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Abstract

Haemaphysalis longicornis (Neumann), a tick of public health and veterinary importance,
spend the major part of their life cycle off-host, especially the adult host-seeking period.
Thus, they have to contend with prolonged starvation. Here, we investigated the underlying
molecular mechanism of tick starvation endurance in the salivary glands, midguts, ovaries,
and Malpighian tubules of starved H. longicornis ticks using the data-independent acquisi-
tion quantitative proteomic approach to study the proteome changes. Essential synthases
such as glutamate synthase, citrate synthase, and ATP synthase were up-regulated proba-
bly due to increased proteolysis and amino acid catabolism during starvation. The up-regu-
lation of succinate dehydrogenase, ATP synthase, cytochrome c oxidase, and ADP/ATP
translocase closely fits with an increased oxidative phosphorylation function during starva-
tion. The differential expression of superoxide dismutase, glutathione reductase, glutathione
S-transferase, thioredoxin, and peroxiredoxin indicated fasting-induced oxidative stress.
The up-regulation of heat shock proteins could imply the activation of a protective mecha-
nism that checks excessive protein breakdown during starvation stress. The results of this
study could provide useful information about the vulnerabilities of ticks that could aid in tick
control efforts.

Author summary

Ticks are a common blood-sucking parasite, which spread many pathogens that cause
serious diseases such as Lyme disease to people. Ixodid ticks can take up to three blood
meals in their life. During the long process of waiting for their host in the wild, they have
evolved a strong ability to tolerate hunger, which should not take more than a year. To
study these tenacious molecular regulatory mechanisms, we conducted the DIA quantita-
tive proteomics technology to perform large-scale protein quantitative research on various
tissues of Haemaphysalis longicornis starved for a long time. Through the analysis of
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thousands of proteins produced by the performed research, the results showed that many
proteins in the ticks starved for a long time had expressed quantitative changes such as the
increased expression of some synthase enzymes. The large amount of data provided by
this study can help to better understand the molecular mechanism of ticks’ long-term
hunger tolerance. Although this study focuses on finding possible mechanisms for tick
starvation resistance at the protein level, the current findings may well have a bearing on
research about special activities such as ultra long-distance space travel in the dormant
state of the human body in the future.

1. Introduction

The Asian long-horned tick, Haemaphysalis longicornis Neumann, is a hard tick (Ixodidae)
that is widely distributed across China, Korea, Japan, Australia, New Zealand, and some South
Pacific Island Nations [1, 2]. In the United States of America, it was first identified in New Jer-
sey in 2017 [3], and since then, it has been reported in 11 more states [4, 5]. H. longicornis acts
as an important vector of diseases such as bovine theileriosis [6], babesiosis [7, 8], hemolytic
anemia [9], spotted fever group rickettsiae (SFGR) [10, 11], and severe fever with thrombocy-
topenia syndrome virus (SFTSV) [12, 13]. Thus, H. longicornis is a vector of public health and
veterinary importance.

One of the major stressors that ticks have to contend with during the off-host period is star-
vation, and this often presents the challenge of dehydration to hemaphatogous arthropods like
ticks given that the blood meal contains a large amount of water [14]. Reduction in energy
resources and significant challenges to ion and water homeostasis is associated with starvation
stress [15]. As with other ixodid ticks, the life of H. longicornis comprises a multi-stage life
cycle (larva, nymph, adult) with each stage depending on a blood meal for development and
reproduction (for adult stage) [16]. Although ixodid ticks feed only three times in their life,
their generation time can last for some years, which implies that their life cycle comprises of a
starvation period [17]. Most ixodid ticks like H. longicornis can withstand prolonged starvation
for an extended period of 1-2 years between feeding and it is the host-seeking period of the
adult stage that seems to be the longest in their life cycle [17]. In other words, they have to
spend the major part of their lives enduring starvation stress by relying on energy reserves
acquired in the previous session of blood meal [18]. When the nutrient reserves are exhausted,
they could employ autophagy and other physiological routes as survival strategies [17].

Although some ticks’ starvation-enduring strategies have been discussed in previous stud-
ies, however, information about the underlying molecular mechanisms of starvation endur-
ance in ticks is scarce and remains unclear. In the present study, a data-independent
acquisition (DIA) quantitative proteomic approach was employed to investigate the differen-
tial proteome changes in starved ticks in the hope of gaining further insight into how the tick
H. longicornis withstands prolonged starvation.

2. Methods
Ethics statement

Ethical guidelines of the institution were observed and all experimental protocols were
approved by the Animal Ethics Committee of Hebei Normal University (Protocol Number:
IACUC-157026).
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(a) Sample collection and tick rearing

The H. longicornis ticks used in this study were captured from the vegetation of Xiaowutai
Mountain National Nature Reserve of Hebei Province, China. The ticks were allowed to feed
on the ears of New Zealand white rabbits (Oryctolagus cuniculus) tied with earmuffs made of
white cloth. Each rabbit was kept at constant room temperature (25 + 1°C), and used for a sin-
gle infestation. During the non-feeding period, the ticks were maintained in artificial climate
incubators at 25 + 1°C, 75% relative humidity, and 16/8 h of L/D cycle as described by J Liu, Z
Liu, Y Zhang, X Yang and Z Gao [19]. Thereafter, hungry female ticks were selected for the
starvation experiment.

(b) Tick subjection to starvation, dissection, and protein extraction

Given that H. longicornis is relatively a small tick, to obtain sufficient proteins from the organs
for this experiment, 80 unfed adult female ticks were used per group making it 320 ticks in
total. Apart from the control group (newly molted adult), the experimental groups (A, B, and
C) were subjected to starvation for 2, 4, and 6 months respectively. Thereafter, each tick was
dissected in PBS containing protease inhibitor cocktail (Roche, Mannheim, Germany) at pH
7.2 and salivary glands, midguts, ovaries, and Malpighian tubules were collected, flash-frozen
in liquid nitrogen, and stored at -80°C until protein extraction. The protein extraction proto-
col was performed as previously described [20]. The frozen samples were deposited in a pre-
cooled glass homogenizer and ground in PBS buffer, and then the homogenate was transferred
into a 15 ml centrifuge tube. The homogenate for each of the samples was centrifuged for 10
min (4°C, 12,000 x g). The supernatant was collected, transferred into a new 15 ml centrifuge
tube, and 3 ml of Tris-saturated phenol (pH 7.8) was added to it. The mixture was vortexed for
1 min, centrifuged at 12,000 X g for 10 min at 4°C, and the aqueous phase was discarded.
Then, 3 ml of 50 mM Tris-HCI with a pH of 8.0 was added and the mixture was thoroughly
mixed (vortexed) for 1 min and centrifuged for 10 min (4°C, 12,000 x g). Thereafter, the upper
aqueous phase was removed, and then for the protein content to be precipitated, 0.1 M ammo-
nium acetate in methanol was added after which it was stored at -20°C overnight. Then, the
protein was subjected to 10 min centrifugation (4°C, 12,000 X g) before the supernatant was
discarded. The protein pellets were further washed with methanol, lyophilized, and stored at -
80°C.

(c) Protein digestion

The protein digestion was carried out as previously described [20]. The protein sample from
each processing group was reduced in a 10 mM dithiothreitol solution at 37°C for 30 min, and
alkylated with 20 mM jodoacetamide solution in the dark for 45 min at 25°C. Then, the pro-
teins were digested at 37°C for 12 h with trypsin (1:50 w/w, ThermoFisher Scientific, USA).
Thereafter, a C18 solid-phase extraction column (CNW, Anpel, China) was used to desalinate
the digested peptides. Afterward, the normalization of the purified peptide concentration was
performed to a common value using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
The digestion efficiency was monitored with LC-MS (Q Exactive HF, Thermo Fisher, Wal-
tham, MA, USA).

(d) DIA quantitative proteomic analysis

The salivary glands, midguts, ovaries, and Malpighian tubules of female ticks after different
starvation (0 month, 2 month, 4 month, and 6 month) were quantitatively analyzed by DIA
proteomics method. There were 4 sampling time points for each tissue, and the test was
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repeated 3 times, with a total of 12 samples. Therefore, there were 48 samples from the above
three tissues. Each sample was resuspended in solvent A (99.9% H,0, 0.1% FA) containing
iRT reagent (Biognosys Spectronaut, Switzerland). DIA quantitative analyses were performed
using LC-MS with a UPLC M-Class system (Waters, USA) and a Q Exactive HF mass spec-
trometer (Thermo Fisher, Waltham, MA, USA). After loading each sample onto a C18 RP trap
column (5 um particle size, 100 A pore size, 180 um ID x 20 mm length; Waters, USA), they
were separated on a C18 RP analytical column (1.8 um particle size, 75 pm ID x 250 mm
length; Waters, USA) at a flow rate of 300 nL/min with the linear ACN gradient as follows:
2-8% solvent B over 6 min and 8-35% solvent B over the next 114 min (solvent A: 99.9% H,O,
0.1% FA; solvent B: 99.9% ACN, 0.1% FA). The sample was electrosprayed into the Q Exactive
HF mass spectrometer (voltage: 2.0 KV, heating capillary temperature: 290°C), and the param-
eters were set. DIA mode parameters of Q Extractive HF were set as follows: (a) scanning
range was 350-1200 m/z; (b) resolution of the precursor ion was 60,000; (c) automatic gain
control (AGC) target was 3x%10°% (d) maximum ion injection time (maximum IT) was 50 ms;
(e) 27% HCD normalized collision energy; (f) DIA method set as: Full MS (350 to 1250 m/z),
followed by 20 DIA MSMS, DIA isolation window (IW) were 59.0 m/z, 25.0 m/z, 19.0 m/z,
17.0 m/z, 13.0 m/z, 13.0 m/z, 11.0 m/z, 12.0 m/z, 12.0 m/z, 11.0 m/z, 12.0 m/z, 9.0 m/z, 10.0 m/
z,10.0 m/z, 11.0 m/z, 10.0 m/z, 10.0 m/z, 9.0 m/z, 10.0 m/z, 10.0 m/z, respectively; then Full
MS (350 to 1250 m/z), followed by 20 DIA MSMS (IW) were 10.0 m/z, 9.0 m/z, 10.0 m/z, 8.0
m/z, 9.0 m/z, 9.0 m/z, 10.0 m/z, 10.0 m/z, 10.0 m/z, 10.0 m/z, 9.0 m/z, 10.0 m/z, 10.0 m/z, 10.0
m/z, 10.0 m/z, 10.0 m/z, 11.0 m/z, 10 m/z, 10 m/z, 11 m/z, respectively; then Full MS (350 to
1250 m/z), followed by 20 DIA MSMS (IW) were 10 m/z, 11 m/z, 12 m/z, 11 m/z, 13 m/z, 13
m/z, 13 m/z, 14 m/z, 13 m/z, 14 m/z, 14 m/z, 19 m/z, 18 m/z, 20 m/z, 27 m/z, 24 m/z, 33 m/z,
45 m/z, 56 m/z, 91 m/z, respectively. (g) MSMS scan resolution was 30, 000, AGC target was
1x10°. Raw data were analyzed using version 15.0 Spectronaut software (Switzerland), and
using the default parameters for DIA data analysis (FDR<1%). The database of the H. longicor-
nis proteins derived from transcriptome sequencing (NCBI accession Number:
GHLT00000000) was utilized for the DIA mass spectra searching. To exclude the possibility of
result contamination, the rabbit (Oryctolagus cuniculus) and human keratin sequences were
used as the contaminated database for proteomic searching. The selected search parameters
were as follows: (i) trypsin digestion with 2 missed sites; (ii) N-terminal acetylation, variable
modifications set methionine oxidation; (iii) fixed modifications set carbamidomethylation of
cysteine. The proteomics data from the mass spectrometry was deposited to the ProteomeX-
change Consortium (http://proteomecentral.proteomexchange.org) through the iProX partner
repository with the dataset identifier PXD031596. Proteins between different groups contain-
ing at least two unique peptides, a Q value <0.05, and an expression change value >2-fold
were considered to have significant expression changes (<0.5 is down-regulated and >2 is up-
regulated), which was the basis for further data analysis and discussion.

(e) Bioinformatic analysis

All the differentially expressed proteins were subjected to bioinformatics analysis. GProX was
used for clustering the proteins with similar expression change patterns [21]. The number of
clusters was set to 5, and the regulation threshold was fixed at 1 and -1 for protein up-regula-
tion and down-regulation, respectively, which corresponds with the original ratios of 2 and
0.5, respectively. The principal component analysis (PCA), volcano plots intersection graph,
and KEGG figures were drawn using the online analysis software Omicsolution (https://www.
omicsolution.org/wkomics/main/). At the same time, omicsolution was also used to obtain the
Gene Ontology (GO) functional, while the pathways associated with the differential protein
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expressions were identified with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http://www.kegg.jp/kegg/).

3. Results
(a) Protein identification summary

S1 Fig shows the experimental workflow of the DIA quantitative proteomics. After the ticks
were subjected to prolong starvation periods, the proteins were extracted, digested with tryp-
sin, subjected to LC/MS identification and data analysis, the proteins were identified and
quantitative results were obtained. A total of 4016 proteins (S1 Table) were identified in the
salivary glands, 3513 proteins (S2 Table) were identified in the midguts, 3074 proteins (S3
Table) were identified in the ovaries, and 2382 (54 Table) proteins were identified in the Mal-
pighian tubules. Furthermore, the proteins that can be identified in each repeat were counted,
and other proteins with filtered values were filtered out. The intersection graph showed the
overlap of proteins from four groups (experimental and control groups) (Fig 1A-1D). A total
of 3409, 2360, 1833, and 377 high-confidence proteins were shared among all the four groups
in the salivary glands (Fig 1A), midguts (Fig 1B), ovaries (Fig 1C), and Malpighian tubules (Fig
1D), respectively.

(b) PCA and proteome analysis

To evaluate the quality of the proteome data, principal component analysis (PCA) was per-
formed using the four replicates of each treatment group (Fig 2), which indicated high repro-
ducibility of the repeated experiments of each group. Take the salivary glands (Fig 2A) as an
example, the result showed significant differences between the experimental groups and the
control group, whereas the differences among the four replicates within each group were
smaller. To display changes in the expression levels of all the identified proteins at different lev-
els/months of starvation compared with those at 0 months, the volcano plots (Fig 3) were con-
structed, the plots showed that there were more differentially expressed proteins in the salivary
glands (Fig 3A) and midguts (Fig 3B). With the prolongation of starvation time, the number of
down-regulated proteins in ovaries was increasing (Fig 3C), however, there were more up-reg-
ulated proteins in the Malpighian tubules (Fig 3D).

(c) Cluster analysis of differentially expressed proteins

Cluster analysis was performed using proteins that intersected all groups in the salivary glands
(3409 proteins), midguts (2360 proteins), ovaries (1833), and Malpighian tubules (377 pro-
teins) (Fig 4). Through GProX Platform, proteins in each tissue were divided into 5 expression
types: continuous up-regulation, continuous down-regulation, down-regulation after up-regu-
lation, up-regulation after down-regulation, and irregular change. In this way, a large number
of protein expression trends can be clearly classified during the long-term starvation tolerance
process of ticks, and the understanding of protein expression characteristics is strengthened.
For the salivary glands (Fig 4A), 1740 proteins exhibited no significant changes in expression,
whereas 1669 proteins showed significant changes in their expression levels. For the midguts
(Fig 4B), 954 proteins showed no significant changes in expression levels, while 1406 proteins
had significant changes. In the ovaries (Fig 4C), 949 proteins showed no significant changes in
expression levels, but 884 proteins were significant changes. From the 377 proteins in the Mal-
pighian tubules (Fig 4D), only 8 proteins showed no significant changes in protein expression
levels, whereas 369 proteins showed significant changes in their expression levels. There were
variations in the change trends for the differentially expressed proteins (DEPs). In salivary
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glands (Fig 4A), 229 proteins showed a continuous up-regulation trend in cluster 2; 439 pro-
teins continued to decrease in cluster 5, while cluster 3 showed that 384 proteins remained sta-
ble from 0 to 4 months of starvation, and began to decrease sharply from 4 to 6 months. In the
midguts (Fig 4B), although 341 proteins fluctuated between 2 and 4 months of starvation, they
generally showed a downward trend, while 233 proteins generally showed an upward trend,
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and 444 proteins decreased significantly after 2 months of starvation, This indicates that H.
longicornis may alleviate the adverse effects of hunger through the continuous degradation of
these proteins, so that it can survive better. In the ovaries (Fig 4C), the proteins of cluster 1 and
cluster 3 showed similar trends as those of cluster 1 and cluster 2 in the midguts. 164 proteins
in cluster 4 remain stable in the early stage of starvation, and decline sharply from the 4th
month to the 6th month of starvation, indicating that these proteins may have important
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Fig 3. Volcano plot analysis of four tissues of female H. longicornis in different periods of starvation. The red triangle represents
up-regulation whereas the blue square represents down-regulation, and the green circle represents no change. SG: Salivary glands;
MG: Midguts; OV: Ovaries; MT: Malpighian tubules. 0 m: 0 month (control), 2 m: 2 months, 4 m: 4 months, 6 m: 6 months. A-C.
Salivary glands, A: 2 m/0 m, B: 4 m/0 m, C: 6 m/0 m; D-F. Midguts, D: 2 m/0 m, E: 4 m/0 m, F: 6 m/0 m; G-1. Ovaries, G: 2 m/0 m,
H: 4 m/0 m, I: 6 m/0 m; J-L. Malpighian tubules. J: 2 m/0 m, K: 4 m/0 m, L: 6 m/0 m.

https://doi.org/10.1371/journal.pntd.0010692.g003

functions in vivo and remain stable in the early stage. In the Malpighian tubules (Fig 4D), 97
proteins showed a significant upward trend, and 79 proteins began to up-regulate rapidly in
the early stage of hunger, and maintained a high level, indicating that these proteins may have
important value in resisting hunger. Although all proteins in the Malpighian duct fluctuate,
they generally showed an upward trend, which may be related to its excretory function.

(d) Function annotation (GO) of the DEPs

Gene ontology (GO) enrichment analysis was performed to show the functions of the DEPs
responding to starvation stress. The DEPs-associated functional categories in response to star-
vation stress are shown in Fig 5. In salivary glands (Fig 5A), 146 terms were enriched in biolog-
ical processes, of which sulfation, protein transport, and intra Golgi vesicle mediated transport
were the most enriched. In the molecular function category, 153 terms were enriched, of
which 19 proteins were enriched in ATP binding. 74 terms were enriched in the cellular com-
ponent, and 24 proteins were in the nucleus term (Fig 5A; S5 Table). 237 terms of biological
processes were enriched in the DEPs of the midguts (Fig 5B), of which 10 proteins are involved
in the process of translation. A total of 252 terms were enriched in molecular functions, most
of which were ATP binding, RNA binding, structural constitution of ribosome, and metal
binding. 103 terms were enriched in the cellular component, of which 40 of these proteins
were enriched in cytoplasm (Fig 5B; S6 Table). In the ovaries (Fig 5C), 58 terms were enriched
in biological processes and 61 terms were enriched in molecular functions, of which metal ion
binding accounted for more proteins, and 34 terms were enriched in the cellular component.
Cytoplasm term accounted for a large proportion DEPs in the cellular component (Fig 5C; S7
Table). Tricarboxylic acid cycle accounts for the largest proportion of DEPs in the biological
processes of Malpighian tubules (Fig 5D). A total of 130 terms were enriched in the molecular
function of Malpighian tubules, and 35 terms were enriched in the cellular component, among
which the most DEPs were in cytosol and cytoplasm (Fig 5D; S8 Table).

(e) KEGG pathway analysis of DEPs

The differentially expressed proteins were subjected to KEGG pathway enrichment analysis
(Fig 6). The most significantly enriched KEGG pathways in the salivary glands (Fig 6A; S9
Table) include “Metabolic pathways”, “DNA replication”, “Glutathione metabolism”, “Drug
metabolism-other enzymes”, and “Purine metabolism”, among others. In the midguts (Fig 6B;
S10 Table), the most enriched pathways include “Metabolic pathways”, “Lysosome”, “Protein
processing in endoplasmic reticulum”, “Ribosome”, “Fatty acid metabolism”, and “Biosynthe-
sis of cofactors”, among others. The most significant KEGG pathways enriched for DEPs in
the ovaries (Fig 6C; S11 Table) pertained to “Metabolic pathways”, “Carbon metabolism”, “Cit-
rate cycle (TCA cycle)”, “Pyruvate metabolism”, and “2-Oxocarboxylic acid metabolism”,
among others. In the Malpighian tubules (Fig 6D; S12 Table), the “Metabolic pathway” was the
most enriched pathway. Other significantly enriched pathways include “Carbon metabolism”,
“Biosynthesis of amino acids”, and “Citrate cycle (TCA cycle)”. “Metabolic pathway”, which is
the most abundant pathway in all the organs indicates that many metabolism-related proteins

play an important role in the starvation tolerance of H. longicornis.
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Fig 4. Cluster analysis of intersected proteins in four tissues of female H. longicornis at different stages of
starvation. The intersected proteins were divided into 5 categories, and 0 represents the number of proteins with no
change. A. Salivary glands, B. Midguts, C. Ovaries, D. Malpighian tubules.

https://doi.org/10.1371/journal.pntd.0010692.9004

4. Discussion

Ticks spend the major part of their lives off-host where they have to rely on energy reserves
obtained from the previous blood-feeding session, and the challenge of starvation arises once
the energy reserve is depleted [18]. Unlike most arthropods, ticks are obligate blood-feeding
organisms, have to endure a period of about 1 to 2 years between feedings [22]. To survive for
along period, they have to contend with diverse environmental stressors such as starvation
and dehydration. Here, we investigated the proteome changes in H. longicornis ticks in
response to prolonged starvation to gain further insight into how ticks survive prolonged star-
vation during the long-term off-host period.

Vital synthases such as glutamate synthase, citrate synthase, ATP synthase, and ATP-citrate
synthase were up-regulated in the Malpighian tubules. Also, glutamate synthase was up-regu-
lated in the ovaries and salivary glands. ATP synthase was up-regulated in the salivary glands
(Table 1). Notably, increased proteolytic activities and amino acid catabolism take place during
starvation to enhance the production and addition of glutamine into circulation [23]. Gluta-
mine is essential for the reactivation of mTORC1 by autophagy during amino acid starvation
[24]. The up-regulation of glutamate synthase could be associated with glutamine-glutamate
metabolism. The conversion of glutamine to glutamate and restoration of non-essential amino
acid (NEAA) pool culminate in mTORCI reactivation [24]. Unlike in the Malpighian tubules
and ovaries, there was no significant changes in citrate synthase (a key mitochondrial enzyme)
expression in the salivary glands and midguts. Similarly, there were no significant changes in
the expression of citrate synthase in some tissues in the invertebrate Sepia officinalis, such as
gill tissue [25]. However, S. officinalis was fasting for only 12 days. If S. officinalis, like the ticks
in this experiment, is starved for several months, a similar phenomenon may occur. It is not
clear why the expression patterns of citrate synthase in the salivary glands were different from
that of other tissues. Further investigation is required to get a possible explanation for this dif-
ferential expression pattern. Most of the proteins synthesized by these synthases as aforemen-
tioned were involved in energy production. Although the expression of these proteins found
in this study has not been clearly reported in the other research about long-term starving ticks,
the mRNA expression of some genes (such as 6-phosphofructo-2-kinase/fructose 2,6-bispho-
sphatase) related to carbohydrate metabolism in the long-term starved tick Dermacentor mar-
ginatus was significantly increased. Most of these proteins were also involved in glycolysis and
other cycle reactions related to energy production, but unfortunately, the tissue-specific
expression was not clearly given, so it is impossible to accurately compare them with the signif-
icantly up-regulated proteins found in this study [26].

ATP synthase and succinate dehydrogenase are crucial mitochondrial oxidative phosphory-
lation enzymes. Both were up-regulated in the Malpighian tubules and ovaries (6 m down-reg-
ulated) of starved H. longicornis ticks in the present study. This was corroborated in a study
where succinate dehydrogenase, ATP synthase, and cytochrome c oxidase genes were up-regu-
lated after three weeks of starvation in Paralichthys adspersus [27]. However, there was no sig-
nificant increase in ATP synthase expression in the fat bodies of the blood sucking insect
Panstrongylus megistus, which had been starved for 7 days [28]. This may be related to tissue
specificity. ATP-dependent processes in the liver (gluconeogenesis, B-oxidation of fatty acids,
and ureagenesis) which supply ketogenic substrates are activated by starvation [29]. This stim-
ulation of oxidative phosphorylation by long-term starvation could be a function of metabolic
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https://doi.org/10.1371/journal.pntd.0010692.g006

adaptation involving elevated rate of lipolysis, ketogenesis, increased hepatic fatty acid oxida-
tion, and reduced uptake of glucose and oxidation in peripheral tissues as observed in long-
term starved Sparus aurata [30]. A similar phenomenon also occurred in the long-term starved
tick D. marginatus. In the study of the long-term starved tick D. marginatus, the transcription
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Table 1. Selected differentially expressed proteins during starvation in H. longicornis.

Protein names ID organs Expression levels of proteins
2m/0m 4m/0 m 6 m/0 m
Synthases
Glutamate synthase m.32109 SG - - T
ov T - T
MT - T 1
Citrate synthase m.24599 oV T T -
MT 1 i 1
ATP synthase m.11600 SG T T -
ov 1 1 1
m.11980 MT 1 1 1
ATP-citrate synthase m.39732 MT - T )
Mitochondrial oxidative phosphorylation
Succinate dehydrogenase m.32953 ov T T -
MT - T T
Cytochrome c oxidase m.11993 SG T T -
m.3932 ov 1 i 1
ADP/ATP translocase m.20555 SG T T -
ov T i -
MT 1 T 1
Antioxidant enzymes
Superoxide dismutase m.45483 MT ) T )
Glutathione S-transferase m.15854 MT ) T )
Thioredoxin m.22450 MG ) T )
MT T - T
m.40240 MT 1 T i
Thioredoxin reductase m.33183 MG T T T
MT 1 T -
m.34237 ov 1 1 1
Peroxiredoxin m.24185 MT T T T
Other important proteins
Ferritin m.8017 SG ) T )
MG 1 i 1
ov T T -
MT - 1 1
Vitellogenin-1 m.43085 SG - - |
MG - - |
ov ! ! !
MT 1 1 1
Vitellogenin-2 m.22646 SG | 1 |
m.6201 MG - T i
m.39719 ov 1 I -
MT - - 1
(Continued)
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Table 1. (Continued)

Protein names ID

Heat shock protein m.15080 SG -
m.10577 MG
m.15080 ov
m.10577 MT

organs Expression levels of proteins
2m/0 m 4m/0 m 6 m/0 m

— = =
— = = =
— = = =

m.14185
m.10939
m.38491
m.34084
m.26040

SG: Salivary glands; MG: Midguts; OV: Ovaries; MT: Malpighian tubules; 1: up-regulated; |: down-regulated;-: no significant change.

https://doi.org/10.1371/journal.pntd.0010692.t001

levels of mRNAs of proteins associated with metabolism and lipid metabolism plus the
mRNAs of carbohydrate metabolism related proteins, were also up-regulated [26]. Hence, this
elevated oxidative phosphorylation activity during prolonged starvation enhances substrate
oxidation with the corresponding ATP supply and this could be responsible for the ability of
most ticks to survive more than a year without blood acquisition. Further studies are required
for an in-depth understanding of the dynamics of ATP synthase and succinate dehydrogenase
expression during starvation.

Other important proteins involved in the mitochondrial oxidative phosphorylation that
were showing an up-regulated trend in H. longicornis salivary glands and ovaries include Cyto-
chrome c oxidase (COX) and ADP/ATP translocase (ADPT) (Although the expression of
ADP/ATP translocase was labile. ADPT was also up-regulated in the Malpighian tubules.).
This was consistent with the up-regulation of COX and ADPT in the liver of S. aurata after
prolonged starvation [30]. The up-regulation of these proteins closely fits with an increased
oxidative phosphorylation function during starvation. The up-regulation of COX could be
based on the hypothesis of the relevance of COX6A2 expression during starvation which was
supported by animal sensitivity to food deprivation and the accompanying loss of weight [31].
The expression of ADP/ATP translocase was unstable in this study as it was up-regulated on
the second and fourth month but the expression of this protein at the sixth month of starvation
was restored to the same level as that in 0 month. A possible explanation could be based on the
fact that the expression of ADPT is in proportion to the level of respiratory activity of the tissue
[32]. In addition, availability of different ADPT proteins may not necessarily display functional
differences but rather play a key role in regulating their expression levels depending on the
energy requirement and variety of stimuli [33].

In the Malpighian tubules of H. longicornis tick, all the heat shock proteins (HSPs) detected
in the present study were highly up-regulated throughout the starvation period, indicating the
vital role of the HSPs during starvation stress. We found that the high expression of HSPs
found in this study were consistent with the significant increase of transcription levels of
almost all mRNAs of HSPs (60, 70, 90, small heat shock protein) found in long-term starving
tick D. marginatus [26]. This strongly corroborates the high expression of HSPs in previous
studies during prolonged food deprivation in insects [34-36]. It was reported that Rhodnius
prolixus, a hematophagous insect, died prematurely within 32-40 days after the knockdown of
HSP70 and subjection to starvation, compared to the control group [35]. The mortality of the
insects may be due to the inability to resist starvation stress caused by the absence of the HSP
or the inability to tolerate the increased hydric stress due to the lack of water associated with
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the long period of blood meal deprivation [37]. HSPs serve as molecular chaperones that main-
tain the structure of essential proteins and preserve enzymatic functions, especially during dif-
ferent stress conditions [38]. During prolonged starvation stress, there is breakdown/damage
of vital proteins, and HSPs serve as key sensors, which leads to an increase in more HSP pro-
duction. These HSPs fix misfolded key proteins and restore their conformation; thus, the
increase in the expression of HSPs acts as a protective mechanism that checks excessive protein
breakdown [39]. Unlike most insects, ticks have an extra-ordinary ability to withstand long
period of starvation and a possible explanation could be the high expression profile of their
numerous HSPs during prolonged starvation stress as reflected in the present study.

A growing body of scientific reports has indicated that prolonged fasting-induced oxidative
stress in higher organisms is often marked by the up-regulation of most antioxidant enzymes
[40-44]. In this study, the antioxidant enzymes were differentially expressed in H. longicornis
ticks subjected to prolonged starvation and they include superoxide dismutase (SOD), gluta-
thione reductase (GR), glutathione S-transferase (GST), thioredoxin, thioredoxin reductase,
and peroxiredoxins (Prx). Unlike in the salivary glands, SOD was up-regulated throughout the
fasting period in the Malpighian tubules, an expected result given the excretory and homeo-
static role of the Malpighian tubules. This result is consistent with the increased activity of
SOD in the liver of fish deprived of food for 5 weeks [40]. To further corroborate these find-
ings, a study performed with the tick D. marginatus subjected to long-term starvation exhib-
ited antioxidant response via the up-regulation of mRNA of antioxidant genes including SOD,
GST, catalase, and glutathione peroxidase [26]. When starvation prolongs and exceeds the tol-
erance threshold of cells, the resultant accumulation of reactive oxygen species (ROS) in the
mitochondria leads to extensive autophagy. To inhibit this large-scale autophagy, the cells acti-
vate a rapid response antioxidant defense mechanism mediated by endogenous antioxidant
enzymes such as SOD, and GST, among others [43]. The increase of SOD can prolong the life-
span of SOD-deficient Drosophila melanogaster and improve their tolerance to oxidative stress
[45]. At the same time, the study of invertebrate Caenorhabditis elegans showed that the life
span of oxidative stressed nematodes could be prolonged by providing antioxidants [46].
Unsurprisingly, a study that investigated the physiological and transcriptomic shifts caused by
prolonged starvation of D. variabilis ticks reported high proteolytic and autophagic activities
which facilitate the mobilization of endogenous nutrients [47]. Additionally, Prx was up-regu-
lated in the Malpighian tubules throughout the length of the starvation period (2, 4, and 6
months). Although the role of Prx has been overshadowed by other popular oxidative stress
defense enzymes such as SOD, it is a widely distributed peroxidase and arguably the most
essential peroxide and peroxynitrite scavenging enzyme in biology [48, 49]. A study unraveled
another vital function of Prxs as facilitators of insulin biosynthesis and glucose-induced insulin
secretion in insulin-secreting INS-1E cells [50]. When peroxiredoxin 4 (Prdx4) is overex-
pressed in glucose-responsive insulin-secreting INS-1E cells, it significantly utilized luminal
hydrogen peroxide (H,O,) to improve the glucose-induced insulin secretion with the corre-
sponding facilitation of proinsulin mRNA transcription [50]. This role of Prxs may signifi-
cantly contribute to the sustenance of the ticks’ energy level to carry out the basic metabolic
activity during the prolonged starvation period.

Ferritin is an iron storage protein that is vital to the blood-feeding and reproduction success
in H. longicornis [51]. It was up-regulated in most of the organs in the present study. A possible
explanation could be that the partial degradation of ferritin to release iron during stress with
the corresponding increase in the iron levels, influences the activity of iron-responsive proteins
which in turn increase translation of ferritin [52, 53]. The increased expression of ferritin
mRNA in long-term starving tick D. marginatus has been found [26]. Our results further con-
firmed this conclusion from the protein level. The main function of FTL (ferritin light chain)
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is iron storage and its synthesis is regulated on both transcriptional and translational levels
[53]. Additionally, the up-regulation of ferritin may have been induced by the oxidative stress
generated by prolonged starvation given that a previous study demonstrated the essential anti-
oxidant role of ferritins in H. longicornis tick [54].

Ticks have strong reproductive capacity. A female tick can produce thousands of eggs. In
the present study, vitellogenin-1 (Vg-1) and vitellogenin-2 (Vg-2) (two major hemolymph pro-
teins of H. longicornis ticks, which are also the main precursors of egg yolk in ticks via the pro-
cess known as vitellogenesis) were down-regulated in the ovaries and midguts of starved H.
longicornis tick. Blood feeding induces vitellogenesis in ticks, and Vg synthesis is deemed to
take place in the fat body [55]. At the same time, the down-regulation of vitellogenin is consis-
tent with a previous study where starvation significantly reduced the hemolymph levels of
vitellogenin in starved Lubber grasshopper [55]. There is a strong correlation between adult
nutrition and reproductive output in many arthropods [56, 57]. This has been demonstrated
in hematophagous insects such as mosquitoes [58], and triatomid bugs [59], where egg pro-
duction depended on adult feeding. Similarly, ticks require a blood meal for reproduction and
the synthesis of vitellogenin depends on the nutrients derived from the blood [60].

Conclusion

Ticks can survive a long period of starvation, unlike most arthropods. This study gave insight
into the implications of the changes in the proteomes of H. longicornis tick in response to star-
vation using a quantitative proteomic approach. Although there were some other differentially
expressed proteins whose role during starvation was unknown, this study investigated the star-
vation-induced protein expression and the roles of some essential proteins classes including
mitochondrial oxidative phosphorylation proteins, storage proteins, molecular chaperones/
housekeeping proteins, antioxidation enzymes, and a reproductive protein. The results of this
study help in the understanding of the molecular adaptation of ticks during prolonged starva-
tion and in addition could provide insights into tick vulnerabilities that may aid in tick control
efforts.

Data accessibility statement

All mass spectrometry proteomics data have been deposited to the ProteomeXchange Consor-
tium (http://proteomecentral. proteomexchange.org) via the iProX partner repository with the
dataset identifier PXD031596.

Supporting information

S1 Fig. The overall experimental workflow for the quantitative proteomic analysis of total
protein changes in key organs of starved H. longicornis.
(TIF)

S§1 Table. The original search results of salivary glands, the identification number of four
periods, intersection protein, and the differential multiple of protein expression. 0 m: 0
month (control), 2 m: 2 months, 4 m: 4 months, 6 m: 6 months. The p-value that was the basis
for the g-value calculation. The p-value is calculated was the inverse cumulative distribution
function of the decoy distribution for a given C-score. Calculated by T test.

(XLSX)

$2 Table. The original search results of midguts, the identification number of four periods,
intersection protein, and the differential multiple of protein expression. 0 m: 0 month
(control), 2 m: 2 months, 4 m: 4 months, 6 m: 6 months. The p-value that was the basis for the
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g-value calculation. The p-value is calculated was the inverse cumulative distribution function
of the decoy distribution for a given C-score. Calculated by T test.
(XLSX)

S3 Table. The original search results of ovaries, the identification number of four periods,
intersection protein and the differential multiple of protein expression. 0 m: 0 month (con-
trol), 2 m: 2 months, 4 m: 4 months, 6 m: 6 months. The p-value that was the basis for the q-
value calculation. The p-value is calculated was the inverse cumulative distribution function of
the decoy distribution for a given C-score.

(XLSX)

S4 Table. The original search results of Malpighian tubules, the identification number in
four periods, the intersection protein and the differential multiple of protein expression. 0
m: 0 month (control), 2 m: 2 months, 4 m: 4 months, 6 m: 6 months. The p-value that was the
basis for the q-value calculation. The p-value was calculated as the inverse cumulative distribu-
tion function of the decoy distribution for a given C-score. Calculated by T test.

(XLSX)

S5 Table. Gene Ontology (GO) enrichment analysis of differentially expressed proteins in
salivary glands. The p-value was calculated by the software according to the number of pro-
teins included in each GO term in the database, the number of all proteins included in the
database, the number of proteins uploaded in this analysis, and the number of proteins
enriched in GO term.

(XLSX)

S6 Table. Gene Ontology (GO) enrichment analysis of differentially expressed proteins in
midguts. The p-value is calculated by the software according to the number of proteins
included in each GO term in the database, the number of all proteins included in the database,
the number of proteins uploaded in this analysis, and the number of proteins enriched in GO
term.

(XLSX)

§7 Table. Gene Ontology (GO) enrichment analysis of differentially expressed proteins in
ovaries. The p-value is calculated by the software according to the number of proteins
included in each GO term in the database, the number of all proteins included in the database,
the number of proteins uploaded in this analysis, and the number of proteins enriched in GO
term.

(XLSX)

S8 Table. Gene Ontology (GO) enrichment analysis of differentially expressed proteins in
Malpighian tubules. The p-value is calculated by the software according to the number of pro-
teins included in each GO term in the database, the number of all proteins included in the
database, the number of proteins uploaded in this analysis, and the number of proteins
enriched inGO term.

(XLSX)

S9 Table. KEGG pathway analysis of differentially expressed proteins in salivary glands.
GeneRatio: the number of uploaded proteins enriched in the pathway / the number of
uploaded proteins; BgRatio: the number of proteins in this pathway in the database / all the
numbers in the database; p-value: calculated by constructing a 2 x 2 contingency table based
on the above two data; p adjust and g-value are the corrected p-values.

(XLSX)
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$10 Table. KEGG pathway analysis of differentially expressed proteins in midguts. GeneR-
atio: the number of uploaded proteins enriched in the pathway / the number of uploaded pro-
teins; BgRatio: the number of proteins in this pathway in the database / all the numbers in the
database; p-value: calculated by constructing a 2 x 2 contingency table based on the above two
data; p adjust and g-value are the corrected p-values.

(XLSX)

S11 Table. KEGG pathway analysis of differentially expressed proteins in ovaries. GeneRa-
tio: the number of uploaded proteins enriched in the pathway / the number of uploaded pro-
teins; BgRatio: the number of proteins in this pathway in the database / all the numbers in the
database; p-value: calculated by constructing a 2 x 2 contingency table based on the above two
data; p adjust and g-value are the corrected p-values.

(XLSX)

$12 Table. KEGG pathway analysis of differentially expressed proteins in Malpighian
tubules. GeneRatio: the number of uploaded proteins enriched in the pathway / the number
of uploaded proteins; BgRatio: the number of proteins in this pathway in the database / all the
numbers in the database; p-value: calculated by constructing a 2 x 2 contingency table based
on the above two data; p adjust and g-value are the corrected p-values.

(XLSX)

Acknowledgments

Thank Dr. Shisheng Wang (West China Hospital, Sichuan University) and Dr. Chengpin Shen
(Omicsolution Co., Ltd) for giving some advices about data analysis and "Wu Kong’ platform
(https://www.omicsolution.com/wkomics/main/) for relative quantitative proteomics analysis.

Author Contributions

Data curation: Ningmei Wang, Han Wang, Aimeng Ji, Ning Li, Guomin Chang.
Investigation: Ningmei Wang, Han Wang.

Project administration: Jingze Liu, Hui Wang.

Resources: Aimeng Ji, Ning Li, Guomin Chang.

Visualization: Ningmei Wang, Han Wang.

Writing - original draft: Desmond O. Agwunobi.

Writing - review & editing: Jingze Liu, Hui Wang.

References

1. Hoogstraal H, Roberts FH, Kohls GM, Tipton VJ. Review of Haemaphysalis (kaiseriana) Longicornis
Neumann (resurrected) of Australia, New Zealand, New Caledonia, Fiji, Japan, Korea, and Northeast-
ern China and USSR, and its parthenogenetic and bisexual populations (Ixodoidea, Ixodidae). J Parasi-
tol. 1968; 54:1197-213. PMID: 5757695

2. Steele JH. The zoonoses in the South Pacific and their public health significance. Int J Zoonoses. 1977;
4:1-20. PMID: 328423

3. Rainey T, Occi JL, Robbins RG, Egizi A. Discovery of Haemaphysalis longicornis (Ixodida: Ixodidae)
Parasitizing a Sheep in New Jersey, United States. J Med Entomol. 2018; 55:757-9. https://doi.org/10.
1093/jme/tjy006 PMID: 29471482

4. Duncan KT, Sundstrom KD, Saleh MN, Little SE. Haemaphysalis longicornis, the Asian longhorned
tick, from a dog in Virginia, USA. Veterinary Parasitology: Regional Studies and Reports. 2020;
20:100395. https://doi.org/10.1016/j.vprsr.2020.100395 PMID: 32448533

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010692  August 22, 2022 19/22


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010692.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010692.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010692.s013
https://www.omicsolution.com/wkomics/main/
http://www.ncbi.nlm.nih.gov/pubmed/5757695
http://www.ncbi.nlm.nih.gov/pubmed/328423
https://doi.org/10.1093/jme/tjy006
https://doi.org/10.1093/jme/tjy006
http://www.ncbi.nlm.nih.gov/pubmed/29471482
https://doi.org/10.1016/j.vprsr.2020.100395
http://www.ncbi.nlm.nih.gov/pubmed/32448533
https://doi.org/10.1371/journal.pntd.0010692

PLOS NEGLECTED TROPICAL DISEASES Response of ticks to starvation

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21,

22,

23.

24,

25.

USDA: National Haemaphysalis longicornis (Asian longhorned tick) situation report. https://www.aphis.
usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf (2020). Accessed
21 February 2021.

Heath A. Biology, ecology and distribution of the tick, Haemaphysalis longicornis Neumann (Acari: Ixo-
didae) in New Zealand. N Z Vet J. 2016; 64:10-20. https://doi.org/10.1080/00480169.2015.1035769
PMID: 25849758

Ikadai H, Sasaki M, Ishida H, Matsuu A, Igarashi |, Fujisaki K, et al. Molecular evidence of Babesia equi
transmission in Haemaphysalis longicornis. Am J Trop Med Hyg. 2007; 76:694—7. PMID: 17426172

Jongejan F, Su B-L, Yang H-J, Berger L, Bevers J, Liu P-C, et al. Molecular evidence for the transovarial
passage of Babesia gibsoniin Haemaphysalis hystricis (Acari: Ixodidae) ticks from Taiwan: a novel vec-
tor for canine babesiosis. Parasites Vectors. 2018; 11:1-8.

Chen Z, Liu Q, Liu J-Q, Xu B-L, Lv S, Xia S, et al. Tick-borne pathogens and associated co-infections in
ticks collected from domestic animals in central China. Parasit Vectors. 2014; 7:1-8.

Uchida T, Yan Y, Kitaoka S. Detection of Rickettsia japonica in Haemaphysalis longicornis ticks by
restriction fragment length polymorphism of PCR product. J Clin Microbiol. 1995; 33:824-8. https://doi.
org/10.1128/jcm.33.4.824-828.1995 PMID: 7790445

Tabara K, Kawabata H, Arai S, Itagaki A, Yamauchi T, Katayama T, et al. High incidence of rickettsiosis
correlated to prevalence of Rickettsia japonicaamong Haemaphysalis longicornis tick. J Vet Med Sci.
2011; 73:507-10. https://doi.org/10.1292/jvms.10-0369 PMID: 21139348

Luo L-M, Zhao L, Wen H-L, Zhang Z-T, Liu J-W, Fang L-Z, et al. Haemaphysalis longicornis Ticks as
Reservoir and Vector of Severe Fever with Thrombocytopenia Syndrome Virus in China. Emerg Infect
Dis. 2015; 21:1770-6. https://doi.org/10.3201/eid2110.150126 PMID: 26402039

Zhuang L, SunY, Cui XM, Tang F, Hu JG, Wang LY, et al. Transmission of Severe Fever with Thrombo-
cytopenia Syndrome Virus by Haemaphysalis longicornis Ticks, China. Emerg Infect Dis. 2018;
24:868-71.

Benoit JB, Denlinger DL. Meeting the challenges of on-host and off-host water balance in blood-feeding
arthropods. J Insect Physiol. 2010; 56:1366—76. https://doi.org/10.1016/}.jinsphys.2010.02.014 PMID:
20206630

Wang H, Li K, Zhu JY, Fang Q, Ye GY, Wang H, et al. Cloning and expression pattern of heat shock pro-
tein genes from the endoparasitoid wasp, Pteromalus puparumin response to environmental stresses.
Arch Insect Biochem Physiol. 2012; 79:247-63. https://doi.org/10.1002/arch.21013 PMID: 22517445

Sonenshine DE. Biology of Ticks (Vol. I). Parasitol Today. 1992; 8:289.

Umemiya R, Matsuo T, Hatta T, Sakakibara S, Boldbaatar D, Fujisaki K. Autophagy-related genes from
a tick, Haemaphysalis longicornis. Autophagy. 2008; 4:79-81. https://doi.org/10.4161/auto.5143 PMID:
17938584

Needham GR, Teel PD. Off-host physiological ecology of ixodid ticks. Annu Rev Entomol. 1991;
36:659-81. https://doi.org/10.1146/annurev.en.36.010191.003303 PMID: 2006871

Liu J, LiuZ, Zhang Y, Yang X, Gao Z. Biology of Dermacentor silvarum (Acari: Ixodidae) under labora-
tory conditions. Exp Appl Acarol. 2005; 36:131-8. https://doi.org/10.1007/s10493-005-1271-1 PMID:
16082930

Wang H, Zhang X, Wang X, Zhang B, Wang M, Yang X, et al. Comprehensive Analysis of the Global
Protein Changes That Occur During Salivary Gland Degeneration in Female Ixodid Ticks Haemaphysa-
lis longicornis. Front Physiol. 2018; 9:1943. https://doi.org/10.3389/fphys.2018.01943 PMID: 30723423

Rigbolt KT, Vanselow JT, Blagoev B. GProX, a user-friendly platform for bioinformatics analysis and
visualization of quantitative proteomics data. Mol Cell Proteomics. 2011; 10:0110.007450. https://doi.
org/10.1074/mcp.0110.007450 PMID: 21602510

Rosendale AJ, Dunlevy ME, Fieler AM, Farrow DW, Davies B, Benoit JB. Dehydration and starvation
yield energetic consequences that affect survival of the American dog tick. J Insect Physiol. 2017;
101:39-46. https://doi.org/10.1016/j.jinsphys.2017.06.012 PMID: 28648807

Marliss EB, Aoki TT, Pozefsky T, Most AS, Cahill GF Jr., Muscle and splanchnic glutmine and gluta-
mate metabolism in postabsorptive andstarved man. J Clin Invest. 1971; 50:814-7. https://doi.org/10.
1172/JCI106552 PMID: 5547277

Tan HWS, Sim AYL, Long YC. Glutamine metabolism regulates autophagy-dependent mTORC1 reacti-
vation during amino acid starvation. Nat Commun. 2017; 8:338. https://doi.org/10.1038/s41467-017-
00369-y PMID: 28835610

Speers-Roesch B, Callaghan NI, MacCormack TJ, Lamarre SG, Sykes AV, Driedzic WR. Enzymatic
capacities of metabolic fuel use in cuttlefish (Sepia officinalis) and responses to food deprivation: insight
into the metabolic organization and starvation survival strategy of cephalopods. J Comp Physiol B.
2016; 186:711-5. https://doi.org/10.1007/s00360-016-0991-3 PMID: 27138338

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010692  August 22, 2022 20/22


https://www.aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf
https://www.aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf
https://doi.org/10.1080/00480169.2015.1035769
http://www.ncbi.nlm.nih.gov/pubmed/25849758
http://www.ncbi.nlm.nih.gov/pubmed/17426172
https://doi.org/10.1128/jcm.33.4.824-828.1995
https://doi.org/10.1128/jcm.33.4.824-828.1995
http://www.ncbi.nlm.nih.gov/pubmed/7790445
https://doi.org/10.1292/jvms.10-0369
http://www.ncbi.nlm.nih.gov/pubmed/21139348
https://doi.org/10.3201/eid2110.150126
http://www.ncbi.nlm.nih.gov/pubmed/26402039
https://doi.org/10.1016/j.jinsphys.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20206630
https://doi.org/10.1002/arch.21013
http://www.ncbi.nlm.nih.gov/pubmed/22517445
https://doi.org/10.4161/auto.5143
http://www.ncbi.nlm.nih.gov/pubmed/17938584
https://doi.org/10.1146/annurev.en.36.010191.003303
http://www.ncbi.nlm.nih.gov/pubmed/2006871
https://doi.org/10.1007/s10493-005-1271-1
http://www.ncbi.nlm.nih.gov/pubmed/16082930
https://doi.org/10.3389/fphys.2018.01943
http://www.ncbi.nlm.nih.gov/pubmed/30723423
https://doi.org/10.1074/mcp.O110.007450
https://doi.org/10.1074/mcp.O110.007450
http://www.ncbi.nlm.nih.gov/pubmed/21602510
https://doi.org/10.1016/j.jinsphys.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28648807
https://doi.org/10.1172/JCI106552
https://doi.org/10.1172/JCI106552
http://www.ncbi.nlm.nih.gov/pubmed/5547277
https://doi.org/10.1038/s41467-017-00369-y
https://doi.org/10.1038/s41467-017-00369-y
http://www.ncbi.nlm.nih.gov/pubmed/28835610
https://doi.org/10.1007/s00360-016-0991-3
http://www.ncbi.nlm.nih.gov/pubmed/27138338
https://doi.org/10.1371/journal.pntd.0010692

PLOS NEGLECTED TROPICAL DISEASES Response of ticks to starvation

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

HuE, MengY, MaY, Song R, Hu Z, Li M, et al. De novo assembly and analysis of the transcriptome of
the Dermacentor marginatus genes differentially expressed after blood-feeding and long-term starva-
tion. Parasit Vectors. 2020; 13:563. https://doi.org/10.1186/s13071-020-04442-2 PMID: 33172483

Fuentes EN, Safian D, Einarsdottir IE, Valdés JA, Elorza AA, Molina A, et al. Nutritional status modu-
lates plasma leptin, AMPK and TOR activation, and mitochondrial biogenesis: Implications for cell
metabolism and growth in skeletal muscle of the fine flounder. Gen Comp Endocrinol. 2013; 186:172—
80. https://doi.org/10.1016/j.ygcen.2013.02.009 PMID: 23500005

Fruttero LL, Leyria J, Moyetta NR, Ramos FO, Settembrini BP, Canavoso LE. The Fat Body of the
Hematophagous Insect, Panstrongylus megistus (Hemiptera: Reduviidae): Histological Features and
Participation of the B-Chain of ATP Synthase in the Lipophorin-Mediated Lipid Transfer. J Insect Sci.
2019; 19:16. https://doi.org/10.1093/jisesa/iez078 PMID: 31346627

Soeters MR, Soeters PB, Schooneman MG, Houten SM, Romijn JA. Adaptive reciprocity of lipid and
glucose metabolism in human short-term starvation. Am J Physiol Endocrinol Metab. 2012; 303:
E1397—-407. https://doi.org/10.1152/ajpendo.00397.2012 PMID: 23074240

Silva-Marrero JI, Sdez A, Caballero-Solares A, Viegas |, Almajano MP, Fernandez F, et al. A transcrip-
tomic approach to study the effect of long-term starvation and diet composition on the expression of
mitochondrial oxidative phosphorylation genes in gilthead sea bream (Sparus aurata). BMC Genomics.
2017; 18:768. https://doi.org/10.1186/s12864-017-4148-x PMID: 29020939

Quintens R, Singh S, Lemaire K, De Bock K, Granvik M, Schraenen A, et al. Mice deficient in the respi-
ratory chain gene Cox6a2 are protected against high-fat diet-induced obesity and insulin resistance.
PLoS One. 2013; 8:e56719—e. https://doi.org/10.1371/journal.pone.0056719 PMID: 23460811

Stepien G, Torroni A, Chung AB, Hodge JA, Wallace DC. Differential expression of adenine nucleotide
translocator isoforms in mammalian tissues and during muscle cell differentiation. J Biol Chem. 1992;
267:14592-7. PMID: 1378836

Kunji ER, Aleksandrova A, King MS, Majd H, Ashton VL, Cerson E, et al. The transport mechanism of
the mitochondrial ADP/ATP carrier. Biochim Biophys Acta. 2016; 1863:2379-93. https://doi.org/10.
1016/j.bbamcr.2016.03.015 PMID: 27001633

Shen Q, Zhao L, Xie G, Wei P, Yang M, Wang S, et al. Cloning three Harmonia axyridis (Coleoptera:
Coccinellidae) heat shock protein 70 family genes: regulatory function related to heat and starvation
stress. J Entomol Sci. 2015; 50:168-85.

Paim RMM, Araujo RN, Leis M, Sant'anna MRV, Gontijo NF, Lazzari CR, et al. Functional evaluation of
Heat Shock Proteins 70 (HSP70/HSC70) on Rhodnius prolixus (Hemiptera, Reduviidae) physiological
responses associated with feeding and starvation. Insect Biochem Mol Biol. 2016; 77:10-20. https://
doi.org/10.1016/j.ibmb.2016.07.011 PMID: 27491440

Farahani S, Bandani AR, Alizadeh H, Goldansaz SH, Whyard S. Differential expression of heat shock
proteins and antioxidant enzymes in response to temperature, starvation, and parasitism in the Carob
moth larvae, Ectomyelois ceratoniae (Lepidoptera: Pyralidae). PLoS One. 2020; 15:€0228104—e.
https://doi.org/10.1371/journal.pone.0228104 PMID: 31995629

Rolandi C, Iglesias MS, Schilman PE. Metabolism and water loss rate of the haematophagous insect
Rhodhnius prolixus: effect of starvation and temperature. J Exp Biol. 2014; 217:4414-22. https://doi.org/
10.1242/jeb.109298 PMID: 25394633

Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, and the stress response: evolu-
tionary and ecological physiology. Annu Rev Physiol. 1999; 61:243-82. https://doi.org/10.1146/
annurev.physiol.61.1.243 PMID: 10099689

Yengkokpam S, Pal AK, Sahu NP, Jain KK, Dalvi R, Misra S, et al. Metabolic modulation in Labeo rohita
fingerlings during starvation: Hsp70 expression and oxygen consumption. Aquaculture. 2008; 285:234—
7.

Morales AE, Pérez-Jiménez A, Hidalgo MC, Abellan E, Cardenete G. Oxidative stress and antioxidant
defenses after prolonged starvation in Dentex dentex liver. Comp Biochem Physiol C Toxicol Pharma-
col. 2004; 139:153-61. https://doi.org/10.1016/j.cca.2004.10.008 PMID: 15556078

Varju M, Miiller T, Bokor Z, Zarski D, Mézes M, Balogh K. The effects of excessive starvation on antioxi-
dant defence and lipid peroxidation in intensively reared, commercial-size pikeperch (Sander lucioperca
L.). The Egyptian Journal of Aquatic Research. 2018; 44:349-52.

Yang S, He K, Yan T, Wu H, Zhou J, Zhao L, et al. Effect of starvation and refeeding on oxidative stress
and antioxidant defenses in Yangtze sturgeon (Acipenser dabryanus). Fish Physiol Biochem. 2019;
45:987-95. https://doi.org/10.1007/s10695-019-0609-2 PMID: 30830564

Wu P, Wang A, Cheng J, Chen L, PanY, Li H, et al. Effects of Starvation on Antioxidant-Related Signal-
ing Molecules, Oxidative Stress, and Autophagy in Juvenile Chinese Perch Skeletal Muscle. Mar Bio-
technol. 2020; 22:81-93. https://doi.org/10.1007/s10126-019-09933-7 PMID: 31965438

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010692  August 22, 2022 21/22


https://doi.org/10.1186/s13071-020-04442-2
http://www.ncbi.nlm.nih.gov/pubmed/33172483
https://doi.org/10.1016/j.ygcen.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23500005
https://doi.org/10.1093/jisesa/iez078
http://www.ncbi.nlm.nih.gov/pubmed/31346627
https://doi.org/10.1152/ajpendo.00397.2012
http://www.ncbi.nlm.nih.gov/pubmed/23074240
https://doi.org/10.1186/s12864-017-4148-x
http://www.ncbi.nlm.nih.gov/pubmed/29020939
https://doi.org/10.1371/journal.pone.0056719
http://www.ncbi.nlm.nih.gov/pubmed/23460811
http://www.ncbi.nlm.nih.gov/pubmed/1378836
https://doi.org/10.1016/j.bbamcr.2016.03.015
https://doi.org/10.1016/j.bbamcr.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/27001633
https://doi.org/10.1016/j.ibmb.2016.07.011
https://doi.org/10.1016/j.ibmb.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27491440
https://doi.org/10.1371/journal.pone.0228104
http://www.ncbi.nlm.nih.gov/pubmed/31995629
https://doi.org/10.1242/jeb.109298
https://doi.org/10.1242/jeb.109298
http://www.ncbi.nlm.nih.gov/pubmed/25394633
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1146/annurev.physiol.61.1.243
http://www.ncbi.nlm.nih.gov/pubmed/10099689
https://doi.org/10.1016/j.cca.2004.10.008
http://www.ncbi.nlm.nih.gov/pubmed/15556078
https://doi.org/10.1007/s10695-019-0609-2
http://www.ncbi.nlm.nih.gov/pubmed/30830564
https://doi.org/10.1007/s10126-019-09933-7
http://www.ncbi.nlm.nih.gov/pubmed/31965438
https://doi.org/10.1371/journal.pntd.0010692

PLOS NEGLECTED TROPICAL DISEASES Response of ticks to starvation

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Florescu IE, Georgescu SE, Dudu A, Bala M, Voicu S, Grecu |, et al. Oxidative Stress and Antioxidant
Defense Mechanisms in Response to Starvation and Refeeding in the Intestine of Stellate Sturgeon
(Acipenser stellatus) Juveniles from Aquaculture. Animals. 2021; 11.

Magwere T, West M, Riyahi K, Murphy MP, Smith RA, Partridge L. The effects of exogenous antioxi-
dants on lifespan and oxidative stress resistance in Drosophila melanogaster. Mech Ageing Dev. 2006;
127:356-370. https://doi.org/10.1016/j.mad.2005.12.009 PMID: 16442589

Keaney M, Matthijssens F, Sharpe M, Vanfleteren J, Gems D. Superoxide dismutase mimetics elevate
superoxide dismutase activity in vivo but do not retard aging in the nematode Caenorhabditis elegans.
Free Radic Biol Med. 2004; 37:239-250. https://doi.org/10.1016/j.freeradbiomed.2004.04.005 PMID:
15203195

Rosendale AJ, Dunlevy ME, McCue MD, Benoit JB. Progressive behavioural, physiological and tran-
scriptomic shifts over the course of prolonged starvation in ticks. Mol Ecol. 2019; 28:49-65. https://doi.
org/10.1111/mec.14949 PMID: 30449039

Winterbourn CC. Reconciling the chemistry and biology of reactive oxygen species. Nat Chem Biol.
2008; 4:278-86. https://doi.org/10.1038/nchembio.85 PMID: 18421291

Karplus PA. A primer on peroxiredoxin biochemistry. Free Radic Biol Med. 2015; 80:183-90. https://doi.
org/10.1016/j.freeradbiomed.2014.10.009 PMID: 25452140

Mehmeti |, Lortz S, Elsner M, Lenzen S. Peroxiredoxin 4 improves insulin biosynthesis and glucose-
induced insulin secretion in insulin-secreting INS-1E cells. J Biol Chem. 2014; 289:26904—13. https:/
doi.org/10.1074/jbc.M114.568329 PMID: 25122762

Galay RL, Aung KM, Umemiya-Shirafuji R, Maeda H, Matsuo T, Kawaguchi H, et al. Multiple ferritins
are vital to successful blood feeding and reproduction of the hard tick Haemaphysalis longicornis. J Exp
Biol. 2013; 216:1905—15. https://doi.org/10.1242/jeb.081240 PMID: 23393286

Borkowska A, Popowska U, Spodnik J, Herman-Antosiewicz A, Wozniak M, Antosiewicz J. JNK/
p66Shc/ITCH Signaling Pathway Mediates Angiotensin ll-induced Ferritin Degradation and Labile Iron
Pool Increase. Nutrients. 2020; 12. https://doi.org/10.3390/nu12030668 PMID: 32121405

Borkowska A, Tomczyk M, Zychowska M, Pilis W, Zych M, Antosiewicz J. Effect of 8-Day Fasting on
Leukocytes Expression of Genes and Proteins Involved in Iron Metabolism in Healthy Men. Int J Mol
Sci. 2021; 22:3248. https://doi.org/10.3390/ijms22063248 PMID: 33806756

Galay RL, Umemiya-Shirafuji R, Bacolod ET, Maeda H, Kusakisako K, Koyama J, et al. Two kinds of
ferritin protect ixodid ticks from iron overload and consequent oxidative stress. PLoS One. 2014; 9:
€90661. https://doi.org/10.1371/journal.pone.0090661 PMID: 24594832

Fei H, Martin TR, Jaskowiak KM, Hatle JD, Whitman DW, Borst DW. Starvation affects vitellogenin pro-
duction but not vitellogenin mRNA levels in the lubber grasshopper, Romalea microptera. J Insect Phy-
siol. 2005; 51:435—43. https://doi.org/10.1016/j.jinsphys.2004.11.014 PMID: 15890187

Wheeler D. The role of nourishment in oogenesis. Annu Rev Entomol. 1996; 41:407-31. https://doi.org/
10.1146/annurev.en.41.010196.002203 PMID: 15012335

Moehrlin GS, Juliano SA. Plasticity of insect reproduction: testing models of flexible and fixed develop-
ment in response to different growth rates. Oecologia. 1998; 115:492-500. https://doi.org/10.1007/
s004420050546 PMID: 28308269

Hagedorn HH. The Endocrinology of the Adult Female Mosquito. In: Harris KF, editor. Adv Dis Vector
Res. New York, NY: Springer New York; 1994. p. 109-48.

Davey KG. Hormonal Integration of Egg Production in Rhodnius prolixus1. Am Zool. 1993; 33:397—-402.

Umemiya-Shirafuji R, Mihara R, Fujisaki K, Suzuki H. Intracellular localization of vitellogenin receptor
mRNA and protein during oogenesis of a parthenogenetic tick, Haemaphysalis longicornis. Parasites &
Vectors. 2019; 12:205. https://doi.org/10.1186/s13071-019-3469-9 PMID: 31060579

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010692  August 22, 2022 22/22


https://doi.org/10.1016/j.mad.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16442589
https://doi.org/10.1016/j.freeradbiomed.2004.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15203195
https://doi.org/10.1111/mec.14949
https://doi.org/10.1111/mec.14949
http://www.ncbi.nlm.nih.gov/pubmed/30449039
https://doi.org/10.1038/nchembio.85
http://www.ncbi.nlm.nih.gov/pubmed/18421291
https://doi.org/10.1016/j.freeradbiomed.2014.10.009
https://doi.org/10.1016/j.freeradbiomed.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25452140
https://doi.org/10.1074/jbc.M114.568329
https://doi.org/10.1074/jbc.M114.568329
http://www.ncbi.nlm.nih.gov/pubmed/25122762
https://doi.org/10.1242/jeb.081240
http://www.ncbi.nlm.nih.gov/pubmed/23393286
https://doi.org/10.3390/nu12030668
http://www.ncbi.nlm.nih.gov/pubmed/32121405
https://doi.org/10.3390/ijms22063248
http://www.ncbi.nlm.nih.gov/pubmed/33806756
https://doi.org/10.1371/journal.pone.0090661
http://www.ncbi.nlm.nih.gov/pubmed/24594832
https://doi.org/10.1016/j.jinsphys.2004.11.014
http://www.ncbi.nlm.nih.gov/pubmed/15890187
https://doi.org/10.1146/annurev.en.41.010196.002203
https://doi.org/10.1146/annurev.en.41.010196.002203
http://www.ncbi.nlm.nih.gov/pubmed/15012335
https://doi.org/10.1007/s004420050546
https://doi.org/10.1007/s004420050546
http://www.ncbi.nlm.nih.gov/pubmed/28308269
https://doi.org/10.1186/s13071-019-3469-9
http://www.ncbi.nlm.nih.gov/pubmed/31060579
https://doi.org/10.1371/journal.pntd.0010692

