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Abstract

Tick saliva contains hundreds or thousands of proteins that help blood feeding by impairing their 

hosts’ hemostasis, inflammation and immunity. Salivary gland transcriptomes allow the disclosure 

of this pharmacologically active potion that consists of several multi-gene families, many of which 

are tick-specific. We here report the “de novo” assembly of ~ 138 million reads deriving from a 

cDNA library from salivary glands of adult male and female Hyalomma excavatum leading to the 

public deposition of 5,337 coding sequences to GenBank. Among the deducted putative secreted 

proteins, metalloproteases, glycine rich proteins, mucins, anticoagulants of the madanin family 

and lipocalins were the most expressed. Novel protein families were identified. These sequences 

will permit proteomic studies aiming at identification of target antigens, epidemiological markers 

or salivary pharmaceuticals of interest, and contribute to our understanding of the fast evolution of 

the tick sialome.
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Introduction

Tick saliva is represented by a complex assemblage of peptidic and non-peptidic compounds 

that assist blood feeding by disarming their host hemostasis and immunity (Chmelar et al., 

2012; Francischetti et al., 2009; Kotal et al., 2015). Transcriptome studies indicate that ticks 

express hundreds or thousands of different polypeptides in their saliva that can be grouped 

into several multi-gene families, such as lipocalins, serpins, Kunitz-domain containing 

peptides and many other tick-specific families of unknown function (Chmelar et al., 2016; 

Francischetti et al., 2009). The diversity of these proteins is large, and probably derives from 

positive selection as their gene products benefit from mutations that evade, even temporarily, 

their hosts’ immune system.
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There are currently 64,150 protein sequences deposited on GenBank (as of Feb 11, 2016) 

annotated as deriving from tick salivary glands. While 26,370 are from the genus Ixodes, 

most from I. ricinus, the metastriate group counts 25,582 sequences for members of the 

Amblyomma genus and 11,513 for Rhipicephalus, most being for R. pulchellus. The genus 

Hyalomma is represented by only 100 sequences, 96 of which are from H. marginatus 
rufipes. In the present work we report the public deposition of 5,337 sequences derived from 

the sialotranscriptome of adult male and female H. excavatum ticks that fed for different 

amounts of time on white rabbits. H. excavatum (Apanaskevich and Horak, 2005; 

Hoogstraal and Kaiser, 1959) is of veterinary importance as a vector of Theileria to cattle 

and sheep in Africa (Friedhoff, 1997), and is a suspected vector of Crimean-Congo 

hemorrhagic fever (Khan et al., 1997).

Material and Methods

Ticks—Ticks were reared at the Institute of Zoology, Slovak Academy of Sciences. The 

original stock was the kind gift from Dr. Michael Samish, Kimron Veterinary Institute, Bait 

Dagan, Israel. White rabbits were used to rear all stages of this tick in the laboratory, as 

previously described (Slovak et al., 2002). The ticks were maintained in desiccators filled 

with saturated KCl solution to provide a RH of 85–90 %, at a photoperiod of 16:8 (L:D) and 

temperature 24 + 2 °C. The salivary glands were dissected from adult ticks originated from 

F3 laboratory generation that were unfed or fed at different times as indicated in Table 1. 

Glands were stored in RNAlater (Qiagen, Valencia CA) until used for mRNA extraction. 

The glands were pooled before RNA extraction. The usage of animals in these experiments 

was approved by the State Veterinary and Food Administration of the Slovak Republic 

(permit numbers 928/10-221 and 1335/12-221).

RNA extraction, library preparation and sequencing

RNA preparation, library construction and sequencing were performed essentially as 

described previously (Ribeiro et al., 2014). mRNA library construction and sequencing were 

done by the NIH Intramural Sequencing Center. The salivary gland (SG) library was 

constructed using the TruSeq RNA sample prep kit, v2 (Illumina Inc., San Diego, CA). The 

resulting cDNA was fragmented using a Covaris E210 (Covaris, Woburn, MA). Library 

amplification was performed using eight cycles to minimize the risk of over-amplification. 

Sequencing was performed on a HiSeq 2000 (Illumina) with v. 3 flow cells and sequencing 

reagents. One lane of the HiSeq machine was used for this and four other libraries, 

distinguished by bar coding. Libraries from the triatomine bug Panstrongylus megistus, the 

horse fly Tabanus bromius and the bat Diphila ecaudata were co-sequenced with Hyalomma, 

and we found that some cross-contamination of sequences occurred between the libraries 

(see below). Researchers reanalyzing the raw data should take this possibility of 

contamination into consideration. A total of 138,144,530 sequences of 101 nucleotides in 

length were obtained for the Hyalomma library. A paired-end protocol was used.

Bioinformatic tools used

The pipeline used has been described before (Ribeiro et al., 2015). Briefly, raw data were 

processed using RTA 1.12.4.2 and CASAVA 1.8.2. Reads were trimmed of low quality 
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regions and were assembled with the ABySS software (Genome Sciences Centre, 

Vancouver, BC, Canada) (Birol et al., 2009; Simpson et al., 2009) using various kmer (k) 

values (every tenth from 21 to 91) and SOAPdenovo-Trans assembler (Luo et al., 2012). The 

resulting assemblies were joined by an iterative BLAST and cap3 assembler (Karim et al., 

2011). Sequence contamination between bar-coded libraries were identified and removed 

when their sequence identities were over 98% but their abundance of reads were > 10 fold 

between libraries. Coding sequences (CDS) were extracted using an automated pipeline 

based on similarities to known proteins or by obtaining CDS containing a signal peptide 

(Nielsen et al., 1999). CDS and their protein sequences were mapped into a hyperlinked 

Excel spreadsheet (presented as Supplemental File 1). Signal peptide, transmembrane 

domains, furin cleavage sites, and mucin-type glycosylation were determined with software 

from the Center for Biological Sequence Analysis (Technical University of Denmark, 

Lyngby, Denmark) (Duckert et al., 2004; Julenius et al., 2005; Nielsen et al., 1999; 

Sonnhammer et al., 1998). Reads were mapped into the contigs using blastn (Altschul et al., 

1997) with a word size of 25, masking homonucleotide decamers and allowing mapping to 

up to three different CDS if the BLAST results had the same score values. Mapping of the 

reads was also included in the Excel spreadsheet. Values of the reads per kilobase of 

transcript per million mapped reads (RPKM) (Trapnell et al., 2012) for each coding 

sequence were also mapped to the spreadsheet. To compare relative expression of 

transcripts, we use the “expression index” defined as the number of reads mapped to a 

particular CDS divided by the largest found number of reads mapped to a single CDS, which 

in the case of this transcriptome was a value of 1,354,561 mapped to a single madanin 

coding sequence. Automated annotation of proteins was based on a vocabulary of nearly 350 

words found in matches to various databases, including Swissprot, Gene Ontology, KOG, 

Pfam, and SMART, Refseq-invertebrates and the acari subset of the GenBank sequences 

obtained by querying acari [organism] and retrieving all protein sequences. Detailed 

bioinformatics analysis of our pipeline can be found in our previous publication (Karim et 

al., 2011). For determination of synonymous and non-synonymous sites within coding 

sequences, the tool BWA aln (Li and Durbin, 2010) was used to map the reads to the CDS, 

producing SAI files that were joined by BWA sampe module, converted to BAM format, and 

sorted. The sequence alignment/map tools (samtools) package (Li et al., 2009) was used to 

do the mpileup of the reads (samtools mpileup), and the binary call format tools (bcftools) 

program from the same package was used to make the final vcf file containing the single-

nucleotide polymorphic (SNP) sites, which were only taken if the site coverage was at least 

100 (–D100), the quality was 20 or better and the SNP frequency was 5 or higher (default). 

Determination of whether the SNPs lead to a synonymous or non-synonymous codon change 

was achieved by a program written in Visual Basic by JMCR, the results of which are 

mapped into the Excel spreadsheet and color visualized in hyperlinked rtf files within 

Additional File 1. Sequence alignments were done with the ClustalX software package 

(Thompson et al., 1997). Phylogenetic analysis and statistical neighbor-joining bootstrap 

tests (1,000 iterations) of the phylogenies were done with the Mega package (Kumar et al., 

2004).
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Data access

The raw reads were deposited on the Sequence Read Archive (SRA) of the National Center 

for Biotechnology Information (NCBI) under bioproject ID PRJNA311286. This 

Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank 

under the accession GEFH00000000. The version described in this paper is the first version, 

GEFH01000000. Hyperlinked excel spreadsheets containing the coding sequences and their 

annotation are available at http://exon.niaid.nih.gov/transcriptome/Hexcav/Hyaexcav-

web.xlsx (hyperlinked excel spreadsheet, 21 MB).

Results and Discussion

Overview of the sialotranscriptome of Hyalomma excavatum

Following assembly of 138,144,530 reads, a total of 53,228 contigs were obtained 

(Supplemental file S1), from which we extracted 7,875 coding sequences. These coding 

sequences mapped 57,440,028 reads, or 42% of the total reads. Their average length was 

1,125 nucleotides (nt) with 3,273 CDS being equal or larger than 1,000 nt. These CDS were 

classified into four classes: “secreted” (S), “housekeeping” (H), “unknown” (U) and 

“transposable elements” (TE) (Table 2). The S class had 1,796 assigned CDS, and mapped 

61% of all reads in accordance with the secretory nature of the organ. The H class produced 

5,511 CDS, mapping 36% of the reads. TE’s accounted for 2.24% of the CDS and 0.94% of 

the reads, a typical finding when comparing to other sialotranscriptomes. Finally, 390 CDS 

were not able to be classified, representing 1.12% of the reads.

The housekeeping CDS were further classified by their function (Table 3), not surprisingly 

showing the category “protein synthesis” to be the most expressed and accruing 19% of the 

reads of the H class, followed by the protein modification category, with 11.7% of the reads 

of the H class.

The classification of the putative secreted proteins is shown in table 4. Enzymes accounted 

for 7.8% of the reads, metalloproteases of the reprolysin family (Francischetti et al., 2003, 

2005) accruing the majority of these reads. Glycine rich proteins, associated with glue 

proteins (Bishop et al., 2002; Maruyama et al., 2010) acquired 16% of the S class reads. 

Contigs coding for protease inhibitor domains collected 21 % of the reads, 4.6 % from single 

domain Kunitz proteins (Francischetti et al., 2009) and 13.6% from members of the 

Madanin anti-thrombin peptide family (Nakajima et al., 2006). Lipocalins accrued 12.8% of 

the S class reads. Immunosuppressor proteins of the DAP-36 (Bergman et al., 2000) and 

evasin (Deruaz et al., 2008; Frauenschuh et al., 2007) families accounted for 5% of the 

reads. Sixteen percent of the reads mapped to tick-specific families of unknown function, 

including eight new multigenic families that are disclosed in Table 4, one of which (5.6 kDa 

family) (Pichu et al., 2009) accumulated 4.6 % of the S class reads.

An insight into a selected sample of expanded families in the Hyalomma excavatum 
sialome

Reprolysins—Phylogenetic analysis of 45 sequences from H. excavatum encoding 

metalloproteases of the reprolysin family (Supplemental figure S1) aligned to their best 
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matches by blastp against the acari database from NCBI revealed 14 strong clades, several of 

which have strong sub clades to provide a total of 45 branches. The 45 H. excavatum 
proteins populate 23 of these branches, indicating this to be the minimum number of 

reprolysin coding genes for this tick, and emphasizing the expansion of this protein family in 

ticks which were associated with fibrinolytic properties and angiogenesis inhibition 

(Francischetti et al., 2003, 2005; Harnnoi et al., 2007). Notice that clade XIV, with three sub 

clades is the only one to contain sequences from the predatory mite Metaseiulus 
occidentalis, and may represent the ancestral gene that in ticks generated the other clades by 

gene or genome duplications. Proteins of this family have been targeted as anti-tick vaccines 

providing partial protection (Ali et al., 2015).

Lipocalins—Tick lipocalins have been shown to function as histamine, serotonin, 

thromboxane and cysteinyl-leukotriene kratagonists (Mans and Ribeiro, 2008; Paesen et al., 

2000; Sangamnatdej et al., 2002), as well as anti-complement (Mans and Ribeiro, 2008; 

Nunn et al., 2005). Supplemental file S1 displays 201 lipocalin sequences having over 150 

amino acids in length. Attempts to produce protein alignment-base phylogenies of these 

sequences were unsuccessful, as they produce too many nodes with poor bootstrap support. 

These proteins, however, can be grouped in 16 clusters of similarity as indicated in columns 

EJ-FM of supplemental file S1, and one group of 26 singletons. The larger cluster groups 73 

sequences that share at least 40% similarity at a stretch of at least one half of the length of 

the larger sequence of the compared pair. Phylogeny analysis of these sequences indicate 3 

super clades with strong bootstrap support and a minimum of 19 branches with sequences 

having more than 25% amino acid divergence (Supplemental figure S2). Group IX has the 

best match to the CDD histamine binding motif, having 4 sequences with only 30% identity 

and 78 % similarity. The role of these broad families of lipocalins in Hyalomma remains to 

be determined.

One-of-each family—The assembled sialome of H. excavatum reveals a cluster of 14 

related sequences that has matches to uniquely tick proteins first described as “one of each” 

family because at the time only one protein member was found in each of the tick species 

analyzed (Francischetti et al., 2009). However, expanded transcriptomes revealed the multi-

gene character of this family within single tick species (Karim et al., 2011). The H. 
excavatum sequences have relatively low degree of expression, the most expressed having an 

EI value of 0.15 and RPKM of 211. Alignment of these and related acari sequences (Fig 

S3A) reveals a single pair of conserved cysteines plus a relatively conserved series of mostly 

hydrophobic amino acids producing the block C-x(13,16)-[LFIV]-x(2)-[LIFVM]-x(16,18)-

[ILMFV]-x(9)-[ILMV]-x(2)-[LFMIV]-x(8)-[FYH]-C-x(44,46)-[LF]. The deducted 

phylogenetic tree (Supplemental Fig S3) indicates nine robust clades, several of which 

further contain robust sub clades. Clade V contains seven Hyalomma sequences in three 

distinct subclades indicating possible genes that arose by tandem duplications. Overall, the 

14 H. excavatum sequences populate nine individual clades, all except clade Va having at 

least one additional species, indicating the ancient duplication of this gene family. All 

Ixodes-genus derived sequences, as expected, are on a single distinct clade (VIII).
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Novel 22 kDa family—Six deduced protein sequences from the assembled sialome of H. 
excavatum cluster at 35% similarity, having overall identities of only 6% and 16% similarity. 

They show a block of eight conserved cysteines plus a few other amino acids to produce the 

pattern C-x(7)-C-Y-x(35,39)-C-x(6,7)-C-x(9,11)-E-x-G-Y-x(21)-C-x(8)- C-x(25,31)-C-x(2)-

E-x(4,6)-C-x(16,17)-A. They do not produce any significant matches to the non-redundant 

protein database from NCBI, but produces matches to tick proteins deposited in the TSA 

database. Alignment of these tick sequences (Fig S4A) produces a similar pattern block C-

x(7)-C-Y-x(53,64)-C-x(6,7)-C-x(9,11)-E-x-G-Y-x(42,43)-C-x(8)-C-x(24,31)-C with one less 

Cys, despite all proteins having eight such amino acids. Phylogenetic analysis indicates 

seven robust clades under three super clades (Fig S4B). The H. excavatum proteins are 

relatively poorly expressed, with EI values equal or below 0.012.

Sialome polymorphism analysis

The deep coverage of high quality reads mapped to the deducted coding sequences allows 

for identification of single nucleotide polymorphisms and determination of synonymous (S) 

and non-synonymous (NS) mutations within the diverse functional classes of the H. 
excavatum sialome. Toward this end we calculated the average number of S and NS 

mutations per 100 codons in transcripts accumulating a minimum average of 100 fold 

nucleotide base coverage. Results (Table 5) indicate that the Unknown, secreted and 

transposable element classes have the highest ratio of NS to S mutations, supporting the fast 

rate of evolution of tick sialomes.

We have also compared the degree of similarity of the deducted CDS from H. excavatum to 

other proteins from Acari (excluding H. excavatum) downloaded from GenBank. In a set of 

5,898 CDS that produces at least 75% coverage of the best match by blastp, again the 

Unknown, Secreted and Transposable Element classes appear as those having the least 

similarities to their counterparts (Table 6), as expected from the larger NS/S rate of these 

gene classes.

Conclusions

The assembly of the H. excavatum sialome following an Illumina protocol contributed to the 

public disclosure of 5,337 CDS and proteins to the TSA archive of GenBank, thus helping to 

enlarge the databank of acari sequences in general and those of salivary secreted proteins in 

particular. Because tick salivary secreted proteins are at a fast pace of evolutionary change, 

each tick species needs its own sialome solved if it is to be used as a source of vaccine 

targets or epidemiological markers of exposure. Complete or near complete sialomes make 

possible proteomics experiments to attempt molecular identification of antigens or other 

products of interest, as well as producing new targets of interest in unrelated evolutionary 

studies (Kasuya et al., 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Time of feeding, number of ticks and tick gender from which salivary glands were removed into RNAlater for 

library construction.

Fed Females Males

0 4 4

60–90 min 4 4

230–260 min 4 4

6–6.5 hr 4 4

15 hr 4 4

1 day 4 4

2 days 3 3

3 days 3 3

4 days 3 3

5 days 3 3

6 days 3 3

7 days 3 3

8 days 3 3

9 days - females dropped off 3 3

Total 48 48
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Table 3

Functional classification of the putative housekeeping sialotranscriptome of Hyalomma excavatum.

Classification Number of CDS Number of reads % of Reads

Protein synthesis machinery 347 4,007,931 19.20

Protein modification 266 2,451,117 11.74

Signal transduction 780 2,396,282 11.48

Unknown conserved 1039 2,227,867 10.67

Energy metabolism 170 1,258,093 6.03

Transcription machinery 543 1,211,667 5.80

Protein export 344 1,057,686 5.07

Cytoskeletal proteins 216 856,980 4.11

Transporters and channels 286 845,006 4.05

Extracellular matrix 129 761,140 3.65

Carbohydrate metabolism 159 631,972 3.03

Proteasome machinery 227 613,300 2.94

Lipid metabolism 230 426,228 2.04

Nuclear regulation 223 404,755 1.94

Detoxification 62 294,937 1.41

Nuclear export 34 256,277 1.23

Amino acid metabolism 82 243,965 1.17

Transcription factor 130 216,481 1.04

Storage 10 201,302 0.96

Nucleotide metabolism 97 166,480 0.80

Immunity 50 146,911 0.70

Oxidant metabolism/Detoxification 36 119,669 0.57

Intermediary metabolism 51 76,922 0.37

Total 5,511 20,872,968 100.00
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Table 4

Functional classification of the putative secreted sialotranscriptome of Hyalomma excavatum.

Classification Number of CDS Number of reads % of Reads

Enzymes 7.80

  Apyrase 10 83,312 0.24

  Endonuclease 8 27,588 0.08

  Lipases 13 16,645 0.05

 Metalloprotease

  ADAMS 1 646 0.00

  M13 metalloprotease 13 79,942 0.23

  Salivary reprolysin 46 2,217,522 6.27

  Serine carboxypeptidase 5 196,280 0.55

  Other peptidases 27 139,444 0.39

Glycine rich proteins 16.14

  Glycine rich 35-2-62 family 39 5,661,276 16.00

  GRP-3 4 47,638 0.13

  Other Gly rich proteins 1 259 0.00

Mucins 26 143,948 0.41

Protease inhibitor domains 20.90

 Kunitz domains

  Monolaris 40 1,632,033 4.61

  Monolaris - non canonical 4 2,410 0.01

  Bilaris 17 152,257 0.43

  Pentalaris 2 22,988 0.06

  Kunitz-like 9 343,155 0.97

  Madanin 9 4,824,396 13.63

 TIL domain

  MonoTil 21 171,899 0.49

  BiTil 12 99,335 0.28

  Tritil 2 101,388 0.29

 Other inhibitor domains

  Kazal 2 4,398 0.01

  Serpin 10 10,749 0.03

  Cystatin 5 20,875 0.06

  Thyropin 1 6,544 0.02

  Tick carboxypeptidase inhibitor 2 3,282 0.01

Lipocalins 12.70

  Group I 73 1,309,162 3.70

  Group II 26 104,781 0.30

  Group III 9 13,735 0.04

  Group IV 7 232,112 0.66

  Group V 5 359,476 1.02
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Classification Number of CDS Number of reads % of Reads

  Group VI 5 227,600 0.64

  Group VII 4 224,764 0.64

  Group VIII 4 1,829 0.01

  Group IX 4 66,727 0.19

  Group X 4 3,029 0.01

  Group XI 9 30,581 0.09

  Group XII 12 432,721 1.22

  Group XIII 12 659,589 1.86

  Other lipocalins 31 827,246 2.34

Antigen-5 7 30,097 0.09

Immunity related 4.97

  Evasin 34 478,632 1.35

  Evasin 35–29 12 239,664 0.68

  DAP-36 21 1,039,088 2.94

Antimicrobial 0.48

  Defensin, truncated 1 9,218 0.03

  5.3 kDa/defensin family 7 20,414 0.06

  Microplusin family 8 65,093 0.18

  Lysozyme 3 43,730 0.12

 Pathogen recognition motifs

  Peptidoglycan binding protein 4 26,770 0.08

  Ixoderin 1 627 0.00

  ML domain containing protein 6 4,011 0.01

Unknown function, tick specific 16.32

  Basic Tail 9 999,985 2.83

  23 kDa family 3 2,191 0.01

  8.9 kDa family 57 1,443,831 4.08

  18.3 kDa family 8 160,949 0.45

  28 kDa metastriate family 8 204,111 0.58

  Amblyomma 40–33 family member 10 15,220 0.04

  One of each 14 34,322 0.10

  New families

  New 8 kDa family 12 1,032,674 2.92

  Divergent 8 kDa family 9 15,553 0.04

  New 5.6 kDa protein family 29 1,628,455 4.60

  New 11 kDa family 10 23,987 0.07

  New 15 kDa family 6 118,230 0.33

  New 22.5 kDa family 11 91,768 0.26

  New 22 kDa family 7 2,693 0.01

Conserved secreted proteins of unknown function 80 1,172,112 3.31

Other secreted proteins 885 5,976,393 16.89

Total 1,796 35,383,379 100.00
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