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23 Abstract

24 Amblyomma americanum ticks transmit more than a third of human tick-borne disease 

25 (TBD) agents in the United States. Tick saliva proteins are critical to success of ticks as vectors 

26 of TBD agents, and thus might serve as targets in tick antigen-based vaccines to prevent TBD 

27 infections. We describe a systems biology approach to identify, by LC-MS/MS, saliva proteins 

28 (tick=1182, rabbit=335) that A. americanum ticks likely inject into the host every 24 h during the 

29 first 8 days of feeding, and towards the end of feeding using two different sample preparation 

30 approaches (in-gel and in-solution). The in-gel approach determined molecular identification of 

31 predominant protein bands in tick saliva, and the in-solution added depth to discovery of 

32 proteins. Searching against entries in GenBank grouped tick and rabbit proteins in this study into 

33 27 and 25 functional categories. Aside from housekeeping-like proteins, majority of tick saliva 

34 proteins belong to the tick-specific (no homology to non-tick organisms: 32%), protease 

35 inhibitors (13%), proteases (8%), glycine-rich proteins (6%) and lipocalins (4%) categories. 

36 Global secretion dynamics analysis suggests that majority (74%) of proteins in this study are 

37 associated with regulating initial tick feeding functions and transmission of pathogens as they are 

38 secreted within 24-48 h of tick attachment. Comparative analysis of the A. americanum tick 

39 saliva proteome to five other tick saliva proteomes identified 284 conserved tick saliva proteins: 

40 we speculate that these regulate critical tick feeding functions and might serve as tick vaccine 

41 antigens. We discuss our findings in the context of understanding A. americanum tick feeding 

42 physiology as a means through which we can find effective targets for a vaccine against tick 

43 feeding.

44

45 Keywords: ticks, saliva, proteome, tick-feeding
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46 Author Summary 

47 The lone star tick, Amblyomma americanum, is a medically important species in US that 

48 transmits 5 of the 16 reported tick-borne disease agents. Most recently, bites of this tick were 

49 associated with red meat allergies in humans. Vaccination of animals against tick feeding has 

50 been shown to be a sustainable and effective alternative to current acaricide based tick control 

51 method which has several limitations. The pre-requisite to tick vaccine development is to 

52 understand the molecular basis of tick feeding physiology. Toward this goal, this study has 

53 identified proteins that A. americanum ticks inject into the host at different phases of its feeding 

54 cycle. This data set has identified proteins that A. americanum inject into the host within 24-48 h 

55 of feeding before it starts to transmit pathogens. Of high importance, we identified 284 proteins 

56 that are present in saliva of other tick species, which we suspect regulate important role(s) in tick 

57 feeding success and might represent rich source target antigens for a tick vaccine. Overall, this 

58 study provides a foundation to understand the molecular mechanisms regulating tick feeding 

59 physiology.

60
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61 Introduction

62 Ticks and tick-borne diseases (TBDs) have been on the rise and have greatly impacted 

63 human and veterinary medicine. Ticks have gained the attention in public health policy with a 

64 recent publication that advocated for One Health solutions listing 17 human TBDs among 

65 sources of human health concerns (1). Moreover, the dramatic rise related to ticks and TBDs 

66 have caught the attention of United States (US) lawmakers, as shown in the 21st Century Cures 

67 Act of 2016, which created the TBD Working Group. Under the Cures Act, the TBD Working 

68 Group was tasked with evaluating the impact of TBDs and required research to find solutions 

69 (https://www.hhs.gov/ash/advisory-committees/tickbornedisease/index.html). Likewise, six of 

70 the 23 human vector-borne diseases that are listed by the World Health Organization are tick 

71 borne that include Crimean-Congo haemorrhagic fever, Lyme disease, relapsing fever, rickettsial 

72 diseases (spotted fever and Q fever), tick-borne encephalitis, and tularemia 

73 (http://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases). In the US, 

74 Amblyomma americanum, the lone star tick is among one of the tick species of medical and 

75 veterinary health significance. 

76 A. americanum is a geographically expanding tick species (2) that is involved in 

77 transmission of multiple human and animal disease agents. In public health, A. americanum is 

78 the principal vector for Ehrlichia chaffensis, the causative agent of human monocytic ehrlichiosis 

79 (3), and E. ewingii, which also causes ehrlichiosis, referred to as human granulocytic ehrlichiosis 

80 (4-6). This tick also transmits Francisella tularensis, the causative agent for tularemia (7, 8), a 

81 yet to be described disease agent, suspected as Borrelia lonestari, which causes Lyme disease-

82 like symptoms referred to as southern tick-associated rash illness (STARI) (9, 10) and also an E. 

83 ruminantium-like organism referred to as the Panola Mountain Ehrlichia (PME) (11). There is 
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84 also evidence that A. americanum may transmit Rickettsia amblyommii, R. rickettsia, and R. 

85 parkeri, the causative agents to rickettsiosis to humans (12, 13). This tick has also been reported 

86 to transmit the Heartland and Bourbon viruses to humans (14, 15). Most recently, this tick has 

87 been shown to be responsible for causing an α-gal allergy or mammalian meat allergy (MMA) in 

88 humans upon tick bite (16). In veterinary health, A. americanum transmits Theileria cervi to deer 

89 (17), and E. ewingii to dogs (18). There are reports of mortality in deer fawns that were attributed 

90 to a combination of heavy A. americanum infestation and T. cervi infections (19). In livestock 

91 production, heavy infestations were thought to cause low productivity in cattle (20, 21). In the 

92 Southern US, A. americanum appears to be the most dominant tick species that bite humans, 

93 which has been reported to be responsible for 83% of human tick infestations (22). 

94 The success of ticks as pests and vectors of TBD agents is facilitated by secreted tick 

95 salivary proteins that are injected into the host to regulate the tick’s evasion of host defense (23). 

96 There is evidence that repeatedly infested animals develop immunity against tick saliva proteins 

97 and are protected against TBD transmissions such as Francisella tularensis (24), B. burgdorferi 

98 (25-27), Babesia spp. (28), Thogoto virus (29), tick-borne encephalitis virus (30) and T. parva 

99 bovis (31). Therefore, identification of tick saliva proteins that ticks inject into the host during 

100 feeding might lead to development of tick saliva protein-based vaccines to prevent TBD 

101 infections.

102 The goal of this study was to utilize systems biology approach to identify proteins that A. 

103 americanum ticks injects every 24 h during feeding. This study builds upon our recent findings 

104 that identified Ixodes scapularis tick saliva proteins that are secreted every 24 h during first five 

105 days of feeding (32), partial and replete fed Rhipicephalus microplus (33), and replete fed adult 

106 and nymph Haemaphysalis longicornis (34). Others have reported proteins in saliva of replete 
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107 fed R. sanguineus (35) and three and five day fed Dermacentor andersoni (36). A related study 

108 reported proteins in Ornithodoros moubata (soft tick) identified from saliva collected after four 

109 months from feeding (37). Most recently, the saliva proteomes of unfed I. scapularis and A. 

110 americanum exposed to different hosts have been identified (38). In this study, we report 

111 proteins that A. americanum ticks sequentially inject into the host every 24 h during feeding. 

112 Comparison of the A. americanum tick saliva proteome in this study with other saliva proteomes 

113 of other tick species allowed us to identify tick saliva proteins that are likely utilized by multiple 

114 tick species to regulate feeding, and these might represent potential antigens for anti-tick vaccine 

115 development.

116

117 Materials and Methods

118 Ethics statement

119 All experiments were done according to the animal use protocol approved by Texas 

120 A&M University Institutional Animal Care and Use Committee (IACUC) (AUP 2011-207 and 

121 2011-189) that meets all federal requirements, as defined in the Animal Welfare Act (AWA), the 

122 Public Health Service Policy (PHS), and the Humane Care and Use of Laboratory Animals.

123

124 A. americanum tick saliva collection

125 A. americanum ticks were purchased from the tick rearing facility at Oklahoma State 

126 University (Stillwater, OK, USA). Routinely, ticks were fed on rabbits as previously described 

127 (39, 40). Ticks were restricted to feed on the outer part of the ear of New Zealand rabbits with 

128 orthopedic stockinet’s glued with Kamar adhesive (Kamar Products Inc., Zionsville, IN, USA). 

129 To stimulate female A. americanum ticks to attach onto the host to start feeding and to be 
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130 inseminated to complete the feeding process, male ticks (15 per ear) were pre-fed for three days 

131 prior to placing female ticks onto rabbit ears to feed. A total of 50 female A. americanum ticks 

132 (25 per ear) were placed into tick containment apparatus on each of the three rabbits and allowed 

133 to attach. 

134 Saliva of female A. americanum tick was collected as previously described (32, 33). 

135 Saliva was collected from 15 ticks fed for 24, 48, 72, 96, 120, 144, 168, and 192 h, respectively, 

136 ten ticks fully fed but not detached from the host (BD) and six ticks spontaneously detached from 

137 the host (SD). Briefly, tick saliva was collected every 15 – 30 min intervals for a period of 

138 approximately 4 h at room temperature from ticks that were previously injected with 1-3 L of 

139 2% pilocarpine hydrochloride in phosphate buffered saline (PBS, pH 7.4) as published by our 

140 group (32, 38).  

141

142 Identification of A. americanum tick saliva proteins by LC-MS/MS

143 Identification of tick saliva proteins using LC-MS/MS was done in two methods: “in-gel” 

144 digestion (GeLCMS) and “in-solution” digestion (shotgun proteomics) of tick saliva protein 

145 peptides as described (32-34). For the in-gel preparation approach, saliva from a pool of 30 ticks 

146 collected from 24, 72, 120, and 168 h fed were resolved on a Novex 4-20% Tris-Glycine SDS-

147 PAGE gradient (Thermo, Waltham, MA, USA), stained with Coomassie Brilliant Blue, visible 

148 protein bands excised and submitted for LC-MS/MS as described (33, 41). For the in-solution 

149 digestion method, ~4.5 g of total tick saliva proteins (in triplicate runs using ~1.5 g per run) 

150 per feeding time point (24, 36, 48, 72, 96, 120, 144, 168, 192, BD, and SD) were processed for 

151 LC-MS/MS as published by our group (32-34). 

152
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153 Database searching of tandem mass spectra

154 Proteins in A. americanum tick saliva were identified according to the previously 

155 described pipeline (32-34). To prepare the protein database used for protein identification, we 

156 extracted the coding sequences (CDS) from A. americanum transcriptomes that were assembled 

157 from Illumina sequence reads (BioProject accession # PRJNA226980) (42) using an automated 

158 pipeline in Visual Basic (Microsoft, Redmond, Washington, USA) provided Dr. Jose M. Ribeiro 

159 (NIH), based on similarities to known proteins (43). Contigs from the assembled A. americanum 

160 transcriptome were used to identify open reading frames (ORFs) that were larger than 50 amino 

161 acids in all six frames. The identified ORFs were subjected to blastp using several amino acid 

162 sequence databases downloaded from NCBI (non-redundant [nr] Acari and refseq-invertebrate), 

163 Uniprot (nr-Acari), MEROPS database (44), the GeneOntology (GO) FASTA subset (45) and the 

164 conserved domains database (CDD) of NCBI (46) containing the COG (47), PFAM (48), and 

165 SMART motifs (49). As a false-discovery approach to identify transcripts related to hosts, we 

166 searched the ORFs against the nr-databases from NCBI for rabbit, mouse, rat, goat, sheep, cow, 

167 monkey, and humans. CDS were extracted from blastp searches that matched with 70% identity 

168 and e-value of 1e-40. To remove redundancies, CD-HIT (50) was used to remove sequences at 

169 98% identity. The extracted CDS (n=110,587) were concatenated with Oryctolagus cuniculus 

170 from Uniprot (www.uniprot.org) (n=21,148) and reverse sequences of all entries were used to 

171 identify peptides from tandem mass spectra. 

172 For the in-gel method, proteins were identified by searching MS/MS spectra against the 

173 protein database (described above) using the MASCOT software version 2.2 (Matrix Science, 

174 London, UK) with the following parameters: tryptic specificity, one missed cleavage and a mass 

175 tolerance of 0.2 Da in the MS mode and 0.2 Da for MS/MS ions. Carbamidomethylation of 
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176 cysteine was set as a fixed modification, and methionine oxidation was set as variable 

177 modifications. Mascot peptide identifications required ion scores higher than the associated 

178 identity scores of 20 and 35 for doubly and triply charged peptides, respectively. Protein 

179 identifications were accepted if they contained at least 2 identified peptides. To be included in 

180 this analysis, all peptide sequences had to have 100% identity with assigned proteins.

181 For the in-solution approach, proteins were identified by first extracting the tandem mass 

182 spectra from Thermo RAW files using RawExtract 1.9.9.2 (51) and then searching against the 

183 protein database (described above) using ProLuCID in the Integrated Proteomics Pipeline 

184 Ver.5.0.1 (52). At least two peptide matches were required to be considered a protein hit. A 

185 cutoff score was established to accept a protein false discovery rate (FDR) of 1% based on the 

186 number of decoys. Additionally, a minimum sequence length of six residues per peptide was 

187 required. Results were post processed to only accept PSMs with <10ppm precursor mass error. 

188 Finally, the protein matches from each sampled time points were concatenated into one file using 

189 Identification Compare (IDcompare) program on IP2- Integrated Proteomics Pipeline Ver.5.0.1 

190 (52).  

191 For functional annotation, both tick and rabbit proteins were searched against the 

192 following databases: non-redundant (NR), Acari and refseq-invertebrate from NCBI, Acari from 

193 Uniprot, MEROPS database (44), the GeneOntology (GO) FASTA subset (45), and the 

194 conserved domains database of NCBI (46) containing the COG (47), PFAM (48), and SMART 

195 motifs (49). Outputs from the blast searches were used in the classifier program in Dr. Ribeiro's 

196 visual basic program (43) to functionally categorize the identified proteins based on the best 

197 match from among all the blast screens. The functionally annotated proteins were manually 

198 validated. 
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199 Relative abundance and graphical visualization of secretion dynamics of A. americanum tick 

200 saliva proteins.

201 Relative abundance and secretion dynamics were determined as described (32) using 

202 normalized spectral abundance factors (NSAF) that were validated as reliable in a label-free 

203 relative quantification approach (53-55). For each functional category or individual protein, 

204 NSAF was expressed as a percent (%) of total NSAF for that time point. Percent NSAF values 

205 were normalized using Z-score statistics using the formula , where Z is the Z-score, X is 𝑍 =
𝑋 ‒ 𝜇

σ

206 the NSAF for each protein per time point, μ is the mean throughout time points, σ is the standard 

207 deviation throughout time points. Normalized percent NSAF values were used to generate heat 

208 maps using the heatmap2 function from the gplots library in R (56). 

209

210 Identification of A. americanum saliva proteins found in saliva of other tick species

211 A. americanum tick saliva proteins in this study were searched against published tick 

212 saliva proteomes of R. microplus (32), I. scapularis (33), H. longicornis (34), R. sanguineus (35), 

213 D. andersoni (36), and O. moubata (37) using local BLASTp analysis. Databases of protein 

214 sequences reported for each tick saliva proteome were extracted from NCBI or Uniprot and 

215 screened by BLASTp using the A. americanum saliva proteome (from this study) as the query. 

216 Protein matches ≥70% identity was reported. 

217

218 Results and Discussion 

219 Protein profile and abundance changes every 24 h during A. americanum tick feeding

220 Previous studies have demonstrated that the protein profile and abundance in salivary 

221 glands of female A. americanum is dynamic and changes during the course of tick feeding (57). 
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222 However, a limitation to the previous study was that it did not inform which salivary gland 

223 proteins were secreted during feeding. To attempt at capturing changes in tick saliva protein 

224 profiles, we successfully used pilocarpine to induce and collect saliva from A. americanum ticks 

225 every 24 h during the first eight days of tick feeding as we all as from ticks that had engorged but 

226 had not detached, and replete fed ticks as described (32, 58). In early feeding stages (24-72 h), A. 

227 americanum tick saliva was observed as a white flake that accumulated on the mouthparts over 

228 time and was collected every 15 - 30 min for 4 h by washing the mouthparts with sterile 

229 phosphate buffered saline. Tick saliva was more evident after 72 h of feeding, observed as 

230 droplets of liquid forming at the mouthparts. Proteins in tick saliva were identified by LC-

231 MS/MS sequencing in two approaches: “in-gel” digestion (GeLCMS) and “in-solution” digestion 

232 (shotgun proteomics) of tick saliva protein peptides. 

233 For the “in-gel” digestion approach, saliva that was collected from 24, 72, 120, and 168 h 

234 fed A. americamnum ticks was electrophoresed on a 4-20% SDS-PAGE and Coomassie blue 

235 staining. Subsequently visible protein bands (n=157) (Fig. 1) were individually excised, 

236 processed for in-gel trypsinization and LC-MS/MS analysis. The peptide MS/MS spectra were 

237 searched using MASCOT software version 2.2 (Matrix Science, London, UK) against a 

238 combined protein database (tick, rabbit, and human contaminants [i.e keratin]) that was 

239 translated from coding domains (n=110,587) that were assembled from Bioproject # 

240 PRJNA226980 (42). This analysis identified a total of 76 proteins (294 peptides) in tick saliva of 

241 which 55 (229 peptides) and 21 (64 peptides) belonged to tick and rabbit, respectively 

242 (Supplemental table 1). Of the total 55 tick saliva proteins 23, 16, 41, and 19 were identified in 

243 saliva of 24, 72, 120 and 168 h fed, respectively (Tables 1A-C). Likewise, we identified 1, 19, 8, 

244 and 4 rabbit proteins in 24, 72, 120 and 168 h fed tick saliva, respectively (Tables 1A-C).  
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245 Table 1A. Amblyomma americanum saliva proteins (250-100 kDa) identified from in gel 
246 digestion and LC-MS/MS during feeding

247

Feeding Time Points (h)
24 h 72 h  120 h  168 h

Molecular weight Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description

≥ 250 kDa

C1-C4 N/A N/A

D1 N/A N/A E1-E4 N/A N/A F1-F2 N/A N/A

D2 XP_002711050.1  keratin 6A-like

E5

Aam-426945 TIL domain containing protein, partial F3 Aam-28660 putative neutral endopeptidase-like protein, partial

D3-D8 N/A N/A Aam-59478 TIL domain containing protein, partial F4 Aam-28660 putative neutral endopeptidase-like protein, partial

C5 Aam-3564 heme lipoprotein precursor
D9 Aam-3564 heme lipoprotein precursor

Aam-587352 TIL domain containing protein, partial F5-F10 N/A N/A

E6-E7 N/A N/A
F11

Aam-54072 Vitellogenin B
D10 XP_002719410.1 keratin 10 E8 Aam-3564 heme lipoprotein precursor

Aam-3564 heme lipoprotein precursor
D11-D12 N/A N/A E9-E11 N/A N/A

 250 - 150 kDa

C6-C7 N/A N/A D13 N/A N/A
E12

Aam-3564 heme lipoprotein precursor
F12 N/A N/A

C8 Aam-3564 heme lipoprotein precursor D14 XP_017197646.1  keratin 6A-like
XP_002711050.1  keratin 6A-like

E13 Aam-54072 Vitellogenin B

F13 N/A N/A
C9

Aam-3564 heme lipoprotein precursor
D15 XP_017197646.1  keratin 6A-like

E14 N/A N/A

Aam-220360 putative vitellogenin-1, partial E15 Aam-3564 heme lipoprotein precursor

150 - 100 kDa

C10

Aam-3564 heme lipoprotein precursor

D16

Aam-220360 putative vitellogenin-1, partial

E17

Aam-3564 heme lipoprotein precursor

F14

Aam-392504 putative alpha-2-macroglobulin-like proteinAam-186025 heme lipoprotein precursor

Aam-220360 putative vitellogenin-1, partial Aam-62355 vitellogenin 4, partial
Aam-954297 glucose dehydrogenase, putative

Aam-144361 heme lipoprotein precursor

Aam-220360 putative vitellogenin-1, partialAam-392504 putative alpha-2-macroglobulin-like protein
Aam-62352 putative vitellogenin-1, partial

E18

Aam-3564 heme lipoprotein precursor

Aam-62355 vitellogenin 4, partial Aam-186025 heme lipoprotein precursor

C11

Aam-3564 heme lipoprotein precursor
D17 Aam-3564 heme lipoprotein precursor

Aam-50363 hypothetical protein

Aam-3564 heme lipoprotein precursorAam-186025 heme lipoprotein precursor Aam-220360 putative vitellogenin-1, partial

Aam-392513 putative alpha-2-macroglobulin-like protein, partial

D18

Aam-3564 heme lipoprotein precursor
Aam-954297 glucose dehydrogenase, putative

C12

Aam-220360 putative vitellogenin-1, partial

E19

Aam-3564 heme lipoprotein precursor
F15 Aam-3564 heme lipoprotein precursor

Aam-186025 heme lipoprotein precursor
Aam-54072 Vitellogenin B

Aam-3564 heme lipoprotein precursor
Aam-252303 glucose dehydrogenase, putative

F16

Aam-3564 heme lipoprotein precursor

D19 Aam-3564 heme lipoprotein precursor

Aam-279098 glucose dehydrogenase, putative

Aam-186025 heme lipoprotein precursor Aam-80557 glucose dehydrogenase, putative
Aam-186025 heme lipoprotein precursor

Aam-50363 hypothetical protein Aam-220360 putative vitellogenin-1, partial

Table 1A. Amblyomma americanum saliva proteins (250-100 kDa) identified from in gel digestion and LC-MS/MS during feeding
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248 Table 1B. Amblyomma americanum saliva proteins (100-37 kDa) identified from in gel digestion 
249 and LC-MS/MS during feeding

250

Feeding Time Points (h)
24 h 72 h  120 h  168 h

Molecular
weight Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description

100 - 75 kDa

C13 Aam-3564 heme lipoprotein precursor D20 N/A

E20

Aam-75534 metabotropic glutamate receptor 2/3 F17 Aam-3564 heme lipoprotein precursor

D21 CAA41424.1 liver transferrin
Aam-3564 heme lipoprotein precursor Aam-54072 Vitellogenin B

C14

AAB58347.2 serum albumin precursor
XP_002711050.1  keratin 6A-like

F18
Aam-3564 heme lipoprotein precursor

D22

NP_001075813.1 serum albumin precursor

E21

4F5V_A Chain A, Crystal Structure Of Leporine Serum
Albumin Aam-75534 metabotropic glutamate receptor 2/3

Aam-3564 heme lipoprotein precursor Aam-3564 heme lipoprotein precursor

F19

4F5V_A Chain A, Crystal Structure Of Leporine Serum
Albumin

XP_017197646.1  keratin 6A-like Aam-949183 Basic tail secreted protein
Aam-3564 heme lipoprotein precursor

C15 N/A N/A XP_002711050.1  keratin 6A-like

75 - 50 kDa

C16

Aam-28434 Serine protease inhibitor D23 4F5V_A Chain A, Crystal Structure Of Leporine Serum
Albumin

E22 Aam-3564 heme lipoprotein precursor
F20 Aam-3564 heme lipoprotein precursor

E23 XP_002719410.1  keratin 10

Aam-24638 Putative lysosomal & prostatic acid
phosphatase D24 4F5V_A Chain A, Crystal Structure Of Leporine Serum

Albumin
Aam-3564 heme lipoprotein precursor

F21 N/A N/A

E25

Aam-271199 putative lysosomal & prostatic acid phosphatase

Aam-271199 putative lysosomal & prostatic acid
phosphatase

D25

XP_002719410.1  keratin 10

Aam-24638 Putative lysosomal & prostatic acid phosphatase F22 Aam-3564 heme lipoprotein precursor
Aam-28434 Serine protease inhibitor

C17

Aam-28434 Serine protease inhibitor XP_002711050.1  keratin 6A-like

F23
Aam-28434 Serine protease inhibitor

AAB58347.2 serum albumin precursor
E26

Aam-28434 Serine protease inhibitor

Aam-2651 Serine protease inhibitor
Aam-488146 serine protease inhibitor

Aam-488146 serine protease inhibitorAam-271199 putative lysosomal & prostatic acid phosphatase

Aam-20799 actin
XP_002711050.1  keratin 6A-like

Aam-24638 Putative lysosomal & prostatic acid phosphatase

F24

Aam-20799 actin

E27

Aam-20799 actin

Aam-973854 serine protease inhibitor XP_017200220.1  beta actin CAA43139.1 alpha-smooth muscle actin

D26 AAA31288.1 Ig gamma heavy chain constant region, partial
Aam-2651 Serine protease inhibitor

C18 N/A N/A E28 Aam-1027384 putative secreted protein, partial XP_017200220.1  beta actinAAB58347.2 serum albumin precursor

50 - 37 kDa C19

Aam-30101 AV422 D27 Aam-28434 Serine protease inhibitor
E29

Aam-12781 putative toll-like receptor 5

F25
Aam-1027384 putative secreted protein, partialAam-1027384 putative secreted protein, partial

Aam-16505 putative inducible metalloproteinase D28 N/A N/A AAC78495.1 annexin I XP_002711050.1  keratin 6A-like

D29

Aam-20799 actin Aam-20216 putative cement protein RIM36, partial

Aam-235530 putative tick til 20
XP_017200220.1  beta actin

E30

Aam-3564 heme lipoprotein precursor
F26 Aam-12781 putative toll-like receptor 5

Aam-2651 Serine protease inhibitor Aam-34094 putative glyceraldehyde 3-phosphate
dehydrogenase

Aam-328185 putative secreted protein precursor D30
XP_002716936.1  fibrinogen, beta chain Aam-17458 putative glycine-rich cell wall structural protein, 

partial F27 N/A N/A
NP_001075579.1 haptoglobin E31 N/A N/A

Table 1B. Amblyomma americanum saliva proteins (100-37 kDa) identified from in gel digestion and LC-MS/MS during feeding

251
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252 Table 1C. Amblyomma americanum saliva proteins (37-10 kDa) identified from in gel digestion 
253 and LC-MS/MS during feeding

254

Feeding Time Points (h)
24 h 72 h  120 h  168 h

Molecular
weight Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description Gel Band Contig Description

37 - 25 kDa

C20

Aam-30101 AV422

D34 Aam-68822 putative secreted protein

E32 Aam-16628 putative secreted protein precursor
F28 Aam-16628 putative secreted protein precursorAam-64998; 

Aam-19567 GGY domain-containing protein E33 Aam-68822 putative secreted protein

Aam-216130 Histamine binding protein (HBP)/ 
Lipocalin E34 Aam-15540 putative tpa exp: secreted protein F29 N/A N/A

Aam-328185 putative secreted protein precursor

D35 P01840.1 Ig kappa-b4 chain C region E35
Aam-30101 AV422

F30 Aam-15540 putative tpa exp: secreted protein
C21 Aam-68822 putative secreted protein Aam-957531 putative low-density lipoprotein receptor domain

class a

Aam-216130 Histamine binding protein (HBP)/ 
Lipocalin

E36

Aam-30101 AV422
F31 Aam-64998; 

Aam-19567 GGY domain-containing protein

D36 N/A N/A

Aam-64998; 
Aam-19567 GGY domain-containing protein

C22 N/A N/A Aam-70356 putative major epididymal secretory protein he1, 
partial F32 N/A N/A

25 - 20 kDa

C23 N/A N/A

D37

Aam-16505 putative inducible metalloproteinase

E37

Aam-64998; 
Aam-19567 GGY domain-containing protein

F33 Aam-16505 putative inducible metalloproteinaseAam-30101 AV422

C24 Aam-1038189 putative secreted protein precursor
Aam-244823 putative tick til 20

Aam-70356 putative major epididymal secretory protein he1, 
partial

Aam-21134 putative salivary lipid

F34
XP_002711050.1  keratin 6A-likeE38 Aam-16505 putative inducible metalloproteinase

D38 N/A N/A
Aam-235530 putative tick til 20

Aam-16505 putative inducible metalloproteinaseE39 Aam-16505 putative inducible metalloproteinase

20 - 15 kDa

C25 N/A N/A
D39

AAC61771.1 calgranulin B

E40
Aam-235530 putative tick til 20

F35-F38 N/A N/A

P25230.1 Antimicrobial protein CAP18

D40

Aam-851110 histidine-rich glycoprotein-like Aam-16505 putative inducible metalloproteinase
CAA24247.1 beta-globin

C26 Aam-23118 putative tick cistatins 1

XP_002712698.
1  histone cluster 1, H2ag-like E41 Aam-851110 histidine-rich glycoprotein-like

D41

CAA24247.1 beta-globin
CAA28447.1 alpha-1-globin

E43

Aam-11351 putative secreted salivary gland peptideAam-23118 putative tick cistatins 1

C27-C28 N/A N/A

Aam-292762 globin 1, partial CAA24247.1 beta-globin

Aam-11351 putative secreted salivary gland
peptide Aam-88953 putative secreted protein

AAA31269.1 beta-hemoglobin, partial Aam-23118 putative tick cistatins 1
P14461.1 Fibrinogen alpha chain CAA28447.1 alpha-1-globin

15 - 10 kDa C29 N/A N/A

D42 CAA28447.1 alpha-1-globin

E44-E46 N/A N/A
F39

Aam-20302 putative secreted protein

D43 Aam-861740 neurocalcin-like protein
Aam-20302 putative secreted protein

F40 Aam-24452 putative chymotrypsin-elastase inhibitor
ixodidin

Table 1C. Amblyomma americanum saliva proteins (37-10 kDa) identified from in gel digestion and LC-MS/MS during feeding

255

256 For in the “in-solution” digestion approach, saliva collected from ticks that had fed for 

257 24, 48, 72, 96, 120, 144, 168, and 192 h as well as ticks that were apparently engorged but were 

258 not detached from the host (BD) and replete fed (SD) was subjected to LC-MS/MS analysis. 

259 Peptide mass spectra were searched against the combined database (described above) using the 
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260 ProLuCID search engine (52). This analysis identified a total of 1612 proteins of which 1182, 

261 335, 30, and 65 were considered as respective tick, rabbit, and contaminants or reversed proteins 

262 (Supplemental table 2). We respectively identified 450, 540, 419, 441, 332, 529, 478, 536, 312, 

263 and 325 tick proteins in the 10 different saliva samples. Similarly, we respectively identified 127, 

264 130, 115, 147, 112, 140, 199, 198, 78, and 282 as rabbit proteins (Supplemental table 2). The 

265 identification of 1182 tick and 335 rabbit unique proteins in tick saliva demonstrates the 

266 complexity of tick and host interactions. 

267

268 Tick and rabbit proteins in A. americanum tick saliva are annotated in multiple functional 

269 categories

270 For putative functional annotation, identified proteins were searched against entries in 

271 public databases, NCBI, Uniprot, and MEROPS. This analysis categorized the 55 tick and 21 

272 rabbit proteins that were identified in the “in-gel” digestion method into 12 and 9 functional 

273 protein categories, respectively (Tables 1A, 1B and 1C). Proteins that were identified in the “in-

274 solution” digestion approach (1182 tick and 335 rabbit proteins) were categorized into a 

275 respective 27 (Tables 2A and 2B) and 25 (Tables 3A and 3B) functional categories. It is 

276 interesting but not surprising to note that all proteins that were identified in the “in-gel” digestion 

277 approach were among those that were identified in the “in-solution” digestion approach. We are 

278 aware of the fact that, utilizing both methods might be perceived as redundant, however the 

279 advantage of the “in-gel” digestion method was that, we determined the molecular identities of 

280 the predominant protein bands on Coomassie blue-stained A. americanum tick saliva SDS-PAGE 

281 (Fig. 1, Tables 1A-C). For instance, the predominant protein band between 100-150 kDa (Fig. 1) 

282 consists of heme-binding storage proteins called hemelipoproteins and vitellogenins. 
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283 Table 2A. Numbers and cumulative relative abundance of tick protein classes in Amblyomma 
284 americanum saliva during 24-120 h of feeding

285

Feeding Time Point
24 h 48 h 72 h 96 h 120 h

Classification Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%)
antimicrobial 6 4.20 6 3.30 5 6.01 5 6.15 5 6.73

cytoskeletal 42 4.77 16 1.32 25 2.13 14 1.86 6 0.71

detoxification 19 2.16 15 0.71 12 0.72 15 0.89 3 0.18

evasin 0 0.00 6 0.74 2 0.24 6 0.68 7 1.67

extracellular matrix 20 1.81 11 1.20 17 1.48 11 0.64 6 0.37

glycine rich 23 2.41 43 5.81 44 9.82 41 4.86 27 6.83

heme/iron binding 16 20.20 16 7.48 15 15.27 16 12.35 9 5.81

immune-related 11 2.96 9 2.28 8 4.12 9 4.47 7 3.54

ixodegrin 1 0.46 5 0.82 1 0.84 2 0.47 2 0.62

lipocalin 8 0.74 17 2.90 2 0.55 6 1.01 3 4.39

metabolism, amino acid 3 0.08 0 0.00 1 0.02 0 0.00 0 0.00

metabolism, carbohydrate 11 0.57 7 0.22 8 0.36 9 0.77 3 0.06

metabolism, energy 18 1.22 17 1.54 13 1.48 10 0.94 2 0.04

metabolism, lipid 14 1.07 19 1.14 18 1.19 14 1.33 8 0.57

metabolism, nucleic acid 7 2.48 18 1.99 9 0.97 9 2.19 13 1.22

mucin 3 0.21 5 0.53 4 0.54 6 0.96 4 0.27

nuclear regulation 7 0.39 7 0.45 8 1.04 7 1.24 7 1.00

protease 17 0.72 25 1.07 20 0.97 25 1.46 27 4.08

protease inhibitor 55 22.28 76 21.14 52 11.10 64 15.33 66 20.32

proteasome machinery 8 1.57 6 0.50 6 1.29 6 1.50 6 1.18

protein modification 16 0.59 6 0.14 16 0.84 7 0.22 5 0.13

protein synthesis 6 0.16 2 0.05 4 0.14 2 0.06 0 0.00

signal transduction 14 3.57 11 4.74 3 0.39 7 2.01 8 1.80

tick specific proteins 110 23.99 188 39.44 118 37.88 140 37.87 105 38.28

transcription machinery 4 0.24 1 0.03 3 0.18 3 0.11 0 0.00

transporter/ receptor 10 1.12 6 0.42 4 0.37 7 0.62 3 0.19

transposon element 1 0.02 2 0.03 1 0.05 0 0.00 0 0.00

Total 450 100.00 540 100.00 419 100.00 441 100.00 332 100.00

Table 2A. Numbers and cumulative relative abundance of tick protein classes in
Amblyomma americanum saliva during 24 - 120 h of feeding
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286 Table 2B. Numbers and cumulative relative abundance of tick protein classes in Amblyomma 
287 americanum saliva during 144 to completion of feeding

288

Table 2B. Numbers and cumulative relative abundance of tick protein classes in
Amblyomma americanum saliva during 144 h to completion of feeding

Feeding Time Point
144 h 168 h 192 h BD SD

Classification Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%)
antimicrobial 4 4.31 4 2.87 3 2.98 3 5.04 3 1.49

cytoskeletal 38 3.43 11 0.98 16 1.23 3 0.39 14 1.42

detoxification 21 1.71 11 0.67 18 1.13 7 0.79 12 0.55

evasin 5 1.54 7 3.40 6 3.39 1 0.83 5 2.86

extracellular matrix 18 1.61 7 0.38 19 0.85 14 1.75 0 0.00

glycine rich 14 1.03 19 2.00 31 2.79 9 0.47 8 0.56

heme/iron binding 17 22.96 14 7.31 16 12.38 17 26.07 10 7.23

immune-related 14 3.76 9 2.37 14 3.09 12 4.65 7 1.66

ixodegrin 1 0.58 1 0.20 1 0.62 2 0.78 0 0.00

lipocalin 8 1.11 24 6.57 20 5.69 20 4.07 26 14.76

metabolism, amino acid 4 0.07 2 0.07 1 0.04 0 0.00 0 0.00

metabolism, carbohydrate 22 1.30 4 0.12 14 0.90 14 2.56 5 0.17

metabolism, energy 13 0.81 9 0.34 10 0.50 2 0.30 6 0.15

metabolism, lipid 16 0.95 5 0.39 16 1.01 12 1.29 3 0.39

metabolism, nucleic acid 14 1.80 10 0.93 16 1.72 3 1.11 8 1.21

mucin 7 0.33 3 0.13 9 0.33 3 0.56 0 0.00

nuclear regulation 10 0.74 8 1.49 8 1.02 1 0.26 11 2.15

protease 40 3.37 38 4.57 43 4.21 36 2.93 36 7.70

protease inhibitor 83 17.41 81 15.82 78 14.79 59 19.17 39 17.08

proteasome machinery 7 0.87 6 1.09 6 0.87 4 0.11 6 1.68

protein modification 18 0.58 10 0.26 13 0.38 0 0.00 11 0.44

protein synthesis 2 0.03 2 0.06 5 0.15 0 0.00 2 0.08

signal transduction 14 3.11 10 1.49 9 2.43 7 1.89 5 0.53

tick specific proteins 127 25.15 175 46.18 157 36.86 77 23.84 103 37.75

transcription machinery 2 0.04 1 0.02 1 0.01 0 0.00 1 0.02

transporter/ receptor 10 1.38 6 0.26 6 0.62 6 1.14 3 0.07

transposon element 0 0.00 1 0.04 0 0.00 0 0.00 1 0.02

Total 529 100.00 478 100.00 536 100.00 312 100.00 325 100.00

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 9, 2019. ; https://doi.org/10.1101/763029doi: bioRxiv preprint 

https://doi.org/10.1101/763029
http://creativecommons.org/licenses/by/4.0/


18

289 Table 3A. Numbers and cumulative relative abundance of rabbit protein classes in Amblyomma 
290 americanum saliva during 24-120 h of feeding

291
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292 Table 3B. Numbers and cumulative relative abundance of rabbit protein classes in Amblyomma 
293 americanum saliva during 144 to completion of feeding

294

Feeding Time Point
144 h 168 h 192 h BD SD

Classification Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%) Protein Count NSAF (%)
Antimicrobial 8 0.007565 9 0.018337 9 0.015212 6 0.004394 8 0.015088
Antioxidant 3 0.000677 2 0.00071 3 0.000384 0 0 4 0.000927
Cytoskeletal 20 0.019936 29 0.014844 26 0.019163 6 0.011922 55 0.031601
Extracellular matrix 1 3.63E-05 0 0 1 2.58E-05 1 8.41E-05 3 0.000973
Fibrinogen 1 0.00011 5 0.002512 5 0.001638 0 0 5 0.001423
Globin/ RBC 18 0.105112 19 0.100601 18 0.067832 16 0.052725 21 0.109247
Heme/Iron binding 3 0.005258 9 0.011255 7 0.011786 3 0.005854 9 0.015765
Immunity related 15 0.007953 23 0.02019 17 0.014264 5 0.002246 23 0.025243
Keratin 20 0.010315 34 0.012893 37 0.021782 21 0.010099 40 0.045599
Lipocalin 1 0.002122 1 0.004206 1 0.00311 1 0.001514 1 0.00534

Metabolism, amino acid 0 0 1 0.000201 0 0 0 0 1 3.83E-05

Metabolism, carbohydrates 5 0.001337 9 0.001486 7 0.001096 2 0.000114 7 0.001634
Metabolism, energy 2 0.000319 2 0.000144 2 0.000364 0 0 6 0.000535
Metabolism, lipid 0 0 0 0 0 0 0 0 2 0.000229

Metabolism, nucleic acids 1 0.000108 4 0.000989 0 0 0 0 0 0
Nuclear regulation 19 0.013472 20 0.028935 24 0.022492 10 0.008565 26 0.032846
Protease 0 0 4 0.000876 1 9.16E-05 0 0 6 0.00066
Protease Inhibitors 1 0.000202 3 0.000967 2 0.000151 0 0 7 0.00203
Protein export 3 0.001588 4 0.004882 5 0.003771 2 0.00077 4 0.006886

Protein modification 6 0.000988 7 0.000754 12 0.001567 0 0 16 0.002522
Protein synthesis 0 0 4 0.00057 4 0.00084 0 0 4 0.000866

Proteasome machinery 2 0.003209 2 0.003649 2 0.003418 2 0.000584 2 0.005294

Signal transduction 8 0.003392 5 0.001237 9 0.001945 0 0 12 0.003857

Transporter/ Receptor 3 0.000381 1 6.81E-05 4 0.000521 3 0.000589 13 0.00182

Transcription machinery 0 0 2 6.16E-05 2 6.68E-05 0 0 7 0.000636
Total 140 0.184079 199 0.230369 198 0.191521 78 0.099459 282 0.311061

Table 3B. Numbers and cumulative relative abundance of rabbit protein classes in
Amblyomma americanum saliva 144 h to completion of feeding

295

296 Along with findings from electrophoretic profile, the “in-solution” approach confirmed 

297 the complexity of tick saliva. With redundancy removed at 98% amino acid identity levels, the 

298 majority of the identified proteins are tick specific proteins (did not match to proteins in non-tick 

299 organisms) of unknown function (32%), followed by protease inhibitors (PI) (13%), proteases 

300 (8%), and glycine-rich proteins (6%). Notable protein categories that were ≤ 5% include 

301 cytoskeletal, lipocalin, antioxidant/detoxification, extracellular matrix, immune related, 

302 heme/iron-binding, mucins, evasins, antimicrobials, and ixodegrins (Tables 2A and 2B, 
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303 Supplemental table 2). For rabbit proteins, the majority are categorized as cytoskeletal (19%), 

304 followed by keratin (13%), nuclear regulation (8%), immunity-related (8%), globin/RBC 

305 degradation (6%), and protein categories that were ≤ 5% include antimicrobials, heme/iron-

306 binding, protease inhibitors, proteases, extracellular matrix, antioxidant/detoxification, 

307 fibrinogen and lipocalin (Tables 3A and 3B, Supplemental table 2). 

308

309 The most abundant category of A. americanum tick saliva proteins is tick-specific

310 Figures 2A and 2B summarizes daily relative abundance of tick saliva proteins during A. 

311 americanum tick feeding as determined by normalized spectral abundance factor (NSAF), the 

312 index for relative protein abundance (53-55). Fig. 2A shows that three protein categories, tick-

313 specific saliva proteins of unknown function (TSP), protease inhibitors (PI), and heme/iron 

314 binding proteins were the most abundant ranging from a respective 24-46%, 11-22%, and 6-26% 

315 during feeding (24-192h). Other protein categories at ≤ 10% in abundance include glycine-rich 

316 proteins, antimicrobial peptides, evasins, and proteases. For rabbit proteins in A. americanum 

317 tick saliva, the most predominant functional category was hemoglobin/red blood cell products 

318 (RBC) (13-58%) followed by cytoskeletal (6-20%), heme/iron binding (~5-16%), keratin (2-

319 30%), and nuclear regulation (2-20%) (Fig. 2B). It is notable that rabbit functional categories 

320 related to immunity, antimicrobial peptides, protease inhibitors and proteases were abundant at 

321 ≤8% throughout feeding. 

322 The finding that the majority of proteins identified in this study are of unknown function 

323 is not unique to A. americanum tick saliva, it is consistent with findings in saliva of I. scapularis 

324 (32) and tick salivary gland transcriptomics (59-61). This is potentially a reflection of how little 

325 information exists on the molecular basis of tick feeding physiology.
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326 Majority of A. americanum tick saliva proteins are associated with early stage tick-feeding 

327 processes

328 To gain insight into broad relationships of secretion dynamics of both tick and rabbit 

329 proteins with the tick feeding processes, Z-score statistics normalized NSAF (relative 

330 abundance) values were visualized on heat maps (Figs. 3A and 3B). The clustering patterns are 

331 influenced by cumulative relative abundance of protein category. The blue to red transition 

332 denotes low to high abundance. As shown in figure 3A, the 27 TSP functional categories 

333 clustered into four broad secretion patterns (clusters A-D). Broadly, 74% (20/27) of tick protein 

334 categories are secreted at high abundance within the first 48 h of feeding (Fig. 3A, clusters A, B, 

335 and C) with exception of four categories (evasins, proteases, lipocalins, and nuclear regulation 

336 proteins) in cluster D, which are injected into the host at high abundance starting from day five 

337 of feeding. These proteins could be important proteins regulating early stages of tick feeding 

338 activities such as initiating tick feeding by creating feeding lesion and attaching, while 

339 suppressing host tissue repair defenses and also contribute to transmission of TBD agents. 

340 Protein categories that were identified in abundance starting from the 192 h feeding time point 

341 might be associated regulating the end of the tick-feeding process when the tick detaches from 

342 the host skin with minimal damage.

343 Similarly, the majority of rabbit proteins functional categories (21 of the 25) were 

344 detected at high abundance in saliva of A. americanum ticks during feeding (Fig. 3B). The 25 

345 rabbit protein categories in saliva of A. americanum ticks segregated into four clusters, A-D (Fig. 

346 3B). Rabbit proteins that were secreted at high abundance starting from 24-72 h of feeding are 

347 part of clusters A and B. Five of the seven proteins in cluster A are highly abundant at 24 and 48 
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348 h feeding time points, while those in clusters C and D were less abundant in the first 48 h of 

349 feeding and showed varied abundance levels starting from 72 h of feeding.

350

351 Secretion dynamics of non-housekeeping-like A. americanum tick saliva proteins 

352 Supplemental table 2 lists individual proteins that were identified in A. americanum tick 

353 saliva. Thirteen functional categories not considered as housekeeping-like (antimicrobial, 

354 detoxification extracellular matrix/cell adhesion, evasin, glycine-rich, heme/iron binding, 

355 immunity-related, ixodegrin, lipocalin, mucin, protease inhibitors, proteases, and TSPs of 

356 unknown function) (Tables 2A and 2B) accounted for 76% of total number of proteins and 

357 represented more than 82% in relative abundance throughout feeding time points. In the 

358 subsequent sections, we have discussed non-housekeeping-like tick proteins individually per 

359 category (Figs. 4A-S) and have highlighted housekeeping-like tick proteins and rabbit proteins as 

360 a group below. Our lab is interested and is working to understand functions of proteases and 

361 protease inhibitors, and our subsequent discussion below is biased toward these two categories.

362

363 a) A. americanum tick saliva contains a large diversity of protease inhibitors in nine families

364 We previously documented at least 18 of the 99 Merops database protease inhibitor (PI) 

365 that might be expressed by A. americanum and other tick species (62). Here we show that adult 

366 A. americanum ticks secreted at least 155 PIs belonging into eight PI families. These include 

367 Kunitz-type inhibitors (I2, n=68), serine protease inhibitors (serpins, I4, n=21), trypsin inhibitor-

368 like (TIL, I8, n=36), alpha-2-macroglobulins (α2M, I39, n=12), cysteine inhibitors (cystatin, I25, 

369 n=12), thyropins (I31, n=3), phosphatidylethanolamine-binding proteins (I51, n=2), and a tick 

370 carboxypeptidase inhibitor (TCI, n=1). Of significant interest, nearly 75% of PIs (115/155) in 
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371 this study were secreted in saliva within the first 120 h post-attached fed ticks (Supplemental 

372 table 2). This strongly suggests that functions of tick saliva PIs are associated with regulating 

373 early stages of the tick feeding stages such as tick creation of its feeding site and transmission of 

374 TBD agents, which are critical to the success of ticks as pests and vectors of TBD agents. 

375 Of the PI families in this study, serpins are the most studied (42, 62-67), presumably 

376 because functional roles of this protein category are relatable to tick feeding physiology. To 

377 successfully feed and transmit TBD agents, ticks have to overcome serine protease-mediated 

378 host defense pathways that are tightly controlled by inhibitors, including serpins. On this basis, it 

379 was proposed that ticks might utilize serpins to evade host defenses to successfully feed (68). 

380 From this perspective, it is notable that 90% (19/21) of serpins were identified in saliva of ticks 

381 that fed for 24-48 h (Fig. 4A), suggesting these serpins are injected into host and might be 

382 involved with regulating tick feeding within hours of the tick starting to feed. It is interesting to 

383 note that, A. americanum serpin 6 and 19, which were previously validated as inhibitors of host 

384 defense system proteases (69, 70) were also found in tick saliva within the first 24 h of feeding 

385 this study. It is notable that 20-50% of PIs were identified at a single time point for all PI 

386 families except serpins, where only 5% (1/21) was found (Supplemental table 2). This might 

387 suggest that the functions of tick saliva serpins are important throughout the tick feeding process, 

388 most likely in evading host defenses. 

389 Although not much has been reported on the functional analysis of A. americanum tick 

390 cystatins, a lone study has reported that RNAi silencing of a cystatin transcript reduced the 

391 ability of ticks to feed successfully (71). Several researchers have reported cystatins in other tick 

392 species indicated that they play important roles in tick feeding physiology (72). In the soft tick 

393 Ornithodoros moubata, a cystatin was internalized by host dendritic cells and targeted cathepsin 
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394 S and cathepsin C, affecting their maturation (73). Cystatins from other tick species also have 

395 immunosuppressive functions (74-76). Of the 12 cystatins identified in tick saliva from this study 

396 (family I25, Fig. 4B), seven were secreted starting from 72 h of feeding, indicating that majority 

397 of cystatins might be involved in regulating tick feeding functions after the tick has initiated 

398 feeding. On the contrary, four cystatins were secreted within the first 24 h of feeding and were 

399 predominantly secreted throughout feeding. 

400 Similar to cystatins, figure 4C shows the secretion dynamics of alpha-2-macroglobulins 

401 (2M), where majority were injected into the host at high abundance toward the end of feeding 

402 (BD). This might suggest that 2M could be involved in regulating tick feeding functions toward 

403 the end of tick feeding. There are very few studies on 2M in tick feeding physiology. Two 

404 studies have reported the functional roles of 2M in soft tick immune defense (77) and anti-

405 microbial activity in I. ricinus (78). 

406 Kunitz-type inhibitors and trypsin inhibitor-like (TIL) were the two most, in number of 

407 proteins, identified in all PI families from this study, comprising of a respective 44 and 23% of 

408 total PI proteins in tick saliva during feeding. The secretion dynamics of Kunitz-type inhibitors 

409 (Fig. 4D) and TIL (Fig. 4E) is comparable and notable: the tick appears to secrete a different set 

410 of these inhibitors every 24 h starting from the first day of tick feeding. This might suggest that 

411 functions of these inhibitors are required throughout the tick feeding process. It is also notable 

412 that a total 35% of Kunitz-type inhibitors and 22% of TILs were detected in saliva of replete fed 

413 ticks (SD), unlike the other PIs in this study. 

414

415 b) Majority of proteases in A. americanum saliva are metalloproteases
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416 At the time of this study, protease families that were encoded by A. americanum were not 

417 enumerated, presumably because its genome had not been sequenced. However, analysis of 

418 annotated sequences from I. scapularis showed that the tick might encode for all protease 

419 categories: aspartic, cysteine, serine, metallo-, and threonine proteases (79).  Here, we found that 

420 A. americanum secretes at least 94 proteases in saliva during feeding. These 94 proteases belong 

421 in four categories grouped into 15 families: aspartic (family A1, n=4), cysteine (C1, C2, and 

422 C13, n=12), metallo- (M12, M13, M14, M15, M17, M20, M28, and M49, n=56), and serine (S1, 

423 S10, and S28, n=22) proteases (Supplemental table 2, Figs. 4F, 4G, and 4H). Please note that the 

424 heatmap for aspartic proteases was not developed due to low numbers (the secretion dynamics is 

425 presented in Supplemental table 2). The heatmaps (Figs. 4F, 4G, and 4H and Supplemental table 

426 2) show that more than 60% (60/94) of proteases are injected into the host various time points 

427 during the first five days of feeding, demonstrating that some of the proteases in this study are 

428 associated with tick feeding regulation. 

429 The observation that metalloproteases are the majority of proteases in saliva of A. 

430 americanum is consistent with our previous findings in the I. scapularis proteome (32). It is 

431 notable that similar to the I. scapularis proteome, metalloproteases that were secreted at high 

432 abundance during the first 72 h feeding time points are in families M12 and M13 (Fig. 4G), 

433 indicating that these proteases regulate initial tick feeding functions that are important to both 

434 tick species. Indirect evidence on snake venom M12 proteases that have anti-coagulant activity 

435 (80, 81) suggest that secretion of these proteases at high abundance when the tick is initiating 

436 feeding might be beneficial to tick feeding to prevent blood from clotting, which might otherwise 

437 prevent blood meal feeding. There is also evidence that RNAi silencing of M12 proteases 

438 significantly affected tick-feeding efficiency (82). It has been reported in I. scapularis saliva a 
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439 metalloprotease similar to hemorrhagic proteases of snake venom that act towards gelatin, 

440 fibrin(ogen), and fibronectin (83). Likewise, indirect evidence suggests that ticks might utilize 

441 M13 proteases to regulate host immunity. In mammals, M13 proteases were among other 

442 functions involved in modulating neurotransmitter levels, control blood pressure, involved in 

443 reproduction and cancer progression (84).

444 Another notable similarity between A. americanum and I. scapularis proteomes is that 

445 both tick species secreted a small number of S1 serine proteases, six and three respectively (Fig. 

446 4G and Supplemental table 2). We are interested in S1 serine proteases due to their functional 

447 roles in signal transduction as activators of protease-activated receptors (85, 86); could the tick 

448 utilize these proteases to interfere with host defense signaling at the tick-feeding site?

449 The observation that A. americanum injected cysteine proteases at the beginning of 

450 feeding indicate they might be playing some role(s) in the early stages of tick feeding. Several 

451 studies have documented potential functional roles of cysteine proteases in tick physiology (87-

452 89). In a lone study, a cysteine protease from H. longicornis when silenced by RNAi, showed to 

453 be involved with digestion of a blood meal and increased the number of Babesia parasites (90). 

454 Recently, a cathepsin L from the tick, R. microplus (BmCL1), was shown to interact with 

455 thrombin at pH 7.5 and impair thrombin-induced fibrinogen clotting via a fibrinogenolytic 

456 activity (91). In helminths, cysteine proteases are the most abundant category of proteins 

457 identified into excretion/secretion products (92) and have been shown to be involved with host 

458 immune evasion (93) and extracellular matrix degradation (94).

459 Majority of studies on tick aspartic proteases are mainly characterized as blood digestion 

460 proteins in the midgut, similar to the mammalian lysosome acidic protease, cathepsin D (95). In 

461 H. longicornis adult ticks, the potential role of these proteins in proteolysis of erythrocyte 
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462 hemoglobin has been reported (96). Other studies have shown the importance of this protease in 

463 embryogenesis, playing roles in vitellin degradation (97) and heme-binding properties (98). 

464 Although only four aspartic proteases were identified in A. americanum saliva during feeding, 

465 three of these proteases were present within the first 96 h of feeding, which may implicate roles 

466 in the early stages of tick feeding success (Supplemental table 2).

467

468 c) Lipocalins/histamine-binding proteins are alternately secreted during tick feeding

469 Inflammation response is among host defense pathways that ticks must evade to complete 

470 feeding. Histamine is one of the key mediators of inflammation in tissue damage that is expected 

471 to occur in response to tick feeding (99). From this perspective, lipocalins/tick histamine-binding 

472 proteins in tick saliva are suspected to be part of the tick machinery to evade the host’s 

473 inflammation defense response through sequestration of histamine that is released at the tick-

474 feeding site. In this study, we found 46 lipocalins/tick histamine-binding proteins that show two 

475 broad secretion patterns: secreted at multiple feeding time points and those that were alternately 

476 secreted at single time points (Fig. 4I). It is interesting to note that of the total 46 lipocalins 

477 identified in tick saliva during feeding, 22% (10/46) were present within the first 48 h of feeding, 

478 while 35% (16/46) were present after 96 h of feeding, and 43% (20/46) were identified in a 

479 single time point (Fig 4I, Supplemental table 2). Given that in addition to regulating 

480 inflammation, lipocalins/histamine-binding proteins have other diverse functions such as 

481 antimicrobials (100, 101), glucose metabolism (102) and binding several ligands including 

482 serotonin and fatty acids (103, 104), it is most likely that these proteins might be involved in 

483 regulating several other tick feeding functions besides mediating the tick’s anti-inflammation 

484 function. 
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485 d) Heme binding proteins are secreted at high abundance throughout feeding

486 Like other animals, ticks require iron and heme (the iron-containing part of hemoglobin) 

487 for normal physiological functions (105). However, ticks do not have a heme biosynthesis 

488 pathway, therefore they must obtain it from host blood (106). Female ticks that were artificially 

489 fed a diet not containing hemoglobin laid sterile eggs (107) demonstrating the importance of 

490 heme in tick biology. However, in high abundance heme can be toxic for the tick (108), therefore 

491 it is postulated that hemelipoproteins and vitellogenenins could serve as heme binding proteins to 

492 remove the excess heme from the tick system. Supplemental table 2 lists a total of 17 heme/iron-

493 binding proteins consisted of hemelipoproteins, vitellogenins, and a ferritin that collectively 

494 accounted for the third most abundant protein category in tick saliva throughout feeding (Fig. 2). 

495 High abundance of hemelipoproteins here is in consistent with other tick saliva proteomes (32-

496 34). The secretion dynamics summarized in figure 4J revealed two broad secretion patterns, 

497 those that are injected into the host from 24 h through 120 h of feeding (HCB and HCC) and 

498 those that injected into the host starting from 144 h of feeding through the end of tick feeding 

499 (HCD and HCA). Ticks acquire both iron and heme from host blood (106, 109), and thus iron 

500 and/heme-binding proteins are important to normal tick physiology. It has been shown that R. 

501 microplus hemelipoprotein (HeLp) could bind eight heme molecules (110). Given that 

502 hemelipoprotein is the most abundant protein in tick hemolymph (111), it could be secreted in 

503 saliva as a result of this protein being transferred into the salivary glands when exposed to the 

504 hemolymph. However, transcriptional profile and protein localization of these hemelipoproteins 

505 in salivary glands of unfed and fed adult ticks suggest that they could act in different pathways 

506 during blood-feeding (112). Among other functions it is known that free heme has pro-

507 inflammatory properties (113). Thus, the presence of hemelipoproteins could lower free heme 
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508 concentration at the feeding site, reducing inflammation. Other roles of tick hemelipoproteins 

509 such as an antioxidant in transporting other compounds such as cholesterol, phospholipids, and 

510 free fatty acids have been previously reported (114). It is interesting to note that reduction of 

511 vitellogenin receptor (VgR) expression by RNAi resulted in reduced fertility (115) and Babesia 

512 bovis transmission and oocyte maturation (116).

513

514 e) Ticks inject multiple antioxidant proteins into the feeding site

515 Feeding and digestion of large amounts of host blood exposes ticks to hydroxyl radicals 

516 and reactive oxygen species (ROS), which if left uncontrolled could damage tick tissue (117, 

517 118). Expression of antioxidant proteins protect the tick during feeding and digestion of the 

518 blood meal. Studies have shown that RNAi silencing of tick antioxidants caused deleterious 

519 effects to the tick and prevented them to obtain a full blood meal (119, 120). Previous studies by 

520 others and from our lab have documented presence of antioxidants in tick salivary glands (121, 

521 122) and saliva (32-34, 123, 124). In this study we identified 41 putative antioxidant enzymes. 

522 These enzymes include glutathione-S-transferase, thioredoxin, superoxide dismutase, catalase, 

523 peroxinectin, arylsulfatase, aldehyde dehydrogenase, epoxide hydrolase, sulfotransferase, 

524 sulfhydryl oxidase and glycolate oxidase. Figure 4K reveals two broad secretion patterns of tick 

525 saliva antioxidant proteins based on NSAF values as an index for abundance: (i) proteins injected 

526 into the host in high abundance once at various feeding time points (ACA-ACI) and (ii) proteins 

527 that are consecutively injected into the host in high abundance from 24-96 h of feeding (ACF). 

528 Like heme/iron binding proteins, tick antioxidants are presumed to function inside the tick; the 

529 question is why do ticks inject these into the feeding site? Host tissue injury caused during the 

530 creation of the tick-feeding site could trigger release of oxidants such as ROS; could tick saliva 
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531 antioxidants function to cleanse the blood meal before the tick ingests it or potentially to protect 

532 the host from damage to keep the feeding site balanced? 

533

534 f) Glycine-rich and extracellular matrix/cell adhesion proteins are secreted early during tick 

535 feeding

536 Within 5-30 min of attachment, the tick secretes an adhesive substance called cement, 

537 which anchors ticks onto host skin during its protracted feeding period (125). Tick cement is also 

538 suggested to protect the tick from host immune factors (126, 127) and might function as 

539 antimicrobials at the feeding site (128). Glycine-rich proteins are among categories of tick 

540 proteins that are thought to play key roles in formation of tick cement (125). From this 

541 perspective, glycine-rich proteins are among tick proteins that have received significant research 

542 attention (129-132). In this study we found a total of 67 glycine-rich proteins, which represented 

543 the fifth largest category of proteins identified in tick saliva during feeding (Fig. 2). Nearly 90% 

544 (60/67) of the glycine-rich proteins were secreted in abundance within the first four days of 

545 feeding (Fig. 4L; GCB, GCD, GCE, GCF, and GCG). Tick cement deposition is completed 

546 during the first 96 h of tick feeding (125), and thus it is conceivable that some of the glycine-rich 

547 proteins in this study might be involved with tick cement formation. It is interesting to note that 

548 some of the glycine-rich proteins that were identified from tick cement in our lab (131) and 

549 others (130) were also found in this study (Supplemental table 3). Some of the glycine-rich 

550 proteins were secreted from the 144-h time point, long after tick cement formation; these might 

551 regulate other tick feeding functions. Although glycine-rich proteins are mostly known for their 

552 potential role in tick cement formation, indirect evidence in other organisms indicate that these 
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553 proteins might be involved in other functions such as host defense and stress response as in 

554 plants (133). 

555 Figure 4M summarize the secretion dynamics of 37 extracellular matrix proteins that 

556 were found in this study. Similar to glycine-rich proteins, majority (27/37) of the extracellular 

557 proteins were secreted within the first five days of feeding demonstrating their role in early stage 

558 tick feeding regulation. Our speculation is that some of these proteins will play roles in formation 

559 of tick cement. In a previous study, RNAi silencing of chitinase, also identified in this study, 

560 weakened the tick cement cone to the extent that host blood was leaking out around the 

561 mouthparts of attached ticks (40).

562

563 g) Antimicrobials, mucins, and immune related proteins are secreted throughout the feeding 

564 process

565 Once the tick has anchored itself onto the host skin and created its feeding lesion, it faces 

566 a difficult task of overcoming host humoral and cellular immunity, and also preventing microbes 

567 in the host skin from colonizing the tick-feeding site. Here we show that A. americanum secretes 

568 immunomodulatory and antimicrobial peptides starting within the early stages of the tick feeding 

569 process (Fig. 4N-R). We identified nine antimicrobials consisting of microplusins, lysozymes, 

570 and defensins (Fig. 4N). Previous studies showed that microplusin has dual effects against 

571 fungus and gram-positive bacteria, lysozyme against gram-positive bacteria, and defensin 

572 effective against both gram-positive and -negative bacteria (134-136). The heat map in figure 4N 

573 shows that antimicrobials were injected into the host starting at 24 and 48 h (AMCA), from 72 h 

574 (AMCC), and from 120 h (AMCB). This secretion pattern suggests that the functions of 

575 antimicrobial peptides are needed throughout feeding. 
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576 Similar to antimicrobials, we identified 12 mucins (Fig. 4O), with ~60% of these proteins 

577 (7/12) being secreted at high abundance within 24-48 h of feeding. Functional roles of mucins in 

578 ticks have not been studied. However, indirect evidence in mammals suggest that mucins might 

579 be involved in antimicrobial activity in that human mucins were shown to encapsulate microbes 

580 (137).

581 Among putative immunomodulatory proteins, we identified evasins (Fig. 4P) and 

582 ixodegrins (Fig. 4Q). Evasins (n=12, Fig. 4P) were shown to bind to chemokines (138, 139) to 

583 reduce leukocytes recruitment to the tick feeding site and therefore contribute to tick evasion of 

584 the host’s inflammatory defense. It is interesting to note that the 12 evasins identified in tick 

585 saliva were present after 24 h of feeding and continued to be secreted throughout feeding at 

586 variable levels. This might suggest that evasins might not be involved in regulating tick feeding 

587 functions during the first 24 h of tick feeding. 

588 Figure 4Q summarizes the secretion pattern of the six ixodegrin-like proteins found in 

589 tick saliva during feeding in this study. It is interesting to note, 83% (5/6) of these proteins were 

590 identified within the first 48 h of feeding (Supplemental table 2.) These proteins were first 

591 described in I. scapularis as inhibitors of platelet aggregation (140). Platelet aggregation is the 

592 first step in the blood clotting system (141), which ticks must overcome to successfully feed. 

593 Thus, the presence of ixodegrins in saliva of A. americanum at the start of feeding is beneficial to 

594 tick feeding success. Finally, we also found proteins that show similarity to previously 

595 characterized immunomodulatory proteins (Fig. 4R), which have been validated in other tick 

596 species including p36, which inhibits cell proliferation and cytokine expression (142). These 

597 proteins might play roles in mediating the tick’s evasion of host immunity.

598
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599 h) Tick-specific secreted saliva proteins (TSP) of unknown function are alternately secreted.

600 Over one-third of Ixodidae protein sequences deposited into GenBank are annotated as 

601 hypothetical, secreted, conserved and unknown proteins. However, some are annotated based on 

602 sequence identities and conserved signature motifs, which include basic tail/tailless proteins, 8.9 

603 kDa protein family, leucine-rich proteins, AV422 (a tick saliva protein that is high upregulated 

604 when ticks are stimulated to start feeding [39, 143]), proteins containing RGD motifs, which 

605 might play roles in inhibition of platelet aggregation (140, 144). In this study we have identified 

606 a total of 377 (Fig. 4S) tick saliva proteins that fit the above description that we refer here to as 

607 tick-specific saliva proteins of unknown functions (TSPs). More than 95% (357/377) of the total 

608 TSPs were identified within the first eight days of feeding in tick saliva indicating their potential 

609 roles in regulating the tick feeding process. It is interesting to note that the secretion pattern for 

610 over a third (128/377) of the total TSPs identified in tick saliva during feeding were alternately 

611 injected once during feeding (Supplemental table 2). From the perspective of finding target 

612 antigens for tick vaccine development, TSPs represent a unique opportunity in that they do not 

613 share any homology to host proteins and might not cross-react with the host.

614

615 A. americanum secretes multiple housekeeping-like proteins in saliva throughout the feeding 

616 process

617 Supplemental table 2 lists 288 housekeeping-like proteins that were identified in this 

618 study. Presence of these proteins in A. americanum saliva is not unexpected, as similar findings 

619 have been previously reported in tick saliva (32-34). The 288 housekeeping-like proteins were 

620 classified into 14 categories including those associated with metabolism of amino acids (n=7), 

621 carbohydrates (n=25), energy (n=31), lipids (n=31), and nucleic acids (n=33). Other protein 
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622 categories include those involved in cytoskeletal (n=53), nuclear regulation (n=16), protein 

623 modification (n=21), proteasome machinery (n= 8), protein synthesis (n=10), signal transduction 

624 (n=24), transposable element (n=3), transcription machinery (n=7), and transporter/receptors 

625 (n=17). It is interesting to note that, within the first 24 h of feeding 12 of the 14 categories were 

626 identified at high abundance (Fig. 3A). 

627 One feature of housekeeping-like tick proteins is that they have high sequence identity 

628 with mammalian housekeeping proteins, and for this reason they are discounted as potential 

629 target antigens for tick vaccine development. However, based on literature showing that several 

630 roles of these proteins in host defense, we think that these proteins play an important role in tick 

631 feeding physiology. Housekeeping-like proteins identified here mostly function intracellularly, 

632 and they serve as alarm signals to alert the host defense system to injury when secreted outside 

633 of the cell (145). There is evidence that in the extracellular space, some of the housekeeping 

634 proteins such as heat shock proteins, have anti-inflammatory functions (146), while histone 

635 proteins have antimicrobial activity (147). Given high sequence similarity to host housekeeping 

636 proteins, could it be that some of the tick housekeeping-like proteins play roles in promoting tick 

637 feeding through anti-inflammatory and anti-microbial activity?

638 Another important aspect of tick feeding physiology that has not received much attention 

639 is the fact that host blood meal also contains carbohydrates, lipids and other molecules besides 

640 host proteins. It is notable that some of the tick housekeeping-like proteins in tick saliva have 

641 high similarity to enzymes in the carbohydrate and lipid metabolism pathways. Is the tick 

642 pumping these proteins into the feeding site to process these molecules before the tick takes its 

643 blood meal?

644
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645 Secretion of rabbit host proteins in A. americanum tick saliva is not random

646 In this study, we identified 335 rabbit host proteins belonging into 25 different categories 

647 that include cytoskeletal (19%), keratin (13%), nuclear regulation (8%), immune-related (8%), 

648 hemoglobin/RBC degradation (6%), transporters/receptors (5%), protein modification (5%), and 

649 protein categories below 4% included antimicrobials, extracellular matrix, heme/iron binding, 

650 detoxification/ antioxidants, metabolism (energy, carbohydrates, lipid, amino acid, and nucleic 

651 acids), protein export, protein synthesis, fibrinogen, protease inhibitors, proteases, signal 

652 transduction, transcription machinery, proteasome machinery, and lipocalin (Tables 3A and 3B, 

653 Supplemental table 2). Relative abundance as determined by NSAF indicated that the most 

654 abundant protein categories consisted of hemoglobin/RBC degradation products (58-13%), 

655 followed by heme/ iron binding host proteins (13-16%), and cytoskeletal (6-20%) (Fig. 3). 

656 At a glance, presence of rabbit host proteins in A. americanum tick saliva could be 

657 dismissed as host protein contamination. This observation might be strengthened by the fact that 

658 some rabbit host proteins in tick saliva such as keratin, nuclear regulation proteins, and host 

659 antimicrobial peptides increased in abundance as feeding progressed. This suggested that 

660 secretion of host proteins into tick saliva was a consequence of ticks ingesting an increased 

661 amount of host blood, and that some of these host proteins might leak or be regurgitated back 

662 into the host via saliva or esophagus. However, our data here suggests that the tick might 

663 systematically be utilizing host proteins to regulate its tick-feeding site. For instance, mammals 

664 are likely to encode for more than 500 proteases and 150 protease inhibitors (based on rat, mice, 

665 and humans [148]), however we found 9 proteases and 8 protease inhibitors from host origin in 

666 A. americanum tick saliva (Supplemental table 2). We are of the view that if secretion of host 

667 proteins was a random process, we could have identified more rabbit host proteases and protease 
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668 inhibitors. There are reports that human 1-antitrypsin and 2-macroglobulin are secreted 

669 following injury as occurs during tick feeding, and if left uncontrolled could lead to delayed 

670 wound healing (149), which is beneficial to tick feeding.  On this basis, it is highly likely that 

671 ticks inject host 1-antitrypsin and 2-macroglobulin into the feeding site as a strategy of 

672 evading the host’s tissue repair defense response. It is also notable that fibrinogen and neutrophil 

673 gelantinase-associated lipocalin, which among other functions plays important roles in wound 

674 healing, were identified towards the end of feeding (150-153). This is interesting in that the tick-

675 feeding lesion is completely sealed, preventing leakage of blood, when a replete fed tick detaches 

676 from its feeding site. It has been reported in Opisthorchis viverrini, the human liver fluke, that 

677 they secrete proteins in the granulin family that accelerate wound healing (154). Could it be that 

678 the increased abundance of host proteins involved in wound healing are secreted by the tick into 

679 the feeding site towards the end of tick feeding is the tick’s way to help its host heal? 

680

681 Different tick species might utilize similar proteins to regulate feeding

682 At the time of preparing data in this study for publication, several other tick saliva 

683 proteomes had been published. We took advantage of the availability of these data to test the 

684 hypothesis that key proteins that are important to tick feeding might be conserved across tick 

685 taxa. Thus, we compared data in this study to saliva proteomes of I. scapularis (32), R. microplus 

686 (33), H. longicornis (34), R. sanguineus (35), D. andersoni (36), and O. moubata (37). This 

687 analysis revealed that more than 24% (284/1182) of the A. americanum tick saliva proteins in 

688 this study have homologs in saliva proteomes of other tick species (Supplemental table 4). Table 

689 4 highlights the 163, 138, 137, 92, 22, and 11 A. americanum tick saliva proteins in 22 categories 

690 that were >70% identical to proteins in saliva of I. scapularis (32), H. longicornis (34), D. 
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691 Table 4. Amblyomma americanum tick saliva protein categories that are conserved in other tick 
692 saliva proteomes at 70% identity

693

Classification I. scapularis H. longicornis D. andersoni R. microplus O. moubata R. sanguinues
Cytoskeletal 36 27 19 12 3 0 
Detoxification 13 9 9 5 0 2 
Extracellular matrix 3 6 9 3 0 1 
Glycine rich 5 4 4 4 0 0 
Immune related 4 3 3 4 1 1 
Metabolism, amino acids 4 1 0 0 0 0 
Metaolism, carbohydrates 4 3 6 1 1 0 
Metabolim, energy 20 11 12 0 4 0 
Metabolism, lipids 2 1 3 4 0 0 
Metabolism, nucleic acids 11 9 1 0 2 0 
Nuclear regulation 6 5 6 4 0 0 
Protein modification 16 14 8 9 7 0 
Protease 6 6 8 3 0 0 
Proteosome machinery 7 6 5 0 0 6 
Protein synthesis 4 2 3 2 0 0 
Secreted saliva proteins 5 6 22 14 0 0 
Lipocalin 0 0 0 4 0 0 
Protease Inhibitors 5 14 10 11 1 1 
Signal transduction 6 3 6 1 1 0 
Heme/Iron binding 1 7 2 9 2 0 
Transcription machinery 2 0 1 1 0 0 
Transporters/ receptors 3 1 0 1 0 0 
Total Protein Matches 163 138 137 92 22 11

Table 4. A. americanum tick saliva protein classes that are conserved in other ticks saliva proteomes at 70% identity

(> 70% identical)694

695 andersoni (36), R. microplus (33), O. moubata (37) and R. sanguineus (35), respectively.  Of the 

696 22 categories of proteins, immune-related proteins were present in all tick saliva proteomes. 

697 Likewise, proteins from nine other categories (antioxidant/detoxification, carbohydrate 

698 metabolism, cytoskeletal, extracellular matrix, heme/iron binding protease, protease inhibitor, 

699 protein modification, and signal transduction) from A. americanum saliva were present in five 

700 other tick saliva proteomes. It is interesting to note when comparing saliva proteins in the A. 

701 americanum tick-specific saliva secreted protein category with other hard ticks, with the 

702 exception of R. sanguineus, five proteins were shared with Prostriata I. scapularis, and 6, 22, and 

703 14 from Metastriata H. longicornis, D. andersoni, and R. microplus, respectively.
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704 We would like the reader to note that with the exception of I. scapularis tick saliva 

705 proteome for which proteins were identified every 24 h during feeding (32) the other tick saliva 

706 proteomes were limited to a narrow range of tick feeding time points and/or fully engorged ticks. 

707 This might be the reason that higher numbers of A. americanum tick saliva proteins were found 

708 compared to I. scapularis tick saliva proteome. It is interesting to note that, A. americanum and I. 

709 scapularis are biologically different as they belong to different tick lineages, Prostriata and 

710 Metastriata (155, 156).  Thus, tick saliva proteins that are shared between these two tick species 

711 could regulate evolutionarily conserved proteins that regulate essential tick feeding physiology 

712 functions. On this basis, such proteins could be targeted for tick vaccine development. We have 

713 previously shown that RNAi silencing of A. americanum tick saliva serpin 19, an anti-coagulant 

714 (69), which is also conserved in I. scapularis ticks (42, 62), caused significant mortality 

715 demonstrating the importance of this protein in tick physiology (32).

716

717 Conclusion and Future perspective

718 This study has made a unique contribution toward understanding the molecular basis of 

719 A. americanum tick feeding physiology. We believe that this study provides a good starting point 

720 toward discovery of effective targets for anti-tick vaccine development. Our strategy to identify 

721 tick saliva proteins every 24 h during feeding has allowed us to map tick saliva proteins to 

722 different phases of the tick feeding process. This is significant as it provides for the opportunity 

723 to focus on tick saliva proteins that regulate the tick feeding process that precede critical events 

724 such as TBD agent transmission. Majority of TBD agents are transmitted after 48 h of tick 

725 attachment (157, 158), and therefore proteins that are secreted from 24 and 48 h of tick feeding 

726 time points are prime candidates for tick vaccine research. It is important to acknowledge the fact 
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727 that, during the course of feeding, A. americanum ticks secretion of more than 1500 tick and 

728 rabbit host proteins might indicate that the tick has inbuilt systems to evade host immunity, and 

729 that it is going to be a challenge to actually find effective targets for anti-tick vaccine 

730 development. However, the findings that nearly 300 A. americanum tick saliva proteins were 

731 also secreted by other tick species is very encouraging as these proteins might provide insight 

732 into conserved mechanisms that are utilized by all ticks to successfully feed, and could serve as 

733 potential targets for anti-tick vaccine development. 

734 We have recently described proteins (n=340) in saliva of unfed A. americanum ticks that 

735 were stimulated to start feeding on three different hosts: rabbits, dogs, and humans (38). It is 

736 notable that 70% (231/340) of proteins in saliva of unfed A. americanum ticks were found in the 

737 tick saliva proteome described here (Supplemental table 5). The significance of these data is that 

738 the 231 tick saliva proteins present in saliva of both unfed and fed ticks represent proteins that 

739 are potentially injected into the host within minutes of the tick attaching onto host skin and are 

740 likely associated with regulating initial tick feeding events. Immunologically blocking functions 

741 of these proteins might significantly disrupt tick feeding and prevent transmission of TBD 

742 agents. In summary, this study has set the foundation for in-depth studies to understand A. 

743 americanum tick feeding physiology and find effective targets for development of tick-antigen 

744 based vaccines to prevent TBD infections.
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