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ARTICLE INFO ABSTRACT

Keywords: Haemaphysalis flava Neumann, 1897 (H. flava) is of public health significance due to its capability of transmitting
Haemaphysalis flava Neumann, 1897 several pathogens such as Rickettsia, Ehrlichia, Bartonella and Francisella tularensis. However, lack of complete
Transcriptome genome, transcriptome and proteome information limits the understanding of the biology of H. flava. Here, the
]1:;;‘;‘:;1 total RNA of H. flava was collected separately at larvae and nymph stages and analyzed with high-throughput

RNA sequencing technology. The obtained data were assembled and annotated based on the near origin species
in the Nr database. The functions of the unigenes were annotated and classified by seven databases, including Nr,
Nt, Pfam, KOG, Swiss-Prot, GO and KEGG. A total of 61,850,967 and 79,579,368 clean reads were obtained with
a data bulk of 9.28 G and 11.94G in larvae and nymph stages, respectively. The number of unigenes was
440,896, with 48.6% of them being matched to the Nr database and 51.4% remaining unknown. Additionally,
1,776,404 SNPs were identified in the unigenes. Differential analysis revealed 80 differentially expressed genes
(DEGs), including 56 up-regulated genes and 24 down-regulated genes in the nymph versus larvae. qPCR con-
firmed 4 of the 56 up-regulated genes and 4 of the down-regulated genes. KEGG analysis of the DEGs showed
that aldehyde dehydrogenase and sorbitol dehydrogenase, two up-regulated unigenes in nymph versus larvae,
were both matched to the top three enriched pathways: “chloroalkane and chloroalkene degradation”, “fatty
acid degradation” and “glycolysis and gluconeogenesis”. This is the first report on the whole transcriptome of H.
flava at larvae and nymph stages. This study contributes to the understanding of H. flava at the gene expression
level in different developmental stages and provides a theoretical basis for the development of vaccines against
H. flava.

1. Introduction

Ticks are blood-feeding ectoparasites with medical and veterinary
importance and survive in the four growth forms of eggs, larvae,
nymphs and adults (Tissot Dupont and Raoult, 1993; Kettle, 1995).
There are many different species in ticks, and to date, approximately
900 species have been described, which can be divided into three fa-
milies: the Argasidae (191 species), the Ixodidae (701 species) and the
Nuttalliellidae (only one species, Nuttalliella namaqua) (Horak et al.,
2002). Among them, Haemaphysalis flava Neumann, 1897 (H. flava)
belongs to the order Acarina of the class Arachnida and the three-host

tick (Ozawa et al., 1982; Fujimoto, 1987; Kakuda et al., 1990). It ex-
hibits the three-host life cycle with (larvae, nymph and adult) each
feeding once on their respective host during the life cycle, followed by
moulting of the detached larvae and nymph to the nymph and adult,
respectively, and finally, the oviposition of the engorged female, which
mated on the host, on the ground after detachment (Qiu et al., 2014; Xu
et al., 2016; Liu et al., 2017). Previous studies have shown that it can
transmit different pathogen species on the Asiatic continent (Japan,
Tailand, Tibet ...) (Furuno et al., 2017; Jung et al., 2019). Furthermore,
its parasitic hosts are widely distributed, but the main host is dog (Xu
et al.,, 2015; Duan and Cheng, 2017). In addition, it is also found on

Abbreviations: H. flava, Haemaphysalis flava Neumann, 1897; DEGs, differentially expressed genes; cDNA, complementary DNA; CDS, coding sequences; SSR, simple
sequence repeats; SNP, single nucleotide polymorphism; qPCR, quantitative real-time PCR; B. microplus, Boophilus microplus
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wild animals such as giant panda in the Qinling Mountain area of China
(Cheng et al., 2013).

The ticks can carry a variety of pathogenic microorganisms such as
Rickettsia, Ehrlichia, Bartonella and Francisella tularensis, resulting in the
transmission of diseases in humans, domestic and wild animals (Pfaffle
et al., 2013; Ejiri et al., 2018). Moreover, during the feeding process,
they can induce inadvertent damage to the host's blood vessels and
tissues at the bite site. They can also directly cause severe toxic con-
ditions leading to irritation, allergy and paralysis of the host (Ishigaki
et al., 2012). Therefore, it is crucial and necessary to inhibit the growth
and spread of the ticks. Currently, polyester, organophosphorus, and
amidine are widely used as broad-spectrum insecticides for controlling
the tick populations in animal husbandry (Pfaffle et al., 2013). How-
ever, these drugs may cause the pollution of environment and animal
by-products, create high antibiotic-resistance in ticks and increase their
prevention and control cost. This suggests that the development of new
strategies against the ticks has become an extremely urgent task at
present.

With the rapid development of sequencing, genome and tran-
scriptome combined with bioinformatics analysis have grown en-
ormously and made great contributions to the identification and an-
notation of new genes (Verjovski-Almeida et al., 2003; Egekwu et al.,
2014; Yin et al., 2016; Charrier et al., 2018). For example, the genome
of Ixodes scapularis was analyzed as a member of the subphylum Che-
licerata (Miller et al., 2018). In 2006, the genome project was finished
for Boophilus microplus (B. microplus), the southern cattle tick as the
most economically important tick all over the world (Guerrero et al.,
2006). However, there is no information available about the genome of
H. flava, and lack of transcriptome and proteome information limits the
understanding of H. flava in many aspects, such as molecular biology,
biochemistry and biological evolution.

In this study, the transcriptome of H. flava at larvae and nymph
stages was sequenced and compared, and the differentially expressed
genes (DEGs) in different stages were obtained, which may contribute
to developing new targets for controlling H. flava and facilitate the
understanding of the pathogenesis of H. flava at different stages.

2. Materials and methods
2.1. Tick rearing and sample collection

Adult ticks (23 fully engorged females, 99 males) were collected
from a wild hedgehog in Hubei province of China. The engorged ticks
were reared in the dark at a temperature of 28 + 1°C in an 88% re-
lative humidity biochemical desiccator for culture of next generation
until the oviposition of the female ticks. The larvae and nymph samples
were collected separately when eggs molted to larvae and engorged
larvae molted to the nymph. Meanwhile, H. flava larvae were fed on
white New Zealand rabbit.

2.2. RNA extraction, cDNA library construction and sequencing

The total RNA was extracted from a pool of 30 H. flava larvae and
30 nymphs using the TRIzol Reagent (Invitrogen, CA, USA). The total
RNA was quantified by agarose gel electrophoresis to test RNA de-
gradation and contamination and the RNA integrity and quantity was
further tested using agilent 2100 bioanalyzer (Agilent technologies, CA,
USA). Sequencing libraries were generated using NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, MA, USA) following manufac-
turer's recommendations and index codes were added to attribute se-
quences to each sample. Briefly, mRNA was purified from total RNA
using poly-T oligo-attached magnetic beads (Epicenter, Madison, WI,
USA) and the rRNA was removed by using NEBNext rRNA depletion kit
(NEB, MA, USA). Then 2 ug mRNA was fragmented randomly in frag-
mentation buffer, followed by complementary DNA (cDNA) synthesis
and the addition of a custom second-strand synthesis buffer (Illumina,
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CA, USA) to generate the second strand by nick-translation with the
reaction system (50 pl) of 1 pl dANTPs Mixture (10 mM), 4 ul RNase H
(5U0/ul), 5ul second strand cDNA synthesis buffer (10x), 4pl
Escherichia coli ligase (10 U/ul), 4 pl E. coli polymerase I (5U/pl) and
DEPC water. The cDNA was purified using AMPure XP beads (Beckman
Coulter), and the cDNA library was constructed after a round of pur-
ification, terminal repair, A-tailing, ligation of sequencing adapters, size
selection and PCR enrichment. The DNA concentration was determined
by a Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA) and
diluted to 1ng/pl before insert size analysis by agilent 2100
Bioanalyzer (Agilent technologies, USA), followed by quantitative PCR
(library activity > 2nM). The library was sequenced on an Illumina
Hiseq X platform with 150-base paired-end reads (Novogene
Bioinformatics Technology Company, Beijing, China). The sequencing
data obtained in this study were deposited in the National Center for
Biotechnology Information (NCBI, accession number: SRR8426798).

2.3. Data filtering, de novo assembly and functional annotation

Raw data (raw reads) of fastq format were firstly processed through
in-house perl scripts. The used software was ng qc designed by
Novogene Bioinformatics Technology Company. In this step, clean data
(clean reads) were obtained by removing reads containing adapter,
reads containing ploy-N (the proportion > 0.1%) and low quality reads
that the number of bases with a mass value of Qphred < 20 accounts
for > 50% of the total reads. Because of the absence of H. flava genome
as a reference, clean reads are de novo assembled with the reported
genome sequence of Ixodes scapularis by Trinity software
(r20140413pl) for transcriptome reconstruction (Grabherr et al.,
2011). A comprehensive gene functional annotation was performed
using seven databases including NCBI non-redundant protein sequences
(Nr) (NCBI blast 2.2.28 +, e-value = 1e-5), NCBI nucleotide sequences
(Nt) (NCBI blast 2.2.28+, e-value = le-5), Protein family (Pfam)
(HMMER 3.0 package, hmmscan, e-value = 0.01), Cluster of Ortholo-
gous Groups of proteins (COG) and euKaryotic Orthologous Groups
(KOG) (NCBI blast 2.2.28+, e-value = 1e-3), Swiss-Prot (NCBI blast
2.2.28+, e-value = le-5), Kyoto Encyclopedia of Genes and Genome
(KEGG) (KAAS, KEGG Automatic Annotation Server, e-value = 1e-10),
and Gene Ontology (GO) (Blast2GO v2.5, e-value = le-6). The genes
were annotated with each database and the predicted protein coding
sequences (CDS) of the unigenes were blasted based on the priority of
NR and Swiss-prot databases. If the information matched, CDS is ex-
tracted from unigene sequences and translated into peptide sequences
based on the standard codon table (from 5’ to 3’). If not, unigenes with
no hits in BLAST are analyzed with ESTScan (3.0.3) to predict their
coding regions and determine their sequence direction. MISA (v1.0)
was used for the simple sequence repeats (SSR) detection of the uni-
genes. GATK3 was used to carry out single nucleotide polymorphism
(SNP). Clean reads were mapped back to the transcriptome by Bowtie
(v2.0) for quantification of the expression level by RSEM (Li and
Dewey, 2011). Finally, the read count was obtained for each gene of
each sample and normalized to the FPKM value.

2.4. Gene expression difference analysis

Several methods for analyzing the differential expression genes
(DEGs) were compared in terms of distribution, housekeeping, clus-
tering, intra-variance and false-positive rate. DESeq and TMM were
found to be more standardized than FPKM, although the latter was
regarded as the standardized method for analysis of differential genes.
In this study, DEGs were screened in the readcount data by DESeq, with
a screening threshold (padj) of < 0.05. Meanwhile, the DEGs were
ranked by log, fold-change values and the functions of the DEGs were
analyzed using the GO (Blast2GO v2.5, e-value = le-6) and KEGG
(KAAS, KEGG Automatic Annotation Server, e-value = 1le-10) data-
bases.
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Table 1

Primers for validation of transcriptome sequencing by qPCR.

Gene name Forward primer (5-3") Reverse primer (3’-5%)

Actin CAAGGAGAAGCTTTGCTACGTC CCGATGGTGATGACCTGAC
C326998_g1 CACAAGATGTGGCTTGTTCA CACACTTGGTACGATGGCTT
C313786_g1 TGTGTGTTCAATCCTGATGC CAGGTCAGTAVGGTTGTTGC
C320142 g1 TCAGCGAGGTTGAATACGAT GTCAGCCTTCGGAAGTTCTC
C290670_g1 TGTTCTACAGGAACGGCATC CTTCTCCGTATCCGACCAAT
C215729 g2 ACTCTTCTGGGACCCTTCCT GGACGTACAGGGTGTCCTCT
C311129_ g3 ATGGTGCAGGAATCGTTTG ACATCCGAGGGTGTAGCAG
C301668_g1 GTTTCATGTCACCAATCCCA TCGAGCATCTTCACTACGGT
C94915 g1 TGAAGCCACAACTTCCTTTG AGCCGAAGAAGGCAAGAATA

2.5. ¢cDNA synthesis and quantitative real-time PCR

cDNA was synthesized with the RNA of H. flava at larvae and nymph
stages using PrimeScript™RT reagent Kit (Takara Biotechnology,
Beijing, China). The cDNA was stored at —20°C for further use.
Quantitative real-time PCR (qPCR) was performed to validate the
transcriptome sequencing results. The primers for qPCR were designed
based on eight DEGs, including four up-regulated and four down-
regulated genes in the nymph versus larvae. The four up-regulated
genes included endochitinase, cysteine proteinase, cytochrome and
chitin, and four down-regulated genes included lipase, cystatin and
other two hypothetical protein genes. The actin gene was used as a
reference gene to standardize and optimize the expression level. The
primers were designed using GenScript Real-time PCR (TagMan)
PrimerDesign (http://www.genscript.com/SSI-bin/app/primer). All
primers and targeted genes are shown in Table 1. The cDNA was 5-fold
serially diluted (2pl, 0.4 ul and 0.08 ul) using DEPC water to test the
sensitivity of the primers. For the specificity of the primers, the cDNA
from Rhipicephalus haemaphysaloides was regarded as a negative control
and the H,O was regarded as a blank control. QPCR was performed with
SYBR Premix Ex Taq™II kit (TaKaRa) according to the manufacturer's
protocol under the conditions of 95 °C for 30 s and 40 cycles of 95 °C for
5s and 60 °C for 30s. The qPCR reaction system (25 pl) consisted of
12.5 pul SYBR Premix Ex Taq™II (2 X ), 0.5 ul ROX referencell (50 x ), 1 ul
forward primer (10 umol), 1 ul reverse primer (10 pmol), 2l cDNA,
and 8 ul DEPC water. The qPCR was performed on 96 wells plate and
each reaction was conducted in triplicate. The relative expression level
of different genes was measured by 224,

3. Results
3.1. RNA sequencing and de novo assembly

In this study, the transcriptome of H. flava at larvae and nymph
stages was sequenced, assembled and annotated. A total of 64,474,326
and 81,612,022 raw reads were produced in larvae and nymph stages,
respectively. After removing the reads containing adapter, poly-N and
with low quality, 61,850,967 and 79,579,368 clean reads were ob-
tained, with a data volume of 9.28 G and 11.94 G for H. flava in larvae
and nymph stages, respectively. Q20, Q30 and GC-content were also
calculated based on the clean data. In the larvae stage, the GC content
was 49.45%, and the Q20 and Q30 were 96.58 and 92.22%, respec-
tively. In the nymph stage, the percentage of Q20, Q30 and GC was
97.26, 93.3 and 52.69%, respectively (Table 2).

After sequencing, the transcriptome was assembled with Trinity due
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Fig. 1. The length distribution of the unigenes and transcripts. The X axis in-
dicates the length interval. The Y axis indicates the number of unigenes and
transcripts in blue and red, respectively. The unigenes are shown in blue and
transcripts in red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

to its advantage of reconstructing the transcriptome without a reference
genome. After removing the transcripts with a length of < 200 bp, we
obtained a total of 536,336 and 440,896 transcripts and unigenes with
an average length of 509 and 447 bp and an N50 of 641 bp and 482 bp,
respectively. The length distributions of the transcripts and unigenes
are shown in Fig. 1, and most of them were < 301 bp, accounting for
76.4% and 81.23%, respectively. The maximum length of the unigenes
was 26,722 bp and the minimum length was 201 bp.

3.2. Gene functional annotation and classification

All the transcripts were annotated by seven databases (Fig. 2A). As
the genome of H. flava had not been sequenced, the transcripts obtained
in this study were annotated with other near origin species in the Nr
database. The annotation results showed that 35.7% of the transcripts
were matched to Ixodes scapularis, 5.0% to Stegodyphus mimosarum,
3.0% to Nuttalliella namaqua, 2.5% to Metaseiulus occidentalis, 2.3% to
Strongylocentrotus purpurtus and 51.4% were unknown genes that had
not been annotated yet in any other species (Fig. 2B). Apparently, un-
known genes account for more than half of the total genes.

The functions of genes were annotated and classified in terms of
biological process, cellular component and molecular function based on
the GO database (Fig. 3). In the GO term of biological process, most
annotated genes were assigned to cellular process (GO:0009987), me-
tabolic process (GO:0008152) and single-organism process
(G0:0044699), which were obviously far more than other processes.
For organisms, most of the biological processes are similar, although
different organisms may possess their own special biological activity
process. For H. flava, some processes are more significant than other

Table 2

Summary of the transcriptome of Haemaphysalis flava Neumann at larvae and nymph stages for assembling.
Sample Raw reads Clean reads Clean bases Error (%) Q20 (%) Q30 (%) GC (%)
Larvae 64,474,326 61,850,967 9.28G 0.01 96.58 92.22 49.45
Nymph 81,612,022 79,579,368 11.94G 0.01 97.26 93.3 52.69
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Fig. 2. (A) The transcripts of Haemaphysalis flava Neumann were annotated by seven databases. (B) The transcripts obtained in this study were annotated with the

near origin species in the Nr database. Among them, the transcripts annotated

processes. For example, in cellular process, cellular metabolic process
may play an important role by focusing on macromolecular, nitrogen
compound and aromatic compound metabolic processes, indicating the
involvement of these compounds in some metabolic processes sig-
nificant and unique to H. flava. In single-organism process, cell com-
munication and organic acid metabolic processes are dominant relative
to other processes, while in metabolic process, organic substance me-
tabolic process is more important than other processes.

In molecular function, binding and catalytic activity were appar-
ently more than other processes in level 2. In binding process, more
genes were assigned to ion binding (anion and cation binding) and
heterocylic compound binding, which mainly included the nucleoside
phosphate binding, nucleoside binding and nucleic acid binding pro-
cesses. However, in cellular component, genes that were assigned to the
cell and cell junction were slightly more than those of other processes.
For cellular component, the annotated genes were mainly involved in
cell (GO: 0005623) and cell junction (GO:0030054). In the GO term of
molecular function, the genes were mainly annotated to binding (GO:
0005488) and catalytic activity (GO:0003824).

Furthermore, a total of 22,347 unigenes were annotated and clas-
sified by KOG database, which can be divided into 25 categories

to Ixodes scapularis were the most, accounting for 35.7% of the total.

(Fig. 4), with the top three KOG categories including “General function
prediction only”, “posttranslational modification, protein turnover,
chaperones” and “signal transduction mechanisms”, accounting for
22%, 9.9% and 9.4%, respectively. Moreover, a total of 15,112 uni-
genes were annotated by the KEGG database and assigned to the five
categories of cellular processes, genetic information processing, meta-
bolism, environmental information processing, and organismal systems
(Fig. 5). Among them, 1804 unigenes (12%) participate in signal
transduction, 1450 genes (9.5%) play a role in translation, and 1212
genes (8%) take part in transport and catabolism, which are the top
three pathways the unigenes were involved in. Specifically, the top
three enriched pathways were “chloroalkane and chloroalkene de-
gradation”, “fatty acid degradation” and “glycolysis and gluconeogen-
esis” and all of them were related with the two up-regulated unigenes in
the nymph versus larvae: aldehyde dehydrogenase and sorbitol dehy-
drogenase. Additionally, one hypothetical protein, a down-regulated
unigene, was matched to “ubiquitin-mediated proteolysis” pathway.
Single Nucleotide Polymorphisms were screened and a total of
1,776,404 SNPs were identified in the unigenes, with non-coding SNP
and coding SNP accounting for 76.40% and 23.60%, respectively. The
numbers of transitions and transversions were 1,124,651 and 651,752,
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respectively, resulting in 278,646 (15.69%) and 140,509 (7.91%) of
synonymous and nonsynonymous nucleotide substitutions, respec-
tively.

3.3. Differential expression analysis of H. flava in the larvae and nymph
stages and experimental validation by qPCR

Differential expression analysis revealed 80 DEGs of H. flava in the
larvae and nymph stages, with 56 of them up-regulated and 24 down-
regulated (Fig. 6). In the 56 up-regulated genes (nymph versus larvae),
30 (53.5%) were annotated to hypothetical proteins of unknown
function and 26 (46.5%) were annotated to cysteine, cysteine-rich se-
creted protein, cysteine proteinase and secreted proteins in the Nr da-
tabase. In the 24 down-regulated genes, 17 (70.8%) were annotated to
hypothetical proteins of unknown function and only 7 (29.2%) were
annotated to lipase, methyltransferase, two types of cystatins and se-
creted proteins. Among them, hypothetical proteins were in the ma-
jority, probably due to the fact that the genome of most of the tick
species has not been sequenced, spliced or annotated.

The results of RNA sequencing were confirmed by qPCR with a total
of eight DEGs. The relative expression level of the four up-regulated
genes was about 3.5-fold higher in the nymph stage than in the larvae
stage. The relative expression level of the four down-regulated genes
was 5-fold lower in the nymph stage than in the larvae stage. The qPCR
result was consistent with that of RNA sequencing.

4. Discussion

In this study, the transcriptome of H. flava at larvae and nymph
stages was obtained by using the high-throughput RNA sequencing
method. A total of 536,336 and 440,896 transcripts and unigenes were
obtained, respectively. Due to lack of genome information of H. flava,
the transcripts had to be annotated with other near origin species.
Annotation results showed that only 48.6% of the transcripts match
with the reported near species, and 51.4% are unknown genes, sug-
gesting the necessity for further research of ticks. Moreover, more than
half of the genes were annotated to hypothetic proteins of unknown

function. Ticks were of veterinary significance, which can transmit
several pathogens and lead to enormous economic loss in livestock
industry. In recent years, increasing attention has been paid to ticks
such as Ixodes persulcatus, Rhipicephalus sanguineus, Rhipicephalus mi-
croplus and so on (Anatriello et al., 2010; Ali et al., 2014). To date, only
the genome, transcriptome and proteome of Ixodes scapularis and Boo-
philus microplus have been sequenced and annotated completely
(Guerrero et al., 2006; Miller et al., 2018). This phenomenon can be
attributed to the following reasons: (1) RNA collection was difficult due
to the small size of ticks; (2) blood-feeding may lead to host pollution in
sequencing; (3) the existence of so many repeated sequences in the
genome increases the difficulty of splicing and annotation (Gibson
et al., 2013; Vayssier-Taussat et al., 2013).

In this article, we obtained for the first time the transcriptome of H.
flava at larvae and nymph stages, and 80 DEGs were identified, in-
cluding 56 up-regulated genes and 24 down-regulated genes in the
nymph versus larvae. The functions of these DEGs were analyzed by
different databases and the majority (47 DEGs) were annotated to hy-
pothetical proteins of unknown function. Among the 24 down-regulated
genes with up-regulated expression in the larvae stage, lipase was the
highest expressed based on the log, fold change, revealing that lipase
plays an important role in the larvae stage. According to the GO an-
notation, the genes that encode the lipase match to several processes,
including lipid catabolic process, cholesterol, secondary alcohol, sterol,
alcohol, steroid metabolic process and lipid catalytic activity. While all
the GO annotations were matched to lipid-related activity, previous
studies have also shown that lipase had the digestion activity in the
larvae stage of the American lobster Homarus americanus Milne
Edwards (Brahimi-Horn et al., 1989; Biesiot and Capuzzo, 1990). To
date, no studies have focused on the digestion system at the larvae
stage, so whether lipase on the larvae of H. flava has the digestion ac-
tivity needs to be further studied. Ticks are exclusively (obligate) he-
matophagous ectoparasites (Willadsen and Riding, 1980). Therefore,
blood from the host was the most essential source for the survival,
growth and reproduction of ticks. The blood digestion process is not
only vital but also very complicated. The system consists of a series of
proteases, including serine, cysteine, and aspartic proteases, which
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Fig. 5. Annotation and classification of unigenes by KEGG database. The 15,112 unigenes were annotated and assigned into five categories, including cellular
process, genetic information processing, metabolism, environmental information processing, and organismal systems.
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Fig. 6. 80 differentially expressed genes (DEGs) identified between nymph and
larvae stages, with 56 up-regulated and 24 down-regulated in nymph versus
larvae.

have been reported in previous studies (Sojka et al., 2008; Horn et al.,
2009; Shaw et al., 2012; Zhang et al., 2015). For example, the network
of cysteine and aspartic peptidases play a concerted role in the blood
digestion in the gut of Ixodes ricinus (Sojka et al., 2008). In this study,
one gene that was annotated to midgut cysteine proteinase 4 (cathepsin
L), a member of peptidase Cl-like family, was up-regulated in nymph
versus larvae. This was confirmed in our previous study by Sun et al.,
who demonstrated that the transcriptional level of cathepsin L was
significantly higher in nymph and adult than in egg and larvae, even
though it could be transcribed in all the development stages, including
egg, larvae, nymph, and adult (Sun et al., 2019). Cathepsin L was also
identified to be localized in the gut through the anti-cathepsin L serum,
which also revealed that cathepsin L plays a key role in blood digestion
of ticks in the gut. Several studies have also been performed on ca-
thepsin L-like (Clara et al., 2011) in Haemaphysalis longicornis (HICPL-
A), B. microplus (BmCL1), Ixodes ricinus (IrCL1) and Rhipicephalus
(Boophilus) annulatus (RaCL1) (Lima et al., 2006; Sojka et al., 2008;
Zhou et al., 2009; Franta et al., 2011; Zhang et al., 2015; Saidi et al.,
2016). The mechanism for blood digestion of ticks is complex. In the
present study, the high expression of cysteine proteinase 4 in the
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nymph, but low expression in the larvae stage indicated that the ticks
may utilize different types of proteinase for proteolysis at different
stages, due to the limitation of growth and regulation. This suggests
that midgut cysteine proteinase 4 may play a key role in the process of
blood digestion in nymph and some substitutions may exist in larvae,
even though the process of proteolysis in the midgut is a network and
needs the incorporation of a battery of proteases.

Proteinase inhibitors are also present and have a series of physio-
logical functions, especially in the control of proteolytic enzymes and
the interaction between host and parasite. However, some proteinase
inhibitors only produce effects at a specific stage rather than
throughout the whole life cycle. For example, the concentration of in-
hibitor of trypsin and chymotrypsin of B. microplus varied in the dif-
ferent stages of the life cycle, which was very high in egg and unfed
stages and decreased rapidly after contact with the host (Willadsen and
McKenna, 1983; Lima et al., 2006). Similarly, in the present study, two
different cystatins were up-regulated in the larvae versus nymph, which
has been rarely reported in tick-related studies. Cystatin superfamily,
the strong inhibitor of cysteine proteinase, consists of stefins (in-
tracellular), cystatins and the kininogens (extracellular), which have
been widely described in many organisms, including animals, plants,
insects and protozoa (Willadsen and Riding, 1980; Zhou et al., 2006;
Zhou et al., 2009; Salat et al., 2010; Kolb et al., 2015; Liang et al., 2015;
Valdes-Rodriguez et al., 2015; Wang et al., 2015; Christova et al., 2018;
Melo et al., 2018). They can form tight and reversible contact with the
cysteine proteinase, but their functions remained to be further eluci-
dated. In B. microplus, cystatin (type 1) was characterized in fat body
(Lima et al., 2006; Parizi et al., 2013). In ovary, cystatin was also de-
tected and speculated to have roles in modulating endogenous pro-
teolysis. In salivary gland of B. microplus and Amblyomma americanum,
cystatin-like protein was detected and was supposed to regulate the
interactions between host and parasite (Lima et al., 2006; Schwarz
et al., 2012; Parizi et al., 2013). Overall, the physiological functions of
cystatin are complicated and diverse in different developmental stages
of ticks (Schwarz et al., 2012), and the two different up-regulated cy-
statins of H. flava may have specific functions in the larvae stage.
Specifically, the high expression of cysteine proteinase 4 in nymph, and
the high expression of cystatins (inhibitors of cysteine proteinase) in
larvae both confirmed that cysteine proteinase plays a key role in
nymph but not in larvae. However, how the cysteine proteinase works
in the nymph and what proteinase plays a key role in larvae remain to
be further studied.

To date, the knowledge for the H. flava remains limited and rather
fragmented. Most of the studies were focused on the adult stage, in-
cluding the female and male, fully engorged and partially engorged.
The transcriptome studies of midgut and salivary gland of H. flava
identified the genes that were involved in or associated with blood
digestion, feeding and defending from pathogens. The proteomics re-
search on the midgut detected some significant proteins implicated in
preventing blood meal coagulation, facilitating intracellular digestion
(Xu et al., 2015, 2016; Liu et al., 2018a,b). However, the knowledge is
still limited about the whole transcriptome of H. flava at the larvae and
nymph stages. This study performed a comparative analysis of the
transcriptome at the two different stages and obtained 80 DEGs be-
tween the larvae and nymph stages. It may provide new insight into the
biology of H. flava and contribute to the development of effective
therapies against H. flava or the diseases transmitted by H. flava.

5. Conclusion

This is the first report about the transcriptome sequences of H. flava
at larvae and nymph stages. The transcripts obtained were annotated
and classified based on seven databases, with more attention being
given to GO, KOG and KEGG analyses. A total of 80 DEGs were iden-
tified between larvae and nymph stages, including 56 up-regulated
genes and 24 down-regulated genes. This study provides the first
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insights into H. flava at the gene expression level in different develop-
mental stages and has provided a theoretical basis for the development
of new strategies for the control of H. flava.
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