%

RiboMAXTMExpress RNAi system Kit (Promega, Madi-
son, Wisconsin, USA) was used to synthesize dsRNA 
in  vitro, following the manufacturer’s instructions. After 
synthesis, a Hamilton needle (Hamilton, Reno, NV, USA) 

was used for dsRNA injection of H. rufipes: 1 μl of dsRNA 
solution at the concentration of 4000  ng/μl was injected 
into the active female adults. Ticks were incubated in a 
laboratory incubator (27 ± 1 °C, relative humidity ≥ 80%) 
for 24 h and then placed on rabbit ears for blood-feeding. 
The physiological parameters, such as blood feeding time, 
engorgement body weight, fecundity and bite rate, were 
calculated and statistically analyzed [11].

Expression response to chemical stress
The toxicity of cyhalothrin on female H. rufipes was 
determined by the impregnation method, and three sub-
lethal concentrations  (LC05, LC10 and LC50) of cyhalo-
thrin were selected. The salivary glands, ovaries, midgut 
and Malpighian tubules of females that were treated with 
different sublethal concentrations were dissected as 
described above. Then the relative expression of HrG-
STm1 in different tissues was determined using qPCR. 
Ticks without cyhalothrin treatment were used as the 
negative control.

Results
Bioinformatics analysis
The cDNA sequence of HrGSTm1 (OQ790160) con-
tains a 672-b open reading frame (ORF) that potentially 
encodes 233 amino acids (aa) (Fig.  1). The predicted 
molecular weight was 25.62  kDa, and the isoelectric 
point was 8.22. No signal peptide was predicted in HrG-
STm1, which indicated that it is a cytoplasmic GST. The 
phylogenetic tree showed that the GSTs could be divided 
into five classes (Kappa, Omega, Epsilon, Mu, and Zeta), 
with the HrGSTm1 of H. rufipes belonging to the Mu-
class of GSTs (Fig.  2). Homologous sequence analysis 
showed that there was a sequence structure similar to 
a Mu loop at the position of 35-44 aa [12]. The GSTs 
of the same class have different branches. DmGSTm1 
(QID98808.1) of Dermacentor marginatus and IsGSTm3-
XP (029825201.1) of Ixodes scapularis were clustered 
into a small branch; DmGSTm3 (QID98810.1) of D. mar-
ginatus and RmGSTm1-XP (037268676.1) of Rhipicepha-
lus microplus were clustered into a small branch; and 
HrGSTm1 of H. rufipes and the upper two branches were 
clustered into one branch of the Mu-class.
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The protein encoded by HrGSTm1 contained nine α 
helices and five β folds, and had conserved N-terminal 
and C-terminal domains. The N-terminal domain is in aa 
3–83, which is characterized by the βαβαββα structure, 
a tyrosine catalytic residue site (Try7) and eight G-sites 
binding to GSH, namely Try7, Trp8, Trp45, Lys49, Asn58, 
Val59, Gln71 and Ser72. The C-terminal domain is in aa 
acid 93–124, which has six α structures, one β structure 
and 11 H-sites that bind to the substrate, namely Phe105, 
Ile108, Met109, Val112, Arg113, Tyr116, Ala165, Ile168, 
Ile211, Trp212 and Ser213 (Fig. 3).

Prokaryotic expression and enzymatic characteristics 
of rHrGSTm1
The molecular mass of rHrGSTm1 is 44 kDa, with the 
specific peptide (Table 1), indicating that the prokary-
otic expression system of E. coli correctly expressed 
the GST proteins of H. rufipes. The expression of 

rHrGSTm1 was the highest in the supernatant of bac-
teria induced by 0.5 mM IPTG for 8 h at 37  °C, and a 
single band of rHrGSTm1 was obtained by elution with 
500 mm imidazole (Fig. 4).

The Vmax of rHrGSTm1 was 3.367 ± 0.81  μmol/min/
mg, and the Km was 2.208 ± 0.76 μM (Fig. 5a). The rela-
tive enzyme activity of rHrGSTm1 was stable at about 
40% at 10–50  °C, increased with increasing tempera-
ture between 50 °C and 60 °C, reaching its peak activity 
at 60 °C, and decreased rapidly  at higher temperatures, 
gradually becoming inactive at temperatures higher 
than 60 °C (Fig. 5b). Enzyme activity was barely affected 
at 10–50  °C, indicating that the protein structure was 
stable within this temperature range. The relative 
enzyme activity of rHrGSTm1 was the highest when 
pH 8.0, increased steadily when pH was 6.0–8.0, and 
decreased gradually when was pH 8.0–9.0 (Fig. 5C).

Fig. 1  Amino acid sequence of the HrGSTm1 gene. The ATG start codon and the TGA stop codon are marked in bold red font. The four unique 
peptides of the HrGSTm1 gene are underlined
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Biological function analysis
The rHrGSTm1 had certain scavenging ability to DPPH•. 
The scavenging rate of rHrGSTm1 was 76.4% at 1.25 mg/
ml, increased significantly with increasing protein con-
centration up to 1.25  mg/mL, but did not change sig-
nificantly in the concentration range 1.25 to 5.0  mg/ml 
(Fig. 6).

In terms of HrGSTm1 expression in different develop-
mental stages, HrGSTm1 expression was highest  in eggs, 
at about 23.29- and 3.27-fold higher than its expression 
in larvae and adults, respectively (analysis of variance 
[ANOVA], F(2, 9) = 279.9, P < 0.0001) (Fig.  7a). HrGSTm1 
was highly expressed in Malpighian tubules and the 
salivary gland, followed by the ovary and midgut, and 

Fig. 2  Phylogenetic tree of HrGSTm1 with other species. Dm,  Dermacentor marginatus; Hr, Hyalomma rufipes; Is, Ixodes scapularis; Pc, Planococcus 
citri; Rm, Rhipicephalus microplus; Ds,  Dermacentor silvarum; Tu, Tetranychus urticae; Bm, Bombyx mori 

Fig. 3  Alignment of the amino acid sequences between HrGSTm1 with GSTs of other tick species in the Mu subfamily. Dots indicate catalytically 
active-site residues, the solid-line box indicates conserved N-terminal domains, the dashed-line box indicates the conserved C-terminal domain. 
The red area indicates α-helical element; the blue area, β-folded element; the yellow area, predicted G-sites; the light-yellow area, predicted H-sites; 
the green area, predicted Mu loop.  Dm Dermacentor marginatus; GSTs, glutathione S-transferases; Hr, Hyalomma rufipes; Is, Ixodes scapularis; Rm, 
Rhipicephalus microplus 
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its expression was significantly higher in Malpighian 
tubules than in the other tissues (ANOVA, F(3, 12) = 290.5, 
P < 0.0001) (Fig.  7b). After knockdown of HrGSTm1, 
compared with the control group, the mortality in the 
treatment group was increased by 16.7%, the average ovi-
position rate decreased by 33.9%, the average engorged 

body weight decreased by 287.38  mg and the weight of 
eggs decreased by 127.46 mg; only engorged body weight 
was significantly different (t-test, t(44) = 2.886, P = 0.006). 
(Table 2).

 The relative expression of HrGSTm1 in the mid-
gut increased significantly with increasing sublethal 

Table 1  Mass spectrometric identification of rHrGSTm1 protein

a Theoretical mass in Daltons
b Glutathione S-transferase of the Mu-class isolated from Hyalomma rufipes

Protein Unique peptides Sequence  MH+ (Da)a Proteins r (cross 
correlation)

rHrGSTm1a 6 QRVDVVEQQFADFR 1736.87146 1 5.72

CIKWPLNGDMASFGSR 1838.86763 1 3.79

YSCGPPPDFDRSAWLK 1895.87449 1 3.92

AFVDRIEALPHVAAYLKSDK 2243.21828 1 5.2

EKNNLGLEFPNLPYYIDGDVKLTQSMAILR 3451.793 1 5.65

Fig. 4  SDS-PAGE electrophoresis of purified proteins from rHrGSTm1. a SDS-PAGE of rHrGSTm1 in Escherichia coli BL21 under the optimized 
conditions. Lanes: M, Marker; C, bacteria without IPTG addition, swerving as the negative control; 1, 3, 5, 7, production of rHrGSTm1 
in the supernatant with IPTG at 37 °C for 2, 4, 6 and 8 h, respectively; 2, 4, 6, 8, production of the rHrGSTm1 in the precipitation with IPTG at 37 
°C for 2, 4, 6, 8, respectively. b SDS-PAGE of rHrGSTm1 eluted with different concentrations of imidazole. Lanes: M, Marker; 1, before affinity; 
2, after affinity; 3–8, recombinant proteins eluted by 20, 50, 100, 200, 250 and 500 imidazole, respectively. SDS-PAGE, Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; rHrGSTm1, recombinant HrGSTml protein

Fig. 5  The enzymatic characteristics of the rHrGSTm1 protein. The denatured recombinant protein, boiled for 7 min, was used as the substrate. 
a Enzyme dynamics of the recombinant rHrGSTm1, b effect of temperature on enzyme activity, c effect of pH on enzyme activity. CDNB, 
1-Chloro-2,4-dinitro-benzene; Km, Michaelis constant;  Vmax, Maximum reaction rate; rHrGSTml, recombinant HrGSTml protein; V, reaction velocity  
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concentration of cyhalothrin (ANOVA, F(3, 12) = 58.87, 
P < 0.0001), and its relative expression was highest in the 
LC50 treatment. The relative expression of HrGSTm1 in 
the ovary was 6.84-, 19.84- and 10.49-fold higher than 
that in the control group, and its relative expression was 
highest in the LC10 treatment (ANOVA, F(3, 12) = 166.9, 
P < 0.0001). The relative expression of HrGSTm1 in sali-
vary glands was 2.71-, 5.22- and 2.99-fold higher than 
that in the control group, and its relative expression 
was highest in LC10 treatment (ANOVA, F(3, 12) = 178.8, 
P < 0.0001), which was 1.75-fold higher than that in the 
LC05 and LC50 treatments. The relative expression in 
Malpighian tubules was the highest in the LC05 treatment 
(ANOVA, F(3, 12) = 117.1, P < 0.0001), and that in LC10 
and LC50 decreased by 1.87- and 13.18-fold, respectively 
(Fig. 8).

Discussion
HrGSTm1 contains a 672-bp ORF, and no signal pep-
tide was predicted in HrGSTm1, indicating that it 
belongs to the family of cytoplasmic GSTs. Similarly, 
no signal peptide was found in DvGST1 and DvGST2 of 

Fig. 6  Detection of the free radical DPPH• scavenging ability 
of recombinant rHrGSTm1 protein. Water was used as the substrate 
in the blank control, and was Trolox was used as the substrate 
in the positive control. ESC, Ethylene scavenging capacity

Fig. 7  The spatio-temporal expression pattern of HrGSTm1. a Relative expression of HrGSTm1 at different developmental stages. Samples were 
mixed to eliminate the background signals. b Relative expression of HrGSTm1 in different tissues. Samples were mixed to eliminate the background 
signals. Different lowercase above bars indicate a significant difference at P < 0.05. mRNA, Messenger RNA
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Dermacentor variabilis, which also belong to the fam-
ily of cytoplasmic GSTs [13]. The predicted N-terminal 
domain structure of HrGSTm1 was βαβαββα, a thiore-
doxin structure with G-site, which is consistent with 
McGST1 of Mytilus coruscus and CsGSTM1 of Clo-
norchis sinensis [14–16]. A tyrosine catalytic residue 
(Tyr7) typical of the Mu-subfamily is also present in the 
N-terminal domain of HrGSTm1, which suggests that 
this residue can catalyze the binding of genes to GSH. 
In the general case, the GSH binding site consists of a 
stable tyrosine catalytic residue (Try), which plays a key 
role in the construction of three-dimensional structure 
[15]. The tyrosine residues of Mu-class GSTs of dif-
ferent species are differ with respect to location, with 

the Mu-class GST of Penaeus monodon (PmMuGST) 
located at position 7 (Tyr7) [17], and those in marine 
mollusks Mytilus coruscus (McGST1) and Ruditapes 
philippinarum (RpGSTμ) located at position 6 (Tyr6) 
[15, 18].

The rHrGSTm1 showed a certain degree of antioxi-
dant activity and a certain scavenging ability to DPPH•. 
It has been proven that lipid peroxidation level increases 
in the egg of Haemaphysalis longicornis, indicating that 
these ticks may adjust redox balance to maintain survival 
when levels of reactive oxygen species increase or when 
they encounter oxidative stress [19]. In addition, some 
insects, such as Apis cerana, Spodoptera exigua and Bom-
bus ignites, can also initiate the corresponding oxidative 
stress mechanism when, for example, they encounter 
heavy metals and toxic compounds [20–22].

The Vmax of rHrGSTm1 was lower than that of H. lon-
gicornis rHlGST1 and rHlGST2 (Vmax = 11.70 ± 1.92 
and 14.72 ± 0.56  μmol/min/mg, respectively) [23] 
and higher than that of Bombyx mori rBmGSTD 
(Vmax = 0.531  μmol/min/mg) and Locusta migratoria 
LmGSTs3 (Vmax = 1.39 ± 0.20  μmol/min/mg) [24]. The 
Km of rHrGSTm1 was lower than that of Planococcus 
citri rPcGSTd2 (Km = 3.23 ± 1.02  μM) and P. citri rPcG-
STd3 (Km = 3.55 ± 1.12  μM), indicating that the affinity 
of rHrGSTm1 to the substrate was stronger than that of 
rPcGSTd2 and rPcGSTd3 [25]. The thermal stability pro-
file showed that the optimum temperature of rHrGSTm1 

Table 2  Effects of RNA interference of HrGSTm1 on biological 
traits of Hyalomma rufipes 

 Values (mean ± standard deviation, where indicated) followed by different 
lowercase letters represent significant differences at P < 0.05 between groups

Effects Control group Experimental group

Total number of ticks 18 18

Average mortality (%) 27.78%a 44.44%a

Mean spawning rate (%) 53.85%a 20.00%a

Engorged weight (mg) 853.04 ± 85.48a 565.66 ± 41.01b

Oviposition (mg) 447.41 ± 60.84a 319.95 ± 52.95a

Period of blood-feeding (days) 10.7a 11.5a

Fig. 8  Effect of different concentrations of cypermethrin on HrGSTm1 expression in different tissues of H. rufipes. Asterisks indicate significant 
differences at *P < 0.05, **P < 0.01 and ***P < 0.001). Ticks without cyhalothrin treatment were used as the negative control. LC05, LC10, LC50, Sublethal 
concentrations
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was about 60 °C and that the enzyme activity was stable 
at temperatures lower than 50 °C, which is similar to the 
thermal stability of P. citri GSTs [25]. The stability of the 
pH showed that rHrGSTm1 had high catalytic activity 
when the pH was in the range 6.5–8.5, which is roughly 
the same as the optimum pH of Boophilus annulatus Mu 
GSTs and Tigriopus japonicus GSTs [26, 27].

The relative expression of H. rufipes HrGSTm1 was 
found to clearly change under various treatment condi-
tions and in different tissues.  HrGSTm1 relative expres-
sion was significantly higher in eggs than in larvae and 
adults. Similarly, the expression of H. longicornis GSTs 
increased significantly during embryonic development, 
with the highest expression on the first day after spawn-
ing, the early stage of embryogenesis and the 10th day 
when the germ band could be observed [19]. Some insect 
GSTs have also been found to be significantly higher 
in the egg and larval stages than in the adult stage, as 
observed in Zeugodacus cucurbitae and Bactrocera dor-
salis [28, 29]. In terms of expression in different organs, 
the relative expression of HrGSTm1 was highest in the 
Malpighian tubules, likely related to the function of the 
Malpighian tubules as the main excretory organ of waste. 
Similarly, the high expression of GSTd3 in Malpighian 
tubule of Cydia pomonella has also been demonstrated to 
be involved in the metabolism of toxic chemicals [30].

After RNA interference (RNAi) of HrGSTm1, the 
mortality and feeding duration increased, while oviposi-
tion rate, weight of eggs laid and engorged body weight 
decreased, although only the engorged body weight was 
significantly different (t-test, t(44) = 2.886, P = 0.006). A 
similar significant increase in mortality was also observed 
after RNAi-mediated knockdown of GST in Z. cucurbitae 
[28]. According to the experimental results, GST has an 
important effect on the blood-sucking behavior of ticks, 
which is consistent with previous results [23]. However, 
there are several limitations associated with the RNAi 
[31]. Due to the half-life of the dsRNA, the effectiveness 
of RNAi gradually weakens with an increasing length of 
time after treatment, so there may be a discrepancy in 
the life events (such as laying and hatching of eggs) after 
engorgement of ticks. Additionally, off-target effects 
and a low efficiency of RNAi have also been observed in 
ticks [32, 33]. Although micro-injection of dsRNA for 
RNA silencing is commonly used in ticks, the irrevers-
ible mechanical damage may also affect the development 
of ticks. Hence, it is necessary to identify an appropriate 
approach by which to efficiently knockdown the target 
gene without causing mechanical damage to ticks.

The expression of HrGSTm1 in the midgut, ovary, sali-
vary gland and Malpighian tubule changed significantly 

following exposure to different sublethal concentrations 
of cyhalothrin. However, due to post-transcriptional and 
post-translational regulation, changes in the transcrip-
tion level may not completely correspond to the changes 
in protein level. Unfortunately, in the current study, the 
relative expression of the HrGST protein was not con-
firmed at the protein level due to the lack of specific anti-
GST antibody in H. rufipes. It has been demonstrated 
that the increased activity of GSTs could result from gene 
amplification at the DNA level or overexpression at the 
mRNA level [10].

Previous studies have found that drug stress can induce 
or inhibit the expression of GSTs [24]. For example, the 
expression of Nilaparvata lugens NLGSTE decreased by 
36% after exposure to 0.1 mM aldicarb [34]; the expres-
sion of SLGSTe2 and SLGSTe3 of Spodoptera litura was 
slightly upregulated after exposure to carbaryl, DDT and 
deltamethrin, but neither of these could be induced after 
exposure to malathion [35]; and the expression of Dug-
esia japonica GSTs was significantly inhibited after expo-
sure to high concentration of glyphosate for 5 days [36]. 
In the present study, the expression of HrGSTm1 in the 
Malpighian tubules was higher than that in the midgut. 
Previous studies have shown that the efficient detoxifi-
cation rate occurs in tissues with a high metabolic rate, 
such as the Malpighian tubules and fat body in insects, 
while the Malpighian tubule is the main organ for the 
excretion of metabolic waste in the body [37]; these find-
ings are is consistent with the results of the present study. 
Hence, we speculate that HrGSTm1 may be involved 
in the detoxification metabolism of cyhalothrin in H. 
rufipes.

According to the results of this study, the knockdown 
of HrGSTm1 had a significant effect on blood-sucking 
behavior, which may be the reason for the decline of 
other physiological parameters. Under the various stress 
conditions introduced by exposure to cyhalothrin, HrG-
STm1 in different tissues showed different regulatory 
trends, suggesting that ticks may have multiple strategies 
to cope with toxic substances.

This study provides basic knowledge that can be 
applied for developing candidate antigens of anti-tick 
vaccines and for improving the metabolic process of tick 
detoxification. The findings of the present study support 
the notion that GSTs is involved in the process of ticks’ 
resistance against toxic compounds and can facilitate 
further analysis on the detoxification and metabolism of 
GSTs in ticks to acaricides, thus providing  a theoretical 
foundation for further study of tick resistance and pro-
viding strategies for chemical control of ticks.
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Conclusions
A novel GST of the Mu-class was isolated from H. 
rufipes, and the expression level of HrGSTm1 was found 
to vary among different tissues, implying that the gene 
has distinct detoxification functions specific to each tis-
sue. The rHrGSTm1 showed a certain degree of antioxi-
dant activity and a certain scavenging ability to DPPH•. 
The potential function of this gene was analyzed to lay 
the groundwork for future research aimed at investigat-
ing its detoxification mechanism.
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