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Abstract 

Despite the absence of a blood meal, embryogenesis involves many processes that require nutrients and other essen‑
tial elements, including iron. Due to the lack of an external source of these nutrients, these requirements are acquired 
maternally. Because of the toxic nature of iron, they are transferred through iron transport molecules such as secreted 
ferritin (FER2). Here we tried to follow the trail of the FER2 through indirect immunofluorescence, and we observed an 
apparent shift of FER2 from the germ layer at the early part of development to the appendages during the late stage 
of embryogenesis. FER2 is also found in the middle part of the legs of the embryo. The apparent movement not only 
sheds light on iron processing events during embryogenesis but also indirectly guides organogenesis in the tick.
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Background
Haemaphysalis longicornis is an ixodid tick belonging 
to the genus Haemaphysalis. In addition, it is a blood-
sucking arthropod that acts as a vector of various dis-
ease-causing pathogens such as Theileria orientalis and 
Babesia ovata [1–3]. It can also serve as a reservoir of the 
severe fever with thrombocytopenia syndrome (SFTS) 

virus that can affect humans [4]. These signify the tick’s 
veterinary and public health importance. In Japan, it is 
distributed from Hokkaido to Okinawa Prefecture; over-
seas, it is widely distributed from Asia to Australia and 
New Zealand. In recent years, reports of H. longicornis in 
North America have been confirmed [3, 5].

Ticks suck blood at all developmental stages except for 
the egg stage to acquire nutrients for metamorphosis and 
reproduction [6, 7]. In embryogenesis, energy is obtained 
from the yolk protein vitellin, lipids, and glycogen [8, 9]. 
The utilization of oxygen molecules in such energy pro-
duction can generate reactive oxygen species (ROS) and 
cause cell damage. Therefore, an antioxidant system is 
needed to protect embryos from ROS [10].

Iron ions are required in many metabolic processes, 
such as oxygen transport, oxidative phosphorylation 
in mitochondria, and DNA replication; they are essen-
tial trace elements for living organisms [11]. On the 
other hand, excess ferrous ions have been shown to 
catalyze the Fenton reaction that generates hydroxyl 
radicals from hydrogen peroxide, damaging cells [12]. 
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Ferritin (FER) is an iron-binding protein involved in 
iron metabolism in almost all organisms [13]. There 
are two types of H. longicornis FER—intracellular FER1 
and secreted FER2 [12, 14]. Both convert excess diva-
lent iron ions into nontoxic trivalent iron ions and have 
an antioxidant effect. In particular, FER2 has also been 
reported to function as an iron transport protein that 
transports iron ions from the midgut to the ovaries 
[14–16]. Interestingly, knockdown of the FER genes has 
been reported to reduce tick production and hatchabil-
ity [12]. Therefore, it is suggested that FERs may play an 
important role in embryogenesis. However, it remains 
unclear whether FER2 transported from the midgut to 
the ovary is retained in developing embryos. Thus, this 
experiment aims to establish the localization of FER2 
during embryogenesis.

Methods
Ticks and experimental animals
Four-week-old female Japanese white rabbits (KBT Ori-
ental, Japan) were used to feed blood and subculture 
the parthenogenetic H. longicornis (Okayama strain). 
The ticks and rabbits used in the experiments were kept 
in accordance with the maintenance protocol set by the 
Laboratory of Infectious Diseases, Joint Faculty of Vet-
erinary Medicine, Kagoshima University, in accordance 
with the guidelines set by the Animal Care and Use Com-
mittee of Kagoshima University (approval number VM 
18056).

Deshelling and fixing tick eggs
Tick eggs were collected and treated in accordance with 
the protocols established by Santos et al. with some mod-
ifications [17]. Briefly, the tick eggs were transferred to 
a 1.5-ml tube according to the number of days (1st, 5th, 
10th, 15th, and 20th days) elapsed after laying. We then 
washed the eggs with 1.5% sodium hypochlorite and 5% 
sodium carbonate, followed by washing with sterile water 
three times for 5 min each. To remove the eggshell, 1 ml 
of water was added and placed in a heat block at 90  °C 
for 2  min, and then immediately transferred to ice and 
allowed to stand for 2 min to crack the egg shells. Next, 
a fixation solution containing 4% paraformaldehyde in 
phosphate-buffered saline (PBS) and heptane was added 
at a ratio of 1:1 and mixed by inversion for 1 h at room 
temperature. After that, the lower layer containing the 
paraformaldehyde was removed, 100% methanol was 
added, and the tube was vigorously shaken. Eggs with-
out their shells sank toward the bottom of the tube. The 
embryos were then fixed by washing with 100% methanol 
three times for 5 min each, followed by washing with PBS 

three times for 5 min each. The eggs were then inverted 
and mixed at 4 °C for 24–48 h in a 20% sucrose solution.

Localization analysis of FER2 protein by indirect 
immunofluorescence
Embryos collected from the above procedure were 
embedded in OCT compound (Sakura Fintech Japan, 
Japan) and then allowed to stand at −80  °C to make a 
frozen block. Embryo sections were prepared using a 
Leica CM1850 cryostat (Leica Biosystems, Germany). 
The prepared embryo sections were attached to a cry-
ofilm (Section-Lab, Japan) and air-dried, and then the 
surface of the cryofilm was covered with a 3% skim 
milk solution (blocking solution) prepared in PBS and 
incubated at room temperature for 1  h. Next, the sur-
face of the cryofilm was covered with an anti-FER2 
[12] antibody diluted 100-fold with a blocking solution 
and incubated at 4 °C overnight. The next day, the sur-
face of the cryofilm was covered with goat Alexa Fluor 
594-labeled anti-mouse immunoglobulin G (IgG) anti-
bodies (Life Technologies, USA) diluted 100-fold with 
a blocking solution and incubated at room temperature 
for 1  h in the dark. Next, VECTASHIELD mounting 
medium with DAPI (Vector Laboratories, USA) was 
added dropwise and reacted at 4 °C for 1 h for nuclear 
staining. Several sections at the different embryonic 
development stages were observed using an LSM 
700 confocal laser scanning microscope (Carl Zeiss, 
Switzerland).

Results and discussion
Embryogenesis refers to the process leading to the for-
mation of tissues and organs by precisely controlling cell 
proliferation, differentiation, and apoptosis [10]. The yolk 
protein vitellin is used as an energy source in tick embry-
ogenesis, while adenosine triphosphate (ATP) is syn-
thesized via the electron transport chain and oxidative 
phosphorylation in mitochondria [8]. However, the use 
of oxygen in the process of ATP synthesis can generate 
reactive oxygen species (ROS), causing damage to biopol-
ymers such as nucleic acids, proteins, and lipids and 
inducing abnormal embryogenesis. Therefore, a defense 
mechanism is needed to protect germ cells from ROS 
[10]. ROS can also be generated from the Fenton reaction 
from ferrous iron. In other tick stages, these iron ions are 
acquired from a blood meal. However, in embryos, iron 
ions are transferred from female ticks to eggs and are 
used as an important nutrient source for embryogen-
esis. Because of this, the iron ions in embryos are limited. 
Therefore, iron-transporting proteins are required to 
transport the required amount to each organ [18]. Such 
iron transport proteins include transferrin and FER2, but 
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transferrin is not detected in H. longicornis embryos [19]. 
Therefore, it is possible that the FER2 protein functions 
as a major iron transport protein in embryos

Our previous study analyzed the expression dynamics 
of FER2 in H. longicornis to understand the antioxidant 
system during embryogenesis [7]. Gene expression analy-
sis revealed increasing FER2 gene expression, especially 
on day 1 and day 5 post-oviposition, which gradually 
increased on day 10 and reached the highest expres-
sion on day 15. On the other hand, the protein expres-
sion remained constant throughout. Supporting this, 
the ferrous iron proportion was maintained throughout 
embryogenesis. This indicates the need for the careful 
maintenance of FER2 throughout embryogenesis and 
its crucial role in maintaining iron homeostasis during 
embryogenesis.

To further understand this role, we identified the locali-
zation of FER2 proteins during embryogenesis using indi-
rect immunofluorescence (Fig. 1) (Additional file 1). FER2 
fluorescence was observed in the cytoplasm of germ cells 
during the entire duration of embryogenesis from the 
first day to the 20th. However, on the 20th day, strong 
fluorescence was also observed in the central part of the 
leg (Fig. 2). These findings indicate that FER2 is secreted 

into the central part of the leg on the 15th and 20th days, 
contributing to iron transport and maintenance of iron 
ion concentration in those organs. This coincides with 
the findings that organogenesis occurs during day 15 
post-oviposition of Hyalomma dromedarii [20]. When 
organogenesis occurs, endogenous FER2 can already be 
produced by the gut cells. In adult ticks, FER2 produced 
by the gut cells is distributed to other organs with the 
hemolymph during blood-feeding [12]. However, during 
embryogenesis, it can be assumed that the cavities for the 
hemolymph are formed late; therefore, during the early 
stages of embryogenesis, FER2 is dispersed throughout 
the embryo. The concentration of FER2 protein in the 
center of the legs signifies the hollowing of those leg por-
tions, concentrating the FER2 proteins in those areas, 
and may indicate the presence of hemolymph. Unlike in 
its adult counterpart, wherein FER2 protein is conserved 
only in the hemolymph during blood-feeding [12], in the 
embryo, FER2 may be circulating already during embryo-
genesis as an iron transporter to the different cells of the 
tick. Further experiments may be necessary to prove this 
claim; however, the findings herein indicate a new per-
spective in hemolymph development and the hollow-
ing of other organs such as the legs. Furthermore, this 

Fig. 1  Localization of FER2 in Haemaphysalis longicornis during embryogenesis using the indirect immunofluorescence antibody test (IFAT). Normal 
mouse serum was used as a control. Arrows indicate FER2 protein fluorescence. Y yolk protein, B scutellum, Gb germ band, Lg leg
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could also indicate that FERs are important not only in 
preventing iron toxicity, like in their adult counterpart. 
But during embryogenesis, FER is utilized not only for 
the safe distribution of iron but also for its conservation, 
as no significant increase in the toxic ferrous iron con-
centration was observed, nor was the stimulation of the 
FER1 protein production controlled by the ferrous iron 
concentration [7, 21]. This could indicate the need for the 
iron to be safely conserved not only during embryogen-
esis but also during the metabolic processes of the lar-
val stage of the tick, as the ticks assimilate no new fresh 
iron. The findings further deepen the knowledge of iron 
metabolism and oxidative stress management during 
embryogenesis. And for the tick and tick-borne disease 
control perspective, the results herewith support the tar-
geting of oxidative stress-related molecules such as FER2 
for tick vaccine or gene manipulation strategy.
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Additional file 1. Localization of FER2 in Haemaphysalis longicornis during 
embryogenesis using the indirect immunofluorescence antibody test 
(IFAT) at ×20 magnification. Normal mouse serum was used as a control. 
Arrows indicate FER2 protein fluorescence. Y yolk protein, B scutellum, Gb 
germ band, Lg leg.
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