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Abstract

Haemaphysalis longicornis is an ixodid tick that can spread a wide variety of pathogens,
affecting humans, livestock and wildlife health. The high reproductive capability of this
species is initiated by the ingestion of a large amount of blood ingested by the engorged
female tick. The degree of ovarian development is proportional to the number of eggs laid.
Studying the regulatory mechanism of tick ovary development is relevant for the devel-
opment of novel tick control methods. In this study, we used quantitative proteomics to
study the dynamic changes in protein expression and protein phosphorylation during ovar-
ian development of engorged female H. longicornis ticks. Synergistic action of many pro-
teins (n=3031) is required to achieve ovarian development and oocyte formation rapidly.
Through bioinformatics analysis, changes in protein expressions and phosphorylation
modifications in regulating the ovarian development of female ticks are described. Many
proteins play an essential role during ovarian development. Also, protein phosphoryla-
tion appeared an important reproductive strategy to enable ticks to efficiently convert large
amounts of blood in the ovaries into egg-producing components and ultimately produce
many eggs.
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Background

Ticks are obligate hematophagous ectoparasites of all terrestrial vertebrates, are second
only to mosquitoes as vectors of human pathogens (Bartikova et al. 2017). They are widely
distributed throughout the world and parasitize mammals, birds, reptiles, and a small num-
ber of amphibians. Ticks carry many pathogens, which are transmitted to the host during
blood feeding, causing great harm to human health, livestock production, and the reproduc-
tion of wildlife populations (Cayol et al. 2017).

Haemaphysalis longicornis belongs to the family Ixodidae. It is mainly distributed in
eastern Asia and Australia and transmits a variety of pathogens (Otaki et al. 2018), such
as viruses, bacteria, rickettsia, spirochetes, and protozoa (de la Fuente 2018; Wada et al.
2010). Ticks are extremely harmful blood-feeding animals. The more ticks there are, the
greater the harm they cause. The degree of ovarian development directly affects the num-
ber of eggs laid by the female tick, the survival rate of the eggs, the hatching rate, and
the size of the tick population. After engorgement, the ovary enters a rapid developmental
stage (Ullah and Kaufman 2014), the axial diameter of the oocyte is rapidly enlarged, and
the rapidly enlarged oocyte protrudes from the ovary wall (Yang et al. 2014), in which it
matures and rapidly produces eggs under the synergistic action of many proteins. Currently,
it is believed that during embryo maturation, vitellogenin (Vg) is synthesized, released
into the haemolymph, selectively taken up and then processed by developing oocytes to
form vitelline (Vn) as a nutritional source of embryogenesis (Raikhel and Dhadialla 1992).
However, the specific regulatory mechanism of Vg processing into Vn, as well as other
related regulatory mechanisms affecting the rapid ovary development, remains unclear
(Xavier et al. 2018). Many proteins are involved in these regulatory mechanisms, which
can be elucidated by investigating the changes in the expression levels of these proteins and
their post-translational modifications. Currently, proteomics technology is the most power-
ful method to quickly understand the mechanism of these protein changes. Some previous
studies have used proteomics to study changes in proteins during ovarian development of
ticks (Xavier et al. 2018; Rachinsky et al. 2007; Ramirez Rodriguez et al. 2016). How-
ever, with the continuous innovation of protein quantification technology, novel research
methods can more accurately and clearly explore the protein dynamic changes at various
stages of ovarian development. In addition, various post-translational modifications of pro-
teins can be identified and quantified by using current advanced quantitative techniques. As
far as we know, studies on phosphorylated proteomics in the developmental stages of tick
ovary have not yet been reported.

Data independent acquisition (DIA) is one of the most advanced quantitative proteomics
approaches. The DIA method is highly sensitive and stable and is capable of simultane-
ously identifying different sets of samples (Ludwig et al. 2018; Rosenberger et al. 2017).
It does not require labelling with stable isotopes and has thus been widely applied in pro-
teomics studies. In this study, we adopted quantitative proteomics based on DIA to inves-
tigate dynamic changes in protein expression and phosphorylation levels during ovarian
development of engorged females of H. longicornis. A total of 2803 proteins were identi-
fied, of which 506 were differentially expressed, including a variety of proteins involved in
the degradation of Vn and cell proliferation. The results of the phosphoproteomics study on
the ovarian development process showed that phosphorylation occurred at 1234 amino acid
sites of 549 phosphorylated proteins, including proteins that regulate growth and develop-
ment. This study may help identify key proteins that regulate ovarian development in ticks
and provide new ideas for tick control.
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Methods
Tick feeding

Haemaphysalis longicornis were collected from Zhangjiakou in Hebei Province, China.
Ticks were allowed to feed on the ears of New Zealand white rabbits by using earmuffs
made of white cloth. Each rabbit was kept in constant temperature culture room (25 °C).
During the non-feeding period, the ticks were maintained in constant temperature
(25+1 °C) and humidity (75%) artificial climate incubators (Wang et al. 2018). The ticks
used in this study have been cultured for multiple generations under laboratory conditions.
All experimental procedures were approved by the Animal Ethics Committee of Hebei
Normal University (Protocol Number: 165031).

Ovarian dissect and protein extraction

The time of natural detachment of engorged female ticks (approximately post-feeding
5.5 days, 249.2+6.8 mg) from the host was recorded as 0 h. Ovaries from female ticks
at the 12 h, 24 h, 36 h, and 48 h post-engorgement stages were dissected. Then, the ova-
ries were immediately placed in sterile PBS (0.01 M) containing NaF (0.05 M), Na;VO,
(0.01 M), and protease inhibitor cocktail (0.01 M) (Sigma, USA). The protein extraction
method was the same as previously described (Hawkins et al. 2019). The extracted pro-
teins were lyophilized and frozen at — 80 °C for subsequent experiments. Four biological
replicates were performed in data independent acquisition (DIA) quantitative experiment.
About 100 engorged female ticks were dissected for each stage analysis.

Protein digestion

First, 10 mM dithiothreitol was added to each protein sample (3 mg) and incubated at 37 °C
for 1 h. Then, 20 mM iodoacetamide was added to each protein sample and incubated at
26 °C for 30 min in the dark. Trypsin (1:100 w/w, Thermo Fisher Scientific, USA) diges-
tion occurred at 37 °C for 12 h. LC-MS (Thermo Fisher Scientific) was used to monitor
digestion efficiency. Then, according to the manufacturer’s protocol, the digested peptides
were desalinated using C18 SPE (CNW, UK). Then, the purified peptide samples were nor-
malized to a common concentration using the BCA Protein Assay Kit (Pierce Biotechnol-
ogy, USA).

Phosphorylated peptide enrichment

The workflow for phosphorylated peptide enrichment is shown in Fig. 1. The TiO, beads
(GL Sciences, Japan) were used to enrich the phosphorylated peptides. Aliquots of TiO,
beads were washed three times using buffer with 50% acetonitrile (ACN) containing 2%
trifluoroacetic acid (TFA), saturated by glutamic acid. The TiO, beads and peptides were
dissolved in the same 800 pl buffer with gentle shaking at room temperature for 1 h. The
TiO, beads were then washed with 50% ACN to remove the non-phosphorylated peptide.
Then, TiO, beads were washed twice with 50% ACN containing 20 mM ammonium ace-
tate. Phosphorylated peptides were then eluted from the TiO, beads with 200 ul of 0.3 M
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Fig. 1 Workflow for DIA-based proteomics analysis of global proteins and phosphorylated proteins of ovar-
ian development in female Haemaphysalis longicornis
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NH,OH one time and two times with 200 ul of 0.5 M NH,OH. The enriched phosphoryl-
ated peptides were then centrifuged, concentrated, dried, and frozen at — 20 °C until they
were used.

High-pH reverse separation for data dependent acquisition (DDA) analysis
and generation of spectral library

The peptides or phosphorylated peptides samples of each group were mixed in equal
proportions and then separated by high-performance liquid chromatography (HPLC)
(Waters 2695, USA) with Durashel-C18 column (5 um particle size, 100 A pore size,
4.6 X250 mm, Agela, China), respectively. The elution solvent used solvent A (water with
5 mM ammonium formate, pH 10.0) and solvent B (ACN with 5 mM ammonium formate,
pH 10.0). The flow rate was set at 1 ml/min. Elution line gradient was set at a concentration
of 5% of solvent B at 15 min and stopped at a concentration of 50% of solvent B at 75 min.
Sixty elutions were collected in each tube at every 1 min interval, and these elutions were
then combined into 10 groups for further LC—MS analysis to construct a spectral library.

Spectral image library construction

To each group peptide sample, the indexed Retention Time (iRT) reagent (Biognosys,
Switzerland) was added. Then, the sample was analysed using an M-Class nanoACQUITY
ultra performance liquid chromatography (UPLC) (Waters, USA) and a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific). Each sample was analysed by a C18 RP
analytical column (1.8 pum particle size, 100 pm X 150 mm; Waters, USA). The UPLC elu-
tion flow rate was set at 300 nl/min; the mobile phase A was water with 0.1% formic acid
(FA), and the mobile phase B was ACN with 0.1% FA. The elution linear gradient was
set as follows: 2—-8% gradient of solvent B for 8 min, then 8-35% solvent B gradient for
117 min. The parameter settings of mass spectrometry Q Exactive HF identification were
consistent with our previous reports (Hawkins et al. 2019).

Proteome Discoverer 2.2 (Thermo Fisher Scientific) was used to calculate DDA mass
spectra results to construct the spectral image library. The raw data of the above 10 groups
were merged into one search. The database used for DDA mass spectra searching came
from the H. longicornis proteins database derived from transcriptome sequencing (NCBI
Accession Number: GHLT00000000). In order to eliminate the contamination, host Oryc-
tolagus cuniculus and human sequences were used as contaminated database for proteomic
searching. The calculation parameters were as follows: HCD fracture and precursor and
fragment mass tolerance of 10 ppm and 0.02 Da, respectively; trypsin digestion with 2
missed sites; variable modifications set methionine oxidation, N-terminal acetylation,
phosphorylation of serine, threonine, and tyrosine; fixed modifications set carbamidometh-
ylation of cysteine; target false discovery rate (FDR)=0.01.

DIA identification and quantification
DIA identification was performed on each sample. The chromatographic conditions of

nanoUPLC were the same as those for DDA. DIA data were analysed using Spectronaut™
software (v.11.0, Biognosys). DIA mass spectrometry parameters were set as previously
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described (Hawkins et al. 2019). The FDR was set to less than 1% and Q value <0.05;
other parameters were set to default values.

Bioinformatics analysis of differentially expressed proteins

To further reveal biological functions, some bioinformatics methods were used. The
GProX was used to cluster the proteins with similar expression change characteristics (Rig-
bolt et al. 2011). The number of clusters was set to 4, and a fixed regulation threshold
(upper limit of 0.58 for protein up-regulation and lower limit of — 0.58 for protein down-
regulation, corresponding to the original ratios 1.5 and 0.67) was used. Principal Com-
ponent Analysis (PCA) was performed with online analysis software (https://www.omics
olution.org/wu-kong-beta-linux/main/). The Gene Ontology (GO) functional annotation
of the proteins was performed using the online PANTHER software (https://www.panth
erdb.org/). The pathways related to differentially expressed proteins were analysed using
the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/
kegg/).

Results
Protein identification

The numbers of identified proteins at 0, 12, 24, 36, and 48 h after engorgement were
2937, 2883, 2866, 2797, and 2480, respectively, of which the numbers of identified pro-
teins with a coefficient of variation (CV) less than 20% among four replicates in each
group were 2148, 2113, 2042, 1966, and 1715, respectively (Fig. 2a). We performed
a PCA on the experimental data of the four replicates in the five stages (Fig. 3) and
found that there were significant differences among the five sets of data, but not among
the replicates, indicating the high reproducibility of the repeated experiments of each
group. The Venn diagram analysis of the identification results (Fig. 2b) showed that
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Fig.2 Statistics for the identified proteins information in the ovaries of female Haemaphysalis longi-
cornis. a The number of proteins at five stages of post-engorgement. b Venn diagram analysis of proteins
(CV <20%) among the five stages
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Fig.3 Principal component analysis of identified proteins in the ovaries of female Haemaphysalis longi-
cornis at five stages of post-engorgement

the number of proteins identified in all five stages was 1158, and the information on the
overlapping set is shown in Supplementary Table S1.

The numbers of identified phosphorylated peptides at 0, 12, 24, 36, and 48 h after
engorgement were 3149, 3028, 3096, 3090, and 2583, respectively, of which the num-
bers of the identified phosphorylated peptides with a CV value less than 20% among
four replicates in each group were 2162, 2442, 2305, 2398 and 1547, respectively
(Fig. 4a). The Venn diagram (Fig. 4b) shows that 1131 phosphorylated peptides were
present in all five stages, in which 1234 phosphorylation sites were present. Among
the peptides, 1031 peptides contained one phosphorylation site, 97 peptides con-
tained two phosphorylation sites, and 3 peptides contained three phosphorylation sites
(Fig. 4c). Among the 1234 phosphorylation sites, 83.7% occurred at the serine resi-
due, 14.1% at the threonine residue, and 2.2% at the tyrosine residue (Fig. 4d). When
the changes in the expression of the same polypeptide in different stages were more
than 1.5 fold, the polypeptide was considered differentially expressed. In this study,
we found that 1125 phosphorylated peptides, corresponding to 545 proteins, were dif-
ferentially expressed. 344 phosphorylated peptides, corresponding to 204 phosphoryl-
ated proteins, were up-regulated, whereas 222 phosphorylated peptides, correspond-
ing to 140 phosphorylated proteins, were down-regulated. The details are shown in
Supplementary Table S2.

The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE partner repository. Project Name: Quantitative and phospho-
rylated proteomics data on the dynamic changes of ovarian developmental proteins in
female Haemaphysalis longicornis. Project accession: IPX0001747000/PXD015267.
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Clustering analysis on all proteins

All proteins in the stages of the 12 h/0 h, 24 h/0 h, 36 h/0 h, and 48 h/0 h that had annota-
tion information were subjected to Cluster analysis (Fig. 5), in which the log2 values lower
than — 0.58 or greater than 0.58, respectively, represented down-regulated or up-regulated
protein expression. Cluster 0 included 652 proteins that were not significantly differentially
expressed. Proteins with similar changing trends in expression during ovarian develop-
ment were classified into four Clusters. Cluster 1 included 107 proteins whose expression
assumed down-regulated trend in the mid and late stages of ovarian development. Cluster
2 included 138 proteins whose expression levels assumed a down-regulated trend during
ovarian development. Cluster 3 included 195 proteins whose expression assumed an up-
regulated trend during the ovarian development. Cluster 4 included 66 proteins that exhib-
ited complicated trends and did not show a certain pattern, most of which were proteins
regulating the physiological changes in cells and thus changed dynamically all the time.
The expression levels of proteins in Cluster 3 kept increasing during the period from 0
to 48 h post-engorgement, and the functions of the proteins include the following catego-
ries: (1) Vn; (2) protein-degrading enzymes, such as aspartic protease, cysteine protease,
yolk cathepsin, and serine carboxypeptidase; (3) cell proliferation-associated proteins, such
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Fig.5 Cluster analysis of differentially expressed proteins in the ovaries of female Haemaphysalis longi-
cornis

as fascin and transferrin receptor; (4) metabolism-associated proteins, such as transketolase
and hexokinase; (5) cell structure and cytoskeleton, such as cortactin and erythrocyte band
7 integral membrane protein; (6) proteins that promote the metabolism of cells, such as
tyrosine aminotransferase and adenosine kinase; (7) proteins with unknown functions.

GO enrichment analysis of proteins in each Cluster

The GO annotations of the differentially expressed proteins from each Cluster were shown
in Fig. 6. These proteins were categorized in three categories (Molecular Function, Biolog-
ical Process, and Cellular Component). The expression levels of proteins of Cluster 1 were
down-regulated trend in the mid and late stages of ovarian development. In the Molecular
Function category, the proteins in Cluster 1 were enriched in 6 nodes, of which the binding
(45.8%) and structural molecule activity (31.3%) nodes comprised a large proportion of
the proteins. In the Biological Process category, 6 nodes were enriched, of which the cel-
lular process (35.1%) and metabolic process (27.0%) nodes accounted for a large propor-
tion of the proteins. In the Cellular Component category, 3 nodes were enriched, the cell
(67.5%) and protein-containing complex (20.0%) nodes accounted for a large proportion of
the proteins.

The expression levels of proteins of Cluster 2 showed a down-regulated trend during
ovarian development. In the Molecular Function category, the proteins in Cluster 2 were
enriched in 6 nodes, of which the binding (40.4%) and catalytic activity (38.5%) nodes
comprised a large proportion of the proteins. In the Biological Process category, 6 nodes
were enriched, of which the metabolic process (35.8%) and localization (30.2%) nodes
accounted for a large proportion of the proteins. In the Cellular Component category, 4
nodes were enriched, the cell (49.2%) and organelle (30.2%) nodes accounted for a large
proportion of the proteins.

Proteins in Cluster 3 showed up-regulated trend during the ovarian development. In the
Molecular Function category, the proteins in Cluster 3 were enriched in 7 nodes, of which
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the catalytic activity (63.3%) and binding (25.0%) nodes comprised a large proportion of
the proteins. In the Biological Process category, 5 nodes were enriched, of which the meta-
bolic process (42.9%) and cellular process (36.5%) nodes accounted for a large propor-
tion of the proteins. In the Cellular Component category, 4 nodes were enriched, the cell
(64.1%) and organelle (17.9%) nodes accounted for a large proportion of the proteins.

The expression levels of proteins of Cluster 4 were not show a certain pattern during the
ovarian development. In the Molecular Function category, the proteins in Cluster 4 were
enriched in 3 nodes, of which the catalytic activity binding (54.5%) and catalytic activ-
ity (36.4%) nodes comprised a large proportion of the proteins. In the Biological Process
category, 6 nodes were enriched, of which the cellular process (50.0%) and localization
(18.8%) nodes accounted for a large proportion of the proteins. In the Cellular Component
category, 6 nodes were enriched, the cell (30.0%) and organelle (30.0%) nodes accounted
for a large proportion of the proteins.

GO enrichment analysis of differentially expressed total proteins
and phosphorylated proteins

GO “Protein Class” enrichment analysis was carried out on the differentially expressed
506 proteins which were identified in ovary during all five post-engorgement stages (Sup-
plementary Fig. Sla). Most of these proteins belong to nucleic acid binding, hydrolase,
enzyme modulator, oxidoreductase, transferase, and cytoskeletal protein. It was assigned
them to three categories: Molecular Function, Biological Process, and Cellular Compo-
nent (Supplementary Fig. S2). In the Molecular Function category, 8 nodes were enriched,
of which the catalytic activity (40.9%) and binding (37.4%) nodes accounted for a large
proportion of the proteins. In the Biological Process category, 7 nodes were enriched, of
which the metabolic process (34.3%) and cellular processes (33.7%) nodes accounted for a
large proportion of proteins. In the Cellular Component category, 6 nodes were enriched,
of which the cell (54.9%) and organelle (22.8%) nodes accounted for a large proportion of
the proteins.

We also performed the GO “Protein Class” enrichment analysis on the 1125 phospho-
rylated peptides corresponding to differentially expressed 545 proteins which were iden-
tified in ovary during all five post-engorgement stages (Supplementary Fig. S1b). Most
of these proteins belonged to nucleic acid binding, enzyme modulator, hydrolase, trans-
ferase, cytoskeletal protein, and transcription factor. It was assigned them to three catego-
ries: Molecular Function, Biological Process, and Cellular Component (Supplementary
Fig. S3). In the Molecular Function category, 8 nodes were enriched, of which the binding
(44.2%) and catalytic activity (33.9%) nodes accounted for a large proportion of the pro-
teins. In the Biological Process category, 11 nodes were enriched, of which the cellular
processes (35.7%) and metabolic process (27.1%) nodes accounted for a large proportion
of proteins. In the Cellular Component category, 6 nodes were enriched, of which the cell
(42.7%) and organelle (37.6%) nodes accounted for a large proportion of proteins.

GO enrichment analysis was also performed on the 204 up-regulated proteins corre-
sponding to the 344 phosphorylated peptides (Fig. 7a), and found that in the Molecular
Function category, 7 nodes were enriched, of which the binding (38.8%) and catalytic
activity (37.6%) nodes accounted for a large proportion of the proteins. Proteins related
to catalytic activity included a large number of hydrolases. In the Biological Process
category, 9 nodes were enriched, of which the cellular processes (39.3%) and metabolic
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process (23.6%) nodes accounted for a large proportion of proteins; in the Cellular Com-
ponent category, 5 nodes were enriched, of which the cell (44.8%) and organelle (43.3%)
nodes accounted for a large proportion of proteins.

Meanwhile, 140 down-regulated proteins corresponding to 222 phosphorylated pep-
tides were carried out GO enrichment analysis (Fig. 7b). It was found that in the Molecu-
lar Function category, 4 nodes were enriched, of which the binding (55.2%) and catalytic
activity (29.9%) nodes accounted for a large proportion of the proteins. Proteins related
to catalytic activity included a large number of hydrolases. In the Biological Process cat-
egory, 9 nodes were enriched, of which the metabolic process (37.2%) and cellular pro-
cesses (26.9%) nodes accounted for a large proportion of proteins; in the Cellular Compo-
nent category, 4 nodes were enriched, of which the organelle (40.7%) and cell part (37.0%)
nodes accounted for a large proportion of proteins.

KEGG pathway analysis of differentially expressed proteins

We performed KEGG pathway analysis on differentially expressed 506 proteins and found
that they were involved in 158 pathways. The top 10 pathways in which these proteins
were involved (Fig. 8). 74 proteins were involved in metabolic pathways, and the continu-
ous changes in the expression levels of these proteins indicate that some metabolic pro-
cesses in ovarian development also changed from time to time. 21 proteins were involved
in ribosome pathway and might be closely related to protein synthesis during ovarian
development.

The results of the KEGG pathway analysis on the proteins of the four Clusters with dif-
ferent trends are shown in Supplementary Fig. 4. 21 proteins in Cluster 1 were involved in
the ribosome pathway. During ovarian development, a large amount of vitellin is consumed
and synthesized, while the demand for most other proteins is relatively reduced (Chinzei
et al. 1983), causing the new proteins generated by the ovary through ribosomes to also be
reduced, which is the main reason for the decreased expression levels of these proteins in
the ribosome pathway. 6 proteins were involved in the necroptosis pathway. Necroptosis
during development of an organism is a common cell death controlled by genes, repre-
senting a suicide protection mechanism (Frank and Vince 2019). It is as important as cell

Pyrimidine metabolism 13
Glycerophospholipid metabolism 13
Purine metabolism 13
Ras signaling pathway 13

Vascular smooth muscle contraction 14
RNA transport 14

Pathogenic Escherichia coli infection 14

Lysosome 15

Ribosome 21
Metabolic pathways 74
0 20 40 60 80

Number of proteins

Fig.8 The top 10 pathways of KEGG pathway enrichment analysis of differentially expressed proteins
which were identified in ovary during all five stages of post-engorgement
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proliferation and plays a very important role in the growth and development of multicel-
lular organisms. These proteins involved in the necroptosis pathway enable the organism
to maintain homeostasis (O’Donnell et al. 2018), and play an important role in ovarian
development.

In Cluster 2 and Cluster 4, serine/threonine-protein phosphatase PP1-beta catalytic sub-
unit, Ras family protein, elF2B-gamma protein, DNA repair protein xp-E, and other pro-
teins were involved in the development of various diseases, such as pathogenic escherichia
coli infection, herpes simplex virus infection, human immunodeficiency virus infection,
viral carcinogenesis, proteoglycans in cancer, Epstein-Barr virus infection, hepatitis B.

In Cluster 3, 64 proteins were involved in various metabolic pathways, and their expres-
sion levels kept increasing with ovarian development. For example, in glycometabolism,
the increases in transketolase, glyceraldehyde 3-phosphate dehydrogenase, and hexokinase
can provide more energy for the organism. 13 proteins were involved in the lysosome path-
way. A lysosome is an organelle that decomposes biological macromolecules, which con-
tains various hydrolases, such as aspartic protease, cysteine protease, serine protease, and
carboxypeptidase. These proteins are capable of decomposing Vn to provide energy for
embryo development, thus playing an important role during ovarian development.

We also performed the KEGG pathway analysis on the 545 phosphorylated proteins
corresponding to the 1125 differentially expressed phosphorylated peptides (Table 1). The
involved pathways included the mTOR signalling pathway and PI3K-AKT signalling path-
way, which play important roles in cell growth and regulation; the Hippo signalling path-
way, which regulates organ size by regulating cell proliferation, apoptosis, and stem cell
self-renewal capacity; pathways related to cell growth and development, such as progester-
one-mediated oocyte maturation; ubiquitin-mediated proteolysis pathway; endocytosis and
autophagy pathway, which can remove the apoptotic or necrotic cells.

Discussion

Female tick increases in size during blood feeding and expands to more than 100 times
compared with its original size during the rapid feeding phase (Reuben Kaufman 2007).
After engorgement, the tick ovary enters the rapid development stage (Ullah and Kaufman
2014; Yang et al. 2014). To investigate the physiological regulation mechanism of the rapid
developmental stage of the tick ovary, we systematically investigated the dynamic changes
in expression levels of total proteins and those of protein phosphorylation during the rapid
ovarian development of engorged female ticks using DIA quantitative proteomic technol-
ogy. The results of quantitative proteomics (Supplementary Table 1) showed that with the
continuous development of the ovary of female ticks after engorgement, the expression of
a large number of proteins in the ovary began to down-regulated. The expression of a few
proteins such as Vn was gradually up-regulated.

GO annotation analysis of the identified differentially expressed proteins in the ovaries
during different stages of post-engorgement were most belonged to nucleic acid binding,
hydrolase, enzyme modulator, transferase, and so on. KEGG signaling pathway analysis
revealed that transketolase, glyceraldehyde 3-phosphate dehydrogenase, and hexokinase
were involved in metabolism pathways, providing energy for ovary development. Other
proteins belong to Lysosomal hydrolytic enzymes, such as aspartic protease, cysteine
protease, and serine carboxypeptidase, were involved in the degradation of Vn pro-
tein during the subsequent development of eggs. In addition, the differentially expressed
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Table 1 KEGG pathway

. . KEGG pathway Number
enrichment analysis of of pro-
differentially expressed teins
phosphorylated proteins in the
ovaries of female Haemaphysalis map01100 Metabolic pathways 19

longicornis
map03013 RNA transport

map04144 Endocytosis

—
[\

map01110 Biosynthesis of secondary metabolites
map04141 Protein processing in endoplasmic reticulum
map05205 Proteoglycans in cancer

map04070 Phosphatidylinositol signaling system
map04150 mTOR signaling pathway

map04151 PI3K-Akt signaling pathway
map03015 mRNA surveillance pathway
map04530 Tight junction

map00562 Inositol phosphate metabolism
map05165 Human papillomavirus infection
map04140 Autophagy—animal

map05206 MicroRNAs in cancer

map04910 Insulin signaling pathway

map00230 Purine metabolism

map03040 Spliceosome

map04120 Ubiquitin mediated proteolysis
map04391 Hippo signaling pathway—fly
map05100 Bacterial invasion of epithelial cells
map04015 Rapl signaling pathway

map01130 Biosynthesis of antibiotics

map05203 Viral carcinogenesis

R - T S S U e - NV TRV, SRV, SV, B e e N e e MR N BN BN B =)

map05166 Human T-cell leukemia virus 1 infection

phosphorylated proteins such as protein kinase C, RNA-binding protein, translation ini-
tiation factor 4B, serine/threonine protein kinase 3 mainly involved in the mTOR, PI3K-
AKT, and Hippo signaling pathways, which involved in cell growth and development. In
addition, some phosphorylated proteins such as cytoplasmic polyadenylation element bind-
ing protein and anaphase-promoting complex subunit take part in progesterone-mediated
oocyte maturation.

Vitellogenesis is an important part of tick reproductive process and directly affects its
reproductive capacity. Vn is a heme glycolipid complex protein, which is the major reserve
protein present in yolk granules, constitutes the major yolk protein (Estrela et al. 2010). Vn
is a nutrient source for embryo development, survival, and reproduction of ticks, which is
very important for the development of tick embryos (Mitchell et al. 2019). The metabo-
lites produced by the degradation of Vn even provide nutrients for the newly hatched lar-
vae (Seixas et al. 2003). Therefore, during ovarian development of the engorged H. longi-
cornis, a large amount of Vn is present. Vg as the precursor of Vn is usually synthesized
at extra-ovarially (Khalil et al. 2011). The formation and ingestion of Vg are the key links
in vitellogenesis. Vg is abundantly present in the body of tick, is mainly synthesized in the
fat body and midgut of the mated female tick, and rarely in the ovary (Taylor et al. 1991;
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Thompson et al. 2007). After Vg is released to the haemolymph (Coons et al. 1989), a sur-
face receptor called the Vg receptor captures and endocytose them into the oocytes (Mitch-
ell et al. 2019). Through processing and post-translational modification, Vg is converted
to Vn (James and Oliver 1997). In ticks, ecdysteroids activate vitellogenesis and regulate
female ticks reproduction by regulating the expression of Vg gene and regulating the syn-
thesis and release of Vg protein into haemolymph (Cabrera et al. 2009). After that, a series
of regulatory processes of vitellogenesis are carried out, which requires the coordination of
various proteins, so as to achieve the rapid and efficient formation of eggs.

Vn is hydrolyzed into raw materials such as amino acids needed by embryo develop-
ment under the action of various hydrolytic enzymes in ovaries (Giorgi et al. 1999). In
insect, many hydrolytic enzymes related to Vn degradation, such as aspartic protease,
cysteine protease, serine protease, and carboxypeptidase, have been extensively investi-
gated (Guo et al. 2019). Most proteases hydrolysing Vn in oocytesare present in an inactive
form, these proteases are preserved as inactive zymogens (Takahashi et al. 1993), and con-
verted to the active form through the acidification of yolk granules (Fagotto 1991, 1995).
Compared with insects, there are relatively few studies on the digestion of Vn in ticks. It
was found that aspartic endopeptidases and cysteine endopeptidase play an important role
in the digestion of Vn in Rhipicephalus microplus (Estrela et al. 2010; Seixas et al. 2003;
Nascimento-Silva et al. 2008). In this study, we found that in the ovarian development of
the engorged H. longicornis, the expression levels of aspartic protease, cysteine protease,
and serine carboxypeptidase gradually increased with ovary development, suggesting that
these enzymes are continuously accumulated during the rapid ovary development for the
subsequent Vn decomposition.

Proteins related to aspartic protease that were identified during ovarian development,
which belongs to the lysosomal enzyme group that has been shown to be involved in the
Vn hydrolysis process of tetrapods (Opresko and Karpf 1987), and the Vn hydrolysis pro-
cess of chicken oocytes (Retzek et al. 1992). It was showed that aspartic protease plays a
major role in Vn decomposition, whose activity is controlled by the acidification of yolk
platelets (Abreu et al. 2004). In this study, we found that during ovarian development, the
expression of aspartic protease kept increasing, and the expression at 48 h post-engorge-
ment was 53.2 times of that at 0 h post-engorgement, indicating that during ovarian devel-
opment, a large amount of aspartic protease is accumulated, which lays the foundation for
the subsequent Vn decomposition during embryo development.

Cysteine proteases are widely present in lysosomes of organisms (Boulangé et al. 2001),
they are involved in phagocytosis and scavenge excess cellular materials, thereby playing
an important role in degradation and processing processes of protein (Castro-Gomes et al.
2016). Cysteine proteases have been found in various parasitic species and are involved in
many physiological processes, such as protein hydrolysis, autophagy, and escape and regu-
lation of the host immune response (Gomes et al. 2017; Siqueira-Neto et al. 2018). They
also play a very important role in insect metamorphosis, especially during embryogene-
sis and tissue remodelling stages, while they are also involved in the circulation of nutri-
ents (Sojka et al. 2011). In this study, we found that the expression of cysteine protease
increased with the ovarian development, and the expression at 48 h post-engorgement was
2.6 times of that at 0 h post-engorgement, which may play an important role in embryonic
development by degrading Vn.

Carboxypeptidases are important digestive enzymes in insects and are peptide exonu-
cleases that degrade peptide chains from the C-terminus and thus release free amino acids
(Zhang et al. 2019). According to the catalytic centre, carboxypeptidases can be divided
into three major categories: serine carboxypeptidase (SCP), cysteine carboxypeptidase,
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and metal carboxypeptidase. SCP, also known as acidic carboxypeptidase, is a proteolytic
enzyme in eukaryotes; under acidic conditions, SCP has terminal proteolytic enzyme activ-
ity and is involved in protein processing, modification, and degradation (Breddam 1986).
Thus far, only a few SCPs have been studied in insects and were found to be involved in
protein digestion in the gut of animals (Bown et al. 1998) and in Vn degradation in mos-
quito oocytes (Cho et al. 1991). SCPs play an important role in the digestion of the host’s
blood-meal and also take part in the proteolytic cascades for hemoglobin degradation in H.
longicornis (Motobu et al. 2007). In ovarian development of the engorged H. longicornis,
the expression levels of SCPs kept increasing, and that of SCP at 48 h post-engorgement
was 7.6 times that at O h post-engorgement, indicating that a large quantity of this SCP
accumulated during ovarian development and may participated in Vn degradation after
embryonic development was initiated.

The expression levels of proteins in Cluster 1 assumed a sustained down-regulated trend
during ovarian development. The synthesis and accumulation of a large quantity of Vn
during ovarian maturation provided nutrients for the subsequent embryonic development,
while the gradually decreased expression levels of a large number of other proteins showed
that ovary can mobilize more energy and raw materials for Vn synthesis (Chinzei et al.
1983). The expression levels of many ribosome-related proteins are down-regulated. Ribo-
somal-related proteins, referring to all proteins involved in the formation of a ribosome, are
major components of the ribosome and play important roles in the biosynthesis of proteins.
In the late stage of ovarian development, the protein types in the ovary were decreased,
and the needed ribosomes also decreased accordingly, so ribosome-related proteins were
down-regulated. Moreover, the expression levels of a large number of eukaryotic transla-
tion initiation factors were also down-regulated. The protein translation initiation process
of eukaryotes is a complex process in which many proteins participate, collectively referred
to as translation initiation factors. Because the number of protein type required in the late
stage of ovarian development was reduced, the expression levels of eukaryotic translation
initiation factors also exhibited a down-regulated trend.

During ovarian development, the phosphorylation levels of the pT222 and pT226 sites
of the heat shock protein 70 kDa protein (Hsp70) kept increasing. Hsp70 is a conserved
and ubiquitous member of the heat shock protein family and plays an essential role in
maintaining cell viability (Morano 2007) by protecting cells from heat or oxidative stress
and directly inhibiting apoptosis (Beere et al. 2000). Hsp70 is a molecular chaperone, and
phosphorylated Hsp70 is involved in the folding of proteins during signal transduction
while guiding the ubiquitin-mediated degradation of unfolded proteins (Muller et al. 2013),
and playing an important regulatory role in the normal progression of the cell cycle. There-
fore, we believe that this protein plays a key role in ovarian development.

During ovarian development, the phosphorylation level of the pT420 site of the engulf-
ment and cell motility protein (ELMO) was increasing. The phosphorylated ELMO protein
promotes cell migration (Grimsley et al. 2004). The members of ELMO family are present in
fungus, nematoda, arthropoda, and higher vertebrates (Brzostowski et al. 2009). ELMO, char-
acterized by an atypical C-terminal PH domain and a proline-rich motif that are associated
with ELMO binding to the dedicator of cytokinesis (DOCK) protein (Patel et al. 2011), is a
key protein in the chemokine signalling pathway. The phosphorylated ELMO protein binds to
the DOCK?2 protein to form a complex, thereby activating Rac proteins, which in turn regulate
cell division and cell migration via actin.

With the development of the ovary, the expression levels of a large number of phosphoryl-
ated Vg and Vg precursor related proteins are up-regulated, and these proteins expression can
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be up-regulated more than 100 times at 48 h post-engorgement. An increase in these proteins
will contribute to the development of Vn and promote ovarian development.

Protein expression changes provide various assembly and control mechanisms for the
development of the body, while protein phosphorylation provides a unique, fast, revers-
ible, energy-efficient mechanism to control the process of body development (Hawkins et al.
2019). Phosphorylation of proteins increases the diversity of proteins, allowing one protein
to perform multiple functions and thus reduce the consumption of the resources in the body
by not producing a large number of proteins. During the rapid development of the ovary, a
large amount of energy and raw materials need to be accumulated, while proteins involved in
carbohydrate metabolism, lipid metabolism, cholesterol metabolism, purine base metabolism,
cytoskeleton synthesis, and signal transduction pathways need to work coordinately. The effi-
ciency of the body is significantly improved by the phosphorylation of proteins. The investiga-
tion of the phosphorylation characteristics of these proteins is of great importance for better
understanding the molecular mechanisms that regulate the reproductive development of ticks.

Conclusion

In this study, DIA quantitative proteomics method was used to study the changes of protein
expression and phosphorylation during the ovarian development of female H. longicornis.
This will provide a deeper understanding of the synergistic patterns of proteins in the whole
process of ovarian development. The research results may provide a new protein target for
the control of ticks. It could even have profound implications for the prevention of tick-borne
diseases.
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