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Abstract 

Background: Ticks can transmit numerous tick‑borne pathogens and cause a huge economic loss to the livestock 
industry. Tick vaccines can contribute to the prevention of tick‑borne diseases by inhibiting tick infestation or repro‑
duction. Subolesin is an antigenic molecule proven to be a potential tick vaccine against different tick species and 
even some tick‑borne pathogens. However, its effectivity has not been verified in Haemaphysalis longicornis, which is 
a widely distributed tick species, especially in East Asian countries. Therefore, the purpose of this study was to evaluate 
the effectivity of subolesin vaccination against H. longicornis in a rabbit model.

Methods: Haemaphysalis longicornis (Okayama strain, female, adult, parthenogenetic strain) and Japanese white rab‑
bits were used as the model tick and animal, respectively. The whole open reading frame of H. longicornis subolesin 
(HlSu) was identified and expressed as a recombinant protein using E. coli. The expression was verified using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis, and the immunogenicity of rHlSu against anti‑H. longicornis 
rabbit serum was confirmed using Western blotting. After vaccination of rHlSu in rabbits, experimental infestation 
of H. longicornis was performed. Variables related to blood‑feeding periods, pre‑oviposition periods, body weight at 
engorgement, egg mass, egg mass to body weight ratio, and egg‑hatching periods were measured to evaluate the 
effectiveness of subolesin vaccination.

Results: The whole open reading frame of HlSu was 540 bp, and it was expressed as a recombinant protein. Vaccina‑
tion with rHlSu stimulated an immune response in rabbits. In the rHlSu‑vaccinated group, body weight at engorge‑
ment, egg mass, and egg mass to body weight ratio were statistically significantly lower than those in the control 
group. Besides, egg‑hatching periods were extended significantly. Blood‑feeding periods and pre‑oviposition periods 
were not different between the two groups. In total, the calculated vaccine efficacy was 37.4%.

Conclusions: Vaccination of rabbits with rHlSu significantly affected the blood‑feeding and reproduction in H. longi-
cornis. Combined with findings from previous studies, our findings suggest subolesin has the potential to be used as a 
universal tick vaccine.
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Background
Ticks are one of the most important vectors and can 
transmit numerous pathogens covering bacteria, viruses, 
and parasites including Anaplasma phagocytophilum, 
Borrelia burgdorferi, Babesia spp., Theileria spp., severe 
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fever with thrombocytopenia syndrome (SFTS) virus, 
and tick-borne encephalitis virus [1]. By transmitting 
tick-borne diseases, ticks cause huge economic loss to 
the livestock industry. A heavy tick infestation in animals, 
even without disease transmission, can cause severe 
blood loss, resulting in economic problems for breeding 
farms [2]. Therefore, the control of ticks and tick-borne 
disease is important in the fields of agriculture and vet-
erinary medicine.

Haemaphysalis longicornis is a widely distributed tick 
species. It is the dominant tick species in Korea and plays 
an important role in East Asian countries, including 
China and Japan [3, 4]. Recently, H. longicornis invaded 
North America, raising public attention [5]. Based on 
recent studies, H. longicornis is a proven vector of tick-
borne pathogens including SFTS virus and Babesia gib-
soni [6, 7]. Unfortunately, there are no effective vaccines 
against both tick-borne pathogens. Tick-borne pathogens 
can be transmitted transstadially and transovarially [6, 
8], which means an infected tick can reproduce to create 
plentiful infected offspring. Therefore, the prevention of 
both transstadial and transovarial transmission is impor-
tant to prevent the spread of tick-borne diseases.

Thus far, there have been efforts to prevent tick-borne 
diseases in different ways, e.g. using tick-resistant breeds, 
treatment with acaricides, and development of vaccines 
[9]. However, widespread treatment with acaricides is 
limited by factors such as safety concerns, environmen-
tal pollution, and the existence of acaricide-resistant 
tick strains that puts the effectiveness of acaricides in 
doubt [9]. Regarding vector-borne diseases such as yel-
low fever, malaria, and theileriosis, many studies have 
tried to develop vaccines against them; however, a lot 
of efforts still are required to reach the goal [10–12]. In 
addition, aiming to control each pathogen entails a huge 
cost, requires a large workforce and long periods. To 
overcome these disadvantages, researchers have aimed 
to develop vaccines against vectors and not for individual 
pathogens. One of the most well-known tick vaccines is 
the Bm86-based formulation derived from Rhipicephalus 
(Boophilus) microplus gut protein [13]. The Bm86-based 
vaccination is cost-effective and more environmentally 
friendly than acaricides; however, the Bm86-based vac-
cines are ineffective against some tick species [14, 15]. In 
addition, homologs of Bm86 were not effective against 
other tick species such as Ixodes ricinus and Amblyomma 
cajennense [16, 17]. Moreover, the effectiveness of Bm86-
based vaccination has not been proven in Haemaphysalis 
spp. [18], which makes it difficult to be used as a univer-
sal tick vaccine.

Subolesin is an antigenic molecule and was first identi-
fied in Ixodes scapularis in 2003 [19]. Subsequent studies 

revealed that the function of subolesin is related to tick 
blood-feeding and reproduction using RNAi treatment 
[20]. Subolesin was initially identified in hard ticks and 
was subsequently revealed as an ortholog of akirin in 
insects and vertebrates [21, 22]. Recent studies have 
shown that this molecule has the potential to be used as 
a vaccine against different tick species in different hosts. 
Additionally, the vaccination gives protection against 
tick-borne pathogens, including Borrelia burgdorferi, 
Anaplasma marginale and Babesia bigemina [23–25].

Thus far, subolesin has been studied mainly in spe-
cies of Ixodes, Rhipicephalus and Dermacentor [24, 26]. 
Regarding Haemaphysalis spp., Rahman et  al. [27] used 
RNAi treatment to demonstrate the existence of sub-
olesin in H. longicornis and showed that it has an iden-
tical function in different tick species. However, the 
sequence information was defective and not verified 
in animal experiments. As RNAi treatment and animal 
experiments do not always show identical results [28, 29], 
it is essential to evaluate the effectivity of vaccination in 
animal experiments. Therefore, the purpose of this study 
was to evaluate the effectivity of subolesin vaccination in 
H. longicornis as a tick vaccine in rabbits.

Methods
Ticks and rabbits
In this study, parthenogenetic H. longicornis (Okayama 
strain) was used as the model tick. The tick has been 
maintained as a colony by routine passage in Japanese 
white rabbits at the National Research Center for Pro-
tozoan Diseases, Obihiro University of Agriculture and 
Veterinary Medicine, Japan [30]. Four-to-eight-month-
old female ticks were used in this study. Before the start 
of blood-feeding, the ticks were habituated at room tem-
perature with 40% humidity for two weeks. For experi-
mental infestation, female ticks derived from the same 
batch were used, to reduce the potential bias caused by 
batch differences.

Japanese white rabbits (specific-pathogen-free animal, 
female, 9-weeks-old) were purchased from a company 
(Clea Japan, Tokyo, Japan). The rabbits were housed until 
3–8-months-old in a room with a temperature of 25 °C, 
humidity of 40%, and controlled lighting (i.e. period of 
light from 6:00 to 19:00 h). The rabbits had access to tap 
water and commercial pellets (CR-3; CLEA Japan, Tokyo) 
ad libitum throughout the experiments.

Identification of subolesin in H. longicornis
Total RNA was extracted from H. longicornis using the 
Direct-zol RNA Miniprep (Zymo Research, Irvine, CA, 
USA) after breaking the tick mechanically with liquid 
nitrogen. cDNA was synthesized using the PrimeScript™ 
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RT-PCR Kit (Takara, Shiga, Japan), according to the man-
ufacturer’s protocols. The extracted cDNA was kept at 
– 30 °C until further experiments were performed.

Primers were newly designed to amplify the whole 
open reading frame (ORF) of H. longicornis subolesin 
(HlSu). The primers were designed based on the pre-
viously reported sequences of subolesin in other tick 
species in the GenBank database and cDNA library of 
H. longicornis in our laboratory [31]. Using the prim-
ers, polymerase chain reaction (PCR) was performed as 
per the following cycles: initial denaturation at 94 °C for 
5 min, followed by 35 cycles of 94 °C for 30 s, 50 °C for 
30 s, 72 °C for 30 s, and a final extension step at 72 °C for 
5 min. The primers used in this study are listed in Table 1.

Cloning, sequencing, and phylogenetic analysis of HlSu
The amplified PCR product was ligated to pGEM-T Easy 
Vector (Promega, Tokyo, Japan) and was transformed 
into Escherichia coli DH5α. It was cultured on a Luria-
Bertani agar plate containing 100  μg/ml ampicillin at 
37  °C. Finally, five colonies were selected and cultured 
for plasmid extraction and sequencing. The extracted 
plasmids were sequenced using the BigDye Terminator 
v3.1 Cycle Sequencing Kit (Applied Biosystems, New 
York, USA), and the results were analyzed using the ABI 
PRISM 3100 Genetic Analyzer (Applied Biosystems, 
Carlsbad, CA) according to the manufacturer’s instruc-
tions. All the plasmids were sequenced bidirectionally 
and were aligned.

The obtained sequence was analyzed by BLAST 
to compare its identity with that of other subolesin 
sequences. Phylogenetic analysis was performed to ana-
lyze the molecular relationship among subolesin identi-
fied in insects. The phylogenetic tree was constructed 
using MEGA 7.0. using the Maximum-Likelihood 
method and 500 replications [5].

The sequence and molecular weight of rHlSu were 
deduced using a plasmid Editor v2.0.61.

Recombinant HlSu (rHlSu) expression and purification
The whole ORF of HlSu was inserted into a pCold ProsS2 
vector (TaKaRa, Japan), which has a His- and ProS2-tag, 
for expression as a recombinant protein. To insert HlSu 
into the vector, restriction enzyme sites (XhoI for the 
upstream site and EcoRI for the downstream site) were 
added using PCR with the primers listed in Table 1. The 
inserted expression vector was transformed into E. coli 
BL21(DE3), and recombinant protein was expressed 
according to the vector manufacturer’s protocols. In 
brief, the transformed E. coli BL21(DE3) was cultured at 
37  °C with vigorous shaking until the optical density at 
600 nm reached 0.4, and was cooled to 15 °C for 30 min. 

After that, induction was initiated with isopropyl β-D-1-
thiogalactopyranoside concentration of 1.0 mM and was 
cultured at 15 °C along with shaking for 24 h.

The cultured E. coli was washed with phosphate-buff-
ered saline (PBS) three times and broken up using soni-
fication. The recombinant HlSu was purified using His 
GraviTrap (GE Healthcare, Tokyo, Japan) according to 
the manufacturer’s protocols. In brief, the column was 
equilibrated with 10  ml binding buffer (20  mM sodium 
phosphate, 500 mM sodium chloride, 20 mM imidazole, 
pH 7.4), and samples were applied. After washing the col-
umn with the binding buffer two times, the protein was 
eluted with 3  ml of the elution buffer (20  mM sodium 
phosphate, 500 mM sodium chloride, 500 mM imidazole, 
pH 7.4).

Only the soluble fraction was used for further experi-
ments. Expression and purification of rHlSu were verified 
using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). SDS-PAGE results were visualized 
by Coomassie blue staining. The protein concentration 
was estimated by using Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific, Tokyo, Japan).

Production of anti‑H. longicornis rabbit serum
To produce anti-H. longicornis rabbit serum, a rabbit was 
experimentally infested with H. longicornis using the ear 
bag method, as previously described [32]. Experimental 
infestation was performed three times; each time, the 
rabbit was infested with 40 female ticks (20 ticks for each 
ear), with two-week intervals between infestations. Two 
weeks after the last infestation, serum was collected from 
the rabbit.

Western blotting
The immune response of rHlSu against H. longicornis 
infestation was confirmed using Western blotting. In 
brief, 0.03 μg rHlSu was separated using SDS-PAGE and 
transferred to an Amersham Protran 0.45 nitrocellulose 
Western blotting membrane (GE Healthcare, Tokyo, 
Japan). After blocking with TBS containing 0.1% Tween 
20 (TBS-T) and 3% skimmed milk, the membranes were 
probed with anti-H. longicornis rabbit serum (described 
above) or naïve rabbit serum diluted with TBS-T at a 
ratio of 1:600. HRP-conjugated goat anti-rabbit IgG 
(H+L) cross-adsorbed secondary antibody (Thermo 
Fisher Scientific) was used as a secondary antibody 
diluted with TBS-T at a ratio of 1:5000. Finally, the reac-
tion was visualized using Amersham ECL Prime West-
ern Blotting Detection Reagent (GE Healthcare, Tokyo, 
Japan). The results were scanned using a VersaDoc™ 
imaging system (Bio-Rad Laboratories, Tokyo, Japan).
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To estimate the immunogenicity of rHlSu after vacci-
nation, Western blotting was similarly performed using 
rHlSu and rHlSu-immunized rabbit serum (described 
below), except that serum dilution was done at 1:2000.

Vaccine trial
To evaluate the efficacy of rHlSu as a tick vaccine, two 
groups were established (vaccination group and PBS 
group). Each group included three Japanese white rab-
bits. Before vaccination, the purified rHlSu protein was 
dialyzed with PBS using Pierce Protein Concentrator 
30K MWCO (Thermo Fisher Scientific) according to the 
manufacturer’s recommendation. In brief, rHlSu in the 
elution buffer was mixed with 3 ml of PBS and was cen-
trifuged at 8000× g leaving a residual 1 ml buffer. Again, 
the remaining buffer was centrifuged in the same way 
with 5 ml of PBS.

rHlSu or PBS was then conjugated with adjuvant (Titer-
Max Gold, Sigma-Aldrich, Japan). In total, 500  µg of 
rHlSu (or the same amount of PBS for the control group) 
was mixed with 500  µl of the adjuvant and was intra-
dermally injected into the back of each rabbit. The dose 
was determined according to the manufacturer’s instruc-
tions and based on the body weight of rabbits. The vac-
cination was boosted twice at two-week intervals. Before 
each vaccination, blood was collected from the ear vein 
to obtain sera, and antibody levels were evaluated using 
enzyme-linked immunosorbent assay (ELISA).

ELISA protocol
Antibody titers in the sera were evaluated using ELISA. 
In brief, purified rHlSu (0.25 μg per well) in 50 mM car-
bonate-bicarbonate buffer was used to coat ELISA plates 
and left overnight at 4 °C. Blocking of the plate was per-
formed with 100 µl of 3% skimmed milk-PBS at 37 °C for 
one hour. Next, 50 µl sera diluted at a ratio of 1:100 in 3% 
skimmed milk-PBS were incubated at 37 °C for one hour. 
After washing the plate with PBS containing 0.1% Tween 
20 (PBS-T) six times, 50 µl of HRP-conjugated goat anti-
rabbit IgG diluted at a ratio of 1:4000 with 3% skimmed 
milk-PBS, was added to each well and incubated at 37 
°C for one hour. After washing the plate with PBS-T six 
times, 100 µl of substrate solution (ABTS, Roche, Tokyo, 

Japan) was added to each well and kept in the dark for 
one hour. Optical density value was measured three 
times at 415 nm using a spectrometer (Corona micro-
plate reader MTP-500, Corona Electric, Ibaraki, Japan).

Effect of vaccination
Three weeks after the last vaccination, experimental 
infestation with female ticks was performed as described 
above. After starting the experimental infestation, the 
condition of ticks and rabbits was checked daily. The 
ticks that detached abnormally after the start of feeding 
(detachment without external force, tick’s body weight 
<  50  mg), were excluded from the data analysis. Dur-
ing the experimental infestation, five and six ticks in 
the vaccination group and PBS group, respectively, were 
excluded from the data analysis due to abnormal detach-
ment. After blood-feeding, the fully engorged ticks were 
incubated in the dark at 25 °C and saturated humidity for 
oviposition.

The effect of vaccination was evaluated based on the 
following factors: blood-feeding period (days), pre-ovi-
position period (days), body weight at engorgement (mg), 
egg mass at 10 days after oviposition (mg), egg mass to 
body weight ratio, and egg period (days). Each param-
eter was estimated daily. In total, vaccine efficacy was 
calculated by the formula: (1 −  reduction ratio of body 
weight × reduction ratio of egg mass) × 100.

Statistical analysis
Differences between groups were analyzed using Stu-
dent’s t-test or the Mann-Whitney test according to the 
distribution of data using SPSS Statistics for Windows, 
Version 26.0 (IBM Crop., Armonk, NY, USA). A P-value 
of less than 0.05 was considered statistically significant.

Results
Identification and phylogenetic analysis of HlSu
On cloning and sequencing, the whole ORF of HlSu was 
540 bp and the sequence length was identical with that of 
subolesin in H. flava and H. punctata, but differed from 
that in H. elliptica (528 bp). Based on a BLASTN search, 
HlSu showed the highest genetic similarity to subolesin 
in Haemaphysalis elliptica at 93.7% (JX193850). Among 

Table 1 Primers used in this study

a Restriction enzyme sites are in lower case

Name Sequence (5’‑3’)a Purpose

HlSu_For ATG GCT TGT GCG ACA TTA AAG Identification and amplification of 
H. longicornis subolesinHlSu_Rev TTA TGA CAA ATA GCT TGG AGT GGC 

HlSu_XhoI_For ctcgagATG GCT TGT GCG ACA TTA AA Insertion of restriction enzyme site

HlSu_EcoRI_Rev gaattcTTA TGA CAA ATA GCT TGG AGT GGC 
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Haemaphysalis spp., the similarity ranged from 90.0% (H. 
punctata, DQ159972) to 93.7% (H. elliptica, JX193850). 
At the amino acid level, it shows the highest similar-
ity with H. elliptica at 96.1% (AGI44626, JX193850) by a 
BLASTP search.

Based on the phylogenetic analysis, subolesin is 
grouped in a monophyletic clade with other Haemaphys-
alis orthologs including Dermacentor, Hyalomma, Rhi-
picephalus and Amblyomma. Subolesin of H. longicornis 
showed the closest relationship with the subolesin in H. 
elliptica, followed with that of H. flava and H. punctata 
(Fig.  1). The obtained sequence was submitted to the 
GenBank database (accession number: MT199422).

rHlSu expression, purification, and immunogenicity
The rHlSu was expressed at approximately 44 kDa (tag 
size, ~  23  kDa) as expected (Fig.  2a). After purification, 
the dominant band at the target size remained; thereaf-
ter, only purified rHlSu was used in further experiments. 
Using Western blotting, the immune response of rHlSu 
was verified (Fig.  2b). At the target size, reactivity was 
observed in the H. longicornis-infested rabbit serum and 
rHlSu-immunized rabbit serum, but not in naïve serum.

Vaccination and immune response
After the first vaccination, antibody levels in the vacci-
nation group were significantly elevated to three to four 
times more than that in the PBS group (Mann-Whitney 
U-test: U = 0.000, Z = − 3.576, P < 0.0001). The antibody 
levels did not increase further after the second and third 
vaccination (Fig. 3). Antibody levels in the PBS group did 
not differ statistically and were elevated when compared 
to naïve rabbit serum before and after the second immu-
nization, respectively.

Effect of vaccination against H. longicornis
In the rHlSu-vaccinated group, body weight at 
engorgement (Mann-Whitney U-test: U  =  4117.000, 
Z = − 4.780, P < 0.0001), egg mass at 10 days after ovi-
position (t-test: t = − 7.139, P < 0.0001), and egg mass to 
body weight ratio (t-test: t = − 5.840, P < 0.0001) were 
significantly lower than those in the PBS group (Fig.  4; 
Additional file  1: Table  S1). The egg-hatching periods 
were significantly longer in the vaccinated group than 
in the PBS group (Mann-Whitney U-test: U = 4627.500, 
Z = − 2.432, P = 0.015). In cases of body weight and egg 
mass, the vaccinated group had values that were 12.0% 
and 28.9% lower than those in the PBS group, respec-
tively. The calculated vaccine efficacy was 37.4%. Blood-
feeding periods (Mann-Whitney U-test: U =  5922.000, 
Z  =  −  1.223, P  =  0.221) and pre-oviposition periods 

(Mann-Whitney U-test: U  =  6076.000, Z  =  −  0.417, 
P = 0.676) were not different between the two groups.

Discussion
Subolesin and its orthologue akirin were identified in dif-
ferent insects, and their molecular information has been 
analyzed [21, 22]. However, only partial sequence infor-
mation is available on H. longicornis (EU289292), which 
remains unpublished. As the essential and effective 
epitope of subolesin has not yet been confirmed [33], this 
study was initiated to identify and express the whole ORF 
of HlSu in order to use the entire region as a recombinant 
protein.

Previous studies have shown that subolesin-based vac-
cination showed effectivity as a tick vaccine in cattle, rab-
bits, and mice based on different parameters including 
body weight, mortality, molting, tick infestation, fertil-
ity, and oviposition [22, 25, 26, 34]. Moreover, vaccina-
tion also reduced the level of infection with tick-borne 
pathogens [23–25]. The vaccine efficacy in this study 
was 37.4%, which was calculated under consideration of 
the body weight and egg mass. As previous studies were 
performed under various experimental conditions, such 
as during the developmental stage; with different tick 
species, hosts, or adjuvants; and methods to calculate 
efficacy, it is difficult to directly compare the efficacy of 
subolesin-based vaccination between studies. In sum-
mary, previous studies showed that subolesin-based vac-
cination protects against tick infestation.

In this study, subolesin vaccination significantly 
reduced body weight, egg mass, and the ratio of egg mass 
to body weight (P < 0.0001). This result is consistent with 
the results of previous studies and the original function of 
subolesin, which indicates that vaccination has the same 
effectivity as RNAi treatment. In addition, the significant 
decrease in the egg mass to body weight ratio indicates 
that both are affected by vaccination, and the effect was 
more significant on egg mass. Interestingly, egg-hatching 
periods were extended significantly in the vaccinated 
group (P  =  0.015). To the best of our knowledge, this 
study is the first to show that subolesin affects not only 
blood-feeding and egg mass but also the egg-hatching 
period. However, additional assessments are required to 
confirm that subolesin vaccination has the same function 
in other tick species.

This study evaluated blood-feeding periods because 
subolesin affects blood-feeding and may be affected by 
short blood-feeding periods. However, there was no dif-
ference between the two groups. Moreover, the pre-ovi-
position period was also not different.

Tick vaccines can control ticks by affecting different 
factors such as mortality, molting, number of infested 
ticks, fertility, and oviposition. Contreras et  al. [26] 
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showed that a higher mortality was observed in a sub-
olesin-vaccinated group than in a control group; however, 
a difference in mortality was not observed in this study. 
In this study, some ticks abnormally detached after they 
started feeding; however, the number of detached ticks 
did not differ between the two groups. Since the model 
ticks were adults in this study, we focused on factors 
related to blood-feeding and reproduction. Additional 
studies are required to assess the effect of subolesin-
based vaccination on the mortality of eggs and molting of 
H. longicornis in the larval and nymph stages.

In this study, the antibody levels reached their highest 
after the first vaccination and appeared to be sustained 
for more than two months (Fig.  3). Even after experi-
mental infestation, the antibody levels did not increase 
further. Similar trends were identified after diluting 
the serum up to 1:80,000 (Additional file  1: Figure S1). 
According to previous studies, the effectiveness of vac-
cination is related to antibody levels against subolesin in 
the host [22, 35]. Based on the current vaccine formula, 
a one-time vaccination might be enough to obtain the 
objective antibody levels in the host. As H. longicornis 
is a three-host tick and has a longer life-cycle than R. 
microplus, which is a one-host tick, this vaccination 

can effectively control H. longicornis in endemic areas 
during the prevailing season, with a fewer number of 
vaccinations.

In this study, rHlSu was used for vaccination without 
removing the tags (His and ProS2 tag). Owing to the 
remaining tags, we cannot exclude the possibility of a 
non-specific immune response. However, based on the 
previous studies, subolesin accompanying different tags 
such as His-, Trx- and S-tag showed consistent vaccina-
tion results [22, 34]. Therefore, we suppose that even if 
there is a non-specific immune response, the response 
has minor effects on the experiment.

Conclusions
Vaccination of rabbits with rHlSu significantly reduced 
body weight, egg mass, and egg mass to body weight 
ratio in H. longicornis. In addition, egg-hatching periods 
were also significantly extended. Finally, the vaccine effi-
cacy was 37.4%. This finding raises the possibility that 
vaccination may gradually decrease the number of off-
spring. Variables related to the blood-feeding and pre-
oviposition periods were not different between groups. 
In conclusion, this study showed the efficacy of rHlSu 
as a tick vaccine against H. longicornis in rabbits. To our 

Fig. 1 The phylogenetic relationships of subolesin identified in this study. For this analysis, other subolesin sequences were obtained from the 
GenBank database. The tree is generated based on the Maximum‑Likelihood method with 500 replications using MEGA 7.0. The sequence obtained 
in this study is indicated by an arrow. Bootstrap values < 70 were omitted
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Fig. 2 Expression and immune response of rHlSu. a Expression and purification of recombinant Haemaphysalis longicornis subolesin (rHlSu) using 
an E. coli expression system. Each protein (Lanes 1–4, 6 μg; Lane 5, 2.25 μg) was applied and separated by SDS‑PAGE. Lane M: protein marker; Lane 1, 
empty vector without IPTG induction; Lane 2, empty vector with IPTG induction; Lane 3, vector including subolesin without IPTG induction; Lane 4, 
vector including subolesin with IPTG induction; Lane 5, purified rHlSu. b The immune response of rHlSu was verified using Western blotting. Purified 
rHlSu (0.03 μg) was used for Western blotting. Serum dilutions were 1:600 for lanes anti‑H. longicornis serum and Naïve serum, and 1:2000 for lane 
anti‑rHlSu serum. Secondary antibody dilution was 1:5000 for all lanes. Anti‑Hl, reaction with anti‑H. longicornis serum; Anti‑rHlSu, reaction with 
anti‑rHlSu serum; Naïve, reaction with naïve serum

Fig. 3 Evaluation of antibody production after vaccination. The vaccination group and PBS group were established and tested. Antibody levels 
were estimated using ELISA, and the mean antibody titer is shown. Following each vaccination, there was a two‑week interval before antibody 
levels were assessed. Statistical analysis regarding OD values between the two groups was performed using the Mann‑Whitney test. a P < 0.005 to 
PBS group; b P < 0.005 to naïve rabbit serum
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knowledge, this is the first vaccination study of subolesin 
in Haemaphysalis spp., an important tick in Asian coun-
tries and an emerging tick in North America. Combined 
with the results of previous studies, this study suggests 
that subolesin has the potential to be used as a universal 
tick vaccine.
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Additional file 1: Table S1. Effect of rHlSu vaccination on control of H. 
longicornis infestation in rabbits. Figure S1. Evaluation of antibody titers.

Fig. 4 Effect of rHlSu vaccination on rabbits to control Haemaphysalis longicornis infestation. The results are shown as box plots. a Blood‑feeding 
periods. b Pre‑oviposition periods. c Body weight at engorgement. d Egg mass. e Egg mass to body weight ratio. f Egg‑hatching periods. Mean 
values are indicated with an asterisk. Statistical comparison between the two groups for each parameter was performed using Student’s t‑test or 
Mann‑Whitney test
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