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ABSTRACT 

 

Tick saliva proteins facilitate feeding success and transmission of tick-borne disease agents 

by ticks, and thus, they might serve as effective antigens for a tick vaccine. This dissertation for 

the first-time identifies saliva proteins that are secreted every 24 h during tick-feeding of two 

distantly-related and most medically important ticks species in the United States, Ixodes scapularis 

and Amblyomma americanum. Data in this dissertation reveal that tick feeding is a complex system 

that is dynamically changing in response to the host defenses. Understanding biological functional 

roles of tick saliva proteins is critical to developing novel methods to prevent tick-borne disease 

infections. Therefore, the second part of this dissertation defines the functional roles of three serine 

protease inhibitors (serpins: AAS19, AAS41 and AAS46), which are thought to control serine 

proteases that mediate host defense mechanisms. While these serpins are secreted into the host 

during feeding and are immunogenic, only AAS19 and AAS41 were functionally active, having 

anti-hemostatic or anti-inflammatory properties, respectively. The finding that despite being 97% 

identical to AAS41, AAS46 is apparently not an efficient inhibitor provides insights into how the 

tick might evade host defenses:  it is possible that ticks secrete AAS46 as an immune decoy to 

protect the functional AAS41 from immune attack. Finally, information generated from this 

dissertation was utilized to formulate a cocktail anti-tick vaccine that included 13 recombinant tick 

saliva proteins. Although these antigens elicited an immune response in immunized cattle, they 

did not protect cattle against primary tick infestations; however, immunization enhanced the 

naturally acquired immunity against tick feeding that is elicited by repeated infestation. This 

dissertation contributes to a better understanding of the molecular basis of tick-feeding physiology, 

which is the needed first step before novel tick control methods can be developed. Results from 
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this dissertation have contributed to our understanding of the molecular basis of tick feeding 

physiology and will serve as foundation to formulate an effective tick-antigen based vaccine to 

prevent tick-borne disease transmission. 
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NOMENCLATURE 

 

AAS4   Amblyomma americanum serpin 4 

AAS6   Amblyomma americanum serpin 6 

AAS19  Amblyomma americanum serpin 19 

AAS27  Amblyomma americanum serpin 27 

AAS41  Amblyomma americanum serpin 41 

AAS46  Amblyomma americanum serpin 46 

Ach   Acidic chitinase 

AV422   Cross-species conserved tick saliva protein 

CRT   Calreticulin  

EMPRIN  Extracellular metalloprotease secretion inducing protein 

HRF   Histamine release factor 

IGFBP   Insulin growth factor binding protein-like 

TCI   Tick carboxypeptidase inhibitor 

Serpin   Serine protease inhibitor 

TSP   Tick salivary protein 
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CHAPTER I 

 INTRODUCTION 

 

Ticks and Tick-Borne Diseases 

Ticks are hematophagous obligate ectoparasites that have a wide range of hosts such as 

mammals, birds, reptiles, and amphibians (Sonenshine and Roe, 2014). With approximately 900 

species identified, ticks are ubiquitously found throughout many regions of the world. They are 

classified in the Kingdom Animalia, Phylum Arthropoda, Class Arachnida, Subclass Acari, 

Superorder Parasitiformes, and Order Ixodida. Ticks are further divided into three Families as 

Ixodidae (hard-bodied ticks), Argasidae (soft-bodied ticks) and a single species containing 

Nuttalliellidae. Within the Family Ixodidae, hard ticks have been further divided into Prostriata 

and Metastriata groups based on the presence of a morphological feature termed the anal groove, 

which is located above the anus, for the former, and below, for the latter. The Prostriata comprise 

of only a single genus, Ixodes, while the remaining genera of hard ticks, Amblyomma, 

Rhipicephalus (Boophilus), Dermacentor, Hyalomma, Haemaphysalis, have been grouped in 

Metastriata. It has been proposed that host adaptation has played a major role in tick evolution 

leading to cospeciation between the tick and their hosts (Hoogstraal and Kim, 1982, Black and 

Peisman, 1994, Sonenshine and Roe, 2014). Of the three families, Ixodidae have been widely 

studied and have shown to transmit a great number of important pathogens including viruses, 

bacteria, protozoa and fungi that affect human and veterinary medicine (Jongejan and Uilenberg, 

2004, Sonenshine and Roe, 2014).  

Ticks have gained the attention in public health policy with a recent publication that 

advocated for One Health solutions listing 17 human tick-borne diseases (TBDs) among sources 
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of human health concerns (Dantas-Torres et al., 2012). Moreover, the dramatic rise related to ticks 

and TBDs have caught the attention of U.S. lawmakers, and recently passed the 21st Century Cures 

Act of 2016 which created the Tick-Borne Disease Working Group. Under the Cures Act, the Tick-

Borne Disease Working Group was tasked with evaluating the impact of tick-borne diseases and 

required research to find solutions (www.hhs.gov).  

In livestock production, ticks and TBDs have caused annual losses in billions of U.S. 

dollars globally (Grisi et al., 2014, Jongejan and Uilenberg, 2004). Likewise, of the 23 human 

vector borne diseases that are listed by the World Health Organization, six (Crimean-Congo 

haemorrhagic fever, Lyme disease, relapsing fever, rickettsial diseases (spotted fever and Q fever), 

tick-borne encephalitis, and tularemia) are tick-borne (http://www.who.int/news-room/fact-

sheets/detail/vector-borne-diseases: reported on October 31 2017). In the United States of America (USA), 

two tick species, Ixodes scapularis, commonly known as the deer tick or blacklegged tick, and 

Amblyomma americanum, the lone star tick (focus organisms of this doctorate dissertation) are 

among important tick species of medical and veterinary health significance.  

Ixodes scapularis is among the most medically important tick species known to transmit 6 

of the 16 human TBD agents in the USA: Borrelia burgdorferi sensu stricto (Burgdorfer et al., 

1982), Anaplasma phagocytophilum (Levin and Ross, 2004), Borrelia miyamotoi (Crowder et al., 

2014), Babesia microti (Prusinski et al., 2014), Ehrlichia spp.-like (Pritt et al., 2011) and Powassan 

virus (Dupuis et al., 2013). Additionally, close relatives of this tick including I. pacificus on the 

west coast of the USA and I. ricinus in Europe are vectors of important human TBD agents 

including B. burgdorferi sensu lato isolates, B. miyamotoi, and A. phagocytophilum (Rizzoli et al., 

2004).  

http://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
http://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
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Likewise, A. americanum is involved in transmission of multiple human and animal disease 

agents. In public health, A. americanum is the principal vector for Ehrlichia chaffensis, the 

causative agent of human monocytic ehrlichiosis (Anderson et al., 1993), and E. ewingii, which 

also causes ehrlichiosis in humans, referred to as human granulocytic ehrlichiosis (Murphy et al., 

1998, Buller et al., 1999, Wolf et al., 2000). This tick also transmits Francisella tularensis, the 

causative agent for Tularemia (Hopla et al., 1953, Taylor et al., 1991), a yet to be described disease 

agent, suspected as Borrelia lonestari, which causes Lyme disease-like symptoms referred to as 

southern tick associated rash illness (STARI) (Armstrong et al., 2001, James et al., 2001), and also 

an E. ruminantium-like organism referred to as the Panola Mountain Ehrlichia (PME) (Reeves et 

al., 2008, Yabsley et al., 2008). There is also evidence that A. americanum may transmit Rickettsia 

amblyommii, R. rickettsia, and R. parkeri, the causative agent to rickettsiosis to humans (Apperson 

et al., 2008, Breitschwerdt, et al., 2011). This tick has also been reported to transmit the Heartland 

and Bourbon viruses to humans (McMullan et al., 2012, Savage et al., 2013). Most recently, this 

tick has been shown to be responsible for causing an α-gal allergy or mammalian meat allergy 

(MMA) to humans upon a tick bite (Steinke et al., 2015). In veterinary health, A. americanum 

transmits Theileria cervi to deer (Laird et al., 1988), and E. ewingii to dogs (Little et al., 2010). 

There are reports of mortality in deer fawns that were attributed to a combination of heavy A. 

americanum infestation and T. cervi infections (Yabsley et al., 2005). In livestock production, 

heavy infestations were thought to cause low productivity in cattle (Barnard 1985, Tolleson et al., 

2010). With over 83% reported cases of human tick infestations, A. americanum is the most 

dominant tick species that bites humans in the Southern USA (Felz et al., 1996). 
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Tick Control and Prevention of Tick-Borne Diseases  

In absence of effective vaccines against TBD agents, controlling ticks using acaricides 

remains the most reliable method (Piesman and Eisen, 2008, Hoen et al., 2009). Although effective 

in the short term, limitations of chemical acaricides such as selecting resistant tick populations, 

costs in new acaricide development, environmental and food contamination have necessitated the 

search for alternative tick control methods (Jongejan and Uilenberg, 1994, George et al., 2004). 

Immunization of animals has been advocated as a sustainable alternative tick control method 

(Allen and Humphreys, 1979, Mulenga et al., 2001, Willadsen, 2006). The rationale is that anti-

tick vaccines will be effective against both acaricide susceptible and resistant tick populations 

(Mulenga et al., 1999, Mulenga et al., 2001, Willadsen, 2004, Merino et al., 2013). 

Commercialization of the vaccine against Rhipicephalus (Boophilus) microplus, the cattle tick, 

validated the feasibility of controlling ticks through immunization (Allen and Humphreys, 1979, 

Willadsen et al., 1995). Weaknesses of the R. microplus vaccine including effectiveness against 

one tick species (Rodriguez et al., 1995a, Rodriguez et al., 1995b, Garcia-Garcia et al., 2000), 

necessitates the search for effective target anti-tick vaccine antigens with potential to control 

multiple tick species (Mulenga et al., 2013).   

The concept of immunization against tick feeding was borne out of a research study 

showing that repeated infestations with D. variabilis larvae and nymphs provoked tick feeding 

resistance in rabbits (Trager 1939a, 1939b). These findings were later confirmed by several 

investigators for other tick species that fed on different animals (Bowessidjaou et al., 1977, Brown 

and Knapp, 1981, Brown et al., 1984a, Latif et al., 1988, Brossard and Papateodorou, 1990, Barriga 

et al., 1991, Gebbia et al., 1995). Further work confirmed that immunization of animals with tick 

salivary gland extracts conferred protective immunity against tick feeding as revealed by reduced 
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tick fitness, reduced fecundity, and increased mortality in A. americanum (Brown et al., 1984b), 

Dermacentor andersoni (Wikel, 1981), R. microplus (Jittapalapong et al., 2008, Nikpay and 

Nabian, 2016), Ornithodoros moubata, O. erraticus (Astigarraga et al., 1995), and Hyalomma 

anatolicum (Manohar and Banerjee, 1992). The major limitation toward global adoption of anti-

tick vaccines as an alternative tick control method is identification of effective target antigens. To 

create successful anti-tick vaccines, knowledge of the molecular mechanisms involved in tick 

feeding biology and physiology must advance. This knowledge will result in discovery of weak 

links in tick biology that can be targeted for tick vaccine development. For my doctorate 

dissertation, I was interested in understanding tick feeding physiology as a means to identify 

physiologically important proteins that can be targeted in tick vaccine development. 

 

Tick Feeding Physiology  

Ticks undergo three developmental stages; specifically, the larva, nymph, and adult. 

Depending on species, ticks have evolved to complete the developmental cycle by parasitizing 

one-, two-, or three- hosts (Sonenshine and Roe, 2014).  I. scapularis and A. americanum are both 

three-host ticks in which they may acquire a different host after every developmental stage. Hard 

ticks generally share a similar behavioral sequence of events that has been mapped in to six broad 

phases to successfully feed and reproduce (Walade and Rice, 1982, Sonenshine, 1993). The 

behavioral process of tick feeding begins with the pre-appetence phase, when a newly hatched 

larva or newly molted nymph or an adult tick shows no desire to feed. Subsequently, over a period 

of days to weeks when conditions are optimal the tick transitions to the appetence phase where 

they attain appetence and begin to display host-seeking behaviors. Upon engaging the host, the 

tick transitions into the pre-feeding phase, when it probes around and select a suitable feeding site 
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on its host. Upon engaging the host, the tick feeding process proceeds through three broad phases: 

preparatory feeding phase during the first 24-36 h of attachment when the tick attaches onto the 

host by secreting tick saliva proteins into the host, along with an adhesive substance called tick 

cement, which aids in staying attached onto its host skin and in creating the feeding lesion. In the 

prepartatory feeding phase the tick takes in little to no blood meal and it is speculated that the tick 

conditions the host for TBD agent colonization. This is followed by the slow feeding phase 

(proceeds through 120 h of attachment) when the tick starts to take in host blood, transmit major 

TBD agents (Piesman et al., 1987, Ribeiro et al., 1987, Piesman et al., 1991, Katavolos et al., 1998, 

Ebel and Kramer 2004), undergoes neosomy (grow more tissue) to prepare its body for taking in 

massive amounts of blood for the rapid feeding phase when it feeds to repletion and detaches 

during the last 24 h of the feeding process. 

Unlike other ectoparasites, hard ticks feed for days to weeks. Ticks feed by disrupting host 

tissue using a pair of shear-like apparatus termed the chelicerae and sucking up blood that 

accumulates into the feeding lesion. This in turn provokes host defense responses, including pain, 

hemostasis (to limit blood loss), inflammation, complement activation (to protect against invading 

microbial organisms), and tissue repair responses (to heal the feeding lesion) (Ribeiro, 1987, 

Ribeiro and Francischetti, 2003, Francischetti et al., 2009). To date, some proteins derived from 

tick saliva have been identified, which have a direct role at the feeding site, allowing the tick to 

fend off host defenses and successfully acquire its blood meal (Steen et al., 2006, Maritz-Olivier 

et al., 2007). For instance, serine proteases mediate some host defense pathways to tick feeding 

and are controlled by inhibitors belonging to serine protease inhibitors (serpins) family (Gettins, 

2002, Huntington, 2006, Rau et al., 2007). From this perspective, it is proposed that ticks inject 

serpins into the host to mediate evasion from host defenses and thus they could be suitable targets 
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for anti-tick vaccines (Mulenga et al., 2001). Following a blood meal acquisition, it is also 

necessary that blood remains fluid for subsequent digestion, in which different tick proteins have 

been described acting as anticoagulant molecules in the tick midgut (Ricci et al., 2007, Anderson 

et al., 2008, Liao et al., 2009).  

In addition to blood meal acquisition, tick saliva proteins are also involved with the 

transmission and acquisition of TBD agents (Nuttall and Labuda, 2004). Reports of reduced 

pathogen transmission to repeatedly tick infested animals that developed resistance to tick feeding 

(Bell et al., 1979, Jones and Nuttall, 1990, Nazario et al., 1998, Burke et al., 2005) provide 

credence to the importance of tick saliva proteins in tick vector competence. Thus, identification 

of tick saliva proteins will provide a basis for development of novel methods to interfere with tick 

feeding and prevention of pathogen transmission. On this basis, the I. scapularis genome was 

sequenced (Gulia-Nuss et al., 2016, Miller et al., 2018) and these data have provided opportunities 

for in-depth studies of biological adaptations that make ticks successful vectors of pathogens. 

These data were postulated to facilitate studies that will reveal biochemical targets that can be 

developed for novel tick control methods (Hill et al., 2005). Towards discovery of tick genes that 

regulate the initial stages of tick feeding, subtractive hybridization analysis was used to identify 

genes that were differentially up regulated in A. americanum (Mulenga et al., 2007), I. scapularis 

(Xu et al., 2005), I. ricinus (Leboulle et al., 2002, Rudenko et al., 2005), R. microplus (Lew-Tabor 

et al., 2010), and R. haemaphysaloides (Xiang et al., 2012) that were stimulated upon the start of 

feeding. With the advent of next-generation sequencing (NGS) technologies, tick salivary gland 

transcriptomes have been described (Francischetti et al., 2009, 2005, 2008a, 2008b, 2011, Karim 

et al., 2011, Karim and Ribeiro, 2015, Garcia et al., 2014, Kotsyfakis et al., 2015, Schwarz et al., 

2013, 2014, Ribeiro et al., 2011, 2012, Moreira et al., 2017, Esteves et al., 2017, Antunes et al., 
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2018). However, the major limitation of transcriptomic-based studies is that it does not inform on 

transcripts that encode for proteins that are secreted in tick saliva. In an interesting approach to 

identify secreted tick salivary proteins (TSPs), Mulenga et al., (1999) used antibodies from rabbits 

that were repeatedly infested with larvae, nymph and adult H. longicornis tick stages to screen 

phage display cDNA expression libraries. Similar screening approaches were used to identify 

immunodominant I. scapularis TSPs (Das et al., 2000, 2001). However, these studies were limited 

to identifying very few TSPs. To improve on identifying more immunogenic TSPs, Radulovic et 

al., (2014) and Lewis et al., (2015) used immunoscreening methods combined with high 

throughput NGS sequencing to identify 24-48 h A. americanum and 24 h I. scapularis 

immunogenic tick saliva proteins, respectively. In a related study, Edman degradation of I. 

scapularis saliva identified 15 proteins consisting of protease inhibitors, proteases, histamine 

binding proteins and proteins of unknown function (Valenzuela et al., 2002). Recently proteins in 

saliva of ixodid ticks from replete fed Rhipicephalus sanguineus (Oliveira et al., 2013), partial and 

replete fed R. microplus (Tirloni et al., 2014), three and five day fed D. andersoni (Mudenda et al., 

2014), and replete fed adult and nymph H. longicornis (Tirloni et al., 2015) were identified. In 

argasid ticks, a lone study identified saliva proteins from twice fed O. moubata ticks with saliva 

collected after four months from feeding (Diaz-Martin et al., 2013). Whereas studies reviewed 

here identified proteins in saliva of ticks at one or two feeding time points, this dissertation focused 

on identifying proteins that I. scapularis and A. americanum ticks likely inject into animals every 

24 h during feeding and toward the end of the tick feeding process. In the literature, apart from 

housekeeping proteins, amino acid identity levels between the Prostriata (I. scapularis) and 

Metastriata (A. americanum) are low. Therefore, identification of TSPs from two distantly related 
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tick species will provide an in-depth view of families of proteins and/or molecular systems that 

are conserved between I. scapularis and A. americanum ticks at the host interface. 

 

Significance of Research 

This doctorate degree dissertation research contributes by providing insight on the role(s) 

of TSPs in tick feeding physiology. To attempt at identifying important TSPs that might be 

important to all tick species, an approach to compare the salivary proteins utilized by the two 

distantly related tick species, I. scapularis and A. americanum was adopted. This dissertation 

provides comprehensive information on the molecules that play key roles in tick feeding, and thus 

sets a strong foundation toward identification of ideal targets to develop a tick-antigen based 

vaccine to prevent tick-borne disease infections. 
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CHAPTER II* 

 DETERMINE IXODES SCAPULARIS AND AMBLYOMMA AMERICANUM TICK 

SALIVA PROTEOMES  

 

Rationale 

It is well established that multiple proteins that ticks inject into the host during feeding 

regulate successful tick feeding, transmission of TBD agents, and the colonization of host tissue 

by the transmitted TBD agents. Therefore, identification of proteins in tick saliva as pursued in 

this dissertation is expected to establish the foundation to understand the molecular basis of tick 

feeding. This information will in return be useful in studies to develop tick-antigen based vaccines 

to prevent transmission of tick-borne disease (TBD) agents by ticks. Until recently, the 

identification of proteins in tick saliva was hampered by the lack of technologies that is able to 

identify proteins from small amounts of samples. The recent demonstration that LC-MS/MS 

sequencing could identify proteins in tick saliva encouraged this objective. The goal of this chapter 

was to identify proteins that Amblyomma americanum and Ixodes scapularis sequentially injected 

into the host during feeding.  The rationale is three-fold. 1) I. scapularis and A. americanum ticks 

transmit the majority of human tick-borne disease (TBD) agents in the USA. 2) Identification of 

tick saliva proteins sequentially injected into the host during feeding will reveal tick proteins that 

are injected into the host prior to TBD agent transmission by ticks, which represent targets in a 

tick-antigen based vaccine to prevent TBD infections. 3) As I. scapularis and A. americanum are  

 

___________________________________________________ 

*Reprinted with permission from Ixodes scapularis tick saliva proteins sequentially secreted every 

24 h during blood feeding by Kim, T.K., Tirloni, L., Pinto, A.F., Moresco, J., Yates, J.R. III., da 

Silva Vaz Jr., I., and Mulenga A., 2016. PLoS Negl Trop Dis. 10(1): e0004323. 

https://doi.org/10.1371/journal.pntd.0004323. 2016. 

https://doi.org/10.1371/journal.pntd.0004323
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respectively categorized as Protstriata and Metastriata groups, which are distantly related, 

comparing the two datasets will identify conserved tick saliva proteins used by both species during 

tick feeding. These potentially regulate critical conserved tick feeding functions and thus, might 

represent effective target antigens for tick vaccine development. This chapter tested the following 

hypothesis: 

• H0: Ixodes scapularis and Amblyomma americanun ticks will not sequentially 

secrete a varying mixture of different tick saliva proteins during feeding. 

 

• H1: Ixodes scapularis and Amblyomma americanun ticks will sequentially secrete 

a varying mixture of different tick saliva proteins during feeding. 

 

The two parts of this chapter were successfully accomplished. Results from the first part 

of this chapter describes identification and bioinformatics analysis of tick and rabbit host 

proteins that Ixodes scapularis sequentially inject into the host every 24 h during feeding was 

published in the article below. 
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Part I*  

Ixodes scapularis tick saliva proteins sequentially secreted every 24 h during blood feeding 

 

Materials and Methods 

Ethics statement 

All experiments were done according to the animal use protocol approved by Texas A&M 

University Institutional Animal Care and Use Committee (IACUC) (AUP 2011-207 and 2011-

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

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

 

Ticks and saliva collection 

I. scapularis ticks were purchased from the tick rearing facility at Oklahoma State 

University (Stillwater, OK, USA). Prior to feeding on rabbits, female ticks were paired with males 

to mate. Ticks were considered mated once males were detached from the females. Routinely, ticks 

were fed on rabbits as previously described (Ibelli et al., 2014). Mated I. scapularis ticks were 

restricted to feed onto the outer part of the ear of New Zealand rabbits with orthopedic stockinet’s 

glued with Kamar adhesive (Kamar Products Inc., Zionsville, IN, USA). A total of 84 adult I. 

scapularis ticks (42 per ear) were placed into tick containment apparatus on three rabbits and 

allowed to attach. 

To collect tick saliva, female ticks partially fed for 24 h (n = 43 ticks), 48 h (n = 40 ticks), 

72 h (n = 40 ticks), 96 h (n = 40 ticks), 120 h (n = 40 ticks) as well as apparently fully fed but not 

detached from the host (BD, n = 8 ticks) and spontaneously detached ticks (SD, n = 6 ticks) were 

rinsed in Milli-Q water and dried on a paper towel. Rinsed ticks were placed dorsal-side down on 



 

23 

 

 

 

double-sided tape on a glass slide. Salivation was induced by injecting 1 – 3 L of 2% pilocarpine 

hydrochloride in phosphate buffered saline (PBS, pH 7.4) on the ventral side adjacent to the fourth 

leg coxa using a 34 gauge/ 0.5 inches/ 45° angle beveled needle on a model 701 Hamilton syringe 

(Hamilton Company, Reno, NV, USA). Subsequently, saliva was collected every 15 – 30 min 

using a Hamilton syringe for approximately 4h at room temperature. 

  

Protein digestion and sample preparation 

Saliva of I. scapularis ticks (at least 2 g total protein per run X3) for each specific feeding 

time point was digested in solution with trypsin. Saliva were diluted in 8 M urea/0.1 M Tris, pH 

8.5, reduced with 5 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma-Aldrich, 

St Louis, MO, USA) and alkylated with 25 mM iodoaceamide (Sigma-Aldrich). Proteins were 

digested overnight at 37 °C in 2 M urea/0.1M Tris pH 8.5, 1 mM CaCl2 with trypsin (Promega, 

Madison, WI, USA) with a final ratio of 1:20 (enzyme:substrate). Digestion reactions, in a final 

concentration of 0.15 µg/mL, were quenched with formic acid (5 % final concentration) and 

centrifuged for debris removal. 

 

Pre-columns and analytical columns 

Reversed phase pre-columns were prepared by first creating a Kasil frit at one end of a 

deactivated 250 µm ID/360 µm OD capillary (Agilent Technologies, Santa Clara, CA, USA). Kasil 

frits were prepared by dipping 20 cm capillary in 300 µL Kasil 1624 (PQ Corporation, Malvern, 

PA, USA) and 100 µL formamide solution, curing at 100 °C for 3 h and adjusting the length. Pre-

columns were packed in-house (John Yates III's Laboratory, The Scripps Research Institute, La 

Jolla, CA, USA) with 2 cm of 5 µm ODS-AQ C18 (YMC America, Inc., Allentown, PA, USA) 
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particles from particle slurries in methanol. Analytical reversed phase columns were fabricated by 

pulling a 100 µm ID/360 µm OD silica capillary (Molex Polymicro Technologies, Austin, TX, 

USA) to a 5 µm ID tip. The same packing material was packed until 20 cm directly behind the 

pulled tip. Reversed phase pre-columns and analytical columns were connected using a zero-dead 

volume union (IDEX Corp., Upchurch Scientific, Oak Harbor, WA, USA). 

 

LC-MS/MS 

Peptide mixtures were analyzed by nanoflow liquid chromatography mass spectrometry 

using an Easy NanoLC II and a Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA, 

USA). Peptides eluted from the analytical column were electrosprayed directly into the mass 

spectrometer. Buffer A and B consisted of 5 % acetonitrile/0.1 % formic acid and 80 % 

acetonitrile/0.1 % formic acid, respectively. The flow rate was set to 400 nL/min. Feeding time 

saliva samples (1.5 µg per injection) were separated in 155 min chromatographic runs, as follows: 

1-10 % gradient of buffer B in 10 min, 10-40 % of buffer B in 100 min, 40-50 % of buffer B in 10 

min and 50-90 % of buffer B in 10 min. Column was held at 90 % of buffer B for 10 min, reduced 

to 1 % of buffer B and re-equilibrated prior to next injection. 

The mass spectrometer was operated in a data dependent mode, collecting a full MS scan 

from 400 to 1,200 m/z at 70,000 resolution and an AGC target of 1 x 106. The 10 most abundant 

ions per scan were selected for MS/MS at 17,500 resolution and AGC target of 2 x 105 and an 

underfill ratio of 0.1 %. Maximum fill times were 20 and 120 ms for MS and MS/MS scans, 

respectively, with dynamic exclusion of 15 s. Normalized collision energy was set to 25. The mass 

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (Vizcaino 

et al., 2014) via the PRIDE partner repository with the dataset identifier PXD003214. 
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Data Analysis 

Tandem mass spectra were extracted from Thermo RAW files using RawExtract 1.9.9.2 

(McDonald et al., 2004) and searched with ProLuCID (Xu et al., 2015) against a non-redundant 

database containing an Ixodidae database from National Center for Biotechnology Information 

(NCBI, www.ncbi.nlm.nih.gov) (62,246 entries) concatenated with Oryctolagus cuniculus from 

Uniprot (www.uniprot.org) reference database (21,148 entries) and reverse sequences of all 

entries. Database sequence redundancies were removed by FastaDBXtractor module from 

PatternLab for Proteomics platform (Carvalho et al., 2010). Searches were done using Integrated 

Proteomics Pipeline – IP2 (Integrated Proteomics Applications, Inc., San Diego, CA, USA). The 

search space included all fully-tryptic and half-tryptic peptide candidates. Carbamidomethylation 

of cysteine was used as static modification. Data was searched with 50 ppm precursor ion tolerance 

and 20 ppm fragment ion tolerance. 

The validity of the peptide spectrum matches (PSMs) generated by ProLuCID (Xu et al., 

2015) was assessed using Search Engine Processor (SEPro) module from PatternLab for 

Proteomics platform (Carvalho et al., 2010). Identifications were grouped by charge state and 

tryptic status, resulting in four distinct subgroups. For each group, ProLuCID XCorr, DeltaCN, 

DeltaMass, ZScore, number of peaks matched and secondary rank values were used to generate a 

Bayesian discriminating function. A cutoff score was established to accept a protein false 

discovery rate (FDR) of 1% based on the number of decoys. This procedure was independently 

performed on each data subset, resulting in a false-positive rate that was independent of tryptic 

status or charge state. Additionally, a minimum sequence length of six residues per peptide was 

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

 

http://www.ncbi.nlm.nih.gov/
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Protein functional annotation and classification 

BLASTP searches against several databases were performed to annotate the matched 

proteins. To check tick proteins identity, the following databases were used: non-redundant (NR), 

Acari and refseq-invertebrate from NCBI, Acari from Uniprot, the GeneOntology (GO) FASTA 

subset (Ashburner et al., 2000), MEROPS database (Rawlings et al., 2012), and the conserved 

domains database of NCBI (Marchler-Bauer et al., 2015) containing the COG (Tatusov et al., 

2003), PFAM (Bateman et al., 2002), and SMART motifs (Schultz et al., 2000). To check rabbit 

proteins, the following databases were used: Oryctolagus cuniculus and refseq-vertebrates 

databases from NCBI, O. cuniculus from Uniprot, the GeneOntology (GO) FASTA subset 

(Ashburner et al., 2000) the conserved domains database of NCBI (Marchler-Bauer et al., 2015), 

containing the COG (Tatusov et al., 2003)  , PFAM (Bateman et al., 2002), and SMART motifs 

(Schultz et al., 2000). To functionally classify the protein sequences, a program provided by Dr. 

José M. C Ribeiro written in Visual Basic 6.0 (Microsoft, Redmond, Washington, USA) was used 

(Karim et al., 2011). The functionally annotated catalog for each dataset was manually curated and 

input in a hyperlinked Excel spreadsheet (S1 and S2 Tables).   

 

Relative abundance and graphical visualization   

To determine the relative abundance of saliva proteins normalized spectral abundance 

factors (NSAF) were used. The NSAF value was validated as reliable in a label-free relative 

quantification approach (Zhu et al., 2010, Florens et al., 2006, Paoletti et al., 2006). Average NSAF 

of two or three replicates were used. To determine relative abundance, average NSAF for each 

protein functional class or an individual annotated protein was expressed as a percent (%) of total 

NSAF per time point. To visualize relative expression patterns on a heat map, % NSAF values 
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were normalized using Z-score statics using the formula 𝑍 =
𝑋−𝜇

σ
, where Z is the Z-score, X is the 

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

deviation throughout time points. Normalized NSAF values were used to generate heat maps using 

the heatmap2 function from the gplots library in R (Warnes et al., 2013).  

 

Phylogeny analysis 

Amino acid sequences were used to construct a guide phylogeny tree using MacVector 

12.7.3 (MacVector Inc Cary, NC, USA) software. Protein sequences were aligned using Muscle 

method in MacVector under default settings. Subsequently, the tree was constructed using the 

Neighbor Joining method with uncorrected (“p”) distance setting. To estimate bootstrap values, 

replications were set to 1000. 

 

Results and Discussion 

Tick saliva collection 

 We successfully harvested pilocarpine-induced saliva of I. scapularis ticks that were 

partially fed on rabbits for 24, 48, 72, 96 and 120 h as well as those that were apparently engorged 

but not detached (BD), and those that had engorged and spontaneously detached (SD). During 

collection of saliva, we observed that saliva of 24 h fed ticks dried up quickly forming flakey white 

crystal-like residues, and to collect we dissolved these flakes in 2 L sterile phosphate buffered 

saline (PBS, pH 7.4) batches. On the contrary, saliva droplet of ticks at subsequent feeding stages 

was visible within seconds to min after pilocarpine injection.   
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Protein composition in I. scapularis tick saliva changes every 24 h  

S1 table lists tick and rabbit proteins that were identified in I. scapularis saliva. The search 

of extracted tandem mass spectra against the tick and rabbit protein database using ProLucid (Xu 

et al., 2015) and filtering using SEPro (Carvalho et al., 2010) produced hits to 769 tick and 130 

rabbit proteins respectively with at least one peptide match per protein (S1 Table, please note the 

different tabs). When subjected to further analysis in BirdsEye View module from PatternLab for 

Proteomics platform (Carvalho et al., 2010), 582 of the 769 tick proteins were determined to be 

authentic as they were detected in two or all of the three runs, while the remaining 187 proteins 

detected in only one of the three runs were considered low confidence hits and not further discussed 

(S1 Table). Of the 130 rabbit proteins that were detected in I. scapularis tick saliva, 83 met the 

criteria for authentication.  When subjected to auto-annotation (Karim et al., 2015), 582 tick and 

83 rabbit high confidence proteins respectively classified into 24 (Table 1) and 18 (Table 2) 

functional protein classes.  Specifically, tables 1 and 2 summarizes cumulative numbers of proteins 

that were identified in each functional class, apparent relative abundance at each time point, and 

time points at where class were not detected [represented by zero (0)].  

Figs 1 and 2 gives a snap shot of relative abundance of tick (Fig 1) and rabbit (Fig 2) 

proteins in I. scapularis saliva every 24 h. In Fig 1, it is apparent that majority of I. scapularis tick 

proteins in this study belong to four predominant functional protein classes starting with proteins 

of unknown function, followed by protease inhibitors (PI), antimicrobial/immunity related, and 

heme binding proteins. This is followed by lowly abundant protein classes that account for 1-6% 

(cytoskeletal, glycine rich, and protein modification machinery) with the remaining protein classes 

being detected accounted for less than 1%. Of the four major protein classes, relative abundance 

of proteins of unknown function appear to increase with feeding, accounting for 33-58% of total 
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protein between 24-120 h before dropping to 13% in saliva of fully fed but not detached ticks (BD) 

as well as fully fed and spontaneously detached. Similarly, heme binding proteins increased from 

~14% at 24 h to ~24% at 96 h, before dropping to 10% at 120 h, coming back up to 24% in BD 

and dropping to 8% in SD. On the other hand, PIs and antimicrobial/immunity related peptides 

decreased in abundance with feeding with the former dropping from 24.7% at 24 h to 17-8% at 

48-120 h respectively, but increasing to 21% in BD and dropping to 7% in SD. Similarly, anti-

microbial/immunity-related proteins decreased from 18% at 24 h to 17-5% at 48-120 h, before 

slightly rising to ~7% in BD and SD (Table 1 and Fig 1). Notable protein classes include proteases 

and lipocalins that appear to increase in abundance with feeding.  Protease content increases from 

0.5% at 24 h to 3-6% at 48, 96, and 120 h except for 72 h were content was at 0.5%, and 5-6% in 

BD and SD (Fig 1). Similarly lipocalin content increases from 0.3% at 24 h to ~6% at 120 h, not 

detected in BD, but accounted for ~3% of protein content in SD.  Also notable in Table 1 and Fig 

1, tick housekeeping-like proteins appear to increase with feeding. 

Fig 2 summarizes relative abundance of rabbit proteins that were detected in I. scapularis 

saliva. It is interesting to note that of the 18 protein classes in Table 2, four protein classes: 

heme/iron, hemoglobin/RBC degradation products, antimicrobial/immune related, and keratin 

were found in all time points. It is notable that these four protein classes represented the most 

abundant rabbit proteins in tick saliva. Except at 72 h where rabbit heme/iron binding proteins 

accounted for 3%, this protein was among the most predominant in other time points accounting 

for 17-75% of total rabbit protein content in tick saliva. Similarly, hemoglobin/RBC-related 

proteins increased from 7.6% at 24 h to 50.2% in BD and 39.3% in SD. Immunity-related proteins 

of rabbits were most abundant at 48, 96, and 120 h saliva at 30%, 29.6%, and 27.6% respectively 

(Fig 2). Keratins detected at all time points could signal handling contamination of our samples. 
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Another interesting observation in Fig 2, fibrinogen the precursor to fibrin, which is involved in 

clot formation was detected toward the end of feeding, 0.25% in 96 h saliva increasing to 3.1% in 

SD. Could this suggest that the tick ingests fibrinogen during feeding and secretes it back into the 

host during the detachment phase to promote wound healing? Hard ticks create a wound in host 

skin from which they suck the blood, however this wound is completely healed when ticks detach. 

 

Secretion dynamics of selected protein classes during I. scapularis tick feeding. 

 We are interested in understanding mechanisms that regulate early stage tick feeding, and 

thus the subsequent discussion of data is biased toward non-housekeeping-like tick derived 

proteins that were found in saliva from 24/48 h. We have discussed rabbit derived proteins 

separately, but highlight similarities and differences where appropriate. We used Z-statistics 

normalization of NSAF values (S3 Table) to develop heat maps in Figs 3-5. These data give insight 

into relative abundance of specific proteins during feeding: proteases (Fig 3A), protease inhibitors 

(Fig 3B), lipocalins/tick histamine-binding proteins/fatty acid binding proteins (Fig 4A), anti-

microbial/immunity-related (Fig 4B), heme-binding proteins (Fig 4C), anti-oxidants (Fig 4D), 

proteins of unknown function (Fig 5A), glycine rich proteins (Fig 5B) and extracellular matrix 

proteins (Fig 5C). 

 

Majority of proteases in I. scapularis saliva are metalloproteases 

The I. scapularis genome encodes for at least 233 putatively active and 150 putatively 

inactive proteases belonging to serine, cysteine, aspartic, metallo, and threonine protease families 

(Mulenga and Erickson, 2011). In this study we found 33 proteases in four clans: serine- (n = 3), 

cysteine- (n = 3), aspartic- (n = 1), and metalloproteases (n = 26) (S2 Table). When searched 
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against the Merops database (Rawlings et al., 2012), the 26 metalloproteases belong to families 

M12 (n = 15), M20 (n = 4), M2 (n = 2), M28 (n = 2), M13 (n = 1), M17 (n = 1), and M49 (n = 1) 

(S2 Table), while serine, cysteine and aspartic proteases are classified in families S1, C1 and A1 

respectively. Most of the proteases here are likely associated with tick feeding regulation in that 

75% (25/33) were detected between 24-120 h during tick feeding except for seven that were 

identified only in SD (S2 Table). Nearly 40% of proteases in the I. scapularis genome are 

metalloproteases (Mulenga and Erikson, 2011). Whether or not the observation in this study that 

majority of proteases in I. scapularis tick saliva are metalloproteases reflects the protease 

composition in I. scapularis genome or it is a physiological event, is unknown at this point.  

Z-score statistic analysis and visualization of normalized NSAF values of the 26 

metalloproteases (Fig 3A) show that M12 and M2 metalloproteases were likely secreted in high 

abundance between 24-120 h during feeding respectively, which could indicate the importance of 

these proteins in regulating the first five days to tick feeding. The remaining metalloproteases in 

families M17, 20, 28 and 49, which were abundant in BD and SD (Fig 3A) are not likely associated 

with regulating tick feeding events.  

The observation that I. scapularis predominantly secreted family M12 metalloproteases 

during feeding is suggestive of the importance of this protein class in tick feeding physiology. 

Emerging evidence indicate that this is the case. A recombinant protein of M12 protease 

(AAP22067.1, MCC Fig 3A) has gelatinase and fibrin(ogen)olytic activities (Francischetti et al., 

2003), which is a pro-tick feeding event. In a related study, RNAi silencing of AAM93625.1 (MCC 

Fig 3A) and AAT92201.1 (MCF Fig 3A) homologs, Metis 1 and 2 (CAO000625 and CAO000626) 

in I. ricinus impaired blood meal feeding and egg laying with salivary gland protein extracts of 

these ticks not affecting host fibrinolysis (Decrem et al., 2008). In related studies, snake venom 
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M12 proteases were associated with hemorrhaging, edema, hypotension, hypovolemia, 

inflammation and necrosis (Weldon et al., 2012, Zhang et al., 2009, Fox et al., 2005) some of 

which will promote tick feeding. It will be interesting to characterize the role(s) of tick saliva 

proteases identified in this study. 

 

Majority of protease inhibitors in I. scapularis saliva likely inhibit serine proteases  

The first line of host defense to tick feeding such as inflammation, platelet aggregation, 

blood clotting, complement activation, and cellular immunity are mediated by proteases that are 

controlled by protease inhibitors (PI). From this perspective, it has been hypothesized that ticks 

could inject PIs into the host to evade host defense (Prevot et al., 2007, Maritz-Olivier et al., 2007, 

Mulenga et al., 2002, 2001, 2000). In this study, we identified 43 putative PIs (S1 Table), which 

according to the Merops database belong in eight families: I2 (Kunitz type serine protease 

inhibitors, n = 2), I4 (serine protease inhibitors, [serpins], n = 11), I8 (TIL domain serine protease 

inhibitors, n = 13), I25 (cystatins, cysteine protease inhibitors, n = 4), I31 (thyropins, cysteine 

protease inhibitors n = 2), I39 (-2 macroglobulin, A2M, n = 9), I43 (Kazal type serine protease 

inhibitors, n = 1), and I68 (carboxypeptidase inhibitors, TCI, n = 1) were identified in I. scapularis 

saliva (S2 Table). It is notable that 84% (36/43) of PIs were detected in 24 and 48 h saliva (S2 

Table), suggesting the potential for these proteins to regulate early stages of tick feeding. The 

observation here that majority of PIs in this study are likely inhibitors of serine proteases could 

signal the potential that most host defense pathways to tick feeding are likely serine protease 

mediated. 

Similar to other protein classes in this study, relative abundance of PIs varied every 24 h 

(Fig 3B). Serpins show three secretion profiles: SCA proteins are abundant in first 48 h and 
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decrease with feeding, SCB are abundant at 96 h and increase in SD saliva, and SCC proteins 

increase in abundance from 24 to 120 h (Fig 3B1). Similarly, TIL domain PIs segregate in three 

clusters: those abundant during first 48 h of feeding but decrease with feeding in TCA, increase 

with feeding between 24-96 h in TCB, and those abundant in BD and SD saliva in TCC (Fig 3B2). 

In Fig 3B3, alpha-2-macroglobulins segregate in two clusters: those secreted in abundance 

between 24-120 h in CA, and 48-SD in CB. In Fig 3B4, cystatins cluster into CCA for those 

that increase in abundance with feeding and CCB for those that were secreted in high abundance 

at the 120 h time point.  

There is evidence that some of the PIs identified in this study regulate important tick 

feeding functions. For instance serpin EEC19556.1 in SCA (Fig 3B1) is 98% identical to 

AID54718.1, an inhibitor of trypsin and thrombin that also inhibited blood clotting and platelet 

aggregation (Ibelli et al, 2014). Similarly I. ricinus serpin ABI94056, the homolog of I. scapularis 

serpin EEC14235.1 in this study (Fig 3B1 SCB) is an immunosuppressant, anti-inflammatory, and 

anti-hemostatic serpin (Palenikova et al., 2015, Chmelar et al., 2011, Kovarova et al., 2010). In 

other studies, I. scapularis cystatin AAY66685.1 in this study (Fig 3B4 CCA) known as Sialostatin 

L2 and its close relative Sialostatin L have immuno-modulatory functions, and suppressed 

cytokine production in absence (Lieskovska et al., 2015a, Horka et al.., 2012, Sa-Nunes et al., 

2009, Kotsyfakis et al., 2007, Kotsyfakis et al., 2006) or presence of B. burgdorferi (Lieskovska 

et a., 2015b). It will be exciting to understand role(s) of PIs in I. scapularis feeding identified in 

this study.  

 

Lipocalins/tick histamine-binding proteins (tHBP)/fatty acid binding proteins (FABP) 

Lipocalins/HBP and FABPs belong to the calycin superfamily of hydrophobic ligand  
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binding extracellular proteins (Dart et al., 2011, Flower, 1996, 1994). The lipocalin protein family 

to which HBPs belong is a large group of proteins that bind and transport small hydrophobic 

molecules, and also associated with multiple functions including regulation of inflammation 

through binding of pro-inflammation molecules such as histamine (Mans et al., 2005, Paesen et 

al., 2000, 1999). Likewise the FABPs bind and transport hydrophobic ligands including long chain 

fatty acids, eicosanoids, bile salts and peroxisome proliferators (Smathers and Petersen, 2011). 

Tick lipocalins/histamine-binding proteins are thought to be involved with mediating the tick's 

evasion of the host's inflammation defense through sequestration of pro-inflammatory biogenic 

amines, lipids, histamine, serotonin and prostanoids (Ganfornina et al., 2000). Tick histamine 

binding proteins (tHBP) are a subset of lipocalins with two histamine-binding pockets (Paesen et 

al., 2000). Of the 18 proteins in S2 Table and Fig 4A, 14 are annotated as tHBPs, three as lipocalins, 

and one as FABP-like. Similar to other proteins, I. scapularis appears to selectively inject 

tHBPs/lipocalins into the host at specific time periods, with two tHBPs detected at 24 h in LCC, 

one at 48 h and three proteins each at 72 h and 96 h in LCD (Fig 4A). The highest numbers of 

tHBPs/lipocalins were identified at 120 h in LCA (n = 12) of which half were exclusive to this 

time point (S2 Table and Fig 4A). It is notable that two tHBPs and one each of lipocalin and FABP-

like identified in this study were exclusive to SD saliva in LCB, which could suggest that these 

proteins are involved with events at the end of tick feeding.  

 A limited number of studies suggest that lipocalins/HBPs/FABP indeed perform tick-

feeding functions. Three R. appendiculatus tHBPs were predicted to suppress inflammation during 

blood feeding as revealed by its ability to outcompete histamine receptors (Paesen et al., 1999). In 

other studies, D. reticulatus tHBP bound histamine and serotonin (Sangamnatdej et al., 2002), and 

Ornithodoros moubata tHBP, referred to as moubatin, demonstrated inhibition of collagen induced 
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platelet aggregation (Keller et al., 1993). In a recent study, lipocalins/HBPs/FABPs were identified 

among 24-48 h A. americanum immunogenic tick saliva proteins (Radulovic et al., 2014) 

suggesting that these proteins are part of the tick saliva proteins that confer anti-tick resistance in 

repeatedly infested animals. It is notable that in Radulovic et al., (2014), alongside 

lipocalins/HBPs, a leukotriene B4-like protease was also found among 24-48 h A. americanum 

immunogenic tick saliva proteins. It is interesting to note that I. ricinus, tHBP referred to as LIR6 

bound leukotriene B4 (Beaufays et al., 2008), a pro-inflammatory mediator and a potent neutrophil 

chemoattractant.  

 

I. scapularis tick saliva anti-microbial proteins  

 The tick feeding style of tearing up host tissue and sucking up blood from a wounded 

feeding site exposes the host to microbial infections. From this perspective ticks were postulated 

to inject anti-microbial peptides into the feeding site to prevent the feeding site from being infected 

(Francischetti et al., 2009, Valenzuela et al., 2002). Multiple anti-microbial peptides have been 

characterized in ticks, a majority of which are defensins (Wang et al., 2015, Tonk et al., 2014a, 

2014b, Zheng et al., 2012, Chrudimska et al., 2011, Lu et al., 2010, Saito et al., 2009, Sonenshine 

et al., 2002, Nakajima etal., 2002), microplusin/microplusin-like (Esteves et al., 2009, Silva et al., 

2009, Fogaca et al., 2004) and hebreain/hebreain-like (Lai et al., 2004). In this study seven of the 

15 anti-microbial peptides in S2 Table and Fig 4B are microplusin-like, a single lysozyme, and the 

rest, are characterized by pathogen-recognition domains (n = 7). Fig 4B shows three secretion 

patterns, where ACA proteins were abundant during 24-120 h, ACB were only present in 48 h and 

ACC proteins increase from 48-96 h but highly abundant in BD and SD saliva. Except for 

microplusin (Fogaca et al., 2004), which was shown to stop Micrococcus luteus and Cryptococcus 
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neoformans growth (Silva et al., 2011), nothing is known on the role(s) of most of the anti-

microbial peptides in this study. It is notable that majority of anti-microbial peptides in this study 

are apparently injected into the host within the first 48 h of feeding (n = 11) (S2 Table and Fig 

4B). Understanding functions of some of these antimicrobial peptides will reveal microbes that I. 

scapularis want to keep out of the feeding site. 

 

Heme-binding proteins  

When fully fed, hard ticks are estimated to imbibe host blood that is more than 100 times 

their original weight (Kaufman, 2007). Catabolism of this huge amount of blood generates high 

amounts of iron and heme (Toh et al., 2010, Ponka, 1999, 1997). Both iron and heme are needed 

for normal cell function (Ponka, 1999, 1997). However, if left unsecured, both iron and heme can 

cause cell damage through promotion of oxidative stress (Citelli et al., 2007, Graca-Souza et al., 

2006). Ticks are postulated to prevent iron and heme mediated tick cell damage through expression 

of iron and heme binding proteins, which play two roles: bind and distribute to cells for normal 

physiology, and sequester excess iron or heme and prevent oxidative stress triggered cell damage 

(Toh et al., 2010). 

One of the most notable observations in this study is that although heme-binding proteins 

represented ~2.6% (15/582) of proteins identified, they accounted for ~11-24% of total protein 

abundance (Table 1 and Fig 1). This could suggest that heme metabolism is potentially a “must-

not-fail” tick physiological function. The observation that all 15 heme binding proteins in this 

study are likely injected into the host from within 24-48 h of the tick starting to feed (S2 Table) 

suggests that this mechanism is important from the start of tick feeding. In Fig 4B three secretion 

patterns are observable: HCA increases in abundance in 120 h-BD proteins, HCB abundant in 48 
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and 96 h, and HCC abundant in first 48 h but decrease with feeding. It is notable that the five heme 

binding proteins that were detected at all time points (S2 Table) cluster together in HCA (Fig 4C) 

with the exception of EEC13578.1. These proteins account for up to 38% of total NSAF within 

this class, which could suggest their significance in tick feeding physiology.  

It is interesting to note that both iron and heme-binding proteins were also detected in high 

abundance in saliva of D. andersoni (Mudenda et al., 2014), R. microplus (Tirloni et al., 2014), 

and H. longicornis (Tirloni et al., 2015). However only the latter was detected in this study. 

Whether or not this is unique to I. scapularis or that iron-binding proteins were injected at below 

detectable levels needs further investigation. Published evidence has suggested that the tick may 

detoxify heme/iron through sequestration in digestive cells (hemosomes) (Galay et al., 2015, Lara 

et al., 2003) and hemolymph (Maya-Monteiro et al., 2004, 2000, Gudderra et al., 2000). Data in 

this study and others (Lewis et al., 2015, Tirloni et al., 2015, 2014, Radulovic et al., 2014, Graca-

Souza et al., 2002) that show secretion of heme binding proteins in tick saliva suggest a third 

possibility of eliminating heme through tick saliva. Given that heme has pro-inflammatory 

functions (Dutra and Bozza, 2014), secretion of these proteins in tick saliva may be associated 

with heme sequestration, and thus allowing tick evasion of the host's inflammation defense. Iron 

sequestration is among the mammalian host's anti-microbial defense. To counter the host's iron 

sequestration defense, microbes have developed elaborate ways to bind iron from the environment 

(Dumas et al., 2013, Cornelis et al., 2011, Cornelis, 2010) and directly uptake heme, which is then 

digested to release associated iron (Ballouche et al., 2009). From this perspective it is possible that 

secretion of heme binding proteins is the tick's strategy to make heme available to transmitted 

pathogens at the tick-feeding site. It is important to note here that B. burgdorferi, the most 
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important I. scapularis transmitted human TBD agent, may not require iron to colonize the host 

(Posey and Gherardini, 2000). 

 

Anti-oxidants   

 Tissue injury caused by tick feeding such as disrupting host tissue and then sucking blood 

from the wounded area will lead to production of reactive oxygen species (ROS), which will in 

turn damage host tissue and/or transmitted TBD agents (Narasimhan et al., 2007, Rojkind et al., 

2002). Thus, it is expected that ticks would inject anti-oxidants into the feeding site as observed in 

this study. Fig 4D summarizes relative abundance of 36 putative anti-oxidant proteins, 23 of which 

were identified only in SD saliva (S2 Table), and are likely associated with events toward end of 

tick feeding. The remaining 13 proteins were identified between 24 h-BD and are likely associated 

with tick feeding regulation. The heat map in Fig 4D show that different anti-oxidants were 

detected in high abundance at different time points: ANCA in BD and SD, ANCB at 96 h, ANCC 

in SD, ANCD at 48 and 72 h, ANCE at 24 h and, ANCF at 120 h. It is interesting to note that some 

of the data in this study are consistent with previous observations. Glutathione peroxidase 

(AAK97814.1) previously found among immuno-dominant proteins in engorged I. scapularis 

(Das et la., 2001) is among the 23 anti-oxidants that were found in SD saliva only (S3 Table and 

Fig 4D).  

 The role(s) of antioxidants in tick physiology remain mostly unknown. In a recent study, 

thioredoxin peroxidase gene expression increased in organs of B. burgdorferi infected I. ricinus 

ticks (Rudenko et la., 2005) suggesting involvement in tick and pathogen interaction. It is 

interesting to note in this study thioredoxin peroxidase protein in non-infected ticks decreased with 
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feeding (S3 Table). It will be interesting to determine if anti-oxidant proteins identified from this 

study may play roles at the tick-host interface in TBD acquisition and transmission.  

 

I. scapularis tick saliva proteins of unknown function  

More than 30% of tick sequences in public databases are of unknown function (Karim and 

Ribeiro, 2015, Kotsyfakis et al., 2015, Xu et al., 2015, Schwarz et al., 2014, Francischetti et al., 

2011, 2008, 2005, Karim et al., 2011, Ribeiro et al., 2011, Chmelar et al., 2008, Mulenga et al., 

2007, Ribeiro et al., 2006, Valenzuela et al., 2002). In this study we have identified 129 tick saliva 

proteins (TSP) of unknown function (S2 Table). For clarity secretion profiles of the 112 TSPs of 

unknown function are summarized in Fig 5A, while the remaining 17 glycine-rich proteins, which 

are thought to be involved in tick cement formation (Kemp et al, 1982) are shown in Fig 5B. It is 

interesting to note that in S2 Table, 93.7% (105/112) of TSPs were detected in 24-120 h saliva 

which could indicate that these proteins are important to tick feeding physiology. The remaining 

6.3% (7/112) were exclusive to BD and SD stages and are likely associated with events towards 

end of feeding. Some proteins were found at one time point: 48 (n = 12), 72 (n = 7), 96 (n = 5) and 

120 h (n = 14) saliva (S2 Table). More than half (n = 62) of TSPs of unknown function were 

detected within the first 48 h of feeding. These could be crucial for tick feeding initiation and 

progression. Patterns in Fig 5A suggest that the tick may potentially selectively inject different 

proteins into its host every 24 h. In this way, the tick could successfully evade host immunity and 

acquire a blood meal. Seven clusters (UCA-UCG) of TSP of unknown function are observed (Fig 

5A). Most notable is that TSP of unknown function that are highly abundant at 24 h (UCG Fig 

5A), decrease with feeding indicating that these proteins could serve as pivotal proteins in 

commencing the tick feeding process. Other secretion patterns include proteins that are abundant 
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at 48, 72, 96, and 120 h in UCE, UCC, UCF, and UCA respectively, as these proteins could be 

important in maintaining different phases of the tick feeding process. Proteins in UCD and UCA 

could play important roles towards end of feeding such as in wound healing and detachment from 

its host or serve as markers for completion of tick feeding.    

Like several other hard ticks, I. scapularis ticks secrete cement to securely anchor onto 

host skin during the prolonged tick-feeding period (Sonenshine and Roe, 2014, Sauer et al., 1995, 

Kemp et al., 1982). Chemical analysis studies have shown that tick cement has a high content of 

glycine-rich proteins (Kemp et al., 1982). On this basis, we speculate that glycine rich proteins in 

S2 Table could be associated with tick cement formation. The first layer of the tick cement cone 

is deposited within 5-30 min of the tick attaching, while the second layer starts to form from 24 h 

post attachment (Kemp et al., 1982). It is interesting to note that majority (n = 13) of the glycine 

rich proteins were identified in high abundance in 24 and 48 h saliva (S3 Table and Fig 5B). 

Secretion patterns of glycine rich proteins shown in Fig 5B suggest that the tick alternates secretion 

of these proteins during feeding. Most notably the proteins in GCA are most abundant in 24 h, 

GCB in 48 h, GCC in 96 h, GCD in BD-SD, and GCE in 72-120 h saliva (Fig 5B). The importance 

of glycine rich proteins detected in abundance towards the end of feeding is unknown at this point. 

However, there is a possibility for these proteins representing products of degenerated salivary 

glands. It will be interesting to determine the function of these proteins towards the end of feeding.  

When subjected to phylogeny analysis, 40.2% (45/112) of TSP of unknown function are unique in 

that they segregate individually, followed by 7.1% (8/112) that cluster in pairs, and the remaining 

52.7% (59/112) segregate in five clusters (C) A-E (Fig 6). According to previously described 

classifications of I. scapularis proteins (Ribeiro et al., 2006), CA, CB, and CD clusters are 

respectively classified as basic tail (group 1, n = 15) or tailless proteins (group 2, n = 10), 
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GPIIb/IIIa antagonist (group 9, n = 7), and 7-9 kDa family (group 7, n = 11). TSPs in CC cluster 

(n = 7) have insulin binding-like proteins motifs (Mulenga and Khumthong, 2010), while CE 

cluster proteins are leucine rich (n = 9) as revealed by sequence inspection. On the basis of amino 

acid motifs, Ribeiro et al., (2006) classified basic tail and basic tailless proteins into types I-III.  

Of the 25 CA proteins, 44% (11/25) and 20% (5/25) fit to basic tail types I and II protein 

respectively, and the remaining 36% (9/25) fit to basic tailless proteins.  

An interesting observation from our data is that proteins that segregated together in the (Fig 

6), were identified at different time points (Figs 7A-E) suggesting that the tick could be selectively 

secreting these proteins during feeding. Similar to Figs 3-5, we used Z-statistics normalization of 

NSAF values (S3 Table) to develop heat maps in Figs 7A-E. Basic tail or tailless proteins 

segregated into five clusters according to secretion patterns starting with the lone protein in BCA 

that is abundant in SD, followed by proteins in BCB, BCC, BCD and BCE that are respectively 

abundant in 96, 48, 120, and 72 h saliva (Fig 7A). Likewise in Fig 7B, GPIIb/IIIa antagonist protein 

cluster in three groups: abundant from 72 h (GPCA), 24 and 48 h (GPCB), and 48 h only (GPCC). 

In Fig 7C, except for one protein, which is abundant in SD saliva (ICB), majority of these proteins  

are abundant in 24-72 h saliva (ICA). In Figs 7D and 7E, 7-9 kDa and Leucine rich proteins were 

identified at variable levels throughout feeding.  

Putative GPIIb/IIIa in GPCB (Fig 7B) cluster are characterized by "RGD" motif and can 

potentially block platelet aggregation by blocking activated platelets from binding to fibrinogen 

(Heemskerk et al., 2002). In a recent study, peptides containing the "NGR" motif prevented resting 

platelets to bind to fibrinogen (Moriarty et al., 2015). It is interesting to note that four (AAY66799, 

AAY66507, AAY66621, and AAY66504) basic tail saliva proteins have this motif. Whether or 

not these proteins can functionally block platelet aggregation of resting platelets needs verification.  
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If functional, these could play key roles in tick feeding success in that at the start of tick 

feeding, the tick will encounter resting platelets. Surprisingly none of the four NGR motif proteins 

were detected in 24 h saliva when we expect resting platelets at the feeding site. Interestingly, 

except for AAY66507.1 (UCE) detected in 48 and 96 h saliva, the other three were detected at 

single time points: AAY66799.1 at 72 h (UCC), AAY66621.1 at 96 h (UCF), and AAY66504.1 at 

120 h (UCB). 

 

I. scapularis tick saliva extracellular matrix-like proteins 

 Similar to glycine-rich proteins, extracellular matrix proteins likely participate in 

tick cement formation and/or cell adhesion function. In this study we found 9 extracellular proteins 

(S2 Table) that included cuticle and chitinase-like proteins. Two secretion patterns are observed 

in Fig 5C, where ECB proteins were abundant from 24-96 h and ECA proteins were abundant in 

BD and SD saliva. No proteins were detected in 120 h saliva from this class. It is interesting to 

note that both the active and inactive forms of chitinase were identified in the first 48 h. The former 

is highlighted by a peritrophin-A chitin-binding domain, which is involved in remodeling the 

chitinous tick exoskeleton, particularly the mouthpart (Arkane and Muthukrishnan, 2010, 

Merzendorfer and Zimoch, 2003). The latter is highly identical to A. americanum tick feeding 

stimuli responsive acidic chitinase (Mulenga et al., 2007), which when silenced by RNAi caused 

ticks to loosely attach onto host skin (Kim et al., 2014). Blast2seq alignments revealed that the two 

I. scapularis inactive chitinases (EEC01936.1 and JAB70416.1) identified in both 24 and 48 h 

saliva are respectively 64 and 65% identical to A. americanum inactive chitinase (AIR95100.1). 

Whether or not I. scapularis inactive chitinases serves similar function during tick feeding needs 

further investigation. 
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Housekeeping proteins and other TSPs 

In addition to anti-oxidants discussed above, housekeeping-like proteins identified in this 

study include those associated with metabolism of lipids (n = 15), carbohydrates (n = 20), 

intermediate (n =1), energy (n = 45), nucleotides (n = 14) and amino acids (n = 20) (S2 Table). 

Others are classified as cytoskeletal (n = 32), proteasome machinery (n = 10), protein modification 

(n = 49), protein synthesis (n = 24), protein export (n = 10), nuclear regulation (n = 7), signal 

transduction and apoptosis (n = 8), transcription machinery, (n = 8), and transporters and receptors 

(n = 19) (S2 Table).  Cumulative NSAF as an index for protein abundance suggests that majority 

of housekeeping-like proteins were secreted toward the end of tick feeding in BD and SD saliva, 

respectively (Table 1).  

The tick salivary gland starts to degenerate toward the end of tick feeding and is almost 

completed within four days of the tick detaching (Freitas et al., 2007, Sauer et al., 1995). Given 

that most housekeeping genes function inside the cell, one may argue that the high abundance of 

these proteins in BD and SD saliva may represent progressive SG degradation toward end of tick 

feeding. However, recent immuno-screening of phage display expression libraries with antibodies 

to 24 h I. scapularis (Lewis et al., 2015) and 24-48 h A. americanum (Radulovic et al., 2014) tick 

saliva proteins that identified housekeeping-like indicates that secretion of some of the 

housekeeping proteins starts way before tick salivary gland degeneration, and thus, these proteins 

likely play important role(s) in tick feeding regulation. 

 One remarkable tick adaptation is that although ticks feed from a wounded area in the 

host's skin, the feeding site is completely healed when ticks complete feeding and detach from host 

skin. There is a possibility that some of the proteins identified in BD and SD could be associated 

with speeding up wound healing. It is interesting to note that some cytoskeletal proteins including 
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actin (Rockey et al., 2013, Strudwick and Cowin, 2012, Cowin, 2006, Martin and Lewis, 1992, 

Doillon et al., 1987), profilin (Ho et al., 2014, Brock et al., 2012), alpha tubulin (Ho et al., 2014), 

calponin (Daimon et al., 2013, Appel et al., 2010), non-muscle myosin (Bond et al., 2011, Bement 

et al., 1993, Martin and Lewis, 1992), thymosin (Kim and Kwon et al., 2015), and tropomyosin 

(Lees et al., 2013) identified at high abundance in BD and SD saliva were associated with different 

aspects of wound healing. Could secretion of these proteins at high abundance be the tick's way to 

help the host heal? 

 

Host proteins in I. scapularis saliva 

When ticks feed on blood, they uptake thousands of host proteins. The observation in this 

study that I. scapularis secreted 83 out of thousands of host proteins suggests that the tick has a 

mechanism to selectively secrete host proteins in its saliva. Similar to secretion dynamics of tick-

derived proteins, the tick appears to selectively secrete different rabbit proteins at different tick 

feeding time points (S1 Table). It is potentially possible that similar to tick-derived proteins, host 

proteins in tick saliva perform functions that are unique to different tick feeding phases. Proteins 

identified from 24/48 h saliva and other time points (immunity/antimicrobial function, heme/iron 

metabolism, hemoglobin, nuclear regulation, extracellular matrix, and collagen alpha-1 chain), 

likely aide the tick to feed. On the other hand, proteins identified in BD and SD saliva such as 

fibrinogen and protease inhibitors are likely associated with events toward the end of tick feeding. 

For instance, functionally annotated antimicrobial peptides: antimicrobial protein CAP18 (Larrick 

et al., 1995, Tossi et al., 1994) identified in all samples except 120 h saliva, neutrophil gelatinase-

associated lipocalin (Nasioudis and Witkin, 2015, Miethke and Skerra, 2010), neutrophil granule 

protein (Borregaard et al., 2007, Brinkmann et al., 2004, Levy, 2000), protein S100-A12 
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(Santamaria-Kisiel et al., 2006), neutrophil antibiotic (Levy, 2000), and lysozyme C (Ibrahim et 

al., 2001, Laible and Germaine, 1985) that were identified in 48 h and other stage saliva (S2 Table) 

could aid the tick to clear microbes from the tick feeding site. It is interesting to note that we 

identified both tick- and rabbit- derived antimicrobial peptides at the same time points. It is most 

likely that these antimicrobial peptides target different microbes with tick-derived proteins clearing 

tick-derived microbes, whereas host-derived proteins clear microbes from the host. Cell free 

hemoglobin (Hb) was shown to possess antimicrobial activity through oxidative shock (Lee and 

Ding, 2013, Du et al., 2010), and thus there is a possibility that Hb detected in tick saliva could be 

providing antimicrobial function (Belmonte et al., 2012, Fogaca et al., 1999) at the tick-feeding 

site. In another study peptides derived from hemoglobin digestion by tick proteases have been 

described as antimicrobial peptides (Nakajima et al., 2003, Sforca et al. ,2005, Fogaca et al., 1999). 

It is also possible that secretion of Hb could just be an indication of blood meal digestion. 

Similar to ticks (Fig 1), rabbit derived heme/iron metabolism associated proteins were the 

highly abundant at all time points (Fig 2). A notable difference is that whereas we exclusively 

identified heme-binding proteins for ticks, we identified a majority of iron binding proteins for 

rabbits (n = 6) and one heme binding protein (S2 Table).  Could this mean that, I. scapularis uses 

host proteins to remove excess iron though its saliva? If so, it could be that I. scapularis tick-

derived heme binding proteins are responsible for removing heme, but the tick engages host-iron 

binding proteins to remove excess iron. Except for haptoglobin (Dobryszycka, 1997), which was 

detected in SD saliva, all other iron binding proteins: serum albumin, histidine rich glycoprotein, 

lactotransferrin, and serotransferrin as well as the heme binding protein, hemopexin and serum 

albumin were identified from 24/48 h saliva and other stages during feeding (S2 Table). Based on 

our data, I. scapularis apparently could use host proteins to eliminate excess iron from the host 
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starting within 24-48 h. It is also interesting to note that human serum albumin was shown to 

suppress tumor necrosis factor-alpha (TNF) and complement component C5a triggered neutrophil 

respiratory burst (Schreiber et al., 2009, Nathan et al., 1993). It is possible the increased 

concentration of serum albumin at the tick-feeding site could serve other functions. Given that the 

host uses iron sequestration as the defense mechanism against microbes (Cassat and Skaar, 2013, 

Skaar, 2010, Ganz, 2009, Collins, 2008), it is possible that the tick's manipulation of the host to 

pump back iron into the feeding site could be an adaptation to aide TBD agents to colonize the 

host, with exception of organisms such as B. burgdorferi, which do not need iron for proliferation 

(Posey and Gherardini, 2000).  

It is interesting to note that in this study we detected rabbit fibrinogen in BD and SD saliva. 

Fibrinogen is the source for fibrin needed to strengthen the blood clot (Mosesson, 2005, Davie et 

al., 1991). Could it be that the tick pumps back fibrinogen into the host to aide in sealing off the 

feeding site at the end of tick feeding? Given that high abundance of keratins are expressed in the 

skin (Kim and Coulombe, 2007, Fuchs and Cleveland, 1998), there is a possibility that keratin 

proteins identified in I. scapularis tick saliva could be due to sample handling or rabbit skin 

contamination. It is important to note that all keratin types that were identified in I. scapularis tick 

saliva in this study are associated with different layers of the skin (Moll et al., 2008, Schweizer et 

al., 2006), and thus there is a high chance we identified remnants on tick mouthparts. However the 

eight keratin proteins identified in this study represent less than a quarter of the 27 skin keratins 

(Moll et al., 2008). Does the tick selectively inject keratins, and for what purpose is an interesting 

question for future research.  
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Conclusion 

The unique contribution of this study is that, we have for the first time attempted to identify 

tick- and host- derived proteins that are found in I. scapularis tick saliva every 24 h through the 

first five days of feeding as well as toward the end of feeding. This study provides identities of I. 

scapularis tick saliva proteins associated with regulation of: (i) early tick feeding events such as 

tick attachment onto host skin and creating the feeding lesion, which precede tick transmission of 

TBD agents, (ii) slow feeding phase when most TBD agents are transmitted and the tick prepares 

for rapid feeding phase, and (iii) rapid feeding phase when the tick feeds to repletion and detaches 

from the host. The impact of these data on future in depth tick feeding physiology studies is vast. 

For instance, transmission of most TBD agents occur at least 36-48 h post tick attachment (Gern, 

2009, Konnai et al., 2007, Ebel et al., 2004, des Vignes et al., 2001, Katavolos et al., 1998). What 

happens if we immunize against 24-48 h tick saliva proteins, is TBD agent transmission stopped? 

On the other hand we have identified proteins that were apparently secreted at all time points. In 

future studies, it would be interesting to determine if these proteins regulate "must have" 

pathways? It will be interesting to validate the importance of such proteins using the RNAi 

silencing approach. Some proteins were found at single, two or three time points, could these 

regulate functions unique to that tick-feeding period?  

An interesting recurring pattern observed in these data is that some functionally similar but 

antigenically unique proteins were identified at different feeding time points. We speculate that 

this could be the tick's strategy to protect essential pathways from immune response attack. For 

instance, host immune response against 24 h proteins will not affect functions of functionally 

similar but antigenically unique proteins at later feeding time points. Essentially the host immune 

defense against tick feeding will restart every so often, and in the end it will not be effective. In 
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this way key tick feeding physiological functions will continue uninterrupted. Could this 

mechanism be the tick's equivalent to antigenic variation used by parasites such as Trypanosomes 

to evade host immunity (Horn, 2014, Barry and McCulloch, 2001, Turner, 1984)? What happens 

if we target as a cluster of functionally similar but antigenically unique proteins that are injected 

into the host at different time points? 

We would like to caution the reader on the inherent limitations of this study. First, in LC-

MS/MS approaches, there is a possibility that predominant proteins will mask discovery of lowly 

expressed but important proteins, and thus the list of I. scapularis tick saliva proteins presented 

here may not be exhaustive. Second, we sequenced proteins in saliva that was collected by 

pilocarpine stimulation, and whether or not all detected proteins are secreted under physiological 

conditions remains to be investigated. However, we are encouraged by our findings that 13% 

(76/582) of I. scapularis tick saliva proteins in this study were reported in other tick saliva 

proteomes and immuno-transcriptome studies (S4 Table). Of the 76 proteins, 12 and 13 proteins 

were found among tick saliva immunogenic proteins that bound antibodies to 24 h I. scapularis 

(Lewis et al., 2015) and 24-48 h A. americanum tick saliva proteins (Radulovic et al., 2014) 

respectively. Additionally one protein was identified in I. scapularis nymphs as an immunogenic 

protein that bound to human serum from exposure to tick bites (Becker et al., 2015). The remaining 

proteins were found in saliva proteomes of R. microplus (n=28, (Tirloni et al., 2014)), H. 

longicornis (n=22, (Tirloni et al., 2015)), D. andersoni (n=2, (Mudenda et al., 2014)), O. moubata 

(n=5, (Diaz-Martin et al., 2013), sequencing of I. scapularis tick saliva by Edman degradation (n 

= 4) (Valenzuela et al., 2002), and others were verified as secreted in western blotting studies (Kim 

et al., 2015, Radulovic et al., 2015, Ibelli et al., 2014, Mulenga et al., 2013, Schuijt et al., 2011, 

Buresova et al., 2009, Narasimhan et al., 2002, Sanders et al., 1999). 
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I. scapularis proteins in S4 Table could represent highly conserved tick saliva proteins that 

regulate important functions, which if disrupted could affect the tick. These proteins could 

represent priority candidates in future studies. We would like to note that some of the protein 

sequences in this study are from I. ricinus and other tick species. Majority of these protein 

sequences have homologs in I. scapularis, which were eliminated as redundancies when we 

collapsed the local database. I. ricinus proteins in this study represent highly conserved proteins 

among Ixodes spp ticks. 
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Part II  

A systems biology identification of Amblyomma americanum tick saliva proteins injected 

into rabbits every 24 h through 8 days of tick feeding 

 

Materials and Methods 

Ethics statement 

All experiments were done according to the animal use protocol approved by Texas A&M 

University Institutional Animal Care and Use Committee (IACUC) (AUP 2011-207 and 2011-

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

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

 

A. americanum tick saliva collection 

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

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

(Mulenga et al., 2013a, Kim et al., 2014). Ticks were restricted to feed on the outer part of the ear 

of New Zealand rabbits with orthopedic stockinette glued with Kamar adhesive (Kamar Products 

Inc., Zionsville, IN, USA). Male A. americanum ticks (15 per ear) were pre-fed for three days prior 

to placing female ticks onto rabbit ears to feed. A total of 50 female A. americanum ticks (25 per 

ear) were placed into the tick containment apparatus on each of the three rabbits and allowed to 

attach.  

Collection of female A. americanum tick saliva was done as previously described (Kim et 

al., 2016, Tirloni et al., 2014). Tick saliva was collected to identify proteins from two preparation 

methods (In-gel and In-solution) using liquid chromatography tandem mass spectrometry (LC-
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MS/MS). Briefly saliva was collected from ticks injected with 1-3 L of 2% pilocarpine 

hydrochloride in phosphate buffered saline (PBS, pH 7.4) between the fourth coxa and leg. Saliva 

was collected every 15 - 30 min for 4 h at room temperature by washing the mouthparts with sterile 

1x PBS pH 7.4 using a 34-gauge needle and a Hamilton microliter syringe (Hamilton Company, 

Reno, NV, USA).  Tick saliva was kept on ice during collections and stored at -80ºC. For the in-

gel LC-MS/MS analysis, tick saliva was collected from 30 ticks that fed for 24, 72, 120, and 168 

h. Likewise for in-solution LC-MS/MS analysis, saliva was collected from 30 ticks that were fed 

for 24, 48, 72, 96, 120, 144, 168, and 192 h, respectively, and ten ticks that were fully fed but not 

detached from the host (BD) and six ticks that were spontaneously detached from the host (SD).   

 

In gel LC-MS/MS identification of proteins in A. americanum tick saliva 

 Tick saliva proteins were identified from an in-gel preparation method using LC-MS/MS 

as previously described (Tirloni et al., 2014). Saliva from a pool of 30 ticks collected from 24, 72, 

120, and 168 h fed were reduced in 4X sample buffer and heat denatured at 95°C for five minutes. 

Total tick saliva protein collections for each time point were resolved on a Novex 4-20% Tris-

Glycine Mini Gels (Thermo, Waltham, MA, USA) and visualized by Coomassie Brilliant Blue 

staining and destaining procedures. Visible bands were excised using a sharp razor blade and 

placed into a 1.5 ml tube to destain in Coomassie destaining solution (50% acetonitrile, 50% 25mM 

NH4HCO3). Destained gel slices were cut into small pieces using a fine razor blade, rinsed with 

ultrapure water and then dehydrated using 100% acetonitrile for 10 min. Gel pieces were 

individually digested using trypsin as described (Shevchenko A. et al., 1996).  The resulting 

peptides were analyzed using an electrospray ionization (ESI) quadrupole time-of-flight (Q-TOF) 

MicroTM mass spectrometer (Waters, Milford, MA, USA) coupled to a capillary liquid 
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chromatography system nanoACQUITY UPLC (Waters, Milford, MA, USA). The peptides were 

eluted from a reverse-phase C18 column toward the mass spectrometer. Charged peptide ions (+2 

and +3) were automatically mass selected and dissociated in MS/MS experiments.  

 

In solution LC-MS/MS identification of proteins in A. americanum tick saliva 

 A. americanum tick saliva proteins were identified from an in-solution preparation method 

using LC-MS/MS as previously described (Tirloni et al., 2014, 2017, Kim et al., 2016). Briefly, 

~2 g of total TSPs (in triplicate runs) per feeding time point was digested in solution overnight 

at 37°C with trypsin in 8 M urea/0.1 M Tris (pH 8.5), reduced with 5 mM Tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP, Sigma-Aldrich, St Louis, MO, USA), and alkylated with 25 mM 

iodoaceamide (Sigma-Aldrich). Proteins were digested overnight at 37°C in 2 M urea/0.1M Tris 

pH 8.5, 1 mM CaCl2 with trypsin (Promega, Madison, WI, USA) with a final ratio of 1:20 

(enzyme:substrate). Digestion reactions, in a final concentration of 0.15 µg/mL, were quenched 

with formic acid (5% final concentration) and centrifuged for debris removal.  

 

Pre-columns and analytical columns 

Reversed phase pre-columns were prepared by first creating a Kasil frit at one end of a 

deactivated 250 µm ID/360 µm OD capillary (Agilent Technologies, Santa Clara, CA, USA). Kasil 

frits were prepared by dipping 20 cm capillary in 300 µL Kasil 1624 (PQ Corporation, Malvern, 

PA, USA) and 100 µL formamide solution, curing at 100°C for 3 h and adjusting the length. Pre-

columns were packed in-house (John Yates III's Laboratory, The Scripps Research Institute, La 

Jolla, CA, USA) with 2 cm of 5 µm ODS-AQ C18 (YMC America, Inc., Allentown, PA, USA) 

particles from particle slurries in methanol. Analytical reversed phase columns were fabricated by 
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pulling a 100 µm ID/360 µm OD silica capillary (Molex Polymicro Technologies, Austin, TX, 

USA) to a 5 µm ID tip. The same packing material was packed until 20 cm directly behind the 

pulled tip. Reversed phase pre-columns and analytical columns were connected using a zero-dead 

volume union (IDEX Corp., Upchurch Scientific, Oak Harbor, WA, USA). 

 

LC-MS/MS 

Peptide mixtures were analyzed by nanoflow liquid chromatography mass spectrometry 

using an Easy NanoLC II and a Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA, 

USA). Peptides eluted from the analytical column were electrosprayed directly into the mass 

spectrometer. Buffer A and B consisted of 5% acetonitrile/0.1% formic acid and 80% 

acetonitrile/0.1% formic acid, respectively. The flow rate was set to 400 nL/min. Feeding time 

saliva samples (1.5 µg per injection) were separated in 155 min chromatographic runs, as follows: 

1-10% gradient of buffer B in 10 min, 10-40% of buffer B in 100 min, 40-50% of buffer B in 10 

min and 50-90% of buffer B in 10 min. Column was held at 90% of buffer B for 10 min, reduced 

to 1% of buffer B and re-equilibrated prior to next injection.  

The mass spectrometer was operated in a data dependent mode, collecting a full MS scan 

from 400 to 1,200 m/z at 70,000 resolutions and an AGC target of 1 x 106. The 10 most abundant 

ions per scan were selected for MS/MS at 17,500 resolution and AGC target of 2 x 105 and an 

underfill ratio of 0.1%. Maximum fill times were 20 and 120 ms for MS and MS/MS scans, 

respectively, with dynamic exclusion of 15 s. Normalized collision energy was set to 25.  

 

Identification of proteins in A. americanum tick saliva 

Proteins in A. americanum tick saliva were identified according to the pipeline described 



 

68 

 

 

 

in Kim et al., (2016, Tirloni et al., 2014). Mass spectra from the in-gel sequencing were analyzed 

using databases noted above using the Mascot software version 2.2 (Matrix Science, London, UK) 

with parameters set to: tryptic specificity, one missed cleavage and a mass measurement tolerance 

of 0.2 Da in MS mode and 0.2 Da for MS/MS ions. The carbamidomethylation of cysteine and 

methionine oxidation were set as respective fixed and variable modifications. The MS/MS based 

peptide and protein identifications were validated using The Scaffold software version 4.0.5 

(Proteome Software Inc., Portland, OR). Peptide identifications using Mascot required ion scores 

higher than the associated identity scores of 20-doubly and 35-triply charged peptides. Protein 

identifications were considered when the peptide sequence was 100% identical and at least two 

peptides matched the assigned protein. To be included in this analysis, all peptide sequences had 

to have 100% identity with assigned proteins. 

For in-solution sequencing, the tandem mass spectra were extracted from Thermo RAW 

files using RawExtract 1.9.9.2 (McDonald et al., 2004) and searched with ProLuCID (Xu et al., 

2015) in the Integrated Proteomics Pipeline – IP2 (Integrated Proteomics Applications, Inc., San 

Diego, CA, USA) against a non-redundant database. The database comprised of in-house A. 

americanum protein sequences (n=110,587) concatenated with Oryctolagus cuniculus (domestic 

rabbit) from Uniprot (www.uniprot.org) (n=21,148) and reverse sequences of all entries. The 

search space included all fully-tryptic and half-tryptic peptide candidates. Carbamidomethylation 

of cysteine was used as static modification. Data was searched with 50-ppm precursor ion tolerance 

and 20-ppm fragment ion tolerance. A minimum number of two peptide matches were required to 

be considered a hit. A cutoff score was established to accept a protein false discovery rate (FDR) 

of 1% based on the number of decoys. This procedure was independently performed on each data 

subset, resulting in a false-positive rate that was independent of tryptic status or charge state. 
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Additionally, a minimum sequence length of six residues per peptide was required. Results were 

post processed to only accept PSMs with <10ppm precursor mass error. Finally, the protein 

matches from each sampled time points were concatenated into one file using Identification 

Compare (IDcompare) program on IP2- Integrated Proteomics Pipeline Ver.5.0.1 (access granted 

by Dr. John R. Yates III).   

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

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

the GeneOntology (GO) FASTA subset (Ashburner et al., 2000), MEROPS database (Rawlings et 

al., 2012), and the conserved domains database of NCBI (Marchler-Bauer et al., 2015) containing 

the COG (Tatusov et al., 2003), PFAM (Bateman et al., 2002), and SMART motifs (Schultz et al., 

2000). Outputs from the blast searches were used in the classifier program in Dr. Ribeiro's program 

(Karim et al., 2011) for functional classification based on the best match from among all the blast 

screens. To check rabbit proteins, Oryctolagus cuniculus protein sequences were used from NCBI 

and Uniprot. The functionally annotated proteins were manually validated.  

 

Relative abundance and graphical visualization secretion dynamics of A. americanum tick saliva 

proteins 

Relative abundance and graphical visualization of secretion dynamics were determined as 

described (Kim et al., 2016) using normalized spectral abundance factors (NSAF) that were 

validated as reliable in a label-free relative quantification approach (Florens et al., 2006, Paaletti 

et al., 2006, Zhu et al., 2010). For each functional class or an individual protein, NSAF was 

expressed as a percent (%) of total NSAF for that time point. Percent NSAF values were 
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normalized using Z-score statistics using the formula 𝑍 =
𝑋−𝜇

σ
, where Z is the Z-score, X is the 

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

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

maps using the heatmap2 function from the gplots library in R (Warnes et al., 2013).  

 

Identification of A. americanum saliva proteins found in other tick saliva proteomes 

 A. americanum TSPs in this study were searched against published tick saliva proteomes 

of I. scapularis (Kim et al., 2016), H longicornis (Tirloni et al., 2015), R. microplus (Tirloni et al., 

2014), R. sanguineus (Oliveria et al., 2013), O. moubata (Diaz-Martin et al., 2013), and D. 

andersoni (Mudenda et al., 2014) using local blastp analysis. Databases of protein sequences 

reported for each tick saliva proteome were extracted from NCBI or Uniprot and screened by blastp 

using the A. americanum salivary proteome (from this study) as the query. Protein matches ≥70% 

identity was reported.  

 

Results and Discussion 

Protein profile and abundance are dynamic during A. americanum tick feeding   

Adult A. americanum ticks complete feeding over a long period of up to 14 days 

(Sonenshine, 1993). There is evidence that the tick utilizes different proteins every 24 h to regulate 

tick feeding. Previous studies have demonstrated that protein profile and abundance in salivary 

glands of female A. americanum is dynamic and changes during the course of tick feeding 

(McSwain et al., 1982). To attempt at capturing changes in TSP profiles, we successfully used 

pilocarpine to induce and collect saliva of A. americanum ticks every 24 h during the first 8 days 
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of tick feeding as well as from ticks that had engorged but had not detached, and replete fed ticks 

as previously described (Tatchell, 1967, Kim et al., 2016).  

The early feeding stages (24 - 72 h) of A. americanum saliva was observed as a white flake 

that accumulated on the mouthparts over time after injection with 2% pilocarpine solution. Tick 

saliva was more evident after 72 h of feeding, observed as droplets of liquid forming at the 

mouthparts. Proteins in tick saliva were identified by LC-MS/MS using two approaches: “In-Gel” 

and “In-Solution” digested tick saliva protein peptides.  

In the “In-Gel” digestion approach, saliva of A. americanum ticks was collected from ticks 

that were partially fed for 24, 72, 120, and 168 h and were electrophoresed on a 4-20% Tris-

Glycine SDS-PAGE and Coomassie blue stained. Subsequently, visible protein bands (n=157) 

(Fig. 1, please note that markings on the gel represent bands that were excised) were individually 

excised, processed for in-gel trypsinization and digested peptides identified by LC-MS/MS. The 

peptide MS/MS spectra were searched against a combined database (tick, rabbit protein, and 

human contaminants [i.e keratin] proteins) using the MASCOT software version 2.2 (Matrix 

Science, London, UK). This analysis identified a total of 76 proteins (294 peptides) in tick saliva 

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

(Supplemental Table 1, please note that this table also includes peptides that were identified).  Of 

the total 55 tick saliva proteins 23, 16, 41, and 19 were identified in respective 24, 72, 120 and 168 

h feeding time points (Tables 1A, 1B, and 1C). Likewise, 1, 19, 8, and 4 rabbit proteins were 

identified in tick saliva at the feeding time points that were analyzed respectively (Tables 1A, 1B, 

and 1C).   

In the “In-Solution digestion” approach, saliva that was collected at 24, 48, 72, 96, 120, 

144, 168, and 192 h feeding time points as well as ticks that were apparently engorged but were  
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not detached from the host (BD) and those that had fed to repletion (SD) were subjected to LC-

MS/MS. Peptide mass spectra were searched against the database as described above using the 

Prolucid search engine (Xu et al., 2015), an MS/MS-based database search program. This analysis 

identified a respective total of 623, 717, 583, 641, 484, 724, 725, 786, 424, and 655 proteins 

(Supplemental Table 2). From the total number of proteins identified for each respective time 

points, 470, 560, 435, 459, 346, 551, 491, 552, 324, and 336 were identified as tick proteins. Rabbit 

proteins for each respective time points consisted of 127, 130, 115, 147, 112, 140, 199, 198, 78, 

and 282. The remaining 26, 27, 33, 35, 26, 33, 35, 36, 22, and 37 proteins for each respective time 

points were considered as human contaminants. Overall, a total of 1214, 335, and, 30 proteins 

were tick, rabbit, and human contaminants respectively (Supplemental Table 2). The remaining 33 

hits were reversed sequences that represent false identification, which translated to an error rate of 

0.02% and gave us confidence in our data. 

 

Tick and rabbit proteins in A. americanum tick saliva classify in 29 and 25 functional classes 

Identified proteins were annotated by searching against entries in public databases (NCBI, 

Uniprot, and MEROPS). This analysis categorized the 55 tick and 21 rabbit proteins that were 

identified in the “In-Gel” digestion method (Tables 1A, 1B, and 1C) into 12 tick and 9 rabbit 

functional protein classes (Supplemental Table 1). Please note that all proteins that were identified 

in the “In-Gel digestion” approach were among proteins identified in the “In-Solution digestion” 

approach. Proteins identified in the “In-Solution digestion approach (1214 tick and 335 rabbit) was 

classified into a respective 29 (Table 2A and 2B) and 25 (Table 3A and 3B) functional protein 

classes.  
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The majority of tick proteins in A. americanum tick saliva were identified as TSPs of 

unknown function (28%), followed by protease inhibitors (PI) (14%), proteases (8%), lipocalins 

(7%), and glycine rich proteins (6%). Some notable protein classes that were ≤4% include 

cytoskeletal, antioxidant/detoxification, extracellular matrix, immune related, heme/iron binding, 

mucins, evasins, antimicrobials, and ixodegrin, (Tables 2A and 2B, and Supplemental Table 2). In 

contrast, the majority of rabbit proteins found in A. americanum tick saliva is cytoskeletal (19%), 

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

degradation (6%), and protein classes that were ≤5% include antimicrobials, heme/iron binding, 

protease inhibitors, proteases, extracellular matrix, antioxidant/detoxification, fibrinogen and 

lipocalin (Tables 3A and 3B, and Supplemental Table 2).  

 

Majority of A. americanum tick salivary proteins is of unknown function 

 

Figures 2A and 2B illustrates the relative abundance of tick saliva proteins every 24 h 

during tick feeding as determined by normalized spectral abundance factor (NSAF), the index for 

relative protein abundance. As shown in Figure 2A, TSPs of unknown function were the most 

abundant ranging from 23-41% during feeding, followed by protease inhibitors (PI) (13-23%), 

heme/iron metabolism proteins (6-25%), and histamine binding proteins/lipocalins (1-24%). Other 

notable tick proteins at ≤10% in abundance include glycine rich proteins, antimicrobial peptides, 

evasins, and proteases. Likewise, for rabbit proteins in A. americanum tick saliva, the most 

predominant functional class was hemoglobin/red blood cell products (13-58%) followed by 

cytoskeletal (6-20%), heme/iron metabolism (~5-16%), keratin (2-30%), and nuclear regulation 

(2-20%) (Fig. 2B). It is notable that rabbit functional classes related to immunity, antimicrobial 

peptides, protease inhibitors and proteases were abundant at ≤8% throughout feeding. The findin
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that the majority of proteins in this study is of unknown function is not unique to A. americanum; 

it is consistent with findings in saliva of I. scapularis (Kim et al., 2016, part I of this chapter) and 

other transcriptome sequencing studies (Valenzuela et al., 2002, Ribeiro et al., 2006, Karim and 

Ribeiro, 2015). This is potentially a reflection of how much less information exists on tick feeding 

physiology. 

 

Majority of A. americanum tick salivary proteins is associated with the tick feeding phase 

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

proteins with the tick feeding process, Z-score statistics normalized NSAF values were visualized 

on heat maps (Figs. 3A and 3B). The clustering patterns are influenced by cumulative relative 

abundance of protein class.The blue to red transition denotes low to high abundance. As shown in 

Figure 3A, the 29 tick protein functional classes clustered into four broad secretion patterns (A-

D). Broadly, the majority of tick proteins is secreted at high abundance starting from 24 h of 

feeding (Fig. 3A, clusters B, C, and D) with exception four protein classes, evasins, proteases, 

lipocalin, and nuclear regulation proteins in cluster A, which are injected into the host at high 

abundance starting from day five of feeding. More than 50% (15/29 functional classes) of proteins 

are abundant in saliva starting from 24 h through 144 h feeding time point (clusters B, C, and D). 

Likewise in cluster C, ~11% (10/29) are injected at high abundance in saliva of 24-192 h fed ticks 

but also abundant from engorged but not detached ticks.  

Similar to tick proteins, the majority of rabbit proteins (21 of the 25 functional classes) was 

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

rabbit protein classes segregated into four clusters, A-D (Fig. 3B). Rabbit proteins that were 

secreted at high abundance starting from 24 h through 72 h of feeding are part of clusters A and 
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B. Five of the seven proteins in cluster A are highly abundant at 24 and 48 h feeding time points, 

while those in clusters C and D were less abundant in the first 48 h of feeding and showed varied 

abundance levels starting from 72 h of feeding.  

 

Secretion dynamics of selected A. americanum tick salivary proteins  

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

saliva. Eleven classes of proteins (immunity related, heme/iron metabolism, extracellular 

matrix/cell adhesion, protease inhibitors, proteases, detoxification, lipocalin, evasin, antimicrobial, 

glycine rich and proteins of unknown function) (Tables 2 A and 2B) considered as non-

housekeeping proteins accounted for 65% of proteins that were found in saliva, and contributed 

more than 80% in relative abundance. In the subsequent sections, we have discussed non-

housekeeping tick proteins individually, and have highlighted housekeeping-like tick proteins and 

rabbit proteins as a group below. Our lab is interested in understanding functions of proteases and 

protease inhibitors, and our subsequent discussion below is biased. 

 

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

Porter et al., (2017) documented at least 18 different families of protease inhibitors (PI) 

that might be expressed by A. americanum and other tick species. Here we found 165 PIs belonging 

to nine families including Kunitz-type inhibitors (I2, n=68), serine protease inhibitors (serpins, I4, 

n=25), trypsin-inhibitor like (TIL, I8, n=38), alpha-2-macroglobulins (α2M, I39, n=14), cysteine 

inhibitors (cystatin, I25, n=13), thyropins (I31, n=3), phosphatidylethanolamine-binding proteins 

(I51, n=2), a pro-eosinophil major basic protein (proMBP, I63, n=1), and a tick carboxypeptidase 

inhibitor (TCI, n=1). Of significant interest, a majority of PIs (124/165) in this study is secreted at 



 

76 

 

 

 

high abundance in 24-120 h saliva (Fig. 4A, and Supplemental Table 2), strongly suggesting that 

functions of tick saliva PIs are associated with early stages of the tick feeding process that are 

critical to the success of ticks as pests and vectors of tick-borne disease agents.  

Of the PI families in this study, serpins are the most studied (Mulenga et al., 2007a, 2009, 

Porter et al., 2015, 2017, Blisnick et al., 2017, Chmelar et al, 2017). This is based on the fact that, 

to successfully feed and transmit tick-borne disease agents, ticks have to overcome serine protease 

mediated host defense pathways. On this basis, it was proposed that ticks might utilize serpins to 

evade host defenses (Mulenga et al., 2001). From this perspective, it is notable that all serpins were 

injected into host starting from 24-48 h of feeding (Fig. 4A) suggesting these proteins might be 

involved with regulating tick feeding within hours of the tick starting to feed. Another interesting 

finding in this study is that, A. americanum serpin 6 and 19, which were previously validated as 

inhibitors of host defense system proteases (Mulenga et al., 2013a, Kim et al., 2015) were found 

in this study.  

At the time of drafting this manuscript, we did not find reported studies on functional 

analysis of A. americanum tick cystatins. However, several reported in other tick species indicated 

that cystatins play important roles in tick feeding physiology (Wang et al., 2015, Zavasnik-Bergant 

et al., 2017). For cystatins (family I25, Fig. 4B), three of 13 were secreted within 24 h of feeding, 

indicating that a majority of cystatins might be involved in regulating tick feeding functions after 

the tick has initiated feeding. In Figure 4C, the secretion dynamics of alpha-2-macroglobulins 

(2M) is similar to cystatins, where a majority was injected into the host at high abundance toward 

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

reported on functional roles of 2M in soft tick immune defense (Kopacek et al., 2000) and anti-

microbial activity in I. ricinus (Buresova et al., 2009). 
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The secretion dynamics of Kunitz-type inhibitors (Fig. 4D) and Trypsin-inhibitor like 

proteins (Fig. 4E) are comparable and notable: the ticks appear to secrete a different set of these 

inhibitors every 24 h starting from first day of tick feeding. This suggests that functions of these 

inhibitors are required throughout the tick feeding process. It is also notable that a moderate 

number of Kunitz-type inhibitors and TILs was also detected in saliva of replete fed ticks, unlike 

the other three inhibitors in this study. This suggests that these two PI families could also be 

involved in regulating tick feeding functions toward the end of tick feeding.  

 

b) A majority of proteases in A. americanum saliva is metalloproteases 

At the time of this study, protease families that were encoded by A. americanum were not 

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

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

aspartic, cysteine, serine, metallo, and threonine proteases (Mulenga and Erikson, 2011).  Here, 

we found that A. americanum secretes at least 95 proteases in its saliva. These 95 proteases include 

four classes and classify into 15 families: aspartic (family A1, n=5), cysteine (n=13 in families C1, 

C2, and C13), metallo- (n=55 in families M12, M13, M14, M15, M17, M20, M28, and M49), and 

serine (n=22 in families S1, S10, and S28) proteases (Figs. 4F, 4G, and 4H, and Supplemental 

Table 2). Please note that the heatmap for aspartic proteases was not developed due to low numbers 

(secretion dynamics is presented in Supplemental Table 2). The heatmap (Figs. 4F, 4G, and 4H, 

and Supplemental Table 2) show that 65 of the 95 proteases are injected into the host various time 

points during the first 5 days of feeding demonstrating that some the proteases in this study are 

associated with tick feeding regulation.  

The observation that metalloproteases are in the majority in saliva of A. americanum is 
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consistent with our previous findings on the I. scapularis proteome (Kim et al., 2016, part I of this 

chapter). It is also notable that similar to the I. scapularis proteome, metalloproteases that were 

secreted at high abundance during the first 72 h feeding time points are in families M12 and M13 

(Fig. 4G), indicating that these proteases regulate initial tick feeding functions that are important 

to both tick species. Indirect evidence on snake venom M12 proteases anti-coagulant activity 

suggest that secretion of these proteases at high abundance when the tick is initiating feeding might 

be beneficial to tick feeding (Fox and Serrano, 2005, Kini, 2006). There is also evidence that RNAi 

silencing of M12 proteases significantly affected tick feeding efficiency (Decrem et al., 2008). 

Likewise, indirect evidence suggests that the ticks might utilize M13 proteases to regulate host 

immunity. In mammals, M13 proteases are involved in modulating neurotransmitter levels, 

controlling blood pressure, involved in reproduction and cancer progression (Turner and Cottrell, 

2004). 

Another notable similarity between I. scapularis (part I of this chapter) and A. americanum 

proteomes is that both tick species secreted a fewer number of S1 serine proteases, three and four 

respectively (Fig. 4G, and Supplemental Table 2). We are interested in S1 serine proteases, because 

of their functional roles in signal transduction as activators of protease activated receptors (Ewen 

et al., 2010, Cattaruzza et al., 2014). Therefore, it is likely that ticks could utilize these proteases 

to interfere with host defense signaling at the tick feeding site. The observation that A. americanum 

injected cysteine proteases at the beginning of feeding indicates that cysteine proteases might be 

playing some role(s) in the early stages of tick feeding. In mammals, these proteases are active at 

acidic pH in endo/lysosomes (Kopitar-Jerala, 2012); it will be interesting to investigate their 

functional roles at the tick feeding site, which is expected to be near the physiological pH of 7.   
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c) Lipocalins/ histamine binding proteins are alternately secreted during tick feeding 

 Host inflammatory response is among host defense pathways that ticks must evade to 

complete feeding. Histamine is one of the key mediators of inflammation in tissue damage, such 

as in the event of tick feeding (reviewed in Paesen, 1999). From this perspective, lipocalins/tick 

histamine binding proteins in tick saliva are suspected to be part of the tick machinery to evade 

the host’s inflammatory defense response through sequestration of histamine that is released at the 

tick feeding site. In this study, we found 90 lipocalins/tick histamine binding proteins that show 

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

alternately secreted at single time points (Fig. 4I). Given that in addition to regulating 

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

antimicrobial effects (Fluckinger et al., 2004, Chan et al., 2009), glucose metabolism (Cho et al., 

2011) and binding several other biogenic amines such as serotonin and fatty acids (Ganfornina et 

al., 2000, Smathers and Petersen, 2011), it is likely that these proteins might be involved in 

regulating several tick functions besides inflammation.  

 

d) Heme binding proteins are secreted at high abundance throughout feeding 

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

for normal physiological functions. Female ticks that were artificially fed a diet not containing 

hemoglobin failed to lay viable tick eggs, demonstrating the importance of heme (Perner et al., 

2016). Supplemental Table 2 lists a total of 17 heme/iron binding proteins (mainly comprised of 

hemelipoproteins and vitellogenins) and a single ferritin that collectively accounted for the third 

most abundant protein class in tick saliva throughout feeding (Fig. 2). The secretion dynamics 

summarized in Figure 4J revealed two broad secretion patterns, those that are injected into the host  
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from 24 h through 120 h of feeding (HCB and HCC) and those that injected into the host starting 

from 144 h of feeding through the end of tick feeding (HCD and HCA). Ticks acquire both iron 

and heme from host blood (Lara et al., 2005), and thus iron and heme binding proteins are 

important to normal tick physiology. On this basis, it is potentially possible that heme/iron binding 

proteins in tick saliva could also function inside the tick. While heme and iron are essential to 

animal physiology, free forms are toxic (Toh et al. 2010). It will be interesting to investigate if 

heme/iron binding proteins identified in this study sequester heme/iron to protect the tick from 

damage by free heme and iron. Hemelipoproteins and vitellogenin can also bind lipids (Donohue 

et al., 2009), and thus there is a possibility that heme binding proteins in this study might be 

involved in functions that are unrelated to heme metabolism. 

 

e) Ticks inject multiple antioxidants into the feeding site   

Feeding and digestion of extensive amounts of host blood exposes ticks to hydroxyl 

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

(Rojkind et al., 2002, Narasimhan et al., 2007). Tick expressed anti-oxidant proteins protect the 

tick during feeding and digestion of the blood meal. In fact, RNAi silencing of tick antioxidants 

caused deleterious effects to ticks and prevented them from obtaining a full blood meal (Adamson 

et al., 2014, Kumar et al., 2016). Previous work by others and from our lab has documented the 

presence of anti-oxidants in tick salivary glands (Das et al., 2001, Wu et al., 2010) and saliva 

(Radulovic et al., 2014, Tirloni et al., 2014, 2015, Lewis et al., 2015, Kim et al., 2016). In this 

study, we identified 41 putative antioxidant enzymes in tick saliva. These enzymes include 

glutathione, thioredoxin, superoxide dismutase, catalase, peroxinectin, arylsulfatase, aldehyde 

dehydrogenase, epoxide hydrolase, sulfotransferase, sulfhydryl oxidase and glycolate oxidase. 
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Figure 4K reveals three broad secretion patterns; those that are injected into the host starting from 

24 h of feeding (ACA, ACF), variable time points from 48 h of feeding (ACE, ACG, ACH), and 

those that are injected into the host once at various feeding time points (ACB, ACC, ACD, ACE, 

ACG, ACI). Like heme/iron binding proteins, tick anti-oxidants are presumed to function inside 

the tick. The findings from this study that antioxidants are secreted in tick saliva indicate that these 

proteins may be playing roles to keep the feeding site neutral. Injury caused during creation of the 

tick feeding lesion by ticks could trigger release of oxidants such as ROS, therefore it is conceivble 

that tick salivary antioxidants function to cleanse the blood meal before it is ingested by ticks. 

 

f) Glycine rich proteins and extracellular matrix/ Cell adhesion are secreted early during tick 

feeding 

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

anchor ticks onto host skin during its protracted feeding period (Kemp et al., 1982). Tick cement 

is also suggested to protect the tick from host immune molecules (reviewed in Binnington and 

Kemp, 1980, Sonenshine, 1993) and has antimicrobial function (Alekseev et al., 1995) at the 

feeding site. Glycine rich proteins are among classes of tick proteins that are thought to play key 

roles in formation of tick cement (Kemp et al., 1982). From this perspective, glycine rich proteins 

are among tick proteins that have received significant research attention (Mulenga et al., 1999, 

Bishop et al., 2002, Bullard et al., 2016, Hollmann et al., 2018). In this study, we found a total of 

72 glycine rich proteins, which represented the fifth largest class of proteins identified in tick saliva 

during feeding (Fig. 2). A majority of the glycine rich proteins was secreted within the first six 

days of feeding (Fig. 4L) (GCA, GCD, GCH, GCI, GCJ, GCL, and GCM). Tick cement deposition 

is completed during the first 96 h of tick feeding, and thus it is conceivable that some of the glycine 
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rich proteins in this study might be involved with tick cement formation (Kemp et al., 1982). 

Although glycine rich proteins are mostly known for their potential role in tick cement formation, 

indirect evidence in other organisms indicate these proteins might be involved in other functions 

such as host defense and stress response as in plants (Czolpinksa and Rurek, 2018). It is interesting 

to note that some of the glycine rich proteins that were identified from tick cement in our lab 

(Hollmann et al., 2017) and others (Bullard et al., 2016) were also found in this study 

(Supplemental Table 3). Some of the glycine rich proteins were secreted from the 144 h time point, 

long after tick cement formation, these might regulate other tick feeding functions.  

Figure 4M summarize the secretion dynamics of extracellular matrix proteins (n=38) that 

were found in this study. Similar to glycine rich proteins, a majority (29/38) of the extracellular 

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

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

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

weakened the tick cement cone to the extent that host blood leaked around the mouthparts of 

attached ticks (Kim et al., 2014).  

 

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

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

a difficult task of overcoming host humoral and cellular immunity, but also prevents microbes in 

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

immunomodulatory and antimicrobial peptides starting in the early stages of the tick feeding 

process (Fig. 4N). We identified nine antimicrobials consisting of microplusins, lysozymes, and  
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defensins (Fig. 4N). Previous studies showed that microplusin has dual effects against fungi and 

Gram-positive bacteria (Silva et al., 2009, Rossi et al., 2011), lysozyme against Gram-positive 

bacteria (Pellegrini et al., 1992, Wild et al., 1997), and defensin effective against both Gram-

positive and -negative bacteria (Nakjima et al., 2003). The heat map in Figure 4N shows that 

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

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

peptides are needed throughout feeding.  

Similar to antimicrobials, we identified mucins (n=12, Fig. 4O), with a majority of these 

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

mucins in ticks have not been studied. However, indirect evidence in mammals suggests that 

mucins might be involved in antimicrobial activity in that human mucins were shown to 

encapsulate microbes (Petrou and Crouzier, 2018). 

Among probable immunomodulatory proteins, we identified evasins (Fig. 4P), ixodegrins 

(Fig. 4Q) and mucins. Evasins (n=12, Fig. 4P) were shown to bind to chemokines (Hayward et al., 

2017, Eaton et al., 2018) to reduce leukocyte recruitment to the tick feeding site and therefore 

contribute to tick evasion of the host’s inflammatory defense. It is interesting to note that the 12 

evasins identified in tick saliva were present after 24 h of feeding and continued to be secreted 

throughout feeding at variable levels, which suggests that these proteins might not be involved in 

regulating tick feeding functions during the first 24 h of tick feeding.  

Figure 4Q summarizes the secretion pattern of ixodegrin-like proteins in this study. These 

proteins were first described in I. scapularis as inhibitors of platelet aggregation (Francischetti et 

al., 2005). Platelet aggregation is the first step in the blood clotting system (Smith et al., 2015), 

which ticks must overcome to successfully feed. Thus, the presence of ixodegrins in saliva of A. 
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americanum is likely to be beneficial to tick feeding. Finally, we also found proteins that show 

similarity to previously characterized immunomodulatory proteins (Fig. 4R), which have been  

validated in other tick species including p36, which inhibits cell proliferation and cytokine 

expression (Konnai et al., 2009).  

 

h) Tick salivary proteins of unknown function are alternately secreted. 

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

hypothetical, secreted, conserved and unknown proteins. However, some protein sequences are 

annotated based on sequence identities and conserved signature motifs, which include basic 

tail/tails proteins, 8.9 kDa protein family, and leucine rich proteins. Other proteins have been 

functionally characterized such as AV422, a tick saliva protein that is highly upregulated when 

ticks are stimulated to start feeding involved in mediating tick anti-hemostatic and anti-

complement functions (Mulenga et al., 2007b, Mulenga et al., 2013b), and RGD motif proteins 

that may play roles in inhibition of platelet aggregation (Francischetti et al., 2005). In this study, 

we have identified a total of 341 (Fig. 4S) TSPs that fit the above description that we refer here to 

as TSPs of unknown functions. More than 97% (326/341) of the 341 total TSP proteins were 

identified within the first eight days of feeding indicating their potential roles in regulating tick 

feeding. TSPs have an interesting secretion pattern of where a majority of these proteins was 

alternately injected once during feeding. From the perspective of finding target antigens for tick 

vaccine development, TSPs represent a unique opportunity in that they do not share any homology 

to host proteins and might not cross-react with the host. 
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A. americanum secretes multiple housekeeping-like proteins in its saliva throughout the feeding 

process 

Supplemental Table 2 lists 292 housekeeping-like proteins that were identified in this 

study. Finding these proteins in A. americanum saliva is not unexpected, as similar findings have 

been previously reported in tick saliva (Tirloni et al., 2014, 2015, Kim et al., 2016). The 292 

housekeeping-like proteins were classified into 16 classes including those associated with 

metabolism of amino acids (n = 7), carbohydrates (n = 25), energy (n = 31), lipids (n = 31), 

intermediate (n=1), and nucleic acids (n = 33). Other protein classes include those involved in 

nuclear regulation (n = 16), protein export (n = 1), protein modification machinery (n = 21), 

proteasome machinery (n = 10), protein synthesis (n = 11), signal transduction (n = 22), 

transposable element (n = 3), transcription machinery (n = 7), transporter/receptors (n = 18), and 

cytoskeletal (n = 55). It is interesting to note that within the first 24 h of feeding, 15 of the 16 

classes were identified at high abundance (Fig. 2, and Table 2A and 2B).  

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

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

antigens for tick vaccine development. However, we think that these proteins play an important 

role in tick feeding regulation. Housekeeping-like proteins identified here mostly function 

intracellularly, and they serve as alarm signals to alert the host defense system to injury when 

secreted outside (Rock and Kono, 2008). There is evidence that in the extracellular space, some of 

the housekeeping proteins such as heat shock proteins, have anti-inflammatory functions (Zininga 

et al., 2018) while histone proteins have antimicrobial activity (Poirier et al., 2014). Given high 

sequence similarity with host proteins, it could be that some of the housekeeping-like proteins play 

roles in promoting tick feeding through anti-inflammatory and anti-microbial activity. 
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Secretion of rabbit host proteins in A. americanum tick saliva is not random 

In this study, we identified 335 host proteins belonging into 25 different classes that include 

cytoskeletal (19%), keratin (13%), nuclear regulation (8%), immune related (8%), 

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

the number of protein classes below 4% included antimicrobials, extracellular matrix, heme/iron 

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

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

transduction, transcription machinery, proteasome machinery, and lipocalin (Table 3A and 3B, 

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

abundant protein classes hemoglobin/RBC degradation products (58-13%), followed by heme/ 

iron binding host proteins (13-16%), and cytoskeletal (6-20%) (Fig. 3).  

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

dismissed as contamination. This observation might be strengthened by the fact that some rabbit 

host proteins in tick saliva such keratin, nuclear regulation proteins, and host antimicrobial 

peptides increased in abundance as feeding progressed. This suggested that secretion of host 

proteins into tick saliva was a consequence of ticks taking in an increased amount of host blood, 

and that some of these proteins might leak or be regurgitated back into the host via saliva. When 

ticks feed, the blood is ingested into the midguts for digestion. Nutrients and proteins from the host 

blood is absorbed through the midguts into the hemolymph, which is exposed to other tick tissues 

such as the salivary gland. Our data suggest that the tick might be systematically utilizing host 

proteins to regulate its tick feeding site during feeding. For instance, fibrinogen, which among 

other functions plays important roles in wound healing, was identified in 144 h fed tick saliva and 

increased as feeding progressed (Mosesson et al., 2005). Although it is known that cellular 
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infiltrates accumulate at the tick feeding site over time after the tick has detached (Brown et al, 

1984), upon immediate detachment the tick feeding lesion is sealed, without leakage of blood.  It 

would be interesting to investigate if host proteins attribute the wound healing properties of tick 

saliva, in that increase abundance in fibrinogen that is secreted into the feeding site might help 

with wound healing as the tick completes feeding.  

 

Different tick species might utilize similar proteins to regulate feeding 

 At the time of drafting of this study, several other tick saliva proteomes had been published. 

We took advantage of the availability of these data to test the hypothesis that key proteins that are 

important to tick feeding might be conserved in tick species. Thus, we compared data in this study 

to proteomes of I. scapularis (Kim et al., 2016), H. longicornis (Tirloni et al., 2015), D. andersoni 

(Mudenda et al, 2014), R. microplus (Tirloni et al., 2014), O. moubata (Diaz-Martin et al., 2013) 

and R. sanguineus (Oliveira et al., 2013). This analysis revealed that more than 24% (292/1214) 

of the A. americanum tick saliva proteins in this study have homologs in saliva proteomes of other 

tick species (Supplemental Table 4). Table 4 highlights 168, 142, 138, 96, 24, and 13 A. 

americanum tick saliva proteins in 23 classes that were >70% identical to proteins in saliva of I. 

scapularis (Kim et al., 2016), H. longicornis (Tirloni et al., 2015), D. andersoni (Mudenda et al, 

2014), R. microplus (Tirloni et al., 2014), O. moubata (Diaz-Martin et al., 2013) and R. sanguineus 

(Oliveira et al., 2013) respectively.  Of the 23 classes of proteins, immune related proteins were 

present in all tick salivary proteomes. Likewise, proteins from nine other classes (cytoskeletal, 

protein modification, detoxification, protease inhibitors, protease, signal transduction, 

carbohydrate metabolism, extracellular matrix, and heme/iron binding) from A. americanum saliva 

were present in five other tick salivary proteomes.  
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We would like the reader to note that with the exception of I. scapularis tick saliva 

proteome for which proteins were identified every 24 h during feeding (Kim et al., 2016) the other 

tick saliva proteomes were limited to a narrow range of tick feeding time points and/or fully 

engorged ticks. This might explain be the reason higher number of A. americanum tick saliva 

proteins were found compared to I. scapularis tick saliva proteome. Of importance, however, A. 

americanum and I. scapularis are biologically different as they belong to different tick lineages, 

prostriata and metastriata (Hoogstraal and Aeschilimann, 1982, Black and Piesman, 1994).  Thus, 

tick saliva proteins that are shared between these two tick species could represent important targets.  

 

Conclusion 

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

tick feeding physiology. This study provides a good starting point toward discovery of effective 

targets for tick vaccine development. Our strategy to identify tick saliva proteins every 24 h during 

feeding has allowed us to map proteins to different phases of the tick feeding process. This is 

significant as it provides for the opportunity to focus on tick saliva proteins that regulate tick 

feeding events that precede critical events such as tick-borne disease agent transmission. The 

majority of tick-borne disease agents is transmitted after 48 h of tick attachment (des Vignes et al., 

2001, Ebel and Kramer et al., 2004), and therefore proteins that are secreted from 24 and 48 h of 

tick feeding time points are prime candidates for tick vaccine research. It is important to 

acknowledge the fact that during the course of feeding, A. americanum ticks secreted more than 

1500 tick and rabbit-host proteins. This diverse and complex nature of tick saliva could implicate 

that the tick has inbuilt systems to evade host immunity, and that it is going to be a challenge to 

actually find effective targets for tick vaccine development. However, the findings that nearly 300 
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A. americanum tick saliva proteins were secreted by other tick species is very encouraging as these 

might represent those proteins that the tick must have to successfully feed, and they represent 

potential targets for tick vaccine development. In summary, this study has established the 

foundation for in-depth studies to understanding A. americanum tick feeding physiology. As A. 

americanum vectors multiple tick-borne disease agents, findings in this study will have a 

significant impact toward the development of tick vaccines.  
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CHAPTER III*† 

DETERMINE FUNCTIONAL ROLES OF SELECTED SERINE PROTEASE 

INHIBITORS FOUND IN TICK SALIVA AT THE TICK FEEDING SITE  

 

Rationale 

The tick feeding style of injuring host tissue and sucking blood that accumulates into the 

feeding lesion is expected to trigger host defense mechanisms that are mostly serine protease-

mediated pathways that are tightly controlled by serine protease inhibitors (serpins). From this 

perspective, it has been proposed that ticks could utilize serpins to regulate evasion of host 

defenses. Therefore, in this chapter the goal was to determine the functional roles of three saliva 

serpins that were identified in tick saliva within the first 24 h of feeding from chapter II. Two of 

the salivary serpins were identified as secreted in tick saliva in all feeding time points, and one of 

the saliva serpins was conserved in other tick species. These serpins were chosen due to the 

reasoning that candidate serpins that are secreted throughout the tick feeding process and/or are 

conserved in other tick species probably regulate critical tick feeding functions. The goal was to 

determine the mechanism through which the candidate serpins interact with the host immune  

 

 

___________________________________________________ 

*Reprinted with permission from Conserved Amblyomma americanum tick Serpin19, an inhibitor 

of blood clotting factors Xa and XIa, trypsin and plasmin, has anti-haemostatic functions by Kim, 

T.K., Tirloni, L., Radulovic Z., Lewis L., Bakshi, M., Hill., C., da Silva Vaz Jr., I., Logullo, C., 

Termignoni, C., and Mulenga A., 2015. Int J Parasitol. Aug;45(9-10);613-27. doi: 

10.1016/j.ijpara.2015.03.009. 

†Reprinted with permission from Target validation of highly conserved Amblyomma americanum 

tick saliva serine protease inhibitor19 by Kim, T.K., Radulovic Z., and Mulenga A., 2016. Ticks 

Tick Borne Dis. Apr;7(3);405-14. doi: 10.1016/j.ttbdis.2015.12.017.  
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system, and in so doing contributes to tick evasion of host immunity against tick feeding.  This 

chapter tested the following hypothesis: 

• H0: Serine protease inhibitors in tick saliva will not block host defenses to tick 

feeding. 

• H1: Serine protease inhibitors in tick saliva will block host defenses to tick feeding. 

I successfully characterized three A. americanum tick saliva serpins: AAS19, AAS41, and 

AAS46. Data on AAS19 were published in two articles below.  

 

 

Part IA* 

Conserved Amblyomma americanum tick Serpin19, an inhibitor of blood clotting factors Xa 

and XIa, trypsin and plasmin, has anti-haemostatic functions 

 

Materials and Methods 

Ethics statement 

 All animal work was conducted and approved according to Texas A&M University 

Institutional Animal Care and Use Committee (AUP 2011-0207).  

 

Tick feeding, dissections, total RNA extractions and cDNA synthesis 

A. americanum ticks were purchased from the tick laboratory at Oklahoma State University 

(Stillwater, OK). Routinely, ticks were fed on rabbits according to animal use protocols approved 

by Texas A & M University Institutional Animal Care and Use Committee. Feeding was done as 
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previously described (Mulenga et al., 2013; Kim et al., 2014a). A. americanum ticks were restricted 

to feed onto the outer part of the ear of New Zealand rabbits with orthopedic stockinet’s glued with 

Kamar Adhesive (Kamar Products Inc., Zionsville, IN, USA). Six male ticks were pre-fed for three 

days prior to introducing 15 female ticks in each of the ear stockinet (total of 30 female ticks per 

rabbit).  

Ticks were collected and dissected as previously described (Mulenga et al., 2013). Five 

ticks were manually detached every 24h for five days (24-120h). Within the first hour of 

detachment, tick mouthparts were inspected to remove remnant tissue and washed in RNase 

inhibitor diethylpyrocarbonate (DEPC)-treated water to prepare for dissections. Dissected tick 

organs, salivary glands (SG), midguts (MG), ovary (OV), synganglion (SYN), Malpighian tubules 

(MT), and carcass (CA, the remnants after removal of other organs) were placed in RNA later 

(Life Technologies, Carlsbad, CA, USA) or 1 mL Trizol total RNA extraction reagent (Life 

Technologies) and stored at -80 C until total RNA extraction.  

Total RNA was extracted using the Trizol reagent according to manufacturer’s instructions 

(Life Technologies) and re-suspended in DEPC treated water. Total RNA was quantified using a 

UV-VIS Spectrophotometer DU-640B (Beckman Coulter, Brea, CA, USA) or the Infinite M200 

Pro plate reader (Tecan, Männedorf, Switzerland).  Up to 1 µg total RNA was used to synthesize 

cDNA using the Verso cDNA Synthesis Kit following the manufacturer’s instructions (Thermo 

Scientific, Waltham, MA, USA).  

 

Structural alignment, amino acid motif scanning, and comparative modeling 

To get an insight into the relationship of AAS19 (accession#: GAYW01000076; Porter et 

al., 2015) protein from Amblyomma americanum tertiary structure to its homologs in other tick 
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species, amino acid sequences from UniProt in other tick species: Rhipicephalus pulchellus 

(L7LRY7), Ixodes ricinus (V5IHU3), Amblyomma maculatum (G3ML49 and G3ML50), 

Rhipicephalus microplus (V9VP22), Ixodes scapularis (B7QJF1), Amblyomma triste 

(A0A023GPF9) and Amblyomma cajenense (A0A023FM57) were subjected to structural based 

ClustalW alignment using AAS19 tertiary structure as template. The alignment sequences were 

subsequently viewed using the GeneDoc software 

(http://www.nrbsc.org/gfx/genedoc/ebinet.htm). Additionally AAS19 amino acid sequence was 

manually inspected for annotated glycosaminoglycan (GAG) binding motifs as previously 

reviewed (Hileman et al., 1998). To determine potential N- or O-linked glycosylation sites, AAS19 

amino acid was scanned using NetNGlyc 1.0 and NetOGlyc 4.0 servers (www.cbs.dtu.dk). 

 The 3-D structure for AAS19 was predicted using comparative modeling approach. The 

serpin protein C inhibitor structure (2OL2) (Li and Huntington, 2008) was retrieved from Protein 

Data Bank (PDB) and used as a molecular template for AAS19 modeling based on 30% and 53% 

sequence identity and similarity, respectively. Sequence alignments were generated using 

ClustalW algorithm (Larkin et al., 2007) and used as input in the Modeller 9v14 program (Webb 

and Sali, 2014). Models generated were evaluated using QMEAN4 and PROCHECK to estimate 

model reliability and predict quality (Benkert et al., 2008; Morris et al., 1992). The electrostatic 

potential of AAS19 and protein C inhibitor (2OL2, positive control template) was calculated in 

two approaches. First using the Adaptive Poisson-Boltzmann Solver (APBS) and protonation 

states were assigned using parameters for solvation energy (PARSE) force field for each structure 

by PDB2PQR (Unni et al., 2011). Execution of APBS and visualization of resulting electrostatic 

potentials were performed by Visual Molecular Dynamics (VMD) program (Humphrey et al., 

1996) at ±5·kT/e of positive and negative contour fields. In the second approach electrostatic 

http://www.nrbsc.org/gfx/genedoc/ebinet.htm
http://www.cbs.dtu.dk/
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potential was computed using APBS and visualized in SWISS PDB viewer (Guex and Peitsch, 

1997) (http://www.expasy.org/spdbv/) set to default parameters.  

Temporal and spatial quantitative RT-PCR transcription analyses of AAS19  

Transcription analysis was done by two-step quantitative (q) RT-PCR using Applied 

Biosystems 7300 Real Time PCR System (Life Technologies) as described (Kim et al., 2014a). 

AAS19 specific qRT-PCR primers (For: 5′-GACAAGACGCACGGCAAAA-3′ and Rev: 5′-

GAAGTCCGGCGGCTCAT-3′) were used to determine transcript abundance in triplicate pools 

of cDNA of dissected salivary gland (SG), midgut (MG), and remnant tissues as carcass (CA) of 

unfed, 24 and 48 h fed (n = 15 ticks per pool), 72 and 96 h fed (n = 10 ticks per pool), and 120 h 

fed (n = five ticks).  Cycling conditions were the following: stage one at 50°C for 2 min, stage two 

at 95°C for 10 min, and stage three contained two steps with 40 cycles of 95°C for 15s and 60°C 

for 1 min. Reaction volumes in triplicate contained ten-fold diluted cDNAs that was originally 

synthesized from 1 g total RNA, 350 nM of forward and reverse AAS19 primers, and 2X SYBR 

Green Master Mix (Life Technologies). For internal reference control, a forward (5′-

GGCGCCGAGGTGAAGAA-3′) and reverse (5′-CCTTGCCGTCCACCTTGAT-3′) primers 

targeting of 40S ribosomal protein S4 (RPS4; accession number GAGD01011247.1) which is 

stably expressed in Ixodes scapularis during feeding (Koci et al., 2013) was used.  Relative 

quantification (RQ) of AAS19 transcript was determined using the comparative CT (2-ΔΔCt) method 

(Livak and Schmittgen, 2001) and adopted in (Kim et al., 2014a). The data was presented as 

percent mean (M) transcript abundance  SEM per tissue. 

 

Expression and affinity purification of recombinant AAS19  

Recombinant (r) AAS19 protein was expressed using the Pichia pastoris and pPICZα 
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plasmid expression system (Life Technologies) as described previously (Mulenga et al., 2013; Kim 

et al., 2014b). Mature AAS19 protein open reading frame (Porter et al., 2015) was sub-cloned into 

pPICZαA EcoRI and NotI sites using forward (For: 

5GAATTCGCAGAGCCCGACGAAGATGGC3) and reverse (Rev: 

5GCGGCCGCGAGGGCGTTAATTTCGCCCAG3) primers with added restriction enzyme 

sites in bold. The pPICZαA-AAS19 expression plasmid was linearized with PmeI and 

electroporated into Pichia pastoris X-33 strain (Life Technologies) using ECM600 electroporator 

(BTX Harvard Apparatus Inc., Holliston, MA, USA) with parameters set to 1.5 kV, 25 uF, and 

186 . Transformed colonies were selected on Yeast Extract Peptone Dextrose Medium with 

Sorbitol (YPDS) agar plates with zeocin (100 µg/µl), and methanol utilization on Minimal 

Methanol (MM) agar plates, both incubated at 28°C. Positive transformants were inoculated in 

buffered glycerol-complex medium (BMGY) and grown overnight at 28°C with shaking (230-250 

rpm). Subsequently the cells were used to inoculate buffered methanol-complex medium (BMMY) 

to A600 of 1 after which protein expression was induced by adding methanol to 0.5% final 

concentration every 24 h for five days. Recombinant AAS19 in spent culture media was 

precipitated by ammonium sulfate saturation (525 g/L of media) with stirring overnight at 4°C. 

The precipitate was pelleted at 11,200g for 1h at 4°C and re-suspended in, and dialyzed against 20 

mM Tris-HCl buffer pH 7.4. To verify expression of rAAS19, western blotting analysis was 

performed using the horseradish peroxidase (HRP)-labeled antibody to the C-terminus hexa 

histidine tag (Life Technologies) diluted to 1:5000 in 5% blocking buffer (5% skim milk powder 

in PBS w/Tween-20). The positive signal was detected using metal enhanced DAB chromogenic 

substrate kit (Thermo Scientific). Subsequently, rAAS19 was affinity purified under native 

conditions using Hi-Trap Chelating HP Columns (GE Healthcare Bio-Sciences, Pittsburgh, PA, 
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USA). Affinity purified putative rAAS19 was dialyzed against 20 mM Tris-HCl buffer pH 7.4 for 

downstream assays. To verify purity and background contamination, affinity purified rAAS19 was 

resolved on a 10% SDS-PAGE gel and silver stained. Samples with least background were selected 

and concentrated by either ammonium sulfate precipitation or by centrifugation using MicroSep 

Centrifugal Concentration Devices (Pall Corporation, Port Washington, NY, USA). 

 

N- and O- linked deglycosylation assay 

Preliminary amino acid sequence analyses predicted N- and O-linked glycosylation sites 

in AAS19. To determine if rAAS19 was N-glycosylated and/or O-glycosylated, 5 µg affinity 

purified rAAS19 was treated with protein deglycosylation enzyme mix according to 

manufacturer’s instructions (New England Biolabs, Ipswich, MA, USA). Deglycosylation was 

verified by western blotting analysis using the antibody to C-terminus hexa histidine-tag (Life 

Technologies) and the positive signal detected using HRP chromogenic substrate (Thermo 

Scientific). 

 

Determining if native AAS19 is injected into the host during tick feeding 

To determine if native AAS19 is injected into the host during feeding, glycosylated and 

deglycosylated affinity-purified rAAS19 was subjected to routine western blotting analyses using 

antibodies to replete-fed A. americanum tick saliva proteins. Antibodies to replete-fed tick saliva 

proteins used here were produced as previously described (Mulenga et al., 2013).  

 

Protease inhibitor (PI) profiling 

Inhibitory activity of rAAS19 was tested against a panel of 16 mammalian serine proteases 
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related to host defense pathways against tick feeding. Mammalian proteases (per reaction) tested 

were: bovine thrombin (43 U), pancreatic porcine elastase (21.6 nM), pancreatic bovine trypsin 

(24.6 nM), pancreatic bovine α-chymotrypsin (96 nM), pancreatic porcine kallikrein (33 U), 

human chymase (10 U), human tryptase (10 U), human plasmin (10 nM) (Sigma-Aldrich, St. 

Louis, MO, USA), human neutrophil cathepsin G (166 nM) (Enzo Life Sciences Inc., Farmingdale, 

NY, USA), human factor (f) XIa (3.68 nM), bovine fIXa (306 nM), human fXIIa (7.6 nM), human 

t-PA (32 nM), human u-PA (47.2 nM) (Molecular Innovations, Inc., Novi, MI, USA), fXa (5.8 

nM) (New England Biolabs) and proteinase-3 (68 U) (EMD Millipore, Billerica, MA, USA). 

Substrates were used at 0.20 mM final concentration and purchased from Sigma-Aldrich: N α-

benzoyl-DL-Arg-pNA for tryptase, N-Succinyl-Ala-Ala-Pro-Phe-pNA for chymase, cathepsin G 

and chymotrypsin, N-Benzoyl-Phe-Val-Arg-pNA for thrombin and trypsin, N-Succinyl-Ala-Ala-

Ala-p-nitroanilide for elastase. The following substrates were purchased from Chromogenix a part 

of Diapharma Inc. (Philadelphia, PA, USA): Bz-Ile-Glu(γ-OR)-Gly-Arg-pNA for fXa, H-D-Val-

Leu-Lys-pNA for plasmin, and H-D-Pro-Phe-Arg-pNA for kallikrein, fXIa and fXIIa. The 

substrate CH3SO2-D-CHG-Gly-Arg-pNA was purchased from Molecular Innovations and used for 

fIXa, u-PA and t-PA. The substrate N-Methoxysuccinyl-Ala-Ala-Pro-Val-pNA was purchased 

from Enzo Life Sciences and used for proteinase-3. 

 Reagents were mixed at room temperature in triplicate. One µM of rAAS19 was pre-

incubated with indicated amounts of the enzyme for 15 minutes at 37C in 20 mM Tris-HCl, 150 

mM NaCl, BSA 0.1%, pH 7.4 buffer. The corresponding substrate for each enzyme was added in 

a 100 µL final reaction volume and substrate hydrolysis was measured at A405nm every 11s for 30 

min at 30ºC using the Infinite M200 Pro plate reader (Tecan). Acquired A405nm data were subjected 

to one phase decay analysis in Prism 6 software (GraphPad Software, La Jolla, CA, USA) to 
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determine plateau values as proxy for initial velocity of substrate hydrolysis (Vmax) or residual 

enzyme activity. The percent enzyme activity inhibition level was determined using the formula: 

100 - Vmax(Vi)/Vmax (V0) X 100 where Vmax (Vi) = activity in presence of, and Vmax (V0) = activity 

in absence of rAAS19. Data are presented as mean  SEM of triplicate readings. 

 

Stoichiometry of inhibition (SI) 

We determined stoichiometry of inhibition (SI) indices against five proteases: trypsin, 

plasmin, fXa, fXIa, and fXIIa that were inhibited by more than 80% in the PI profiling assay above. 

Different molar ratios (serpin:protease) of rAAS19 were pre-incubated for 1 hour with constant 

concentration of trypsin (10 nM), fXa (5 nM), fXIa (5 nM), and plasmin (10 nM). The residual 

enzyme activity was measured using colorimetric substrates specific for each enzyme as described 

above. The data were plotted as the residual activity (Vi/V0) versus the inhibitor to enzyme molar 

ratio. SI or the molar ration of rAAS19 to protease when enzyme activity is completely inhibited 

was determined by fitting data onto the linear regression line in PRISM. 

 

rAAS19 and protease complex formation  

In varying molar ratios, affinity purified rAAS19 was incubated with trypsin, plasmin, fXa 

and fXIa, in Tris-HCl reaction buffer (20 mM Tris-HCl, 150 mM, NaCl, pH 7.4) for 1 hour at 

37C. Denaturing sample buffer was added to the reaction mix, and incubated at 99.9C for 5 min 

in thermocycler. Samples were subjected to SDS-PAGE electrophoresis on a 12.5% acrylamide 

gel and stained with Coomassie brilliant blue using routine protocols.  
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Anti-platelet aggregation function of rAAS19 

Anti-platelet aggregation function(s) of rAAS19 was determined using platelet rich plasma 

(PRP) isolated from citrated (acid citrate dextrose) whole bovine blood (WBBL) as previously 

described (Horn et al., 2000; Berger et al., 2010). To prepare PRP, fresh citrated WBBL was 

centrifuged at 200g for 20 min at 18°C. Subsequently the PRP (top layer) was transferred into a 

new tube and centrifuged at 800g for 20 min at 18°C. The pellet containing platelets was washed 

and diluted with Tyrode buffer pH 7.4 (137mM NaCl, 2.7mM KCl, 12mM NaHCO3, 0.42mM 

Na2HPO4, 1mM MgCl2, 0.1% glucose, 0.25% BSA) until A650 = 0.15. To determine anti-platelet 

aggregation function, various amounts of rAAS19 (1, 0.5, 0.25, and 0 μM) were pre-incubated for 

15 min at 37°C with agonist 10 NIH-U thrombin, 20 μM ADP, or 0.7 μM cathepsin G in a 50 μL 

reaction. Adding 100 μL of pre-warmed PRP triggered platelet aggregation. Vice versa PRP was 

pre-incubated with various amounts of rAAS19 prior to addition of the agonist. Platelet 

aggregation was monitored every 20 seconds over 30 min at A650nm using the Infinite M200 Pro 

plate reader (Tecan).  In this assay higher optical density (OD) was observed in our blank (platelet 

only), and increased platelet aggregation was correlated with reduction in OD. To determine % 

platelet aggregation inhibition, OD data was fit to the one phase decay equation in PRISM 

(GraphPad) to determine plateau OD. The percent reduction in platelet aggregation was calculated 

using this formula: Y = 100 – (Pn)/PC)*100, where Y = % reduction in platelet aggregation, 

Pn and PC = a respective rAAS19 treated and positive control plateau OD subtracted from blank 

plateau OD.  Data is presented as mean  SEM of duplicate platelet aggregation assays. 

 

Anti-blood clotting function of rAAS19 

The effect of rAAS19 against blood clotting was assessed using modified recalcification 
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time (RCT), activated partial thromboplastin time (aPTT), thrombin time (TT), and prothrombin 

time (PT) to respectively measure the effect on the entire blood cascade, the intrinsic, extrinsic, 

and common blood clotting activation pathways as described (Mulenga et al., 2013). All assays 

were done in duplicate, with clotting time monitored at A650nm using the Infinite M200Pro plate 

reader (Tecan) set to 37°C. In these assays, clot formation was directly proportional to increase in 

OD, and results presented as mean  SEM.  

In the RCT assay, 50 μL of universal coagulation reference human plasma [UCRP] 

(Thermo Scientific) was pre-incubated with 10, 5, 1.25, 0.625, 0 μM rAAS19 in 90 μL Tris-HCl 

reaction buffer (20 mM Tris-HCl, 150 mM NaCl, pH 7.4) for 15 min at 37C. Adding 10 μL of 

pre-warmed 150 mM calcium chloride (CaCl2) triggered plasma clotting. Plasma clotting was 

monitored at every 20 s for 30 min.  

In the aPTT assay, various amounts of rAAS19 (indicated above) were pre-incubated for 

15 min at 37C with 50 L UCRP diluted to 100 L with 20 mM Tris-HCl, 150 mM NaCl, pH 

7.4. Subsequently, 50 L of the aPTT reagent (Thermo Scientific) was added to plasma and 

incubated at 37C for an additional 5 min to activate the reaction. Addition of 50 L 25 mM CaCl2 

to the reaction triggered clotting, and clot formation was monitored every 10 s for 5 min.  

In the TT assay, various amounts of rAAS19 (indicated above) were pre-incubated at 37C 

for 15 min with 25 L of the TT reagent (Thermo Scientific) containing CaCl2 in 50 L Tris-HCl 

reaction buffer with (20 mM Tris-HCl, 150 mM NaCl, pH 7.4). Adding 50 L of pre-warmed 

UCRP started plasma clotting and clotting time was monitored every 10 s for 5 min.  

In the PT assay various rAAS19 amounts as above were pre-incubated at 37C for 15 min 

with 100 L PT reagent (Thermo Scientific) containing CaCl2 diluted up to 150 L with 20 mM 
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Tris-HCl, 150 mM NaCl, pH 7.4 reaction buffer. Adding 50 L of the pre-warmed UCRP (Thermo 

Scientific) triggered plasma clotting and clotting time monitored every 10 s for 5 min.  

 

Statistical analysis  

 Statistical software packages in PRISM version 6 (GraphPad Software Inc.) were used.  

 

Results 

AAS19 tertiary structure retains features of a typical serpin 

AAS19 amino acid sequence is homologous to serpins from other tick species, being that 

its functional domain reactive center loop (RCL) is 100% conserved among the majority of ixodid 

tick species (Porter et al., 2015). In this study we conducted comparative amino acid motif and 

secondary structure analyses to determine the relationship of AAS19 to its homologues in other 

tick species (Fig. 1). Comparative modeling using protein C inhibitor tertiary structure (2OL2) as 

a template showed that AAS19 predicted tertiary structure retains the typical serpin fold formed 

by 9 -helices, 3  sheets (5 strands each in sA and sB, and 3 strands in sC) (Fig. 1 and Fig. 

2) (Gettins, 2002). Amino acid motif scanning analyses showed conservation of the “RGD” motif 

(positions 40-42, Fig. 1), which is the binding site to integrin GPIIb-IIIa (Srinivasan et al., 2010; 

Nurden, 2014). Additionally, two N-glycosylation sites at positions 97-99 and 198-200 in AAS19 

and in majority of its homologues are conserved as shown in broken line boxes (Fig. 1). Visual 

inspection of the alignment in Fig. 1 revealed seven clusters of basic amino acid residues that show 

similarity to annotated glycosaminoglycan (GAG) binding sites (BS) (reviewed in Hileman et al., 

1998). The seven clusters of basic residues (basic residues in bold, amino acid positions based on 

structural alignment in Fig. 1) in AAS19 are: 
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[59KVLALFREQLDASR72], 

[117KKGEEAVEKINNWVSDKTHGKIRR140], 

[151RLILLNAVYYKGTWLYEFNKARTKPR176], 

[185KVLVPMMKMK194], 

[229RNGLEHLKSVLTTQTLNRAISRMYPKDMKFRMPKLKLDTKYTLK272], 

[281KKKIFSADADLSGISGAKNLYVSDVLHK301] and  

[343KVYVDHPFIFLIR355].  

To gain further insight about the possibility that clusters of basic amino acid residues in 

AAS19 form basic patches, we calculated surface electrostatic potentials on the AAS19 model 

(Fig. 2B). This analysis predicts that [K137-R139-R140-K161-K264-K268- K308], [K8-K236-R246-R250], 

[R172-K174-R176-K185-K192-K194-K343], and [K117-K118-R151-K272-K298], respectively, interact to 

form putative GAG binding sites (GAGBS) 1-4 on AAS19 surface (Fig. 2B). This methodology 

was able to recover the GAGBS in PCI, a protein whose GAGBS was previously described (Fig. 

2A) (Li and Huntington, 2008). 

 

AAS19 mRNA is expressed in several tick tissue during feeding  

To determine the relationship of AAS19 transcription with the A. americanum tick-feeding 

phase we determined its spatial and temporal transcription profile. Fig. 3 shows AAS19 mRNA is 

expressed during blood meal and in unfed ticks. AAS19 is transcribed in salivary gland (SG) (Fig. 

3A), midgut (MG) (Fig. 3B) and other tissues (carcass, CA) (Fig. 3C). AAS19 transcription in 

salivary gland does not change from unfed to 120 fed ticks. Contrarily in midgut and carcass, 

AAS19 transcription increases (RPS4 was used for normalization) with feeding (Fig. 3B and C).  
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AAS19 protein is injected into the host during feeding 

Fig. 4A and 4B summarize expression and affinity purification of recombinant (r) AAS19 

in P. pastoris. To verify expression, daily samples of 1 mL yeast spent media were concentrated  

by ammonium sulfate saturation and subjected to western blotting analysis using a specific 

antibody to the C-terminus histidine tag (as summarized in Fig. 4A). For large-scale expression, 

ammonium sulfate- precipitated rAAS19 was affinity purified under native conditions and purity 

checked by SDS-PAGE with silver staining (Fig. 4B). Fractions, W2, E1, E2, and E4 in Fig. 4B, 

the fractions that showed the smallest amount of contaminating protein, were pooled, concentrated 

and dialyzed in appropriate buffer by spin columns and used for further assays. Fraction E3 was 

used in western blotting analysis assays summarized in Fig. 4C-4E. As shown in Fig. 4C, a 1:50 

dilution of rabbit pre-immune serum did not recognize rAAS19, while a 1:250 dilution of 

antibodies against saliva proteins of fully engorged A. americanum (Fig. 4B), and against the C-

terminus histidine tag (Fig 4E) recognize both glycosylated (lane 1) and de-glycosylated (lane 2) 

rAAS19. In Fig. 4D and 4E, there is smearing in lane 1 but not in lane 2. Additionally, there is a 

downward molecular weight shift in lane 2. This shift in molecular size and disappearance of 

smears following de-glycosylation validates that rAAS19 is glycosylated. 

 

rAAS19 is a broad spectrum inhibitor of trypsin-like proteases 

 

Protease inhibition profiling was done against 16 mammalian proteases that regulate host 

defenses against tick feeding such as hemostasis, wound healing/tissue remodeling, and 

inflammatory response (Table 1). Molar excess of rAAS19 inhibited the activity of trypsin and 

trypsin-like proteases associated with hemostasis (Fig. 5). Pre-incubation of 1 M rAAS19 

respectively inhibited approximately 80, 82, 86, 95, and 98% the activity of plasmin (34.8 nM), 
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fXIIa (7.62 nM), fXa (5.81 nM), fXIa (3.68 nM), and trypsin (24.6 nM) (Fig. 5A and 5B). 

Additionally, rAAS19 also inhibits thrombin (43 U), tryptase (10 U), fIXa (30.6 nM), and 

chymotrypsin (96 nM) by approximately 13, 16, 20, and 28% respectively.  

To evaluate rAAS19 inhibitory efficiency, we determined the stoichiometry of inhibition (SI) of 

proteases that were inhibited by more than 80% by rAAS19. Fig. 6A, C, E, and G show the kinetic 

of the hydrolysis of specific substrates by these enzymes in the absence (a) and in the presence (b-

g) of rAAS19 at various concentrations. These data were fit to a linear regression, as shown in Fig. 

6B, D, F, and H. The rAAS19 SI index was estimated from the X-axis intercept (Y = 0), for trypsin, 

plasmin, fXa, and fXIa at 5, 9, 23, and 28, respectively. The SI index for fXIIa was estimated at 

103 (not shown). The rAAS19 mechanism of action as a typical inhibitory serpin was confirmed 

by the inability of heating and SDS (Huntington et al., 2000) to dissociate it from trypsin (Fig. 

7A), fXa (Fig. 7B), and fXIa (Fig. 7C). Irreversible complex between rAAS19 and the target 

enzyme was observed only at inhibitor enzyme molar ratios (Fig. 7A lane 1-3, Fig. 7B lane 1-2, 

and Fig. 7C lane 1-6) where enzyme activity inhibition was observed (Fig. 6A, 6E and 6G). 

  

rAAS19 inhibits thrombin triggered platelet aggregation 

 Platelet rich plasma was used in platelet aggregation assays using three agonists: thrombin 

(0.03 U/L), ADP (20 M), and cathepsin G (0.7 μM). rAAS19 inhibited thrombin activated 

platelet aggregation (Fig. 8). In data shown in Fig. 8A, we did not observe platelet aggregation 

without addition of the agonist (a). However with platelets activated by thrombin that was pre-

incubated with 1 (b), 0.5 (c), 0.25 (d), and 0 M (e) rAAS19 showed variable levels of platelet 

aggregation. Pre-incubating 3U of thrombin with 1 M and 0.5 M rAAS19, platelet aggregation 

was reduced by 56% and 27%, respectively, while at 0.25 M rAAS19 did not have any effect 
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(Fig. 8B). The rAAS19 did not have any effects in ADP and cathepsin G activated platelet 

aggregation. On the other hand, pre-incubation of rAAS19 with platelets prior to addition of the 

agonist did not affect platelet aggregation.  

 

rAAS19 delays plasma clotting  

 Plasma clotting time (CT), recalcification time (RCT), activated partial thromboplastin 

time (aPTT), and thrombin time (TT) were delayed by rAAS19 in a dose-response manner (Fig. 

9). However, rAAS19 did not affect prothrombin time (PT). In the RCT assay, to measure the 

effect of rAAS19 on the entire blood clotting activation system, 0.625, 1.25, and 5 M (arrowhead 

R-CT2), and 10 M (arrowhead R-CT3) dose responsively delayed RCT-CT by ~100 and 250 

seconds when compared to clotting time in absence of rAAS19 (arrowhead R-CT1, 0 M) (Fig. 

9A). In the aPTT assay to measure effect on the intrinsic blood clotting activation pathway (Fig. 

9B), 0.625 and 1.25 M rAAS19 did not have any effect (arrowhead A- CT1, while 5 and 10 M 

rAAS19 delayed aPTT-CT by ~20 (A-CT2) and 40 (A-CT3) seconds respectively. In the TT assay 

(Fig. 9C) 0.625 M rAAS19 was not different from control (arrowhead T-CT1), while 1.25 and 5 

M rAAS19 (arrowhead T-CT2), and 10 M rAAS19 (arrowhead T-CT3) delayed clotting by 

~180 and 250 seconds respectively.  

 

 rAAS19 delays plasma clotting  

Plasma clotting time (CT), recalcification time (RCT), activated partial thromboplastin 

time (aPTT), and thrombin time (TT) were delayed by rAAS19 in a dose-response manner (Fig. 

9). However, rAAS19 did not affect prothrombin time (PT). In the RCT assay, to measure the 

effect of rAAS19 on the entire blood clotting activation system, 0.625, 1.25, and 5 M (arrowhead 
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R-CT2), and 10 M (arrowhead R-CT3) dose responsively delayed RCT-CT by ~100 and 250 

seconds when compared to clotting time in absence of rAAS19 (arrowhead R-CT1, 0 M) (Fig. 

9A). In the aPTT assay to measure effect on the intrinsic blood clotting activation pathway (Fig. 

9B), 0.625 and 1.25 M rAAS19 did not have any effect (arrowhead A- CT1, while 5 and 10 M 

rAAS19 delayed aPTT-CT by ~20 (A-CT2) and 40 (A-CT3) seconds respectively. In the TT assay 

(Fig. 9C) 0.625 M rAAS19 was not different from control (arrowhead T-CT1), while 1.25 and 5 

M rAAS19 (arrowhead T-CT2), and 10 M rAAS19 (arrowhead T-CT3) delayed clotting by 

~180 and 250 seconds respectively.   

 

Discussion 

 This study was prompted by the characteristic high conservation of AAS19 in all ixodid 

tick species, for which data are available (Porter et al., 2015). We were particularly interested in 

AAS19 because of its functional domain RCL being 100% conserved in other ixodid ticks, 

suggesting this serpin has a role regulating proteolytic pathways crucial to all ixodid tick species. 

The observation that AAS19 motifs and secondary structure are conserved in AAS19 homologues 

in several tick species further suggests this protein has a potential to regulate processes that are 

important to ixodid ticks.  

In proposing that tick use serpins to evade host defense, the assumption is tick inject serpins 

into the host during feeding. Although several serpin cDNAs have been cloned, only few reports 

confirm that saliva truly contains serpins (Mulenga et al., 2013; Ibelli et al., 2014; Mudenda et al., 

2014; Tirloni et al., 2014a). Thus, observations in this study demonstrating native AAS19 is 

injected into the host during tick feeding and its activity inhibiting proteases participating in host 

defenses reinforces the idea that inhibitory serpins have a role in tick-host relationship. Based on 
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the rAAS19 inhibitory activity against trypsin and trypsin-like proteases including, plasmin and 

blood clotting factors Xa and XIa we conclude this serpin inhibits proteases involved in host 

defenses against tick feeding. Albeit at low rate, it is notable that rAAS19 also inhibits other blood 

clotting enzymes including fXIIa, fIIa (thrombin) and fIXa, as well as chymotrypsin and tryptase, 

further confirming that AAS19 has broad-spectrum of inhibitory functions. Although AAS19 

inhibits these enzymes, we are cautious about these enzymes being physiological targets for 

AAS19 because the stoichiometry of inhibition (SI) indices estimated in this study were not near 

1:1, as will be expected for an inhibition by serpins (Irving et al., 2000; Silverman et al., 2001). 

However, we note here that the observed high SI indices are not unique for rAAS19. For instance, 

a SI index of 10 was estimated for Drosophila melanogaster Spn1, which inhibits trypsin activity 

by 96% (Fullaondo et al., 2011). A high SI index could also be explained by the possibility that 

AAS19 requires a co-factor to enhance inhibition. Indeed, nearly all serpin acting upon the blood 

clotting activation cascade and fibrinolysis (antithrombin III, heparin-cofactor II, plasminogen 

activator inhibitor 1, protein C inhibitor, and protease nexin inhibitor) need to bind 

glycosaminoglycans in order to accelerate inhibition rate, which can be up to 10,000-fold higher, 

compared to the unbound native serpin (Rein et al., 2011). According, Z-protein dependent 

inhibitor (ZPI) has been shown to accelerate the inhibitory effect of ZPI upon fXa by 1000-fold 

(Broze, Jr., 2001; Munoz and Linhardt, 2004). Our demonstration that AAS19 has four putative 

GAG binding sites suggests its activity could be modulated by heparin or another 

glycosaminoglycan. Studies to investigate the effects of heparin on rAAS19 function are 

underway. 

From the perspective of tick feeding physiology the AAS19 inhibition activity upon 

trypsin, fXa and fXIa could rationally be explained. Trypsin mostly known for its role as digestive 
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enzyme (Rawlings and Barrett, 1994) is also associated with inflammation in the skin (Meyer-

Hoffert et al., 2004; Cattaruzza et al., 2014), while blood clotting factors Xa and XIa are critical 

proteases of the blood clotting activation cascade (Monroe and Hoffman, 2006; Roberts et al., 

2006). On the other hand AAS19 inhibition of plasmin can at a glance be viewed as contradictory 

since plasmin is mostly known for its role digesting blood clot (fibrinolysis) (Angles-Cano, 1994; 

Angles-Cano et al., 1994), an activity that seems to beneficial to tick feeding. Similarly, plasmin 

also degrades and inactivates blood-clotting factors V, VIII, IX, and X in vitro, suggesting plasmin 

have anti-coagulant functions (Hoover-Plow, 2010) and thus beneficial to tick feeding. On the 

other hand, plasmin has also been reported to participate in several processes such as pro-

inflammatory cytokines releasing (Syrovets et al., 2001), inducing monocytes and dendritic cells 

chemotaxis (Li et al., 2010), modifying IL-8 producing a potent attractant of neutrophils (Mortier 

et al., 2011), tissue remodeling and wound healing (Shen et al., 2012), all of which can negatively 

impair tick-feeding success. From this perspective, AAS19 inhibition of plasmin seems to 

contribute for blood feeding. 

Given that AAS19 is injected in the host during tick feeding and because of its inhibitory 

activity in blood clotting factors we investigated its action in platelet aggregation and plasma 

clotting. Platelet aggregation is important to stop bleeding in injured small blood vessels, as 

observed in tick feeding (Francischetti et al., 2009). Platelet aggregation is activated by multiple 

agonists, including thrombin, collagen, ADP, and cathepsin G (Selak et al., 1988; Ohlmann et al., 

2000; Brass, 2003). Since thrombin is considered the most efficient platelet aggregation agonist 

(Furman et al., 1998; Davi and Patrono, 2007), the observation that rAAS19 reduced thrombin-

activated platelet aggregation by up to 56  14% suggests that AAS19 may play a crucial role in 

tick modulation of platelet function. Thrombin activates platelet aggregation through activation of 
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Protease Activated Receptors (PAR) 1, 3, and 4 (Kahn et al., 1999; Asokananthan et al., 2002), 

and thus it is plausible that native AAS19 may contribute toward binding and inhibiting thrombin 

at the tick feeding site, preventing the formation of the platelet plug, thus impairing the integrity 

of the blood clot. The observation that pre-incubating rAAS19 with platelets for 15 min prior to 

addition of the agonist had minimal effect suggest that the observed rAAS19 anti-platelet 

aggregation effects were mediated through inhibition of thrombin activity. However, it is 

interesting to note that the “RGD” motif, which is known to interfere with platelet aggregation 

binding the integrin GPIIb-IIIa on activated platelets (Varon et al., 1993; Katada et al., 1997) is 

conserved in AAS19 and its homologues. If this motif was functional, pre-incubation with platelets 

should interfere with platelet aggregation function.  

Platelet aggregation is followed by fibrin clot formation, which reinforces the platelet plug 

(Clemetson, 2012). Blood clotting can be activated via the extrinsic pathway initiated upon release 

of tissue factor from injured tissue or via the intrinsic pathway when factors XII, XI, IX, and VIII 

are converted into their active forms. These pathways converge into the common pathway when 

fXa activates prothrombin to thrombin, which in turn catalyzes formation of the fibrin clot 

(Hoffman and Monroe, III, 2001; Hoffman, 2003; Monroe and Hoffman, 2006). Routinely, to 

address the general effect of anti-blood clotting agents is assayed using the recalcification time 

(RCT) assay, while effects on the extrinsic, intrinsic and common blood clotting activation 

pathway are assayed using prothrombin time (PT), activated partial thromboplastin time (aPTT), 

and thrombin time (TT) assays (Davie et al., 1991), as were done in this study. Eight of the 11 

blood clotting factors are serine proteases (Walsh and Ahmad, 2002). Thus, although empirical 

evidence is needed, it is conceivable that the observed rAAS19 anticoagulant function could be 

attributed to its inhibitory activity against five (fIIa, fIXa, fXa, fXIa, and fXIIa) of the eight-serine 
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protease mediators of the blood clotting activation cascade. Except for fVIII, the other four blood 

clotting factors (IXa, Xa, XIa, and XIIa) in the intrinsic pathway (aPTT assay) are serine proteases, 

all of which were inhibited by rAAS19, and this could explain the observation of up to 40s plasma 

clotting time delay in the aPTT assay. Similarly in the TT (common pathway) assay, the observed 

250s delay in plasma clotting time could be explained by rAAS19 inhibitory activity against 

thrombin. The discrepancy of 250s delay in the TT assay and ~14% inhibition of thrombin activity 

in substrate hydrolysis is interesting, and raises questions for further investigation. There is a 

possibility that the observed significant clotting time delay in the TT assay could be explained by 

a possibility of a yet unknown factor in host serum that potentiate AAS19 anti-thrombin activity. 

Given that AAS19 has four putative heparin binding sites, it is conceivable that GAGs in serum 

binding to AA19 could potentiate its activity against thrombin. Experiments to resolve this 

question are underway.  

We would like to note here that arthropods do have hemolymph-clotting cascades that are 

also controlled by serpins (Agarwala et al., 1996; Iwanaga et al., 1998; Kanost, 1999). Thus, there 

is a possibility that native AAS19 could be a well-conserved regulator of the tick’s hemolymph 

clotting in ticks and the observed anti-coagulant function in this study could be an artifact. 

However, the observation in this study that native AAS19 was injected into the host during tick 

feeding strongly suggests the role for this protein at the tick-feeding site. Alternatively AAS19 

may function both in the tick and at the tick-feeding site. It is important to note here that based on 

transcript abundance, AAS19 is predominant in the tick midgut, which could strongly indicate a 

role for this protein in the midgut. Tick digestion of the blood meal nutrients is intracellular (Lara 

et al., 2005; Franta et al., 2010), and for this to happen, host blood must remain in the unclotted 
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state. Could it be that AAS19 anticoagulant function is part of the mechanism in the midgut to 

prevent host blood from clotting before digestion commences?  

In conclusion, data in this study contribute toward our understanding of the molecular basis 

of tick feeding physiology. Data here contribute to the growing list of tick saliva proteins that 

potentially regulate tick evasion of the mammalian host’s defenses to tick feeding as well as have 

role(s) in other tick physiologic systems. On the basis of AAS19 being highly conserved, coupled 

with the fact that its RCL being 100% conserved, we conclude that tick physiological processes 

regulated by AAS19 are evolutionary conserved in all tick species. From the perspective of our 

long-term interest to find target anti-tick vaccine antigens, AAS19 represent an interesting 

candidate. Human and animal tick borne diseases are transmitted by different species of ticks, and 

thus developing universal anti-tick vaccines based on highly conserved proteins such as AAS19 

has been advocated for (Fragoso et al., 1998; Mulenga et al., 2001; de la Fuente and Kocan, 2006; 

Azhahianambi et al., 2009; Parizi et al., 2012; Mulenga et al., 2013).  Work toward validating the 

anti-tick vaccine efficacy of rAAS19 is warranted. 
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Part IB† 

Target validation of highly conserved Amblyomma americanum tick saliva serine protease 

inhibitor19 

 

Materials and Methods 

Ethics statement 

 All animal work was conducted and approved according to Texas A&M University 

Institutional Animal Care and Use Committee (AUP 2011-0207).  

 

 Tick feeding, dissection, and protein extractions 

A. americanum ticks used in this study were purchased from Oklahoma State University 

tick laboratory (Stillwater, OK, USA). Ticks were maintained in 85% humidity chamber at 25°C 

before placing them on rabbits to feed. To feed, A. americanum ticks were placed onto the outer 

portion of the ear of specific pathogen-free (SPF) New Zealand rabbits and restricted in this 

location using orthopedic stockinettes adhered on the rabbit ear with Kamar Adhesive (Kamar 

Products Inc., Zionsville, IN, USA). To initiate feeding, 10 male ticks were placed into each ear 

stocking three days prior to adding 15 female ticks in each ear stocking (total of 30 female ticks 

per rabbit). To prepare tick protein extracts, five ticks from unfed and manually detached at 24, 72 

and 120 h post tick attachment were rinsed in sterile 1X phosphate buffered saline (PBS) pH 7.4 

and processed for dissections. Ticks were placed on a sterile glass slide and cut on the extreme 

anterior, posterior and lateral ends using a sterile razor blade. Tick organs including salivary glands 

(SG), midguts (MG), synganglion (SYN), Malpighian tubule (MT), ovary (OVR) and the remnants 

labeled as carcass (CA) were isolated and placed into IP lysis buffer with protease inhibitor 
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cocktail (Thermo Scientific, Waltham, MA, USA). Protein extracts were homogenized and stored 

in -80°C. 

RNAi silencing of AAS19 mRNA  

RNAi-mediated silencing was performed as described (Mulenga et al., 2013, Kim et al., 

2014). Double stranded RNA (dsRNA) was synthesized using the Megascript RNAi kit (Thermo 

Scientific) targeting position 327-971 of AAS19 nucleotide sequence (NCBI Accession# 

GAYW01000076). The 644 base pair dsRNA target sequence was searched against tick sequences 

in GenBank to verify specificity. Using 2 g of purified PCR product as template, dsRNA was 

synthesized using primers with added T7 promoter sequence in bold (For: 5′-

TAATACGACTCACTATAGGGGTACGCCCTGGACGTCGCCAACG-3′ and Rev 5′-

TAATACGACTCACTATAGGGGAGAGGTCGGCGTCAGCGGAG-3′). PCR primers for 

enhanced green fluorescent protein coding cDNA (EGFP; accession number JQ064510.1) with 

added T7 promoter sequence (Kim et al., 2014) were used to synthesize control EGFP-dsRNA. 

Two test groups of 15 female A. americanum ticks were injected with 0.5 – 1 L (~3 g/L) 

EGFP-dsRNA or AAS19-dsRNA in nuclease free water as described (Kim et al., 2014). Injected 

ticks were kept for 24 h at 25°C in 85% humidity to recover before being placed on SPF New 

Zealand rabbits to feed.  

The effect of AAS19 mRNA disruption on tick feeding success was investigated by 

assessing tick attachment and mortality rates, time to feed to repletion, engorgement weight (EW) 

as an index for amount of blood taken in by tick, and egg mass conversion ratio (EMCR) as 

measure of utilizing blood meal to produce eggs as described. Tick phenotypes during feeding 

were documented daily using the Canon EOS Rebel XS camera attached to a Canon Ultrasonic EF 

100mm 1:2:8 USM Macro Lens (Canon USA Inc., Melville, NY, USA).  
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Validation of RNAi silencing  

Disruption of AAS19 mRNA was verified by quantitative RT-PCR as described  (Kim et 

al., 2014). Three ticks each that were injected with EGFP-dsRNA and AAS19-dsRNA were 

sampled at 48 h post-attachment by manual detachment. Ticks were processed individually. Tick 

organs (SG, MG, SYN, MT, OVR, CA) were dissected as described above. Extraction of mRNA 

using the Dynabead mRNA Direct Kit (Thermo Scientific) were performed following the 

manufacturer’s instructions. The extracted mRNA was quantified using the Infinite M200 Pro plate 

reader (Tecan, Männedorf, Switzerland). Template cDNA was synthesized from ~200 ng of 

mRNA using the Verso cDNA Synthesis Kit following the manufacturer’s instructions (Thermo 

Scientific). Approximately 50 ng cDNA and AAS19 forward (5′-

GACAAGACGCACGGCAAAA-3′) and reverse (5′-GAAGTCCGGCGGCTCAT- 3′) primers in 

a final concentration of 900 nM each, were mixed with 2X SYBR Green Master Mix (Thermo 

Scientific) in triplicates and was subjected to qRT-PCR. For an internal control, A. americanum 

40S ribosomal protein S4 (accession number GAGD01011247.1) (Koci et al., 2013) was used. 

Relative quantification (RQ) of AAS19 transcript was determined as described  (Kim et al., 2014). 

AAS19 mRNA suppression was determined using the formula, S = 100-(RQT/RQC X 100) where 

S = mRNA suppression, RQT and RQC = RQ of tissues in AAS19-dsRNA injected and EGFP-

dsRNA injected ticks, respectively. Data are presented as the mean (M) AAS19 mRNA 

suppression  SEM. 

 

Immunization of rabbits with recombinant (r) AAS19 and tick challenge infestation  

 SPF New Zealand white rabbits of approximately 10 - 12 weeks of age were immunized 

with TiterMax Gold adjuvant (Sigma, St. Louis, MO) or 514 g of rAAS19 antigen in 1X PBS pH 
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7.4 mixed with an equivalent volume of adjuvant to 1 mL. Expression and purification of the 

immunizing antigen, rAAS19, in Pichia pastoris (X-33) was previously described in Kim et al., 

(2015a). Two immunizations were administered at days 0 and 30. Rabbits were inoculated 

subcutaneously and intradermally with ~200 L of rAAS19: adjuvant or PBS: adjuvant mix into 

five injection sites. Two weeks after immunization, serum was collected to verify antibody response 

to rAAS19 by ELISA. Following immunization, rabbits were challenge infested with 40 adult 

female ticks (20 ticks per ear). In order to determine if repeated tick infestation of animals 

immunized with recombinant tick saliva proteins such as rAAS19 enhanced anti-tick immunity, 

rabbits were re-infested with 40 ticks at two weeks after the first infestation. Each rabbit received 

20 ticks per ear. The effect(s) of immunization against tick feeding parameters were determined 

as described in RNAi silencing (section 2.3). 

 

ELISA and western blotting analysis 

 Routine ELISA and western blotting analysis verified rabbit antibody response to rAAS19. 

For ELISA, 0.5 μg affinity purified rAAS19 was coated on 96 well plates overnight in coating 

buffer (0.1M sodium carbonate pH 9.5). Coated wells were subsequently blocked with 300 μL of 

5% skim milk in PBS-Tween20 for 1h at room temperature (RT). Following appropriate 

incubations with pre-immune or immune sera (1:1000 to 1:320000), goat anti-rabbit IgG 

Horseradish Peroxidase (HRP) conjugated secondary antibody (Millipore, Billerica, MA, USA) 

and appropriate washes, wells were incubated with 1-Step Ultra TMB ELISA Substrate (Thermo 

Scientific) for 8 min at RT to detect antibody binding. Adding 2 M sulfuric acid stopped the 

reaction and OD was determined at A450nm using the Infinite M200 Pro plate reader (Tecan).  

 To determine if rAAS19 rabbit antisera specifically bound native AAS19, total protein 

extracts from dissected tick organs were subjected to routine western blotting analyses using 
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antibodies to rAAS19. Given that the immunizing antigen was glycosylated (Kim et al., 2015a), 

we investigated if the observed antibody response was directed toward glycans on rAAS19 by 

including three controls: yeast expressed deglycosylated and non-deglycosylated (Kim et al., 

2015a) and bacteria expressed rAAS19 (described below). Samples were loaded and resolved on 

a 10% SDS-PAGE gel and transferred onto a PVDF membrane. Membranes were blocked 

overnight at 4ºC in 5% skim milk in PBS-Tween20. Following appropriate incubations with pre-

immune or immune sera (1:10,000), the secondary Clean-Blot™ IP Detection Reagent HRP 

conjugated (1:40) (Thermo Scientific) antibody, and appropriate washes, membranes were 

incubated in Amersham ECL Prime Western Blotting Detection Reagent for 5 min and exposed 

on X-ray films for 10 and 30 min before developing films.  

Recombinant AAS19 was expressed in bacteria using BL21 (DE3) pLysS Escherichia coli 

strain and the pRSETA plasmid expression system (Thermo Scientific) as previously described 

(Chalaire et al., 2011). Mature AAS19 protein open reading frame (Porter et al., 2015) was uni-

directionally sub-cloned into pRSETA in BamHI and EcoRI sites using forward (5-

GGATTCGCAGAGCCCGACGAAGATGGCCG-3) and reverse (5-

GAATTCTTAGAGGGCGTTAATTTCGCCCAG-3) primers with added restriction enzyme 

sites in bold. Bacteria expressed rAAS19 were purified by eluting from PVDF membranes as 

described in Szewczyk et al. (1998) with slight modifications. To elute the protein off of the PVDF 

membrane, excised membrane was incubated with elution buffer (1% Triton X-100/2% SDS in 

50mM Tris-HCl, pH 9.5) in 0.5 mL tubes for 30 minutes at RT with rapid shaking. Eluted proteins 

were collected, then transferred into a fresh tube and concentrated by acetone precipitation. 

Precipitates were re-suspended in 1X PBS pH 7.4.   
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Statistical analysis  

 Unpaired student t-test and Mann-Whitney analysis were used to determine if differences 

between AAS19-dsRNA and EGFP-dsRNA injected ticks were significant. One Way ANOVA 

and Tukey HSD, Fisher exact and Chi-Square test analyses were used to determine if tick-feeding 

performance on control and immunized rabbits were significantly different using the Prism 6 

software (GraphPad Software, La Jolla, CA, USA). Data are reported as Mean  SEM.  

 

Results 

AAS19 silencing causes tick deformities and reduces tick blood meal size  

Figures 1 and 2 demonstrate that AAS19 is important to A. americanum tick feeding 

success as revealed by RNAi silencing analysis. Quantitative RT-PCR indicate that in three 

randomly sampled ticks, AAS19 mRNA suppression of 95-97%, 67-95%, 17-97%, 26-45%, 0-

76%, and 0-12% in SG, MG, SY, MT, OV, and CA, respectively (Fig. 1), was achieved. 

Spontaneously detached ticks (Fig. 2A) were weighed to determine engorgement weight (EW) as 

an index for blood meal size. Mean EW of AAS19-dsRNA injected ticks (0.257  0.04g) was 

~50% smaller than EGFP-dsRNA injected ticks (0.504  0.054g) with differences being 

statistically significant (P  0.01) as revealed by unpaired student t-test (Fig. 2B). It is interesting 

to note that 75% (6/8) of the AAS19-dsRNA injected ticks were deformed (asterisks marked, Fig. 

2A). 

 

Native AAS19 protein is present in multiple tick organs  

 Immunization of rabbits with rAAS19 provoked antibody titers of more than 

1:320,000 (not shown). Figure 3A shows that the antibody to rAAS19 specifically bound the 
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immunizing antigen (glycosylated, lane rY-) and the two controls: yeast expressed deglycosylated 

(rY+) and bacteria expressed non-glycosylated (rB) forms, indicating that the antibody response 

may be directed at glycan and/or the protein backbone epitopes. Likewise, in figure 3B we 

observed a single native AAS19 protein band within the expected size range at below 50 kDa. It 

is interesting to note that, we detected higher molecular weight diffuse protein bands (asterisks 

marked), which we suspect could be glycosylated forms of native AAS19. The expected mature 

AAS19 is 388 amino acids long with 43 kDa calculated molecular weight (Porter et al., 2015). 

Based on data in figure 3, native AAS19 protein is constitutively present in multiple tick organs 

(SG, MG, OVR, SYN, CA, MT, and CA). We would like to note here that in figure 3C, serum of 

the pre-immune control bound some non-specific bands ~60 kDa in MG and CA. Additionally, a 

non-specific band of ~50 kDa was found in the CA in unfed and 24 h samples, but not in other 

stages. The serum from rabbit injected with PBS-adjuvant control did not bind anything (Fig. 3D).   

 

Immunization with rAAS19 enhances tick immunity induced by repeated tick infestation  

 Figure 4 summarizes A450nm log10 of 1:20000 dilutions of immune sera to rAAS19 in tick-

infested rabbits: control (filled circle) and immunized rabbits 1 and 2 (filled square and triangle 

respectively) collected at: (1) pre-immune (2) two weeks after the last immunization, (3) two and 

(4) four weeks post-first infestation, and (5) two weeks after second infestation. In the control 

rabbit, antibodies to rAAS19 increased with feeding from background at ~log10 of 0.001 to log10 

of more than 0.01 after the second infestation. On the other hand repeated tick infestation of 

immunized rabbits did not result in increased antibody levels in immunized rabbits. While there 

was a nearly ten-fold increase between first and second infestations of control rabbits, there was a 

slight decrease in immunized rabbits after the second infestation (Fig. 4). Comparing data points 
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five (two weeks after second tick infestation) of control and immunized rabbits, it is apparent that 

immunization of rabbits with rAAS19 boosted antibody levels to AAS19 by nearly a 100-fold.  

Figures 5 and 6 summarize the effects of rAAS19 immunization on A. americanum success 

during the first and second infestations. Immunization of rabbits with rAAS19 caused ticks to feed 

faster, but obtain smaller blood meal sizes overall (Figs. 5 and 6). In the first infestation, chi-square 

(and Fisher exact) test indicated that 91% of ticks that completed feeding within 15 days on 

immunized rabbit (R)1 (P = 0.0038) was statistically significant different from 79% of ticks that 

completed feeding on the control rabbit, while 85% of ticks completed feeding on R2 were 

apparently faster but not significantly different from the control (solid line) (Fig. 5A). Similarly in 

the second infestation, the observed 91% and 97% of ticks that completed feeding within 15 days 

on R1 and R2 respectively were different (P = 0.0285 and 0.0244, respectively) from 68% of ticks 

that completed feeding on the control rabbit (Fig. 5B). Despite feeding faster, ticks that fed on 

immunized rabbits obtained smaller blood meals as revealed by tick engorgement weight (EW)  

(Fig. 6).  In the first infestation, One Way ANOVA [F (2, 84) = 11.87, P  0.0001] and Tukey 

HSD analysis indicated that R1 Mean EW (599.2  29.26) was not different from the control (607.1 

 41.18), however R2 ticks were smaller with Mean EW (396.9  30.91) significantly smaller [P 

 0.0002] (Fig. 6A) than control. In the second infestation both R1 (287.2  28.65 mg) and R2 

(311.7  24.27 mg) mean EW are apparently smaller, but not significantly different from control 

mean EW (336.3  38.71mg) (Fig. 6B). It is notable that in figure 6B EW of ticks that fed on the 

control rabbit in the second infestation was smaller than the first infestation, which could point to 

the rabbit becoming resistant due to repeated infestations.  

The egg mass of ticks that fed on R2 (134.4  17.71 mg) was significantly lower 

(P<0.0001), whereas R1 (283.4  23.20 mg) was apparently lower but not significantly different 
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than the control (308.1  280.68 mg) (Fig. 6C), as revealed by Tukey HSD analysis. In the second 

infestation there were no significant differences in egg weight between all groups (Fig. 6D). The 

effect of rAA19 immunization on the tick's ability to convert the blood meal to eggs was 

inconclusive (Figs. 5E and 5F). The egg mass conversion ratio (EMCR) for ticks that fed on R2 

(0.314  0.023 mg) was significantly lower (P<0.0001) than the control (0.465  0.026 mg) (Fig. 

5E), however there was no effect on ticks that fed on R1 in both first and second infestations, and 

for ticks that fed on R2 in the second infestation (Figs. 6E and 6F).    

Data summarized in table 1 show that while immunization did not apparently affect the 

ability of ticks to lay eggs in the first infestation, significantly more ticks that fed on immunized 

rabbits failed to lay eggs in the second infestation. Chi-square (Fisher exact) test revealed that the 

observed 61% (P = 0.0167) R1 and 68% (P = 0.0010) R2 of ticks that did not lay eggs in the second 

infestation were significantly higher than the 48% from the control rabbit. Other parameters 

summarized in table 1 were not different from the control. Although we placed equal numbers of 

ticks on the control and rAAS19-immunized rabbits, there was a difference in the number of 

engorged ticks per rabbit. We observed that some engorged ticks were crushed after they detached 

from the host and before we were able to collect them, which caused the differences in the number 

of engorged ticks. 

 

Discusssion 

We previously reported that AAS19 was a highly conserved serine protease inhibitor 

(serpin) that was characterized by its functional domain reactive center loop being 100% conserved 

in ixodid ticks where we could find data (Porter et al., 2015). In another study we showed that 

AAS19 mRNA was expressed in multiple tick organs, and that native AAS19 was an immunogenic 

tick saliva protein as indicated by antibodies to replete fed tick saliva proteins specifically binding 
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yeast expressed rAAS19. Further, we showed that rAAS19 has anti-haemostatic functions and that 

it is an inhibitor of trypsin-like proteases including five of the eight serine proteases in the blood 

clotting cascade (Kim et al., 2015a). These earlier findings collectively suggested the potential for 

AAS19 to regulate important functions in tick feeding success. In this study we confirm that 

AAS19 plays important roles in tick feeding physiology and overall tick fitness as revealed by the 

observed deformities and significant reductions in blood meal sizes of AAS19 dsRNA injected 

ticks. The cause of the observed deformations in AAS19-dsRNA injected ticks is unknown at this 

point. However, we speculate that uncontrolled activities of a yet unknown host and/or tick derived 

protease that is under control of AAS19 caused this. Similar to observations in this study, silencing 

of a serpin in D. melanogaster impaired arthropod morphology (Hashimoto et al., 2003). The role 

of inhibitory serpins is to terminate protease actions beyond what is physiologically allowable. 

Several lines of research have demonstrated that uncontrolled protease activity do destroy self-

tissue, particularly in disease situations (Owen and Campbell, 1999, Nakatani et al., 2001, Straka, 

2011). We hypothesize that the protease that is controlled by AAS19 is important to tick 

physiology, but if left uncontrolled it impairs in biochemical homeostasis, and identifying the 

AAS19 controlled protease is highly desirable.  

The long-term goal of our research is to find target antigens for tick vaccine development. 

Thus, a goal of this study was to investigate immunogenicity and anti-tick vaccine efficacy 

rAAS19. The observation that rAAS19 provoked titers of up to 1:320000 confirmed 

immunogenicity of this antigen. There is evidence that antibodies to glycosylated immunogens 

such as rAAS19 may predominantly be directed to glycans on the protein, and not the protein 

backbone (Tellam et al., 1992, Rodriguez-Valle et al., 2001, Eberl et al., 2001, Kariuki et al., 

2008). The observation that antibodies to yeast expressed rAAS19, also reacted with bacteria 
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expressed AAS19 rules this out.  Of significant interest to us, the antibody response to rAAS19 

also reacted with epitopes on glycosylated and non-glycosylated forms of native AAS19 as 

revealed by western blotting analysis data. The observation that native AAS19 protein is present 

in multiple tick organs and the fact that ticks inject this protein into the host during feeding (Kim 

et al., 2015a) suggests that this protein may function inside the tick and at the tick-feeding site. 

This observation is not unique to AAS19. Similar characteristics have been observed for multiple 

other tick saliva proteins including AV422 (Mulenga et al., 2013, Radulovic et al., 2014, Tirloni 

et al., 2014, 2015), insulin-like growth factor binding protein-related protein 1 (Radulovic et al., 

2015), calreticulin (Sanders et al., 1999, Kim et al., 2015b), and tick histamine release factor 

(Mulenga et al., 2003). Functions of AAS19 in the tick and at the tick-feeding site are not well 

established other than previously reported anti-haemostatic properties (Kim et al., 2015a). 

Identifying AAS19 native targets in the tick and the tick-host interface would be the next step to 

better understand the role(s) of AAS19 in tick feeding physiology. 

Trager (1939a, 1939b) observed that repeated infestations with Dermacentor variabilis 

larvae provoked tick-feeding resistance in rabbits (Trager et al., 1939a, 1939b). Over the years 

several lines of research have attempted to replicate these studies through immunization of animals 

with crude tick saliva gland protein extracts (Brown et al, 1984, Shapiro et al., 1989, Nyindo et al., 

1989, Banerjee et al., 1990, Kovar, 2004, Willadsen, 2006, Narasimhan et al., 2007, Jittapalapong 

et al., 2008) and since the 1990s with recombinant tick saliva proteins (Tsuda et al., 2001, Mulenga 

et al., 1999, You, 2005, Dai et al., 2009, Guo et al., 2009). The common practice in tick vaccine 

efficacy studies is to challenge infests immunized animals once (Tsuda et al., 2001, Mulenga et 

al., 1999, You, 2005, Dai et al., 2009, Guo et al., 2009, Galay et al., 2014). In this study, a different 

approach was used. We challenge infested the control and immunized rabbits twice. Given the fact 
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that AAS19 is injected into animals during tick feeding (Kim et al., 2015a), we reasoned that 

repeated inoculation of native AAS19 could serve as a booster and enhance protective tick 

immunity conferred by rAAS19 immunization. It is interesting to note that, although in the first 

infestation, most tick feeding parameters were not affected except for smaller tick blood meal sizes 

observed on one of the two rAAS19-immunized rabbits. The effects of immunization in the second 

infestation were dramatic as ticks that fed on both immunized rabbits were not only smaller but 

majority of these ticks failed to lay eggs. The implication of this observation is that over time, 

immunization of animals with rAAS19 could reduce the tick population. The other practical 

implication could be toward finding ways to immunize wildlife against tick feeding. Traditional 

immunization protocols that require primary and booster injections are impractical in wildlife 

because of the difficulty to identify animals that require booster injections. Thus discovery of 

antigens such as rAAS19 in which tick infestation of immunized animals will serve as a booster 

will make it practical to deliver anti-tick vaccines to wildlife. In this way we can deliver tick 

vaccine antigens such as rAAS19 to wildlife once, and subsequent tick infestations will serve as 

booster and potentially the level of protection increasing with each subsequent infestation. Wildlife 

is central to both animal and human TBDs epidemiology as wild animals serve both as blood meal 

sources of vector ticks and reservoirs for TBD agents. For instance, white tailed deer is the major 

blood meal source for A. americanum and Ixodes scapularis, the two medically important tick 

species that transmit 9 of the 14 reportable human TBD agents listed by USA Centers for Disease 

Control (www.cdc.gov). There is evidence that deer populations were associated with human cases 

of TBDs in several localities around in the USA (Piesman et al., 1979, Nieto et al., 2012, Raizman 

et al., 2013, Wiznia et al., 2013, Mays et al., 2014). In the US livestock industry, the threat of R. 

microplus and R. annulatus including its vectored deadly Babesia cattle parasites have been 
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eradicated for more than 50 years (Walker, 2011, Giles et al., 2014). Re-establishment of R. 

microplus and R. annulatus ticks and their associated parasites are prevalent in Mexico (Lohmeyer 

et al., 2011; Busch et al., 2014). Re-increasing deer population threatens continued success of 

preventing R. microplus from Mexico establishing in the USA (Lohmeyer et al., 2011, Pound et 

al., 2010). Deer infested with acaricide resistant ticks from Mexico were found inside the USA 

border (Busch et al., 2014, Rodriguez-Vivas et al., 2014). Thus finding ways to effectively 

immunize deer against ticks could make significant contributions toward controlling human TBDs, 

which encourages the need to develop alternative control methods such as effective anti-tick 

vaccines.  

The expected effect of anti-tick immunization on tick feeding success would be slowing 

down tick feeding efficiency. It was surprising to note in this study that majority of ticks that fed 

on the immunized rabbits detached from the host quicker than the control. The implication of ticks 

that fed on rAAS19 completing to feed at a much faster pace is unknown at the moment. It is 

notable that despite feeding faster, these ticks were able to oviposit. Unfortunately, we were not 

able to evaluate the egg hatching to validate if eggs that were laid by ticks that engorged faster 

were viable. Consistent with previous data (Merino et al., 2011, Almazan et al., 2010), we also 

observed that antibody titers to rAAS19 increased with tick feeding in control rabbits. In contrast, 

we observed an interesting phenomenon in rAAS19-immunized rabbits, that antibody titers to 

rAAS19 dropped following tick infestation before rising back up at four weeks post infestation.  

Another interesting observation from our study was that, while RNAi silencing caused 

morphological deformities in AAS19 dsRNA injected ticks; ticks that engorged on rAAS19-

immunized rabbits were normal albeit smaller. The discrepancy of this effect cannot be explained 

at this point. It is potentially possible that we achieved more suppression of protein function with 
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RNAi silencing than with antibodies to rAAS19. Given that we used a long, 644 base pair dsRNA, 

there is a possibility that the observed deformities could also be due to off target effects. In RNAi 

silencing, off target effects can occur if the target sequence has a match of as little as 11 contiguous 

nucleotides with another sequence (Qiu et al., 2005, Jackson et al., 2003). However, we believe 

that the possibility for off target effects is remote in that when subjected to phylogeny analysis 

with 120 other A. americanum serpins, AAS19 amino acid sequence segregated alone (Porter et 

al., 2015) indicating that this protein did not have a close relative among A. americanum serpins. 

Furthermore, when scanned against tick sequence entries in GenBank, AAS19 dsRNA target 

sequence did not return matches that were more than 21 nucleic acids long.  

  In conclusion, this study builds on the biology of AAS19, a uniquely highly conserved 

tick serpin that likely play yet unknown important roles both in the tick and at the tick-feeding site. 

Based on tick vaccine efficacy data in this study, rAAS19 is partially protective as a standalone 

target antigen. However, it represents a potential component of a cocktail tick vaccine antigen. 

Efforts to test tick vaccine efficacy of rAAS19 in a cocktail antigen mixture are underway. 
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Part II  

Amblyomma americanum serpin 41 (AAS41) is a tick salivary anti-inflammatory protein 

that targets chymase, while its homolog AAS46 is non-functional 

 

Materials and Methods 

Ethics statement 

All experiments were done according to the animal use protocol approved by Texas A&M 

University Institutional Animal Care and Use Committee (IACUC# 2018-0001 ([continued from 

2014-0310 and 2014-0311]) that meets all federal requirements, as defined in the Animal Welfare 

Act (AWA), the Public Health Service Policy (PHS), and the Humane Care and Use of Laboratory 

Animals and the Ethical Committee on Research Animal Care in Universidade Federal do Rio 

Grande do Sul, Brazil (register number 28371/2015).  

 

Tick feeding, dissections, total RNA extractions, cDNA synthesis, and protein extractions 

A. americanum ticks (egg, larva, nymph, and adult) were purchased from the tick 

laboratory at Oklahoma State University (Stillwater, OK) or obtained from BEI Resources 

(Manassas, VA, USA). Routinely, ticks were fed on rabbits as previously described (Mulenga et 

al., 2013, Kim et al., 2014). A. americanum ticks were restricted to feed onto the outer part of the 

ear of New Zealand rabbits with orthopedic stockinette glued with Kamar Adhesive (Kamar 

Products Inc., Zionsville, IN, USA). Six male ticks were pre-fed for three days prior to introducing 

15 female ticks in each of the ear stockinette (total of 30 female ticks per rabbit).  

Ticks were collected and dissected as previously described (Mulenga et al., 2013). Five 

ticks were manually detached every 24 h for five days (24-120 h). Within the first hour of 
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detachment, tick mouthparts were inspected to remove remnant host tissues and washed in RNase 

inhibitor diethylpyrocarbonate (DEPC)-treated water to prepare for dissections. Dissected tick 

organs, salivary glands (SG), midguts (MG), ovary (OV), synganglion (SYN), Malpighian tubules 

(MT), and carcass (CA, the remnants after removal of other organs) were placed in RNAlaterTM 

Stablization Solution (Thermo Fisher Scientific) or 1 mL Trizol total RNA extraction reagent 

(Thermo Fisher Scientific) and stored at -80 C until total RNA extraction.  

Total RNA was extracted using the Trizol reagent according to manufacturer’s instructions 

(Thermo Fisher Scientific) and re-suspended in diethyl pyrocarbonate (DEPC) treated water. Total 

RNA was quantified using a nanodrop plate reader Synergy H1 Hybrid Multi-Mode Microplate 

Reader (BioTek Instruments Inc., Winooski, VT, USA) and/or the Infinite M200 Pro plate reader 

(Tecan Group Ltd., Männedorf, Zürich, Switzerland).  Up to 1 µg total RNA was used to synthesize 

cDNA using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific) following the 

manufacturer’s instructions.  

To extract native proteins from specified tissues noted above, tissues were placed into 

sterile 1.5 ml tubes and sheared using fine scissors in IP/Clean Blot Lysis buffer containing 

protease inhibitor cocktail (Thermo Fisher Scientific). Crude protein extracts from 22 days post-

oviposted eggs, and whole immatures (larvae and nymphs), and adult ticks were flash frozen in 

liquid nitrogen and extracted in 1x PBS (pH 7.4) containing a protease inhibitor cocktail comprised 

of 1mM phenylmethylsulfonyl fluoride (PMSF), 1mM E-64, 10mM ethylenediaminetetraacetic 

acid (EDTA), pH 7.4 (Research Products International, Mount Prospect, IL, USA) by crushing 

using a pestle or shearing using fine scissors. All protein extracts were sonicated on ice at 50% 

amplitude, centrifuged at 10,000 xg for 30 min at 4C, and the supernatant was separated and 
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stored in -80C. The proteins in supernatant fractions were quantified using BCA assay (Thermo 

Fisher Scientific).  

 

Temporal and spatial quantitative RT-PCR transcription analyses of selected serpins  

Transcription analysis was done by two-sep quantitative (q) RT-PCR using Applied 

Biosystems 7300 Real Time PCR System (Thermo Fisher Scientific) or CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA) as previously described 

(Kim et. al., 2014). Forward (5′-GCAGCGACGACGAAGGCG-3′) and reverse (5′-

GCCTGAAGATGTGCGTG-3′) qRT-PCR primers were designed using the Primer3 software 

(http://bioinfo.ut.ee/primer3-0.4.0/) for AAS41 and 46. The serpin amplicon target size was ~100 

base pairs (bp). To verify if primer pairs are specific to these serpins, nucleotide sequences for 

each primer were subjected to Blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) searches against the 

Ixodidae database. To determine transcript abundance, triplicate pools of cDNA of dissected 

salivary gland (SG), midgut (MG), and remnant tissues as carcass (CA) of unfed, 24 and 48 h fed 

(n = 15 ticks per pool), 72 and 96 h fed (n = 10 ticks per pool), and 120 h fed (n = five ticks) were 

used.  Cycling conditions were set to the following: stage one at 50°C for 2 min, stage two at 95°C 

for 10 min, and stage three contained two steps with 40 cycles of 95°C for 15 s and 55°C for 1 

min. Reaction volumes in triplicate contained ten-fold diluted cDNAs that were originally 

synthesized from 1 g total RNA, an optimized concentration of 350 nM of forward and reverse 

selected serpin primers each, and 2x SYBR Green Master Mix (Thermo Fisher Scientific). For 

internal reference control, a forward (5′-GGCGCCGAGGTGAAGAA-3′) and reverse (5′-

CCTTGCCGTCCACCTTGAT-3′) primers targeting of A. americanum 40S ribosomal protein S4 

(RPS4: accession number GAGD01011247.1) which is stably expressed in I. scapularis during 

http://bioinfo.ut.ee/primer3-0.4.0/
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feeding (Koci et al., 2013) was used.  Relative quantification (RQ) of selected serpin transcripts 

was determined using the comparative CT (2-ΔΔCt) method (Livak and Schmittgen, 2001) and 

adopted in (Kim et al., 2014). The data were presented as percent mean (M) transcript abundance 

 SEM per tissue. 

 

Expression and affinity purification of selected recombinant serpins 

Recombinant (r) AAS41 and 46 serpin proteins were expressed using the Pichia pastoris 

and pPICZα plasmid expression system (Thermo Fisher Scientific) as described previously 

(Mulenga et al., 2013, Kim et al., 2014). The mature protein open reading frame (Porter et al., 

2015) was sub-cloned into pPICZα-C using forward (5′-

ATCGATGCAAGAGGAGGACAAGGTGAC-3′) and reverse primers (5′-

GCGGCCGCTTAGTGGTGGTGGTGGTGGTGAAGATGGTTCACTTGACCCGCGA-3′) 

with added respective ClaI and NotI restriction enzymes sites (in bold), an extra nucleotide guanine 

(italics) to put in-frame with the expression vector in the forward primer, and addition of a 

hexahistidine tag (underlined) in the reverse primer. The pPICZα C-rAAS41 and 46 expression 

plasmid was linearized with PmeI and electroporated into Pichia pastoris X-33 strain (Thermo 

Fisher Scientific) using ECM600 electroporator (BTX Harvard Apparatus Inc., Holliston, MA, 

USA) with parameters set to 1.5 kV, 25 F, and 186 . Transformed colonies were selected on 

Yeast Extract Peptone Dextrose Medium with Sorbitol (YPDS) agar plates with zeocin (100 µg/µl) 

incubated at 28°C. Positive transformants were inoculated in buffered glycerol-complex medium 

(BMGY) and grown overnight at 28°C with shaking (230-250 rpm). Subsequently the cells were 

used to inoculate buffered methanol-complex medium (BMMY) to A600 of 1 after which protein 

expression was induced by adding methanol to 0.5% final concentration every 24 h for five days. 
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Recombinant serpin in spent culture media was precipitated by ammonium sulfate saturation (525 

g/L of media) with stirring overnight at 4°C. The precipitate was pelleted at 12,000 xg for 1 h at 

4°C and re-suspended in and dialyzed against 20 mM Tris-HCl buffer pH 7.4. To verify expression 

of rAAS41 and 46, western blot analysis was performed using the horseradish peroxidase (HRP)-

labeled antibody to the C-terminus hexa-histidine tag (Thermo Fisher Scientific) diluted to 1:5000 

in 5% blocking buffer (5% skim milk powder in PBS w/Tween-20). The positive signal was 

detected using the chromogenic Metal Enhanced DAB Substrate Kit (Thermo Fisher Scientific) or 

Amersham ECL Prime Western Blotting Chemiluminescent Reagent (GE Healthcare Bio-

Sciences, Pittsburgh, PA, USA). For chemiluminescent detection, the ChemiDoc Imaging System 

was used (Bio-rad).  A negative control of pPICZ-C was included under same procedures. 

Subsequently, rAAS41 and 46 were affinity purified under native conditions using Hi-Trap 

Chelating HP Columns (GE Healthcare Bio-Sciences). Affinity purified putative rAAS41 and 46 

were dialyzed against 20 mM Tris-HCl buffer pH 7.4 for downstream assays. To verify purity and 

background contamination, affinity purified rAAS41 and 46 were resolved on a 10% SDS-PAGE 

gel and silver stained. Samples with least background were selected and concentrated by 

centrifugation using Microsep Advance Centrifugal Concentration Devices with Omega 

Membrane at 10 kDa molecular weight cut-off (Pall Corporation, Port Washington, NY, USA). 

 

Prediction and detection of post-translational glycosylation 

Post-translational glycosylation in eukaryotes is involved in promoting protein folding and 

improves protein stability thereby serving in biological functions. Amino acid sequences of 

AAS41 and 46 were scanned for potential N-linked and O-linked glycosylation sites using the 

software NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 
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Server (http://www.cbs.dtu.dk/services/NetOGlyc/), respectively. Analyzing rAAS41 and 

rAAS46 amino acid sequences, both showed three N-linked and six O-linked glycoslyation sites, 

therefore they were treated with protein deglycosylation enzyme mix according to manufacturer’s 

instructions (New England Biolabs, Ipswich, MA, USA). Deglycosylation was verified by western 

blotting analysis using the antibody to C-terminus hexa histidine-tag (Thermo Fisher Scientific) 

and the positive signal detected using HRP chromogenic substrate (Thermo Fisher Scientific). 

 

Validate if selected native serpins are injected into the host during tick feeding 

To confirm that AAS41 and 46 identified from the A. americanum saliva proteomic data 

(chapter II) are secreted in saliva during feeding, native tick protein extracts were subjected to 

western blot analyses using antibodies to TSPs from rabbits that were repeatedly infested with A. 

americanum females until replete feeding (Mulenga et al., 2013). To reduce background binding, 

monospecific antibodies to candidate recombinant serpins using cyanogen bromide-activated-

Sepharose 4B (Sigma-Aldrich Corp.) were used under manufacturer’s instructions with some 

modifications. Recombinant AAS41 or 46 were bound to the cyanogen bromide-activated-

Sepharose 4B (Sigma-Aldrich Corp.). Subsequently, rabbit antibodies to replete-fed tick saliva 

proteins were reacted with the rAAS41 or 46 bound on the matrix. After appropriate incubations 

and washing, bound monospecific antibodies were eluted with 0.1 M Glycine buffer (pH 2.4) and 

immediately neutralized with 1M Tris. Neutralized monospecific antibodies were dialyzed in 1x 

PBS pH 7.4 and stored at -80C until use. The quality of the mono-specific antibodies was 

confirmed by western blotting analysis against rAAS41 and rAAS46.  

To determine if native AAS41 and AAS46 are present in different tick live stages, three 

micrograms of total tick protein extracts from eggs, larvae, nymphs and adults (male and female) 

http://www.cbs.dtu.dk/services/NetOGlyc/
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were resolved by 10% SDS-PAGE and transferred on a PVDF membrane. Likewise, native tick 

protein samples extracted from salivary glands (SG), midguts (MG) and carcass (remnants after 

SG and MG were removed) from adult females were resolved by 10% SDS-PAGE and transferred 

on a PVDF membrane. Membranes were exposed to monospecific antibodies to rAAS41 and 

rAAS46 (1 mg/ml) at 1:500 dilution or pre-immune serum as controls, for 1 h at RT and washed 

using 1x PBS Tween-20. A secondary IP Clean Blot anti-rabbit IgG-HRP conjugated antibody 

(Thermo Fisher Scientific) was used to expose membranes for 1 h, and after appropriate washes 

with 1x PBS Tween-20, membranes were developed using Amersham ECL Prime Western 

Blotting Chemiluminescent Reagent (GE Healthcare Bio-Sciences). The bands were visualized 

using the ChemiDoc Imaging System (Bio-rad). Deglycosylated and glycosylated forms of 

rAAS41 and rAAS46 were included as controls using monospecific antibodies to rAAS41 and 

rAAS46 (1 mg/ml) at 1:2000 dilution.   

To determine if AAS41 and AAS46 elicits an immune response in animals, rAAS41 and 

rAAS46 were first deglycosylated to expose antibodies to the mature protein backbone. Both 

deglycosylated and glysoylated protein samples were resolved by 10% SDS-PAGE, and then 

transferred to a PVDF membrane to screen by western blot analysis using serum from rabbits that 

had been repeatedly infested with A. americanum adult ticks every 24 or 48h and replete feeding 

(Radulovic et al., 2014, Mulenga et al., 2013). To determine if AAS41 and AAS46 homolog is 

present in I. scapularis, both deglycosylated and glycosylated rAAS41 and rAAS46 were screened 

with serum from repeatedly infested I. scapularis adults that fed until repletion or replete fed 

uninfected and Borrelia burgdorferi senu stricto infected nymphs (available in lab). All western 

blots included a pre-immune serum control.  
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Protease inhibitor (PI) profiling of selected rSerpins 

Inhibitory activity of rAAS41 and rAAS46 were tested against a panel of commercially 

available mammalian serine proteases related to host defense pathways against tick feeding and 

substrate listed in Table 1.  

Given that the commericially purchased human chymase is a recombinant protein 

expressed in Pichia pastoris, we wanted to explore other sources for native chymase. Therefore, 

mouse and rat native chymase were extracted from peritoneal cells containing mast cells (source 

of chymase) from sentinel animals provided by Texas A&M University, Comparative Medicine 

Program (CMP), Laboratory Animal Research and Resources (LARR) facility. To obtain the 

peritoneal cells, animals were first euthanized according to American Veterinary Medical 

Association (AVMA) Guidelines for the Euthanasia of Animals, and sterilized by dipping into 

70% ethanol. Using sterile scissors and forceps, the outer skin of the peritoneum was excised and 

gently pulled back to expose the inner skin lining (the peritoneal cavity). A 25 ml volume of ice-

cold 1x PBS pH 7.4 was injected using a 27-gauge needle and syringe into the peritoneal cavity 

and gently massaged the peritoneum to release any attached cells into the PBS solution. Using a 

25-gauge needle and syringe, the peritoneal fluids were collected and centrifuged at 400 xg for 8 

min at 4C to obtain the cells (pellet). The cells were resuspended in 20 mM Tris-HCl, 1.5M, NaCl 

pH7.4 (binding buffer), disrupted by sonication (50% amplitude), and centrifuged at 12,000 xg for 

15 min at 4C to obtain the supernatant containing mast cell proteases, including chymase. To 

purify chymase from the supernatant, a Benzamidine sepharose 4 Fast Flow HiTrap Benzamindine 

FF column (GE Healthcare Bio-Sciences) was used according to the manufacturer’s instructions. 

The column was equilibriated using the binding buffer and the supernatant was passed through the 

column. The column was washed up to 15 different fractions using 5 column volumes of the 
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binding buffer, and eluted up to 10 different fractions using 1 column volume of 0.1 M glycine-

HCl pH 2.4, which was immediately neutralized with 1M Tris to a final pH of 7.4. The eluted 

chymase fractions were verified by silver stain and pure fractions were pooled together and 

dialyzed in 20 mM Tris-HCl, 150 mM NaCl, pH 7.4 reaction buffer. The BCA quantification assay 

(Thermo Fisher Scientific) was used to determine the final protein concentration and samples were 

stored at -80C until use. 

Reagents were mixed at room temperature in triplicate. One µM of rAAS41 or rAAS46 

were pre-incubated with optimized amounts of the enzyme for 15 minutes at 37C in 20 mM Tris-

HCl, 150 mM NaCl, BSA 0.1%, pH 7.4 buffer. The corresponding substrate (200 µM) for each 

enzyme was added in a 100 µL final reaction volume and substrate hydrolysis was measured at 

A405nm every 11s for 30 min at 30ºC using the Synergy H1 Hybrid Multi-Mode Microplate Reader 

(BioTek Instruments Inc.). Acquired A405nm data was subjected to one phase decay analysis in 

Prism 6 software (GraphPad Software, La Jolla, CA, USA) to determine plateau values as proxy 

for initial velocity of substrate hydrolysis (Vmax) or residual enzyme activity. The percent enzyme 

activity inhibition level was determined using the formula: 100 – ( 
Vmax(Vi)

Vmax (V0) 
  * 100) where Vmax 

(Vi) = activity in presence of rSerpin, and Vmax (V0) = activity in absence of rSerpin. Data were 

presented as mean  SEM of triplicate readings. 

 

Stoichiometry of inhibition (SI) 

The stoichiometry of inhibition (SI) indices was determined for human chymase and 

pancreatic bovine α-chymotrypsin to rAAS41 (protease:rSerpin) combinations as they were 

inhibited by more than 80% in the PI profiling assay above. Different molar ratios of 

rAAS41:protease ranging from 0:1, 0.625:1, 1.25:1, 2.5:1, 5:1, and 10:1 were pre-incubated for 1 
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hour with constant concentration of a protease. The residual enzyme activity was measured using 

colorimetric substrates specific for each enzyme as described above. The data were plotted as the 

residual activity (
𝑉𝑖

𝑉0
) versus the inhibitor to enzyme molar ratio. SI or the molar ratio of 

rAAS41:protease when enzyme activity is completely inhibited was determined by fitting data 

onto the linear regression line in Prism 6 software (GraphPad). The SI for rAAS46 was not 

determined, as PI profiling did not show inhibition above 80%. 

 

rSerpins and protease complex formation  

To determine if the rAAS41 forms a heat- and detergent-stable irreversible complex with 

its target protease, affinity purified rSerpin (in varying molar ratios indicated for SI assay above) 

was incubated with human chymase or pancreatic bovine α-chymotrypsin in Tris-HCl reaction 

buffer (20 mM Tris-HCl, 150 mM, NaCl, pH 7.4) for 1 hour at 37C. Samples were then 

deglycosylated (noted above) and denaturing sample buffer was added to the reaction mix, and 

incubated at 99.9C for 5 min in a thermal cycler. Samples were subjected to SDS-PAGE 

electrophoresis on a 12.5% acrylamide gel and stained with silver stain using routine protocols. 

The complex formation assay was not performed for rAAS46, as PI profiling did not show 

inhibition above 80%. 

 

Anti-platelet aggregation function of rSerpin 

Anti-platelet aggregation function(s) of rAAS41 or rAAS46 were determined using platelet 

rich plasma (PRP) isolated from citrated (acid citrate dextrose) whole bovine blood (WBBL) as 

previously described (Horn et al., 2000, Berger et al., 2010). To prepare PRP, fresh citrated WBBL 

was centrifuged at 200 xg for 20 min at 18°C. Subsequently the PRP (top layer) was transferred 
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into a new tube and centrifuged at 800 xg for 20 min at 18°C. The pellet containing platelets was 

washed and diluted with ice cold Tyrode buffer pH 7.4 (137mM NaCl, 2.7mM KCl, 12mM 

NaHCO3, 0.42mM Na2HPO4, 1mM MgCl2, 0.1% glucose, 0.25% BSA) until a spectrophotometric 

reading of A650 = 0.15 was achieved, which accounts for sufficient number of platelets for this 

assay. To determine anti-platelet aggregation function, various amounts of rSerpin (1, 0.5, 0.25, 

and 0 μM) were pre-incubated for 15 min at 37°C with agonist thrombin, ADP, or cathepsin G in 

a 50 μL reaction. The addition of 100 μL of pre-warmed PRP triggered the platelet aggregation. 

Vice versa PRP was pre-incubated with various amounts of rSerpin prior to addition of the agonist. 

Platelet aggregation was monitored every 20 seconds over 30 min at A650nm using the Infinite M200 

Pro plate reader (Tecan Group Ltd.) or Synergy H1 Hybrid Multi-Mode Microplate Reader 

(BioTek Instruments Inc.).  In this assay, higher optical density (OD) was observed in the blank 

(platelet only), and increased platelet aggregation was correlated with reduction in the OD. To 

determine percent platelet aggregation inhibition, OD data were fit to the one phase decay equation 

in Prism 6 (GraphPad) to determine plateau OD. The percent reduction in platelet aggregation was 

calculated using this formula: Y = 100 – (
∆𝑃𝑛

∆𝑃𝐶
)*100, where Y = percent reduction in platelet 

aggregation, Pn= rSerpin treated plateau OD, and PC = positive control plateau OD subtracted 

from blank plateau OD.  Data were presented as mean  SEM of duplicate platelet aggregation 

assays. 

 

Anti-blood clotting function of rSerpin 

The effect of rAAS41 and rAAS46 against blood clotting was assessed using modified 

recalcification time (RCT), activated partial thromboplastin time (aPTT), thrombin time (TT), and 

prothrombin time (PT) to respectively measure the effect on the entire blood cascade, the intrinsic, 
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extrinsic, and common blood clotting activation pathways as described (Nazareth et al., 2006, Liao 

et al., 2009, Mulenga et al., 2013). All assays were done in duplicate, with clotting time monitored 

at A650nm using the Infinite M200Pro plate reader (Tecan Group Ltd.) or Synergy H1 Hybrid Multi-

Mode Microplate Reader (BioTek Instruments Inc.) set to 37°C. In these assays, clot formation 

was directly proportional to increase in OD, and results were presented as mean  SEM. It is 

expected that plasma clotting will increase the turbidity in the reaction mix, which will increase 

the A650nm values, indicating the light path resistance. 

In the RCT assay, 50 μL of universal coagulation reference human plasma [UCRP] 

(Thermo Fisher Scientific) was pre-incubated with 10, 5, 1.25, 0.625, or 0 μM rSerpin in 90 μL 

Tris-HCl reaction buffer (20 mM Tris-HCl, 150 mM NaCl, pH 7.4) for 15 min at 37C. Adding 

10 μL of pre-warmed 150 mM calcium chloride (CaCl2) triggered plasma clotting. Plasma clotting 

was monitored at every 20 s for 30 min at A650nm using the Infinite M200Pro plate reader (Tecan 

Group Ltd.) or Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek Instruments Inc.) set 

to 37°C.  

In the aPTT assay, various amounts of rSerpin (indicated above) were pre-incubated for 15 

min at 37C with 50 L UCRP diluted to 100 L with 20 mM Tris-HCl, 150 mM NaCl, pH 7.4. 

Subsequently, 50 L of the aPTT reagent (Thermo Fisher Scientific) was added to plasma and 

incubated at 37C for an additional 5 min to activate the reaction. Adding 50 L 25 mM CaCl2 to 

the reaction triggered clotting. The clot formation was monitored every 10 s for 5 min at A650nm 

using the Infinite M200Pro plate reader (Tecan Group Ltd.) or Synergy H1 Hybrid Multi-Mode 

Microplate Reader (BioTek Instruments Inc.) set to 37°C. 

In the TT assay, various amounts of rSerpin (indicated above) were pre-incubated at 37C 

for 15 min with 25 L of the TT reagent (Thermo Fisher Scientific) containing CaCl2 in 50 L 
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Tris-HCl reaction buffer with (20 mM Tris-HCl, 150 mM NaCl, pH 7.4). Adding 50 L of pre-

warmed UCRP started plasma clotting. The clotting time was monitored every 10 s for 5 min at 

A650nm using the Infinite M200Pro plate reader (Tecan Group Ltd.) or Synergy H1 Hybrid Multi-

Mode Microplate Reader (BioTek Instruments Inc.) set to 37°C. 

In the PT assay, various rSerpin amounts as above were pre-incubated at 37C for 15 min 

with 100 L PT reagent (Thermo Fisher Scientific) containing CaCl2 diluted up to 150 L with 20 

mM Tris-HCl, 150 mM NaCl, pH 7.4 reaction buffer. Adding 50 L of the pre-warmed UCRP 

(Thermo Fisher Scientific) triggered plasma clotting. The clotting time was monitored every 10 s 

for 5 min at A650nm using the Infinite M200Pro plate reader (Tecan Group Ltd.) or Synergy H1 

Hybrid Multi-Mode Microplate Reader (BioTek Instruments Inc.) set to 37°C. 

 

Paw edema and vascular permeability assay 

Adult male Wistar rats were supplied by the Central Animal Facility (CREAL), 

Universidade Federal do Rio Grande do Sul, UFRGS, Brazil. Rats were housed in plastic cages (4 

rats per cage) within a temperature-controlled room (22–23°C, on a 12 h light/dark cycle) and had 

free access to water and food. For paw edema assay, compound 48/80-induced rat paw edema 

models were used to investigate the potential anti-inflammatory role of rAAS41 as described in 

Landucci et al., (1995) with slight modifications. Paw volume was measured using a digital 

plethysmometer (Insight, Ribeirão Preto, SP, Brazil). Before paw volume measurement, the rat 

paw was marked at the ankle to immerse the rat paw at the same point for plethysmometer readings. 

Subsequently, 50 μL of compound 48/80 (1 µg total in saline) was administered by intraplantar 

injection in the right paw in the absence or presence of endotoxin-free rAAS41 (25 µg per paw in 

saline). The left paw was used as a control and received the same volume of saline. As a control, 



 

161 

 

 

 

each group of rats received the same volume of saline (vehicle) in the presence of serpin only (25 

µg per paw). As an index of edema formation, paw volume (in millimeters) was measured at 0, 

30, 60 and 120 min. The density of the paw was measured by reading the plethysmometer volume 

in triplicates. The increase in paw volume was calculated by subtracting the average volume of the 

right paw by the average volume of the left paw at each time point. 

The vascular permeability assay was performed as described in Muller et al. (2009).  Male 

Wistar rats (weighting between 250 – 400 g) were anesthetized with intraperitoneal injection of 

xylazine (10 mg/kg) and ketamine (75 mg/kg). Under anesthesia, rats were injected intravenously 

(tail vein) with 700 μL of Evans blue dye (50 mg/kg in saline). After 5 min, rats were injected 

intradermally on the dorsal region (100 μL final volume) with: (i) saline, (ii) 1 μg of compound 

48/80 in saline, (iii) 1 μg of compound 48/80 coinjected with 25 μg of rAAS41 in saline, or (iv) 

25 μg of rAAS41 in saline. Two spots of each treatment were performed per animal (n=6; 12 spots 

per treatment). After 60 min, animals were euthanized and an area of skin that included the entire 

injection sites was carefully removed and photographed. Evans blue dye spots on visible in the 

skin injection sites were excised and the dye was extracted incubating the skin with 2.5 mL of 50% 

formamide for 24 h at 55°C. After centrifugation at 1500 xg for 10 min, the absorbance of the 

supernatant was measured at 620 nm using a spectrophotometer. Unpaired t-test was used for 

statistical analysis in which p ≤0.05 was considered statistically significant. 

 

RNAi silencing of selected serpins mRNA 

RNAi-mediated silencing was performed for AAS41 and AAS46 tick salivary serpins as 

previously described (Mulenga et al., 2013, Kim et al., 2014). Multiple sequence alignments of 

AAS41 and AAS46 showed more than 97% identities at the nucleotide and amino acid levels. 
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Therefore, primers were designed to synthesize double stranded RNA (dsRNA) that targeted both 

AAS41 and AAS46, referred here to as AAS41/46. To synthesize dsRNA, the Megascript RNAi 

kit (Thermo Fisher Scientific) was used according to manufacturer’s instructions. The dsRNA 

target sequence was searched against tick sequences in GenBank to verify specificity. Using 2 g 

of purified PCR product as template, dsRNA was synthesized for each specific serpin using 

forward (5′-TAATACGACTCACTATAGGGCTGCACGAGACTCTGGGTTA-3′) and reverse 

(5′-TAATACGACTCACTATAGGGGGTAGACGTGGACATGATGC-3′) primers with added 

T7 promoter sequence (in bold). PCR primers for an unrelated tick gene, enhanced green 

fluorescent protein coding cDNA (EGFP: accession number JQ064510.1) with added T7 promoter 

sequence (Kim et al., 2014) were used to synthesize the control EGFP-dsRNA. Due to the high 

transcript expression of AAS41/46 determined by qRT-PCR, a strategy to deplete AAS41/46 

mRNA was performed. Three adult A. americanum ticks were injected with 0.5 – 1 L (~3 g/L) 

EGFP-dsRNA or AAS41/46-dsRNA as described (Kim et al., 2014), including a non-injected 

control and incubated for up to 3 weeks at 25°C with >85% humidity. Total RNA from individual 

ticks were extracted using Trizol methods and 1 g was used for cDNA synthesis to determine the 

levels of AAS41/46 transcripts depleted after day 3, and 1, 2, and 3 weeks post-injections by 

qualitative PCR analysis using the primers for recombinant protein expression noted above.  

For RNAi studies, two test groups of 15 female A. americanum ticks were injected with 

0.5 – 1 L (~3 g/L) EGFP-dsRNA or AAS41/46-dsRNA in nuclease free water as described 

above. Injected ticks were kept at 25°C with >85% humidity for three weeks and then placed on 

SPF New Zealand white rabbits to feed. The effect(s) of selected serpins mRNA disruption on tick 

feeding success was investigated by assessing tick attachment and mortality rates, time to feed to 

repletion, engorgement weight (EW) as an index for amount of blood taken in by tick, and egg 
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mass conversion ratio (EMCR) as measure of utilizing blood meal to produce eggs as described 

(Kim et al., 2014). Tick phenotypes during feeding were documented daily using the Canon EOS 

Rebel XS camera attached to a Canon Ultrasonic EF 100mm 1:2:8 USM Macro Lens (Canon USA 

Inc., Melville, NY, USA).  

 

Validation of RNAi silencing  

Disruption of AAS41/46 mRNA was verified by quantitative (q) RT-PCR as described  

(Kim et al., 2014). Three ticks that were injected with the control EGFP-dsRNA or AAS41/46-

dsRNA were manually detached from the rabbit ears 72 h post-attachment. Ticks were processed 

individually for single tick analysis as opposed to pooling tick due to the limitation of dsRNA 

delivery in that although the same volume of dsRNA is delivered, not all ticks will obtain the same 

amount as there is some leakage of fluids during injections. Tick organs (SG, MG, SYN, MT, 

OVR, CA) were dissected as described above. Extraction of mRNA using the Dynabead mRNA 

Direct Kit (Thermo Fisher Scientific) were performed following the manufacturer’s instructions. 

The extracted mRNA was quantified using the Infinite M200 Pro plate reader (Tecan Group Ltd.) 

or Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek Instruments Inc.). Template cDNA 

was synthesized from ~200 ng of mRNA using the Verso cDNA Synthesis Kit following the 

manufacturer’s instructions (Thermo Fisher Scientific). Approximately 10-fold diluted cDNA and 

AAS41/46 350nM forward and reverse primers each from qRT-PCR (above) were mixed with 2X 

SYBR Green Master Mix (Thermo Fisher Scientific) in triplicates and were subjected to qRT-

PCR. For an internal control, A. americanum 40S ribosomal protein S4 (accession number 

GAGD01011247.1) (Koci et al., 2013) was used. Relative quantification (RQ) of selected serpin 

transcripts was determined as described (Kim et al., 2014). Selected serpins mRNA suppression 
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was determined using the formula, S = 100 - (
𝑅𝑄𝑇

𝑅𝑄𝐶
 * 100) where S = mRNA suppression, RQT and 

RQC = RQ of tissues in selected serpin-dsRNA injected and EGFP-dsRNA injected ticks, 

respectively. Data was presented as the mean (M) of selected serpin mRNA suppression  SEM. 

 

Statistical analysis  

 Statistical software packages in PRISM version 6 (GraphPad Software Inc.) were used. 

Unpaired student t-test and Mann-Whitney analysis were used to determine if differences between 

AAS41/46-dsRNA and EGFP-dsRNA injected ticks are significant.  

 

Results 

A. americanum serpin (AAS) 41/46 are highly expressed in unfed and 24 h fed ticks 

A. americanum serpins (AAS) 41 and 46 are nearly identical with differences restricted 

within the functional reactive center loop domain (Fig. 1). We initially identified AAS46 from our 

“In-Gel” digestion approach (part of Chapter II); we identified AAS41 in the process of 

constructing the expression plasmid for recombinant (r)AAS46. At the time of expression analysis, 

qRT-PCR primers were designed for AAS46, but we subsequently found that we targeted both 

AAS46 and AAS41. For this reason, the expression analysis in Figure 2 is likely for both AAS41 

and AAS46 (AAS41/46).  

Results from qRT-PCR analysis show that AAS41/46 mRNA is highly transcribed in 

salivary glands (SG), midguts (MG), and carcass (CA, tissue remnant after removal of SG and 

MG) of unfed ticks followed by fed ticks (Fig. 2A). We would like to advise the reader to note 

units on the Y-axis indicate the fold change in relative expression levels for AAS41/46 mRNA 

compared to the 120 h time point (as the calibrator), where the transcript expression levels were 
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the lowest. Figures 2A1, 2A2, and 2A3 show that AAS41/46 in the unfed tick the expression levels 

are up to 35-fold higher in the SG, 12-fold in MG, and 70-fold in CA compared to the 120 h time 

point. During feeding (24h -96 h) the transcript is reduced, showing up to 5-fold in SG, 4-fold in 

MG, and 10-fold in CA, compared to the 120 h time point. 

Figure 2B summarizes native AAS41/AAS46 protein expression pattern during in unfed 

and partially fed ticks. We had previously determined proteomes of unfed ticks that were not 

stimulated to feed (taken from incubator), those that were stimulated to start feeding on rabbits, 

dogs, and humans (Tirloni et al., 2017), and those that had fed on rabbits (Chapter II of this 

dissertation). Inspecting the normalized spectral abundance factors (NSAF, index for relative 

protein abundance) in saliva proteomes revealed that AAS41/46 protein levels were enhanced 

when ticks were stimulated to start feeding on any host, and were expressed at high levels during 

the first three days of feeding and subsequently reduced with feeding (Fig. 2B).   

  

Recombinant AAS41 and AAS46 are expressed as glycoproteins and present in major tick organs 

and all life stages  

We successfully expressed and affinity purified both recombinant (r)AAS41 and rAAS46 

in Pichia pastoris (Figs. 3A and 3B, respectively). The calculated molecular weight of both 

rAAS41 and rAAS46 with an added fusion tag was around 46 kDa. However, both recombinant 

proteins migrated at around 50 kDa. Amino acid sequence analysis predicted that both rAAS41 

and rAAS46 have three N-linked and six O-linked glycosylsation sites. When treated with 

glycosidases, rAAS41 migrated lower than non-treated controls confirming that the observed high 

molecular weight was due to glycosylation (Fig. 3C).  
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Monospecific IgG antibodies to rAAS41/46 were purified and the quality and specificity 

was confirmed by western blot analysis that showed to be directed at both the deglycosylated and 

glycosylated forms or rAAS41 and rAAS46 (Fig. 3D). Consistent with the saliva proteome data 

(Chapter II), AAS41/46 appear to be most abundant in all tick tissues (SG, MG, and CA) in the 

unfed stage and decreases with feeding (Figs. 3E, 3F, and 3G). Using the purified rAAS41/46 

monospecific antibody, western blot analyses of native proteins from egg, larvae, nymphs and 

adults (male and female) show binding between the 37 and 50 kDa molecular weight ladder (~45 

kDa), which is the expected size of the mature rAAS41/46 (Fig. 3H). This indicates that native 

AAS41/46 are present in all life stages with higher abundance in the adult stages (Fig. 3H). Pre-

immune controls show no binding to rAAS41/46 or native AAS41/46 in tick tissues and life stages 

(Figs. 3I, 3J, 3K, 3L, and 3M).  

 

A. americanum rAAS41 and rAAS46 are immunogenic and cross-react to serum of rabbits 

repeatedly infested with Ixodes scapularis 

 Given that rAAS41 and rAAS46 are secreted in saliva, we determined if these serpins were 

immunogenic. Figure 4 shows that affinity purified rAAS41 and rAAS46 that were treated with 

deglycosylation enzyme mix (+) or without treatment (-), both bound to antibodies to tick saliva 

proteins from serum of rabbits that were repeatedly infested with A. americanum ticks for 24 h 

(Fig. 4A), 48 h (Fig. 4B), replete fed (Fig. 4C), but not pre-immune serum control (Fig. 4D) at 

1:500 dilution. Likewise, both deglycosylated and glycosylated rAAS41 and rAAS46 are 

recognized by antibodies to tick saliva proteins from serum of rabbits that were repeatedly infested 

with I. scapularis tick adults replete fed (Fig. 4E), replete fed nymphs (Fig. 4F), replete fed nymphs 

that were infected with Borrelia burgdorferi sensu stricto (Fig. 4G), but not pre-immune serum 
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control (Fig. 4H) at 1:50 dilution. It is interesting to note that when screening with antibodies to 

24 h, 48 h or replete fed A. americanum tick feeding, all the deglycosylated forms provided a band 

signal at ~46 kDa, indicating the detection of the expected mature protein molecular weight. 

However, when screening with rabbit serum to I. scapularis, only the serum to one-time fed I. 

scapularis nymphs that were infected with B. burgdorferi recognized the deglycosylated rAAS41 

and rAAS46. On the contrary, the rabbit serum from rabbits that were repeatedly infested with 

uninfected nymphs and adults bound to the glycosylated form of rAAS41 and rAAS46, but not 

deglycosylated forms. The implication is that there may be a homolog to AAS41 and AAS46 in I. 

scapularis nymphs that are secreted in tick saliva during feeding under the influence of B. 

burgdorferi infection. 

 

Recombinant AAS41 is an inhibitor of chymase and chymotrypsin, but rAAS46 is not 

To gain insight into probable functional roles of rAAS41 and AAS46 at the tick feeding 

site, we screened their inhibitory profile against 19 mammalian serine proteases related to host 

defense pathways as described (Kim et al., 2015, Tirloni et al., 2016). This analysis revealed that 

rAAS41 (1 µM) inhibited activity of human chymase by 95%, rat and mouse chymase (peritoneal 

mast cell extract) by a respective 100 and 96%, bovine pancreatic α-chymotrypsin by 99%, papain 

by 60%, cathepsin G by 23%, and pancreatic elastase by 19% (Fig. 5A). In contrast rAAS46 (1 

µM) inhibited activity of human chymase by 11.6%, mouse chymase (peritoneal mast cell extract) 

by 6%, bovine pancreatic α-chymotrypsin by 16%, papain by 62%, cathepsin G by 29%, human 

neutrophil proteinase 3 by 36%, and pancreatic elastase by 19% (Fig. 5B).  

To check the inhibitory efficiency, we calculated stoichiometry of inhibition (SI) index of 

rAAS41 against human chymase and bovine pancreatic α-chymotrypsin. Accordingly, the SI index 

for rAAS41 was 3.8 against bovine pancreatic chymotrypsin (Fig. 6A) and 3.23 against human 
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chymase (Fig. 6B). A typical inhibitory serpin will form an SDS and heat stable complex with its 

target protease (Huntington et al., 2000, Gettins, 2002). We show that rAAS41 formed stable 

complexes with human chymase (Fig. 7A) and bovine -chymotrypsin (Fig. 7B) as revealed by 

high molecular weight complexes that were stable with SDS and heat treatment (indicated by 

arrow head). These irreversible complexes between rAAS41 and the target proteases were 

observed at similar molar ratios comparable to SI.  

We next determined association rate constant (ka) of rAAS41 with human chymase was 

measured under pseudo-first order conditions using a discontinuous assay (Horvath et al., 2011) 

to gauge insight rate of action of rAAS41 against chymase. The ka for the interaction of rAAS41  

 

Recombinant AAS41 is an anti-inflammatory protein  

Mast cell secreted chymase is a key mediator of inflammation (Caughey, 2007, Pejler et 

al., 2010, Dai and Korthuis, 2011), and thus, the observation that rAAS41 inhibited chymase 

suggested that this serpin might interfere with inflammation. We evaluated the effects of rAAS41 

in a rat model of acute inflammation induced by compound 48/80 (an agonist of mast cell 

degranulation [Horsfield, 1965, Vassimon and Rothschild, 1990]). Injection of compound 48/80 

induced acute inflammation that was characterized by edema formation as revealed by increase in 

paw thickness reaching a maximum 1 h post injection for formalin (Fig. 9A). When co-injected 

with rAAS41 (25 µg/paw) edema formation was significantly reduced by 38% (p = 0.0142) at 30 

min, 72% (p = 0.0009) at 60 min, and 55% (p = 0.0072) at 120 min post-injections (Fig. 9A). 

 Intradermally, inflammation increases vascular permeability into the subcutaneous tissue 

and can be estimated using the Miles assay by measuring Evans blue dye fluid extravasation in rat 

skin (Muller et al., 2009). When compared to saline injection, compound 48/80 significantly 
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increased the vascular permeability into skin subcutaneous tissue. However, co-injection with 

rAAS41 (25 µg/spot) significantly reduced the amount of blue dye that was secreted (p = 0.0033) 

(Figs. 9B and 9C).  

 

Recombinant AAS41 and rAAS46 are not involved with platelet aggregation or hemostasis  

 Cathepsin G and thrombin are potent agonists of platelet aggregation (Puri and Colman, 

1993), and ADP is responsible for causing primary and secondary aggregation of platelets (Puri 

and Colman, 1997). The PI profiling for both rAAS41 and rAAS46 showed less than 40% 

inhibition of cathepsin G. We tested to see if rAAS41 and rAAS46 had any effect in delaying 

cathepsin G- or ADP-induced platelet aggregation. Overall there was no effect in delaying or 

stopping cathepsin G- or ADP-induced platelet aggregation when comparing to the positive control 

(data not shown). 

 Likewise, preventing blood clotting is one of the key functions of tick saliva proteins to 

allow the tick to ingest a blood meal. Therefore, we tested the ability of rAAS41 and rAAS46 to 

delay or inhibit blood clotting from human serum by RCT, APTT, PT, and TT assays. Consistent 

with the PI profile where rAAS41 or rAAS46 did not inhibit proteases involved in blood clotting 

(thrombin, trypsin, plasmin, t-PA, u-PA and blood clotting factors), there was no delay or 

inhibition of blood clotting when using these serpins (data not shown).  

 

RNAi silencing of AAS41/46 significantly reduces the tick blood meal size 

To gain insight on functional importance of AAS41/46 in tick feeding, we assessed the 

effects of RNAi silencing on A. americanum feeding summarized in Figure 10. Given the fact that 

AAS41/46 were highly expressed in unfed ticks, we first depleted the AAS41/46 transcript from 
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unfed ticks before assessing the effects of RNAi silencing on tick feeding. The rationale for 

depletion of target mRNA from unfed ticks is to prevent ticks from expressing the cognate protein 

when placed on rabbits to feed.  

To deplete mRNA, unfed ticks that were injected with AAS41/46-dsRNA were analyzed 

using qualitative RT-PCR for cognate mRNA expression at 3, 7, and 21 days post dsRNA injection 

(Fig. 10A). As shown in Figure 10A, most of AAS41/46 mRNA was disrupted by day 21 after 

injecting dsRNA. Subsequently dsRNA injected ticks were incubated for three weeks before 

assessing the effects of RNAi silencing on tick feeding. To validate target mRNA suppression in 

ticks that had attached to feed, we sampled four ticks per treatment at 72 h of post-attachment and 

confirmed that AAS41/46 transcript was suppressed by 16-53%, 59-74%, and 68-84% in SG, MG 

and CA respectively (Fig. 10B).  

To assess the impact of disrupting AAS41/46 mRNA of feeding success, ticks were 

allowed to feed to repletion. Overall, RNAi silencing did not affect tick feeding rate as both control 

(GFP-dsRNA injected ticks) and treatment ticks completed feeding within the same time frame 

(not shown). Replete fed ticks were photographed to document physical phenotypes (Fig. 10C). 

Subsequently, replete fed ticks were weighed to measure the engorgement mass as an index for 

the amount of blood ingested by the tick. This analysis showed that RNAi silencing significantly 

(p = 0.0376) reduced the amount of blood taken in by ticks (Fig. 10D1). Replete fed ticks were 

incubated at 22C with >85% relative humidity to allow for egg laying. Our data show that, though 

not statistically significant, RNAi silencing caused a reduction in amount of eggs that were laid 

(Fig. 10D2), and the ability of fed ticks to convert the blood meal into eggs (Fig. 10D3). 
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Discussion 

This study describes biological and functional characterization of two immunogenic A. 

americanum tick saliva serpins, AAS41 and AAS46, with high sequence homology, but that are 

functionally distinct. Host inflammation response to tick feeding is one of the cardinal host 

defenses that the tick must modulate to successfully feed and transmit tick-borne diseases. While 

anti-inflammatory properties of tick saliva are documented (Rodrigues et al., 2018, Banajee et al., 

2016), the molecular identities of mediators of A. americanum saliva anti-inflammation effect are 

not fully known. In this study, we demonstrate that AAS41 is likely among proteins that A. 

americanum utilizes to evade the host’s inflammation defense against tick feeding.  

Given high sequence similarity between AAS41 and AAS46, we are interpreting our 

biological analysis on mRNA and protein expression with caution; we do not know if data 

presented here are for one of the serpins or for both. Despite this limitation, our qRT-PCR data 

showing that AAS41/46 mRNA are expressed in multiple tick organs and the finding that 

AAS41/46 protein is injected into the host during tick feeding suggested one or both of these 

proteins played significant roles in tick physiology. The finding that AAS41/46 protein is 

immunogenic and highly abundant in unfed and early stage feeding (24-72 h feeding timepoints) 

make these two proteins attractive candidates for tick vaccine development. From the standpoint 

of identifying cross species conserved tick saliva proteins that could be targeted for an anti-tick 

vaccine to stop pathogen transmission, it is interesting to note that the protein backbone of rAAS41 

cross-reacts to rabbit serum from once fed B. burgdorferi-infected I. scapularis nymphs, but did 

not bind to rabbit serum from uninfected I. scapularis nymphs feeding. This could indicate that 

AAS41 homolog in I. scapularis could be secreted in saliva of only B. burgdorferi infected ticks. 

The 24-72 h tick feeding timepoints coincides with key tick feeding processes; creating the tick 
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feeding lesion (through first 24-36 h of feeding [Sonenshine 1993, Walade and Rice, 1982], and 

starting to transmit tick-borne disease agents (after first 48 h of feeding, des Vignes et al., 2001, 

Ebel and Kramer et al., 2004). From this perspective it was encouraging to note that RNAi 

silencing of AAS41/46 mRNA significantly reduced the feeding efficiency resulting in reduced 

blood meal feeding and fecundity. These findings gave us confidence to target AAS41/46 proteins 

in tick vaccine development (Chapter IV of this dissertation). 

Another requirement to improve on design of tick vaccines is to understand functions of 

candidate antigens in tick feeding. Here, we have provided evidence to show that AAS41 is likely 

one of the tick saliva proteins that A. americanum utilizes to evade the host’s inflammation defense 

by targeting the chymase inflammatory pathway (Caughey, 2007, Pejler et al., 2010, Dai and 

Korthuis, 2011). There is evidence that mast cells play critical roles in host response to tick feeding 

and comprise of 10% of the cutaneous cellular responses at the tick feeding site from cattle that 

were fed by A. americanum (Brown, 1984).  Two studies demonstrated that mast cell deficient 

mice could not develop resistance against Haemaphysalis longicornis larvae tick feeding (Matsuda 

et al., 1985), while wild type mice with intact mast cell response expressed tick feeding resistance 

by massive degranulation of these cells at the feeding site (Ushio et al., 1993). On this basis, our 

findings that rAAS41 inhibited chymase that was purified from mast cells strongly suggest a role 

for native AAS41 to suppress inflammation in response to tick feeding by inhibiting chymase that 

is secreted by degranulating mast cells.  

The tick accomplishes feeding by creating a wound in the skin and ingesting blood that 

accumulates in the wound (Sonenshine, 1993). The expected host response is tissue repair, which 

if successful will prevent the tick from successful feeding. Chymotrypsin and trypsin play critical 

roles in tissue repair (Shah and Mital, 2018), such as might be required at the tick feeding site.  
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Following injury, 1-antitrypsin and 2-macroglobulin, inhibitors of both trypsin and 

chymotrypsin are secreted, and if left uncontrolled could lead to delayed wound healing (Shah and 

Mital, 2018). As rAAS41 is also a strong inhibitor of chymotrypsin, it is conceivable that A. 

americanum native AAS41 might interfere with the host’s tissue repair response by disrupting 

chymotrypsin kinetics at the tick feeding site. It is notable that native AAS41/46 were injected at 

secreted high levels through 168 h feeding when the tick is preparing to complete feeding, and the 

tick might no longer need to control inflammation (Fig. 1B). It is notable from data in Chapter II 

of this dissertation that, A. americanum tick saliva contained high levels of rabbit 1-antitrypsin 

and 2-macroglobulin, which also play roles in disrupting the host’s tissue repair response. 

One of the interesting lessons from this study is that we might not infer function of tick 

serpins based on sequence homology. It is noteworthy that despite high sequence similarity 

between AAS41 and AAS46, the two proteins were functionally different.  We were pleasantly 

surprised that a two amino acid sequence difference within the reactive center loop affected 

functions of the two serpins. The function of serpins is influenced by the amino acid residue at the 

P1 position (Huntington et al., 2000, Gettins, 2002). The difference in function between rAAS41 

and rAAS46 might be explained by the fact the former has a Leucine at its P1 site, while the latter 

has a Threonine amino acid residue. In conclusion, this study has made significant contributions 

toward understanding the molecular basis of tick feeding physiology. These findings are expected 

to influence design of tick vaccines.  

In conclusion, this chapter has contributed toward understanding the molecular basis of 

tick feeding physiology. Three A. americanum tick salivary serpins, AAS19, AAS41, and AAS46 

were successfully characterized. Data in this chapter indicate that AAS19 and AAS41 might 

function in mediating A. americanum tick evasion of the host’s tissue repair response. The tick-
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feeding style of creating a wound in host skin and then ingestion of host blood that accumulates 

into the lesion is expected to trigger the host’s tissue repair response to close the wound and stop 

blood loss. If the host was successful, the tick will fail to feed. The repair process broadly involves 

four overlapping phases: blood clotting system, inflammation, cell proliferation, and tissue 

remodeling (Krafts, 2010, Shah and Mital, 2018). Data in this chapter strongly support the concept 

that AAS19 functions in facilitating tick evasion of the host’s inflammation and blood clotting 

system as it inhibits trypsin and blood clotting factors (Stormorken, 1956, Davie and Fujikawa, 

1975, Schmaier, 2007). On the other hand, AAS41 could be involved in facilitating tick evasion 

of host inflammation via its activity against chymotrypsin and chymase. RNAi silencing data 

confirmed the three A. americanum tick saliva serpins in this chapter regulated important tick 

feeding physiology functions in that disrupting their functions significantly reduced tick feeding 

success. On this basis, all three serpins were selected for analysis as potential target antigens in the 

fourth chapter of this dissertation.  
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CHAPTER IV 

 

IMMUNIZATION OF CATTLE USING A COCKTAIL MIXTURE OF SELECTED 

RECOMBINANT TICK SALIVA PROTEINS TO DETERMINE PROTECTION FROM 

TICK FEEDING  

 

Rationale 

This chapter is the extension of findings in the second and third chapter of this dissertation. 

The rationale was to mimic host immunity that is observed in repeatedly infested animals that 

acquire resistance against tick feeding (Bowessidjaou et al., 1977, Brown and Knapp, 1981, Brown 

et al., 1984, Latif et al., 1988, Brossard and Papateodorou, 1990, Barriga et al., 1991, Gebbia et 

al., 1995). This immunity is elicited by several TSPs as evidenced by western blot analysis, which 

show multiple tick saliva proteins reacting to immune sera of rabbits that were repeatedly infested 

with ticks. Therefore, to mimic naturally acquired tick feeding resistance, the goal was to test if a 

cocktail vaccine containing multiple tick salivary antigens could mimic immunity of repeatedly 

infested animals and protect cattle against tick infestation. This chapter tested the following 

hypothesis:  

• H0: Immunization of cattle with multiple recombinant tick saliva proteins will not 

mimic immunity against tick feeding that is induced by repeated tick infestation of 

animals.  

• H1: Immunization of cattle with multiple recombinant tick saliva proteins will 

mimic immunity against tick feeding that is induced by repeated tick infestation of 

animals.  
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Materials and Methods 

Ethics statement 

 All animal work was conducted and approved according to Texas A&M University 

Institutional Animal Care and Use Committee (AUP: 2017-0250) that meets all federal 

requirements, as defined in the Animal Welfare Act (AWA), the Public Health Service Policy 

(PHS), and the Humane Care and Use of Laboratory Animals. 

 

Selection of candidate vaccine antigens for immunization of cattle 

 Candidate tick saliva proteins for a vaccine cocktail were selected based on two criteria: 

(1) the protein was identified within the first 72 h of feeding in tick saliva, and (2) targets must be 

among genes that were upregulated in A. americanum that were stimulated to start feeding on cattle 

(Mulenga et al., 2007) and were also confirmed as immunogenic (Radulovic et al., 2014) including 

a putative extracellular metalloprotease secretion inducing protein [EMPRIN] and tick 

carboxypeptidase inhibitor [TCI]. Other immunogenic proteins that have been previously 

validated as secreted into the host in early stages of tick feeding in saliva include: calreticulin 

([CRT] Jaworski et al., 1995), histamine release factor, ([HRF] Mulenga and Azad, 2005), A. 

americanum serpin 6 ([AAS6] Chalaire et al., 2011), a cross-species conserved protein ([AV422] 

Mulenga et al., 2013), acidic chitinase ([Ach] Kim et al., 2014), insulin-like growth factor binding 

protein- related protein 1 ([IGFBP] Radulovic et al., 2015), A. americanum serpin 27 ([AAS27] 

Tirloni et al., submitted), and A. americanum serpin 4 ([AAS4] Porter et al., in preparation) were 

included in the vaccine cocktail. A. americanum serpins [AAS19, AAS41, and AAS46] 

characterized from the second objective were also included in the vaccine cocktail. A total of 13 

candidate tick saliva proteins (noted above) were selected for the vaccine cocktail. 
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 To determine and confirm immunogenicity of the 13 candidate tick saliva proteins, the 

antibody epitope prediction program from IEDB Analysis Resource server 

(http://tools.iedb.org/main/bcell/) was used to detect linear epitopes from protein sequences. The 

amino acid sequences of the 13 candidate antigens were entered in the search bar and the “Bepipred 

Linear Epitope Prediction” method was selected. This method predicts the B-cell epitopes using 

both the Markov model and propensity scales method (Larsen et al, 2006). 

 

Expression of 13 recombinant tick saliva proteins in Pichia pastoris 

Thirteen TSPs with predicted B-cell epitopes were expressed using the Pichia pastoris, X-

33, and pPICZα plasmid expression system (Thermo Fisher Scientific) as described in Chapter III. 

Of the 13 TSPs, six (AAS6, AAS19, Ach, AV422, CRT, and IGFBP) were previously expressed 

and functionally characterized by our lab and are published, four (AAS4, AAS27, AAS41, and 

AAS46) are in preparation for publication, and the remaining three (EMPRIN, HRF, and TCI) 

were expressed for this study. Therefore, the frozen stocks for 10 of the candidate antigens were 

available in the lab to proceed to large-scale protein expression. For EMPRIN, HRF and TCI, the 

mature protein open reading frames (Mulenga et al.,2007) were sub-cloned into respective pPICZα 

plasmid expression system (Thermo Fisher Scientific) as described in Chapter III.  All recombinant 

proteins were affinity purified and were dialyzed in 1x PBS pH 7.4. The total protein concentration 

was determined using the BCA quantification assay (Thermo Fisher Scientific). Expression of 

recombinant proteins for immunization was verified by western blot analysis using antibody to 

hexahistidine-HRP. The purity was confirmed by resolving the recombinant proteins by SDS-

PAGE and visualized by silver staining procedures. 

   

http://tools.iedb.org/main/bcell/
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Immunization of cattle with recombinant tick saliva proteins  

 Holstein steers (Bos taurus) ~3 months of age were placed in a tick-free pasture during 

immunizations at Texas A&M University, College of Veterinary Medicine and Biomedical 

Science, Veterinary Medical Park (TAMU-VMP). Animals were immunized in three groups: (1) 

buffer and adjuvant control consisting of 1x PBS pH 7.4 with equal volume of TiterMax Gold 

adjuvant (Sigma-Aldrich Corp., St. Louis, MO, USA), (2) a low (up to 100 g per antigen) and (3) 

high dosage (up to 300 g per antigen) of a cocktail mixture of 13 recombinant tick saliva proteins 

(rTSP) noted above, with TiterMax Gold adjuvant (Sigma-Aldrich Corp.). Animals were 

inoculated subcutaneously and/or intradermally with equal volumes of PBS:adjuvant or 

rTSPs:adjuvant mixtures. Immunizations were administered at day 0, booster at day 21, and a 

second booster at day 42. The second booster antigen concentrations were reduced three-fold. 

Blood was collected for serum preparation prior to administering the first immunization and 

subsequently every week thereafter for ELISA verification of host antibody response against each 

antigen. 

 

Tick challenge infestation on adjuvant injected and rTSPs-adjuvant immunized cattle 

Following immunizations of animals, tick challenge infestations were performed as 

previously described (Mulenga et al., 2007). Individual cattle were restrained in independent 

stanchions housed in a well-ventilated roof-covered area during tick infestations. An enlarged 

orthopedic stockinette used to contain ticks during feeding, was glued using Kamar adhesive 

(Kamar Products Inc. Zionsville, IN, USA) on the right and left sides of the back (chine) of the 

cattle. Adult (n=40 females and 20 males) and nymph (n=110-120) A. americanum ticks were 

placed into separate feeding stockinettes and daily monitored for tick feeding parameters such as 
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percent attached, percent feeding to engorgement, engorgement weight, percent egg laid (adults), 

egg mass (adults), egg mass conversion ratio (EMCR-indices for amount of blood meal converted 

for egg production), percent molted (nymphs) and record the feeding dynamics (rate of 

detachment). In order to determine if repeated tick infestation of animals that were immunized 

with recombinant TSPs enhances anti-tick immunity, animals were re-infested with ticks five 

weeks after the first infestation. Blood was collected for serum preparation three weeks after the 

first tick infestation and every week after the second tick infestation for ELISA verification of 

antibody response against each antigen. The effect(s) of immunization against tick feeding 

parameters were determined as noted above. 

 

ELISA and western blotting analysis 

 ELISA and western blot analyses were used to verify the animal antibody response to each 

individual rTSP. An ELISA standardization assay was first performed to determine the optimal 

conditions to coat 0.2 μg affinity purified rTSP into the 96 well plates overnight in coating buffer 

(0.1 M sodium carbonate pH 9.5). Various serum dilutions (1:50, 1:200, 1:400 and 1:600) were 

tested in combinations with different amounts of coated antigens (50, 100, 200 and 500 ng/ well) 

followed by 1:2000 or 1:5000 dilutions of the secondary antibody at which the ELISA A450nm read 

out was recorded. Coated wells were blocked with 300 μL of 5% skim milk in 1x PBS-Tween20 

(0.05%) pH 7.4 for 1 h at room temperature (RT). Antibodies, pre-immune or immune sera at a 

1:400 dilution were applied to the wells for 1h at RT and washed with 1x PBS-Tween20. 

Subsequently, a secondary goat anti-bovine IgG horseradish peroxidase (HRP) conjugated at 

1:5000 dilution in 5% skim milk in 1x PBS-Tween20 was applied to each well for 1h at RT. To 

detect antibody binding signals, after sufficient washing (6x) using an ELx405 Microplate Washer 
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(BioTek Instruments Inc.) with 1x PBS-Tween20, wells were incubated with 1-Step Ultra TMB 

ELISA substrate (Thermo Fisher Scientific) at RT for 10 min. An equal volume of 2 M sulfuric 

acid was added to stop the reaction and the A450nm was detected using the Synergy H1 Hybrid 

Multi-Mode Microplate Reader (BioTek Instruments Inc.).  

To determine if antibodies produced in cattle specifically bound to the administered 

antigens, individual purified recombinant tick saliva proteins were resolved on 10-20% SDS-

PAGE and transferred to PVDF membrane for western blot analysis. Membranes were blocked 

overnight at 4ºC in 5% skim milk in 1x PBS-Tween20. Pre-immune or immune sera (1:1,000) was 

exposed to the membrane for 1 h at RT. After appropriate washing with 1x PBS-Tween20, a 

secondary goat anti-bovine IgG HRP conjugated at 1:2000 dilution in 5% skim milk in 1x PBS-

Tween20 was exposed for 1 h at RT and then washed again prior to exposing to Amersham ECL 

Prime Western Blotting Detection Reagent for 5 min and visualized using the ChemidocTM XRS+ 

Imaging System (Bio-rad, Hercules, CA, USA).  

 

Statistical analysis 

One Way ANOVA and Tukey’s honestly significant difference (HSD) test, and Fisher 

exact test analyses were used to determine if tick-feeding performance on control and immunized 

cattle were significantly different using the Prism 6 software (GraphPad Software, La Jolla, CA, 

USA). Data were reported as Mean  SEM.  

 

Results 

Recombinant tick antigens are immunogenic in cattle 

Antigens that were used for immunization were selected on the basis that they are 
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upregulated in A. americanum ticks that were stimulated to start feeding on cattle (Mulenga et al., 

2007), are present in tick saliva from chapter II (Fig. 1), and are potentially immunogenic (Fig. 2). 

Thirteen TSPs (Ach, CRT, AAS4, AAS6, AAS19, AAS27, AAS41, AAS46, AV422, IGFBP-rP1, 

HRF, TCI, and EMPRIN) served as candidate anti-tick vaccine antigens for this study. Of the 13 

antigens, two (HRF and EMPRIN) were not found in the A. americanum tick saliva proteome 

(Chapter II of this dissertation). For HRF, it was confirmed as secreted in both Dermancetor 

variabilis (Mulenga et al., 2003) and A. americanum in previous studies (Mulenga and Azad, 

2005). EMPRIN, a putative extracellular metalloprotease secretion inducing protein, was 

identified from A. americanum ticks that were stimulated to start feeding on cattle, and was 

upregulated in salivary glands of partially fed ticks (Mulenga et al., 2007). 

Recombinant proteins were expressed in Pichia pastoris (Chapter III: AAS19- Kim et al., 

2015, AAS41 and AAS46- Kim et al., in preparation) and previously in the lab (AV422-Mulenga 

et al., 2013a, AAS6- Mulenga et al., 2013b, Ach- Kim et al., 2014, CRT- Kim et al., 2014, IGFBP-

rP1- Radulovic et al., 2015, AAS27- Tirloni et al., in submission, AAS4- Porter et al., in 

preparation, and EMPRIN, HRF, and TCI- unpublished). Figure 3 summarizes the validation of 

affinity purified recombinant antigens purity by western blot analysis using anti-hexahistidine tag 

and silver staining. Table 1 shows the total amount of purified protein recovered using the BCA 

quantification assay. As shown in Figure 3, all antigens were of high purity. The immunization 

and bleeding schedule that was accomplished is summarized in Figure 4 and Table 2; this timeline 

is provided for clarity of data presented below.  

Immunizing antigens were subjected to western blot analysis using cattle immune sera 

(1:1000 dilution) that were collected at day 21 after the booster injection (Fig. 5). As shown in 

Figure 5, antibody response was confirmed for 11 of the 13 antigens in five of the six immunized 
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heads of cattle. It is notable that three cattle that were immunized with the low dose antigen (100 

g/antigen for the cocktail mix) had a consistent response, while one of the animals that was 

immunized with high dose (300 g/antigen for the cocktail mix) had a poor response. The lack of 

binding on pre-immune and adjuvant inoculated sera confirmed that the observed binding in 

Figures 5B1, 5B2, 5B3 and 5C1, 5C2, 5C3 was specific. 

Figure 6 summarizes the ELISA analysis to profile the antibody response to immunization 

and tick feeding. Given that antibody binding was not observed for all antigens when coating 100 

ng per well at 1:1000 – 1:5000 dilution of immune sera followed by 1:2000 and 1:5000 secondary 

antibodies, an ELISA standardization assay was performed to establish an optimal antibody titer 

to antigen amount to keep all 13 antigen conditions consistent for comparison. The optimal 

conditions to detect a response from all 13 antigens was at 1:400 serum dilution to 200 ng of 

antigen/well, followed by 1:5000 secondary antibody and used in ELISA analysis as summarized 

in Figure 6. Based on observed A450nm, ELISA read outs were classified as high (Fig. 6A for 

AAS46, AAS41, IGFBP-rP1, AA27, and Ach), moderate (Fig. 6B for AAS6, AAS4, AAS19, 

CRT, and AV422), and low immunogenic (Fig. 6C for HRF, TCI, and EMPRIN) antigens. 

There are two principal data points from Figure 6: (i) highest titer was observed at 14 days 

after the first booster, and (ii) high dose antigens induced higher antibody titer for all antigens 

except for AAS46 and EMPRIN. It is also notable that 14 days after the second booster, antibody 

levels were comparable between low and high dose immunized cattle for all antigens except for 

AAS46, AAS4, AAS19, and CRT for which low antigen antibody titers were apparently higher 

than high antigen dose.  
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Immunization of cattle bolsters acquired immunity against nymph tick feeding  

 To assess the effects of immunization, cattle were challenge infested with nymph and adult 

A. americanum twice as summarized in Figure 7. The first and second tick challenge infestations 

were done at day 14 after the second booster (blue arrow head in Fig. 6) and day 32 after the first 

challenge infestation (maroon arrow head in Fig. 6 and Table 2), respectively. Ticks were allowed 

to feed to repletion and feeding parameters were documented as summarized in Figure 7. Data 

presented in Figure 7 is an average of observations of three animals that were immunized for 

control (PBS, phosphate buffered saline with adjuvant), low and high dose antigen with adjuvant 

immunized animals. 

Figure 7A1 documents the time to completion of feeding for nymphs during first (solid 

lines) and second (dashed lines) challenge infestation. A. americanum nymphs feeding on tick 

naïve animals are expected to complete feeding after 4-7 days of feeding (Barnard et al., 1985). 

Data summarized in Figure 7A1 show that immunization against tick feeding did not affect the 

feeding efficiency of nymph ticks during the first infestation as ticks on both control and 

immunized cattle completed feeding by day 7. 

However, there was apparent slowdown of tick feeding during the second challenge 

infestation as nymph tick feeding extended beyond. During the second infestation (dashed lines) 

an average 78%, 61%, and 69% of nymphs completed feeding on adjuvant, low, and high antigen 

immunized cattle grouped per treatment, respectively. However, tick feeding was significantly 

slowed during the second infestation on both control and immunized animals. Whereas, tick 

feeding was completed within 7 days during the first challenge infestation, it took up to 10 days 

for nymphs in all treatment groups to complete feeding during the second infestation (Fig. 7A1).  
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Overall, immunization did not protect against primary nymph tick infestation but enhanced 

acquired immunity against nymph tick feeding (Fig. 7A, and Tables 3A and 3B). Figure 7A2 

shows that immunization had no effect during the first challenge infestation but the number of 

nymph ticks that completed feeding on both low and high dose antigen immunized cattle was lower 

than those that fed on controls during the second challenge infestation. Whereas in the first 

infestation 93, 95, and 92% of nymph ticks completed feeding on the three control cattle, 79, 83 

and 94% of nymph ticks completed feeding in the second infestation. When comparing the three 

low antigen dose immunized cattle, 98, 92, and 100% nymph ticks completed feeding in the first 

infestation compared to the second infestation where 57, 77, and 67% nymph ticks completed 

feeding. Nymph ticks that fed on the three high antigen dose immunized cattle had 88, 90, and 

99% completed feeding in the first infestation, in contrast to the second infestation where 62, 98, 

and 68% completed feeding. These data indicate that repeated infestation induced tick immunity 

against nymph tick infestation resulting in 15, 13 and 0% fewer number of nymph ticks feeding to 

repletion on control cattle in the second infestation, and 41, 16, and 33% and 29, 0, and 31% fewer 

nymph ticks completed feeding on low and high antigen dose immunized cattle, respectively 

(Table 3A and 3B). 

Next, we assessed the effects of immunization on amounts of blood (measured by 

engorgement mass, EM) that nymphs ingested. This analysis revealed that although immunization 

had no significant effect on blood meal feeding first or second infestations, there was an apparent 

impact on the second infestation of nymphs that fed on the low dose antigen immunized cattle 

(Fig. 7A3). The EM of second infestation nymphs for PBS control, low and high antigen injected 

yielded average nymph weights of 9.46, 9.01, and 9.64 mg, respectively, (Fig. 7A3, and Table 3A 

and 3B). As shown in Figure 7A3, EM of nymphs that fed on two of the three low dose antigen 
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immunized animals were apparently smaller than the EM of ticks that fed on control cattle showing 

average percent changes per animal when comparing to all three controls were 0, 0.5, and 3.7% 

when comparing within control cattle and 0, 12.6, and 13.2% when comparing controls with low 

antigen injected cattle. It was interesting to note that immunization had no impact on blood meal 

feeding for nymphs that fed on high dose antigen immunized cattle as the EM for nymphs that fed 

on two of three immunized animals had no significant differences in EM when comparing to each 

individual control cattle, with the exception of one high animal that had a reduction of 12.6% in 

EM when compared to the controls (Table 3). 

Similar to EM, immunization had no effect on molting during the first infestation, and there 

was moderate to no effect during the second infestation (Fig. 7A4, and Table 3A and 3B). The sex 

ratio (male to female) of molted of ticks showed that, while ticks that fed on control animals had 

40 to 60 (male to female), it was reversed to 60 to 40 (male to female) for ticks that fed on 

immunized cattle (Table 3A and 3B).  

 

Effect of immunization of cattle against adult tick feeding was inconclusive  

 The effect of immunization adult tick feeding was not completed due to two principal 

limitations that arose during the study. During the first infestation, the experiment was suspended 

before ticks completed feeding due to an error in the Animal Use Protocol (AUP). The AUP 

stipulated that the experiment was going to last for 20 days, however this period did not account 

for time to prepare animals for tick infestation, the actual time to complete the experiment was 24-

28 days. During the second infestation, the error in the AUP was corrected, however the animals 

were too large for the stanchions, and most the ticks were crushed during feeding, and this might 

have affected the analysis. That said, the limited data that were collected showed that immunization 
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did not apparently affect feeding of adult ticks during both first and second challenge infestations 

as there was no difference in EM of ticks that fed to repletion (Fig. 7B1), egg laying (Fig. 7B2), 

and ability of ticks to convert the blood meal to eggs (Fig. 7B3). 

 

Discussion 

 Since the observation that repeatedly infested animals acquires host immunity against tick 

feeding (Trager et al., 1939a 1939b), there have been efforts to develop vaccines against tick 

feeding (Allen and Humphreys, 1979, Mulenga et al., 1999, 2001, Willadsen, 2004, 2006). 

However, efforts to immunize against tick infestation using single vaccine antigens have produced 

mixed results (reviewed in Merino et al., 2013), however when immunizing with tick salivary 

gland extracts protection against tick feeding levels increase (Wikel, 1981, Brown et al., 1984, 

Manohar and Banerjee, 1992, Astigarraga et al., 1995, Jittapalapong et al., 2008, Nikpay and 

Nabian, 2016), therefore it was thought that a protective vaccine antigen would likely be multi-

antigen. Recently, studies have attempted to mimic host immunity that is induced in repeatedly 

tick-infested animals with partial success that led to commercialization of the Bm86 vaccine 

(Willadsen et al., 1995) that has in recent years been withdrawn from the Australian market. Given 

that immune sera of repeatedly tick-infested animals that acquire immunity against tick feeding 

binds to multiple protein bands on western blots of tick salivary gland, it is thought that a protective 

vaccine antigen is going to be multi-antigen (Brown et al., 1984, Brown, 1988, Barriga et al., 1991, 

Mulenga et al., 1999, Narasimhan et al., 2007, Nikpay et al., 2012). This study was initiated against 

this background and as a logical continuation of studies that were conducted in Chapters II and III 

of this dissertation. Previous anti-tick immunization studies used under five antigens and produced 

mixed results (Imamura et al., 2008, Almazan et al., 2012, Parizi, et al., 2012, Moreno-Cid et al., 
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2013, Contreras and de la Fuente, 2016, Maruyama et al., 2017). Here for the first time a cocktail 

of more than 10 antigens was successfully formulated. The finding that each of the 13 recombinant 

antigens in this study provoked an antibody response demonstrated that immunization of animals 

with such a huge number of antigens is feasible. Findings in the second chapter of this dissertation 

that ticks secreted hundreds of proteins every 24 h encouraged formulation of this cocktail tick 

vaccine.  

Host immunity against tick feeding in repeatedly infested animals is directed against TSPs 

(Wikel 1981, 1982, Nuttall and Labuda, 2004), and from this perspective, this study targeted TSPs. 

The advantage of targeting TSPs is that the act of tick feeding could serve as booster immunization. 

On this basis, the goal of this study was two-fold: (i) to evaluate protective vaccine efficacy of the 

cocktail vaccine against primary tick infestation and (ii) to determine if repeated infestation of 

animals that were first immunized with tick saliva antigens can bolster immunity resulting from 

tick feeding. The observation that there was no protection against primary tick infestations is being 

interpreted with caution. It is potentially possible that the lack of protection against primary 

infestation might be due to the fact that the appropriate window to infest cattle was missed. From 

the immunogenicity study, it was observed that the highest antibody titer for all antigens was at 14 

days at the first booster. However, primary infestations were done at 14 days after the second 

booster when titers were lower for all antigens. It is also possible that the TiterMax Gold adjuvant 

that was used in this study might not be appropriate for cattle. We were encouraged to use the 

TiterMax Gold adjuvant due to findings in rabbits when immunization with rAAS19 and this 

adjuvant reduced tick feeding efficiency (Kim et al., 2016).  

Although it was not established for adult ticks, nymph ticks that fed on immunized cattle 

previously infested with ticks showed reduced performance when compared to the controls. This 
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demonstrates that immunization of cattle using the 13 recombinant tick saliva proteins bolsters the 

capacity of these cattle to acquire immunity when repeatedly infested. This might not be the most 

desirable finding for vaccine that will be utilized to immunize cattle against tick feeding. However, 

it is attractive in the case of immunizing wildlife against tick feeding. Since wildlife serves as the 

principal blood meal source to maintain tick populations in nature, the cocktail vaccine in this 

study might be effective over time. The expectation is that after receiving a dose of the vaccine, 

the acquired tick immunity resulting from repeated infestations will be superior for the immunized 

wildlife population compared to the general population. Wildlife such as white-tailed deer serve 

important roles on the impact of ticks and tick-borne diseases in veterinary and public health.  In 

public health, white-tailed deer are the primary blood meal source for both A. americanum and 

Ixodes scapularis ticks: the two medically important tick species that transmit majority of human 

tick-borne disease agents in the US according to the Center for Disease Control (CDC). There is 

evidence that prevalence of Lyme disease, which is vectored by I. scapularis was correlated to 

deer populations in a geographic location (Kilpatrick et al., 2014). Therefore, it is conceivable that 

immunization of deer against tick feeding might have broader impacts toward prevention of Lyme 

disease and other tick-borne diseases.  Likewise, the role of deer in preventing re-introduction of 

Rhipicephalus (formerly Boophilus) microplus to the U.S. has emerged. Since its eradication more 

than 75 years ago (Graham and Hourrigan, 1977), the U.S. government has prevented R. 

microplus, the primary vector for transmitting Babesia parasites in cattle, from re-establishing in 

the U.S. through mandatory acaricide treatment of all cattle imports from Mexico where these 

parasites are prevalent (Fernandez-Salas et al., 2012, Rodriguez-Vivas et al., 2014). In recent 

years, this prevention mechanism has been threatened due to the spread of acaricide resistant ticks 

being prevalent in Mexico, and most importantly, deer infested with acaricide resistant ticks 
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crossing into the U.S. from Mexico (Pound et al, 2010, Lohmeyer et al, 2011, Busch et al., 2014). 

On this basis, finding that the cocktail vaccine in this study bolstered the ability of the immunized 

hosts to acquired tick resistance following repeated infestation is attractive, and has potential 

application to immunization of ticks against tick feeding. 

In conclusion, this study established a cocktail vaccine against tick feeding, and most 

importantly has contributed results that will be used to improve the effect of this vaccine in future 

studies. Based on findings in this study, it might best to limit to one boost immunization, and 

challenge immunized animals two weeks after booster. It would also be instructive to evaluate 

other adjuvants, especially those that are approved for use in cattle. The findings in this study 

warrant that further investigation is needed to improve the formulation of this vaccine to control 

tick feeding on cattle.  
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CHAPTER V 

CONCLUSION: CONTRIBUTIONS FROM THIS DISSERTATION TOWAR 

UNDERSTANDING THE MOLECULAR BASIS OF TICK FEEDING PHYSIOLOGY  

 

Summary 

It has been nearly 120 years since Sabbatani (1899) made the first observation that ticks 

contain components that interfere or regulate host defenses such as blood clotting. Over 80 years 

ago, observations by Trager (1939a, b) that animals repeatedly infested with ticks elicit a strong 

protective immune response have influenced many studies to identify these molecular targets in 

tick salivary gland and saliva to develop an effective anti-tick vaccine. However, a protective anti-

tick vaccine that is effective in controlling multiple tick species remains elusive. This dissertation 

research contributes in understanding the molecular basis of tick feeding physiology using two 

ticks, Amblyomma americanum and Ixodes scapularis, that are distantly related yet have a growing 

impact on human and animal health in the U.S. The hypothesis is that these ticks utilize a conserved 

system to successfully evade host defenses for blood meal feeding and transmitting tick-borne 

disease agents and defining these conserved pathways will provide knowledge to strengthen the 

efforts to develop novel tick controls methods. This dissertation touched on three main areas of 

tick research. First: the discovery of potential vaccine targets using LC-MS/MS proteomics 

(Chapter II), Second: functionally define the role(s) of these targets in tick feeding physiology 

(Chapter III), and Third: downstream applications to test the effectiveness of tick saliva proteins 

as targets for tick vaccine development (Chapter IV). The availability of these data will allow for 

systematic design of antigens for effective anti-tick vaccines. 
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Prior to the advent of LC-MS/MS sequencing application to identification of proteins in 

tick saliva, very little was known on proteins that ticks injected into the host during feeding. Prior 

to the LC-MS/MS sequencing technology, the majority of putatively annotated TSPs were 

identified based on presence of a signal peptide. At the start of this dissertation, LC-MS/MS 

sequencing had been used to identify proteins in tick saliva from single tick feeding time point, 

most often after five days of tick feeding, presumably because ticks were larger and were easier to 

handle. The limitation of identifying tick saliva proteins from single feeding time point is that the 

dynamics of protein profile changes during feeding were not captured. In Chapter II of this 

dissertation, I successfully utilized the LC-MS/MS sequencing for the first-time, to identify 

hundreds of TSPs that are sequentially secreted every 24 h during feeding by two medically 

important ticks species in the U.S., I. scapularis and A. americanum. Data from these studies 

suggest that tick saliva is complex and dynamic and probably changes in response to host defenses. 

The profile of tick saliva changes every 24 h, which we hypothesize is a mechanism of host evasion 

by the tick through saliva responses. Of significance for pathogen transmission studies, as most 

tick-borne disease agents are transmitted within the first 48 h of tick feeding, this study focuses on 

proteins that are injected into the host prior to start of pathogen transmission.  

 The next phase is to define the functional role(s) of these tick saliva proteins in tick feeding 

physiology. In Chapter III of my dissertation, I have characterized three saliva serine protease 

inhibitors (serpins), AAS19, AAS41, and AAS46 from A. americanum that were identified from 

Chapter II. The majority of host defenses such as blood clotting and inflammation is serine protease 

mediated that are controlled by serpins. Of significance, all three serpins were present within the 

first 24 h of blood meal feeding at the transcript and protein levels. Biochemical characterization 

studies showed that AAS19 is an anti-coagulant protein that inhibits trypsin, plasmin, and blood 
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clotting factors. Studies on AAS41 and AAS46 provided insights into how the tick might evade 

host defense. Although AAS41 and AAS46 are 97% identical at the nucleotide and protein levels, 

they do not have the same functions. Biochemical analysis shows that AAS41 is a strong anti-

inflammatory protein that inhibits chymase and alpha chymotrypsin, while AAS46 does not inhibit 

any of the proteases we tested (at above 70% inhibition). Both AAS41 and AAS46 appear to be 

immunogenic as they bound antibodies to TSPs from rabbits that had acquired tick feeding 

resistance after repeated infestation. It is notable that AAS46 has a unique B-cell epitope that is 

absent in AAS41. This could this be a strategy of ticks to evade host defense by secreting a less 

potent decoy (AAS46), while secreting the potent anti-inflammatory AAS41. Given that the three 

saliva serpins are secreted within the first 24 h of feeding, are functional at the feeding site, and 

are immunogenic, these characteristics make them attractive targets for an anti-tick vaccine.     

There is evidence that acquired immunity against tick feeding in repeatedly infested 

animals is provoked by multiple tick saliva proteins (Brown et al., 1984, Brown, 1988, Barriga et 

al., 1991, Mulenga et al., 1999, Narasimhan et al., 2007, Nikpay et al., 2012). This coupled with 

the fact that, ticks secrete multiple TSPs during feeding (Chapter II), prompted the investigation 

in Chapter IV of my dissertation; to evaluate the effects of A. americanum tick feeding on cattle 

that were immunized with 13 different recombinant tick saliva proteins. Although immunization 

did not protect cattle against primary tick infestations, it enhanced acquired immunity against 

second round of tick feeding. Of interest, this study captures the dynamics of the host response to 

the immunizing antigens based on IgG levels in serum, which is informative of when to conduct 

tick challenge infestation on immunized cattle. Several other limitations and future perspectives 

are discussed in Chapter IV. This study contributes new strategies towards designing effective 

anti-tick vaccine cocktails. 
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 As summarized in Figure 1, TSPs identified in this dissertation can be mapped to three 

broad phases of the tick feeding process: (i) the start of feeding phase: to initiate feeding, suppress 

tissue repair host defenses, and transmits tick-borne disease agents, (ii) the middle of feeding: to 

maintain the feeding site and to control host immune defenses, and (iii) the end of feeding: to 

complete the feeding process and detach from the host skin with minimal damage to the host. With 

exception of viruses such as Powassan virus and tick-borne encephalitis that are transmitted within 

minutes of tick attachment, transmission of majority of tick-borne disease agents including 

Anaplasma phagocytophilum and Borrelia burgdorferi occur at the earliest timepoints after a 

respective 24 and 48 h of tick attachment, and the protozoan pathogen, Babesia microti 

transmission occurs after 54 h of attachment (reviewed in Hermance and Thangamani, 2018). 

Therefore, the proteins identified in the start of feeding from this dissertation, within the first 72 h 

of feeding, could serve as potential targets for anti-tick vaccines to prevent tick feeding and 

pathogen transmission. Knowing the saliva proteins that ticks secrete into the host during feeding 

in the early stages and defining its interacting host molecular mediators at the feeding site could 

improve on designing effective anti-tick vaccines centered at blocking the functions of tick saliva 

proteins that are essential to counter host defenses at the tick feeding site. 

 As the tick continues to feed (middle of feeding) during the slow-feeding phase, it 

maintains the feeding site while also ingesting low amounts of blood. During this time, the tick 

must constantly battle with the host defenses to prepare itself for the rapid feeding phase (end of 

feeding). Given that a majority of these host defenses are involved with the inflammation process 

and in restricting the blood flow to the feeding site, there is an added benefit to translate the use of 

tick saliva proteins as therapeutics to treat human diseases. It has been reported that mast cells are 

present at the tick bite site within 3 hours post-infestation (Hermance and Thangamani, 2018). 
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Upon degranulation, mast cells release pro-inflammatory proteases such as chymase and tryptase 

and other compounds like histamine. Given that AAS41, from this dissertation, was highly 

abundant during the start to middle of tick feeding phases and has anti-inflammatory functions 

directed towards chymase inhibition, this protein might be one of the tick saliva proteins used to 

control inflammation at the feeding site. Mast cells have been implicated in the pathogenesis of 

hypertension, atherosclerosis and aortic aneruysm in humans that have shown to be chymase-

dependent in conversion of angiotensin I to angiotensin II (reviewed in Doggrell and Wanstall, 

2004). Therefore, blocking chymase with inhibitors such as AAS41, could have applications 

towards therapy of vascular diseases.  

Finally, towards the end of feeding, the tick ingests a blood meal over hundred times its 

original body weight (Sonenshine, 1993). Upon ingesting a complete blood meal, the tick detaches 

from its host in which the feeding site is sealed, where blood is not leaking out. It is hypothesized 

that the tick is secreting both tick and host proteins towards the end of feeding to aid in the wound 

healing process. Although it is uncertain which tick proteins may contribute to this function, from 

this study we have identified host proteins involved in wound healing such as fibrinogen and 

neutrophil gelantinase-associated lipocalin that are secreted towards the end of feeding (Abdollahi 

et al., 2017, Thorsvik et al., 2019, Laurens et al., 2006). It has been reported in Opisthorchis 

viverrini, the human liver fluke, that they secrete proteins in the granulin family that accelerate 

wound healing (Smout et al., 2015).  

In conclusion, an important aspect to tick research is to apply the knowledge that is 

generated by understanding tick feeding physiology towards the discovery of molecular 

components that can be targeted to develop anti-tick vaccines. Accordingly, evidence that tick 

saliva contains many pharmacological components provides the potential to discover novel 
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therapeutics for human diseases. This dissertation provides the foundation for the design of 

effective tick-antigen based vaccines to prevent transmission of tick-borne disease agents. 
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APPENDIX I 

 

CHAPTER II FIGURES AND TABLES 

 

 

Figure 1. Relative abundance of tick protein classes in I. scapularis tick saliva during and 

after feeding (Kim, et al., 2016). Total normalized spectral abundance factor (NSAF) for each 

protein class is expressed as a percent of total NSAF per time point. A key is provided listing the 

24 classes of proteins identified in tick saliva as tick-derived proteins. 
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Figure 2. Relative abundance of host (rabbit) protein classes in I. scapularis tick saliva during 

and after feeding (Kim, et al., 2016). Total normalized spectral abundance factor (NSAF) for 

each protein class is expressed as a percent of total NSAF per time point. A key is provided listing 

the 18 classes of proteins identified in tick saliva as host-derived proteins. 
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Figure 1. Secretion dynamics of proteases and protease inhibitors in I. scapularis tick saliva 

during feeding (Kim, et al., 2016). Normalized spectral abundance factor (NSAF) for each 

protein as a proxy for relative abundance is expressed as a percent of total NSAF per time point 

within each class. Z-scores were calculated and used to generate heat maps as described in 

materials and methods section. Red color indicates proteins of high abundance and blue color 

indicates proteins of low abundance, both increasing/decreasing in abundance with color intensity. 

Dendrograms show protein clustering (C) according to secretion patterns. Branches are labeled 

starting with the letter of the protein class. Fig 3A (metalloproteases), and Fig 3B (protease 

inhibitors, B1 = Serpins, B2 = TIL domain protease inhibitors, B3 = α-2-macroglobulin, and B4 = 

Cystatins) are grouped by functional classes.  
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Figure 2. Secretion dynamics of I. scapularis tick saliva proteins associated with anti-

inflammatory (lipocalins), anti-microbial, heme binding, and anti-oxidant functions (Kim, et 

al., 2016). Normalized spectral abundance factor (NSAF) for each protein as a proxy for relative 

abundance is expressed as a percent of total NSAF per time point within each class. Z-scores were 

calculated and used to generate heat maps as described in materials and methods section. Red color 

indicates proteins of high abundance and blue color indicates proteins of low abundance, both 

increasing/decreasing in abundance with color intensity. Dendrograms show protein clustering (C) 

according to secretion patterns. Branches are labeled starting with the letter of the protein class. 

Fig 4A (Lipocalins), Fig 4B (Anti-microbial), Fig 4C (Heme binding), and Fig 4D (Anti-oxidants) 

are grouped by functional classes. 
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Figure 3. Secretion dynamics of I. scapularis tick saliva proteins of unknown function(s), 

glycine rich and proteins associated with the extracellular matrix (Kim, et al., 2016). 

Normalized spectral abundance factor (NSAF) for each protein as a proxy for relative abundance 

is expressed as a percent of total NSAF per time point within each class. Z-scores were calculated 

and used to generate heat maps as described in materials and methods section. Red color indicates 

proteins of high abundance and blue color indicates proteins of low abundance, both 

increasing/decreasing in abundance with color intensity. Dendrograms show protein clustering (C) 

according to secretion patterns. Branches are labeled starting with the letter of the protein class. 

Fig 5A (Tick saliva proteins of unknown function), Fig 5B (Glycine-rich), and Fig 5C 

(Extracellular matrix) are grouped by functional classes. 
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Figure 6. Phylogeny analysis of tick saliva protein of unknown function identified in I. 

scapularis saliva during and after feeding (Kim, et al., 2016). A guide phylogeny tree of tick 

saliva proteins (TSPs) of unknown function sequences was constructed using the Neighbor Joining 

method with bootstrap replicates set to 1000. Number at each node represents bootstrap values that 

signify the level of confidence in the branch. Five main groups cluster as: (CA) basic tail or tailless 

proteins, (CB) GPIIb/IIIa antagonist, (CC) insulin binding-like proteins (CD) 7-9kDa proteins and 

(CE) leucine rich proteins. 
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Figure 7. Relative abundance of tick saliva proteins (TSP) of unknown function during and 

after feeding (Kim, et al., 2016). Normalized spectral abundance factor (NSAF) for TSP that 

segregated together in Fig 6 was subjected to Z-score statistic analysis and used to generate heat 

maps as described in materials and methods section “Relative abundance and graphical 

visualization”. Red color indicates proteins of high abundance and blue color indicates proteins of 

low abundance, both increasing/decreasing in abundance with color intensity. Clustering patterns 

of dendrograms were based on similarity in secretion patterns. A= basic tail or tailless proteins, 

B= GPIIb/IIIa antagonist, C= insulin-like growth factor binding proteins, D= 7-9kDa proteins, and 

E= Leucine-rich proteins.  
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Table 1 Numbers and cumulative relative abundance of tick protein classes in I. scapularis 

saliva (Kim, et al., 2016). 

 

 

  

Table 1: Numbers and cumulative relative abundance of tick protein classes in I. scapularis saliva 

Functional Class Protein
NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*

Anti-oxidant 1 0.08 6 1.37 3 1.27 3 1.38 3 0.82 6 2.43 32 7.43
Anti-microbial/ Pathogen 

recognition domain
4 17.5 11 16.8 6 10.7 6 5.52 4 5.11 5 6.71 7 6.53

Cytoskeletal 6 2.25 16 3.43 9 2.68 10 2.94 1 0.39 6 1.77 27 4.88
Extracellular matrix/cell adhesion 2 0.38 5 0.89 3 1.41 1 0.6 0 0 1 0.97 5 1.08
Glycine-rich protein 4 1.1 11 2.38 5 3.3 13 4.32 2 1.39 4 5.57 14 4.6
Heme/iron metabolism 11 13.6 15 13.5 11 13.1 15 23.9 8 11 7 23.7 12 7.74
Lipocalin 2 0.3 1 0.06 3 0.95 3 0.55 12 5.82 0 0 7 2.56
Metabolism, amino acid 0 0 0 0 0 0 0 0 0 0 1 0.5 20 3.04
Metabolism, carbohydrate 2 0.19 4 0.66 1 0.16 4 0.62 4 0.53 5 2.47 20 3.72
Metabolism, energy 2 0.62 8 0.97 2 0.24 2 0.24 5 1.32 5 3.23 40 8.13
Metabolism, intermediate 0 0 0 0 0 0 0 0 0 0 0 0 1 0.07
Metabolism, lipid 1 0.09 2 0.13 1 0.14 1 0.07 0 0 0 0 14 1.12
Metabolism, nucleotide 0 0 2 0.1 0 0 1 0.17 1 0.72 3 2.15 14 4.07
Nuclear regulation 1 0.6 2 0.76 1 0.55 1 0.76 1 0.42 1 2.48 7 1.33
Proteinase 3 0.54 18 3.37 4 0.45 17 5.57 10 2.98 1 0.59 15 1.14
Proteinase inhibitor 25 24.7 35 16.9 22 15 28 13.1 15 8.11 16 20.8 25 6.72
Protein export machinery 0 0 3 0.21 1 0.07 0 0 1 0.62 2 1.3 9 1.42
Protein modification machinery 5 2.58 10 3.17 4 5.25 10 2.47 8 1.92 14 8.51 46 13.2
Protein synthesis machinery 0 0 1 0.04 1 0.1 0 0 1 0.12 5 2.54 24 3.26
Proteasome machinery 1 0.05 2 0.1 1 0.08 1 0.05 1 0.11 1 0.19 10 1.13
Signal transduction 1 0.35 3 0.56 0 0 2 0.18 0 0 0 0 8 1.16
Transcription machinery 0 0 1 0.1 0 0 1 0.06 0 0 0 0 7 0.6
Transporters/receptors 0 0 8 1.07 1 0.03 7 1.25 1 0.02 2 0.15 15 1.57
TSP of unknown function 27 35 62 33.5 51 44.5 52 36.2 50 58.6 12 13.9 39 13.5
Total 98 100 226 100 130 100 178 100 128 100 96 100 418 100

Feeding Time Point

24 48 72 96 120 BD SD
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Table 2 Numbers and cumulative relative abundance of host (rabbit) protein classes in I. 

scapularis saliva (Kim, et al., 2016). 

 

 
  

Table 2: Numbers and cumulative relative abundance of host (rabbit) protein classes in I. scapularis saliva 

Functional Class Protein
NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*
Protein

NSAF 

(%)*

Cytoskeletal 0 0 1 0.65 3 1.2 1 0.05 2 2.04 1 1.15 1 1.28
Oxidant metabolism/ 

detoxification
0 0 0 0 0 0 0 0 0 0 0 0 1 0.16

Extracellular matrix/cell 

adhesion
0 0 1 0.22 1 0.08 2 0.67 0 0 2 1.35 1 0.46

Fibrinogen 0 0 0 0 0 0 1 0.25 0 0 1 0.34 3 3.13
Heme/iron metabolism 2 74.5 5 39.5 2 2.53 4 17.2 4 41.9 3 15.5 6 16.8
Hemoglobin/RBC products 1 7.63 2 7.81 1 1.13 2 9.15 2 16.4 3 50.2 3 39.3
Immunity 1 5.62 6 30 5 6.71 9 29.6 8 27.6 2 9.38 10 24.6
Keratin 5 12.2 5 6.85 6 2.57 7 32.5 5 9.82 5 13.6 1 0.31
Metabolism, carbohydrate 0 0 0 0 5 15.5 0 0 0 0 0 0 0 0
Metabolism, energy 0 0 0 0 3 6.39 0 0 0 0 0 0 1 0.97
Metabolism, lipid 0 0 0 0 1 4.85 0 0 0 0 0 0 0 0
Metabolism, nucleotide 0 0 0 0 1 1.21 0 0 0 0 0 0 0 0
Nuclear regulation 0 0 2 10.3 2 1.41 1 5.98 0 0 1 2.64 1 4.2
Proteinase inhibitor 0 0 1 0.47 0 0 0 0 0 0 0 0 2 0.81
Protein export machinery 0 0 2 3.1 4 3.13 1 4.17 2 1.63 2 3.64 2 4.06
Protein modification 

machinery
0 0 1 1.04 10 36.7 1 0.39 1 0.6 1 1.47 3 2.49

Protein synthesis 

machinery
0 0 0 0 4 15.8 0 0 0 0 1 0.74 2 1.43

Transcription machinery 0 0 0 0 2 0.74 0 0 0 0 0 0 0 0
Total 9 100 26 100 50 100 29 100 24 100 22 100 37 100

Feeding Time Point

24 48 72 96 120 BD SD
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APPENDIX II 

 

CHAPTER II Part II FIGURES AND TABLES 

 

 

Figure 1: Identification of Amblyomma americanum tick saliva proteins. Adult A. americanum 

ticks that were partially fed for 24, 72, 120, and 168 h were stimulated to salivate by injecting 2% 

pilocarpine into hemolymph. Saliva was electrophoresed on a 12.5% acrylamide gel and 

Coommassie blue stained. Protein bands were excised and then gel slices (C1-C29, D1-D43, E1-

E46, and F1-F39) were subjected to LC-MS/MS sequencing protein identification using the “In-

Gel” digestion method as described. Please note that proteins that were identified from gel slices 

are summarized in Tables 1A (250 kDa to 150-100 kDa proteins), 1B (100-75 kDa to 50-37 kDa 

proteins), and 1C (37-25 kDa to 15-10 kDa). 
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Figure 1. 
Figure 1: Identification of Amblyomma americanum tick saliva proteins. Adult A. americanum ticks that were partially fed for 24, 72, 120, and 168 h were stimulated to salivate 
by injecting 2% pilocarpine into hemolymph. Saliva was electrophoresed on a 12.5% acrylamide gel and Coommassie blue stained. Protein bands were excised and then gel slices 

(C1-C29, D1-D43, E1-E46, and F1-F39) were subjected to LC-MS/MS sequencing protein identification using the “In-Gel” digestion method as described. Please note that proteins 

that were identified from gel slices are summarized in Tables 1A (³250 kDa to 150-100 kDa proteins), 1B (100-75 kDa to 50-37 kDa proteins), and 1C (37-25 kDa to 15-10 kDa). 
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Figure 2: Protein (Figure 2A = tick saliva proteins, Figure 2B = rabbit host proteins) 

composition in Amblyomma americanum tick saliva every 24 h during feeding: Pilocarpine 

induced A. americanum tick saliva was subjected to LC-MS/MS sequencing using the “In-

Solution” digestion approach as described in materials and methods. Cumulative normalized 

spectral abundance factors (NSAF) values as index for relative abundance of detected proteins are 

presented for each functional class. Please note the labels are oriented horizontally and read left to 

right starting from cytoskeletal proteins (red), antioxidant/detoxification (green), extracellular 

matrix (orange), then back to glycine rich proteins (light-tan), immune related (pink) and continues 

this pattern. 
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Figure 2: Protein (Figure 2A = tick saliva proteins, Figure 2B = rabbit host proteins) composition in Amblyomma americanum tick saliva every 24 h during feeding: Pilocarpine induced A. americanum tick 
saliva was subjected to LC-MS/MS sequencing using the “In-Solution” digestion approach as described in materials and methods. Cumulative normalized spectral abundance factors (NSAF) values as index for relative 
abundance of detected proteins are presented for each functional class. Please note the labels are oriented horizontally and read left to right starting from cytoskeletal proteins (red), antioxidant/detoxification (green), 

extracellular matrix (orange), then back to glycine rich proteins (light-tan), immune related (pink) and continues this pattern. 
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Figure 3: Overall secretion dynamics of protein classes in Amblyomma americanum tick 

saliva. Normalized spectral abundance factors (NSAF) values of tick (Figure 3A) and rabbit host 

(Figure 3B) were normalized using the z-score statistics and then used to generate heat maps using 

heatmap2 function in gplots library using R as described in materials and methods. 
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Figure 3: Overall secretion dynamics of protein classes in Amblyomma americanum tick saliva. Normalized spectral abundance factors (NSAF) values of tick (Figure 3A) and rabbit 
host (Figure 3B) were normalized using the z-score statistics and then used to generate heat maps using heatmap2 function in gplots library using R as described in materials and methods. 
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Figure 4: Secretion dynamics of non-housekeeping tick saliva protein families in Amblyomma 

americanum tick saliva. Normalized spectral abundance factors (NSAF) values of tick saliva 

proteins that did not show similarity to housekeeping proteins were normalized using the z-score 

statistics and then used to generate heat maps using heatmap2 function in gplots library using R as 

described in materials and methods. (Protease Inhibitors are labeled as A- Serpins, B- Cystatins, 

C- ⍺2-macroglobulin, D-Kunitz type, E- trypsin inhibitor like; Protease are labeled as F- cysteine, 

G- metalloprotease, H- serine; and other protein classes as I- Lipocalin, J- heme/iron binding, K- 

antioxidants, L- glycine rich, M- extracellular matrix, N- antimicrobial, O- Mucin/ mucin-like, P- 

Evasin ,Q- Ixodegrin, R- Immune related, and S- tick saliva proteins of unknown function).  
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Table 1A. Amblyomma americanum saliva proteins (250-100 kDa) identified from in-gel digestion and LC-MS/MS during feeding 

 

  

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 protein 
Aam-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, partial Aam-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 precursor 
Aam-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		



 

243 

 

 

 

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

 

  

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 inhibitor 
Aam-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 actin 
AAB58347.2 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, partial 
Aam-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		



 

244 

 

 

 

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

 

  

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 inhibitor 
Aam-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 actin 
AAB58347.2 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, partial 
Aam-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		
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Table 2A. Numbers and cumulative relative abundance of tick protein classes in Amblyomma americanum saliva during 24-120h of feeding  

 
 

  

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 (%) 

cytoskeletal 44 5.42605084 18 2.04831341 27 2.44512553 16 2.68188319 8 1.320143 

antioxidant/detoxification 19 2.07005164 15 0.67599552 11 0.6756392 15 0.84292185 3 0.17210248 

extracellular matrix 21 1.75925515 11 1.15412314 17 1.42291373 11 0.60885623 6 0.36116727 

glycine rich 26 2.50210089 47 5.85211069 47 10.0099223 44 5.03151197 29 6.8748816 

antimicrobial 6 3.14944265 6 2.62382314 5 4.05517976 5 4.64296164 5 3.47602683 

immune related 13 4.02155086 11 3.16672117 10 5.78302191 11 5.84230359 8 6.51887898 

metabolism-amino acid 3 0.07295858 0 0 1 0.01670156 0 0 0 0 

metabolism-nucleic acid 7 2.37691856 18 1.90753634 9 0.93411625 9 2.08301483 13 1.17843463 

metabolism-energy 18 1.17104098 17 1.47774007 13 1.4191621 10 0.89509331 2 0.03934355 

metabolism-carbohydrates 11 0.546138 7 0.2130726 8 0.34794144 9 0.73122564 3 0.05556129 

metabolism-lipid 12 0.90938486 18 1.08760145 16 1.11244881 12 1.23831428 8 0.54872965 

metabolism-intermediates 0 0 0 0 1 0.01668221 0 0 0 0 

nuclear regulation 7 0.37109935 7 0.43104507 8 0.9987874 7 1.18105188 7 0.97356269 

protein export 1 0.0850697 1 0.05559611 0 0 1 0.08909444 1 0.01817576 

protein modification 16 0.56569301 6 0.13387869 16 0.8115158 7 0.21048658 5 0.12672984 

protease 17 0.70041492 25 1.02764173 20 0.94019608 26 1.40390342 27 3.95412851 

proteasome machinery 10 1.9861461 8 0.73509424 8 1.83461303 8 2.117754 8 1.78587615 

protein synthesis 6 0.15424728 2 0.04370454 5 0.20339802 3 0.14007568 0 0 

TSP 112 22.7908915 174 35.9564371 112 36.0226724 129 34.5162985 97 33.1873387 

mucin 3 0.20422887 5 0.51112529 4 0.51678033 6 0.90899489 4 0.26194085 

evasin 0 0 6 0.70577064 2 0.2275009 6 0.65058522 7 1.61850351 

ixodegrin 1 0.44425286 5 0.78564437 1 0.81072139 2 0.44603407 2 0.60481047 

histamine binding protein/lipocalin 12 1.09763673 33 4.98784055 9 1.15787004 18 2.83391671 14 8.63089518 

protease inhibitor 60 23.4959258 84 22.2971215 57 12.5495838 70 16.6217162 70 20.7480351 

signal transduction 13 3.40707235 11 4.54547722 3 0.37849404 7 1.90692379 8 1.74636622 

storage 16 19.3405061 16 7.16668135 15 14.6942121 16 11.7444496 9 5.63226155 

transposon element 1 0.02379926 2 0.02669351 1 0.04632694 0 0 0 0 

transcription machinery 4 0.22699884 1 0.02914687 3 0.17668301 3 0.10338157 0 0 

transporter/ receptor 11 1.1011243 6 0.3540637 6 0.39178992 8 0.52724684 2 0.16610624 

Total 470 100 560 100 435 100 459 100 346 100 

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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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 (%) 

cytoskeletal 40 4.25721562 13 1.60107859 18 2.00757386 5 0.77082462 16 2.560331 

antioxidant/detoxification 21 1.66703577 11 0.65946156 17 1.06298334 6 0.67931641 12 0.534176 

extracellular matrix 18 1.53830431 7 0.37315341 19 0.82214413 14 1.68756314 0 0 

glycine rich 16 1.064742 22 2.29286194 33 2.86605231 9 0.44939919 10 0.766337 

antimicrobial 4 3.8989751 4 2.40427204 3 3.14833104 3 4.93007411 3 1.690492 

immune related 15 4.11387049 10 2.80737655 15 2.88455792 13 4.8521471 8 1.455037 

metabolism-amino acid 4 0.07080056 2 0.06813028 1 0.03471437 0 0 0 0 

metabolism-nucleic acid 14 1.72060419 10 0.90789488 16 1.66323649 3 1.07090873 8 1.177294 

metabolism-energy 13 0.76892736 9 0.33182615 10 0.4825252 2 0.29120271 6 0.146919 

metabolism-carbohydrates 22 1.24172915 4 0.11728364 14 0.86962849 14 2.46372253 5 0.162773 

metabolism-lipid 14 0.55451717 5 0.38238891 14 0.87233815 10 0.85112078 3 0.383523 

metabolism-intermediates 1 0.07593915 0 0 1 0.03178415 1 0.0855524 0 0 

nuclear regulation 10 0.70663889 8 1.45911132 8 0.98455184 1 0.25227988 11 2.090831 

protein export 1 0.11442347 1 0.10229207 1 0.09752031 0 0 0 0 

protein modification 18 0.55453113 10 0.25289012 13 0.36709669 0 0 11 0.430365 

protease 41 3.36365726 37 4.442869 41 4.04716207 37 2.90988682 37 7.593923 

proteasome machinery 9 1.24480358 8 1.57329669 8 1.25827778 5 0.14336434 8 2.396472 

protein synthesis 2 0.02871444 3 0.09029027 6 0.15692606 0 0 3 0.149096 

TSP 124 24.4632794 152 40.6619591 141 33.7016695 76 22.5319016 77 27.0417 

mucin 7 0.31763118 3 0.1229915 9 0.32417685 3 0.54184075 0 0 

evasin 5 1.47038307 7 3.32616207 6 3.284717 1 0.80011384 5 2.787864 

ixodegrin 1 0.55751786 1 0.19282328 1 0.60254858 2 0.75545352 0 0 

histamine binding protein/

lipocalin 17 1.51995289 49 11.2079815 40 8.09117812 26 6.03767584 52 24.15436 

protease inhibitor 91 18.192251 84 15.7941316 84 15.3798634 61 19.4620361 41 16.80505 

signal transduction 13 2.95873629 10 1.45723547 9 2.35219606 7 1.82374777 5 0.513632 

storage 17 21.9342058 14 7.15532332 16 11.9837401 17 25.1201075 10 7.042648 

transposon element 0 0 1 0.04208445 0 0 0 0 1 0.023598 

transcription machinery 2 0.0366112 1 0.02280705 1 0.01449543 0 0 1 0.021314 

transporter/ receptor 11 1.56400161 5 0.15002323 7 0.60801075 8 1.48976031 3 0.072269 

Total 551 100 491 100 552 100 324 100 336 100 

Table	 2B.	 Numbers	 and	 cumulative	 relative	 abundance	 of	 tick	 protein	 classes	 in	
Amblyomma	americanum	saliva	during	144	h	to	completion	of	feeding	
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Table 3A. Numbers and cumulative relative abundance of rabbit protein classes in Amblyomma americanum saliva during 24-120h of feeding  

 
 

  

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 (%) 

cytoskeletal 44 5.42605084 18 2.04831341 27 2.44512553 16 2.68188319 8 1.320143 

antioxidant/detoxification 19 2.07005164 15 0.67599552 11 0.6756392 15 0.84292185 3 0.17210248 

extracellular matrix 21 1.75925515 11 1.15412314 17 1.42291373 11 0.60885623 6 0.36116727 

glycine rich 26 2.50210089 47 5.85211069 47 10.0099223 44 5.03151197 29 6.8748816 

antimicrobial 6 3.14944265 6 2.62382314 5 4.05517976 5 4.64296164 5 3.47602683 

immune related 13 4.02155086 11 3.16672117 10 5.78302191 11 5.84230359 8 6.51887898 

metabolism-amino acid 3 0.07295858 0 0 1 0.01670156 0 0 0 0 

metabolism-nucleic acid 7 2.37691856 18 1.90753634 9 0.93411625 9 2.08301483 13 1.17843463 

metabolism-energy 18 1.17104098 17 1.47774007 13 1.4191621 10 0.89509331 2 0.03934355 

metabolism-carbohydrates 11 0.546138 7 0.2130726 8 0.34794144 9 0.73122564 3 0.05556129 

metabolism-lipid 12 0.90938486 18 1.08760145 16 1.11244881 12 1.23831428 8 0.54872965 

metabolism-intermediates 0 0 0 0 1 0.01668221 0 0 0 0 

nuclear regulation 7 0.37109935 7 0.43104507 8 0.9987874 7 1.18105188 7 0.97356269 

protein export 1 0.0850697 1 0.05559611 0 0 1 0.08909444 1 0.01817576 

protein modification 16 0.56569301 6 0.13387869 16 0.8115158 7 0.21048658 5 0.12672984 

protease 17 0.70041492 25 1.02764173 20 0.94019608 26 1.40390342 27 3.95412851 

proteasome machinery 10 1.9861461 8 0.73509424 8 1.83461303 8 2.117754 8 1.78587615 

protein synthesis 6 0.15424728 2 0.04370454 5 0.20339802 3 0.14007568 0 0 

TSP 112 22.7908915 174 35.9564371 112 36.0226724 129 34.5162985 97 33.1873387 

mucin 3 0.20422887 5 0.51112529 4 0.51678033 6 0.90899489 4 0.26194085 

evasin 0 0 6 0.70577064 2 0.2275009 6 0.65058522 7 1.61850351 

ixodegrin 1 0.44425286 5 0.78564437 1 0.81072139 2 0.44603407 2 0.60481047 

histamine binding protein/lipocalin 12 1.09763673 33 4.98784055 9 1.15787004 18 2.83391671 14 8.63089518 

protease inhibitor 60 23.4959258 84 22.2971215 57 12.5495838 70 16.6217162 70 20.7480351 

signal transduction 13 3.40707235 11 4.54547722 3 0.37849404 7 1.90692379 8 1.74636622 

storage 16 19.3405061 16 7.16668135 15 14.6942121 16 11.7444496 9 5.63226155 

transposon element 1 0.02379926 2 0.02669351 1 0.04632694 0 0 0 0 

transcription machinery 4 0.22699884 1 0.02914687 3 0.17668301 3 0.10338157 0 0 

transporter/ receptor 11 1.1011243 6 0.3540637 6 0.39178992 8 0.52724684 2 0.16610624 

Total 470 100 560 100 435 100 459 100 346 100 

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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Table 3B. Numbers and cumulative relative abundance of rabbit 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 (%) 

cytoskeletal 40 4.25721562 13 1.60107859 18 2.00757386 5 0.77082462 16 2.560331 

antioxidant/detoxification 21 1.66703577 11 0.65946156 17 1.06298334 6 0.67931641 12 0.534176 

extracellular matrix 18 1.53830431 7 0.37315341 19 0.82214413 14 1.68756314 0 0 

glycine rich 16 1.064742 22 2.29286194 33 2.86605231 9 0.44939919 10 0.766337 

antimicrobial 4 3.8989751 4 2.40427204 3 3.14833104 3 4.93007411 3 1.690492 

immune related 15 4.11387049 10 2.80737655 15 2.88455792 13 4.8521471 8 1.455037 

metabolism-amino acid 4 0.07080056 2 0.06813028 1 0.03471437 0 0 0 0 

metabolism-nucleic acid 14 1.72060419 10 0.90789488 16 1.66323649 3 1.07090873 8 1.177294 

metabolism-energy 13 0.76892736 9 0.33182615 10 0.4825252 2 0.29120271 6 0.146919 

metabolism-carbohydrates 22 1.24172915 4 0.11728364 14 0.86962849 14 2.46372253 5 0.162773 

metabolism-lipid 14 0.55451717 5 0.38238891 14 0.87233815 10 0.85112078 3 0.383523 

metabolism-intermediates 1 0.07593915 0 0 1 0.03178415 1 0.0855524 0 0 

nuclear regulation 10 0.70663889 8 1.45911132 8 0.98455184 1 0.25227988 11 2.090831 

protein export 1 0.11442347 1 0.10229207 1 0.09752031 0 0 0 0 

protein modification 18 0.55453113 10 0.25289012 13 0.36709669 0 0 11 0.430365 

protease 41 3.36365726 37 4.442869 41 4.04716207 37 2.90988682 37 7.593923 

proteasome machinery 9 1.24480358 8 1.57329669 8 1.25827778 5 0.14336434 8 2.396472 

protein synthesis 2 0.02871444 3 0.09029027 6 0.15692606 0 0 3 0.149096 

TSP 124 24.4632794 152 40.6619591 141 33.7016695 76 22.5319016 77 27.0417 

mucin 7 0.31763118 3 0.1229915 9 0.32417685 3 0.54184075 0 0 

evasin 5 1.47038307 7 3.32616207 6 3.284717 1 0.80011384 5 2.787864 

ixodegrin 1 0.55751786 1 0.19282328 1 0.60254858 2 0.75545352 0 0 

histamine binding protein/

lipocalin 17 1.51995289 49 11.2079815 40 8.09117812 26 6.03767584 52 24.15436 

protease inhibitor 91 18.192251 84 15.7941316 84 15.3798634 61 19.4620361 41 16.80505 

signal transduction 13 2.95873629 10 1.45723547 9 2.35219606 7 1.82374777 5 0.513632 

storage 17 21.9342058 14 7.15532332 16 11.9837401 17 25.1201075 10 7.042648 

transposon element 0 0 1 0.04208445 0 0 0 0 1 0.023598 

transcription machinery 2 0.0366112 1 0.02280705 1 0.01449543 0 0 1 0.021314 

transporter/ receptor 11 1.56400161 5 0.15002323 7 0.60801075 8 1.48976031 3 0.072269 

Total 551 100 491 100 552 100 324 100 336 100 

Table	 2B.	 Numbers	 and	 cumulative	 relative	 abundance	 of	 tick	 protein	 classes	 in	
Amblyomma	americanum	saliva	during	144	h	to	completion	of	feeding	
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Table 4. Amblyomma americanum tick saliva protein classes that are conserved in other tick 

saliva proteomes at 70% identity. 

 

  

Classification I. scapularis H. longicornis D. andersoni R. microplus O. moubata R. sanguinues 

Cytoskeletal 38 29 19 14 5 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 export 1 0 0 0 0 0 

Protein modification 16 14 8 9 7 0 

Protease 6 6 8 3 0 0 

Proteosome machinery 9 8 5 0 0 8 

Protein synthesis 4 2 3 2 0 0 

Secreted saliva proteins 4 6 23 15 0 0 

Lipocalin 0 0 0 4 0 0 

Protease Inhibitors 6 14 10 12 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 168 142 138 96 24 13 

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

(> 70% identical) 
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APPENDIX III 

 

CHAPTER III Part IA FIGURES AND TABLES 

 

 

 

Figure 1. Structure-based sequence alignment (Kim, et al., 2015). AAS19 (GAYW01000076) 

protein sequence was aligned with its homologs in other tick species: Rhipicephalus pulchellus 

(L7LRY7), Ixodes ricinus (V5IHU3), Amblyomma maculatum (G3ML49 and G3ML50), 

Rhipicephalus microplus (V9VP22), Ixodes scapularis (B7QJF1), Amblyomma triste 

(A0A023GPF9) and Amblyomma cajenense (A0A023FM57). Secondary structures assigned based 

on AAS19 comparative tertiary structure, are labeled as ‘‘H’’ for α-helix and ‘‘E’’ for β-strand. 

Helices are labeled from ‘‘hA’’ to ‘‘hI’’ and β-strands that constitute β-sheet A–C are labeled as 

‘‘s1-6A’’, ‘‘s1-5B’’ and ‘‘s1-4C’’, respectively. The “RGD” motif and two putative N-

glycosylation sites are boxed by solid and broken lines, respectively. The residues that correspond 

to the basic patches are indicated by an asterisk (*). The high and low conserved residues are 

highlighted in black and gray, respectively. The 100% conserved reactive center loop (RCL) region 

is denoted with broken lines (---).  
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Figure 2. Structure and putative glycosaminoglycan-binding sites of AAS19 (Kim, et al., 

2015). AAS19 model was constructed using the coordinates generated with Modeler 9v14 program 

and protein C inhibitor as template (PDB 2OL2). Calculation of electrostatic potential surface map 

was generated using APBS tool in VMD program. (A) Electrostatic surface potential (blue and red 

for positive and negative charge, respectively) and ribbon diagram of the native protein C inhibitor 

(PCI template) showing the GAG-binding along the helix H. Residues responsible by GAG-

binding activity are shown as sticks and labeled (Li and Huntington, 2008). (B) Electrostatic 

surface potential and ribbon diagram of AAS19 model showing putative GAG-binding sites 

(GAGBS 1-4). Clusters of basic amino acid residues potentially involved in formation of GAGBS 

1-4 [K137-R139-R140-K161-K264-K268-K308], [K8-K236-R246-R250], [R172-K174-R176-K185-K192-K194-

K343], and [K117-K118-R151-K272-K298] are shown as sticks and labeled.  
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Figure 3. Temporal and spatial expression analysis of AAS19 mRNA through 120h post 

attachment (Kim, et al., 2015). AAS19 mRNA relative expression analysis in unfed (UF), 24, 

48, 72, 96, and 120h fed tick dissected tissues: (A) salivary gland, (B) midgut and (C) carcass 

analyzed by quantitative RT-PCR. To determine the AAS19 mRNA relative expression (y-axis), 

data were analyzed using the 2−ΔΔCt method comparing to RPS4 in three biological replicates of 

different tissues in relation to time of feeding (x-axis). The lowest expressed time point was used 

as calibrator for each tissue.  
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Figure 4. Expression and affinity purification of recombinant (r) Amblyomma americanum 

AAS19 in Pichia pastoris (Kim, et al., 2015). Construction of expression plasmid, induction and 

validation of expression levels using the antibody to the C-terminus hexahistidine tag and affinity 

purification of rAAS19 were performed as described in Materials and Methods. (A) Daily 

expression levels of rAAS19 through 5 days, (B) Affinity purified rAAS19 resolved on a 10% 

SDS-PAGE and silver staining (L = molecular weight ladder, T = total protein loaded onto column, 

R = column run through, B = binding buffer wash, W1 and W2 = wash buffers, E1-E4 = eluted 

rAAS19). Purified rAAS19 fractions used for assays in Fig. 5-9 are noted with asterisks (*). 

Western blotting analysis with (C) 1:50 dilution pre-immune sera, (D) 1:250 dilution immune sera 

to replete-fed A. americanum tick saliva proteins, and (E) antibody to C-terminus hexahistidine 

tag. Lanes L, 1 and 2 in C, D and E = molecular weight ladder, glycosylated and de-glycosylated 

rAAS19. 
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Figure 5. Protease inhibitor function profiling (Kim, et al., 2015). Enzymes at indicated 

concentrations in material and methods were pre-incubated with rAAS19 (1 µM) at 37°C for 15 

min. Subsequently specific colorimetric substrate were added and hydrolysis monitored at A450nm 

over 30min at 30°C. The percent enzyme activity inhibition level was determined using the 

formula: 100 - Vmax(Vi)/Vmax (V0) X 100 where Vmax (Vi) = activity in presence of, and Vmax (V0) 

= activity in absence of rAAS19. Data are presented as mean  SEM of triplicate readings.  
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Figure 6. Stoichiometry inhibition (SI) assay for AAS19 (Kim, et al., 2015). Residual enzyme 

activity without (a) and with presence of increasing (b-g) rAAS19 amounts were pre-incubated for 

1 h at 37°C with constant concentration of trypsin (A&B: 10 nM), plasmin (C&D: 10 nM), factor 

Xa (E&F: 5 nM), and factor XIa (G&H: 5 nM), resulting in molar ratios varying from 0 to 10 (for 

plasmin and trypsin) or 0 to 20 (for factor Xa and factor XIa). Residual enzymatic activity was 

measured using specific colorimetric substrate for each enzyme noted in materials and methods. 

The data were plotted as enzymatic residual activity (Vi/V0) versus molar ratio (rAAS19:protease). 

The stoichiometry of inhibition (SI) was determined by fitting data onto a linear regression line.   
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Figure 7. SDS-stable complex formation assay (Kim, et al., 2015). Increasing amounts of 

rAAS19 were pre-incubated for 1 h at 37°C with constant concentration of trypsin (A), factor Xa 

(B) and factor XIa (C), resulting in molar ratios varying from 0.625:1 to 10:1 (rAAS19:protease). 

Samples were resolved on 12.5% SDS-PAGE and Coomassie blue stained to identify SDS-stable 

complexes.  
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Figure 8. Effect of rAAS19 on thrombin activated platelet aggregation (Kim, et al., 2015). 

(A) The platelet aggregation function assay was done using platelet rich plasma (PRP) approach 

described in materials and methods. Tyrode buffer without thrombin (a), various amounts of 

rAAS19 with 1 M (b), 0.5 M (c), and 0.25 M (d) rAAS19 and thrombin only (e) were pre-

incubated with thrombin (3 U) in a 50 L reaction for 15 min at 37°C. Platelet aggregation was 

initiated with addition of 100 L pre-warmed PRP and monitored at intervals of 20 seconds over 

30 min at A650nm. (B) Percent reduction of thrombin-induced platelet aggregation inhibition by 

rAAS19. In the assay used here, platelet aggregation was directly proportional to reduced optical 

density (OD, A650nm).  Data are presented as M  SEM of duplicate platelet aggregation assays.  
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Figure 9. The effect of rAA19 on plasma clotting time in the recalcification time (RCT), 

activated partial thromboplastin time (aPTT), and thrombin time (TT) assays (Kim, et al., 

2015). (A) Universal coagulation reference human plasma [UCRP] (50 L) was incubated with 0 

(arrow head R-CT1), 0.625, 1.25 and 5 (arrow head R-CT2), and 10 (arrow head R-CT3) M 

rAAS19 in 90 L Tris-HCl reaction buffer for 15 min at 37°C before the addition of 150 mM 

CaCl2 (10 L) with clotting was monitored at every 20 s for 30 min. (B) UCRP (50 L) was 

incubated with with 0, 0.625, 1.25 (arrow head A-CT1), 5 (arrow head A-CT2), and 10 (arrow 

head A-CT3) M rAAS19 up to 100 L of Tris-HCl reaction buffer for 15 min at 37°C. Followed 

by the addition of aPTT reagent and incubation for 5 min at 37°C before the addition of 25 mM 

CaCl2 (10 L), clotting time was monitored every 10 s for 5 min. (C) rAAS19 with 0, 0.625 (arrow 

head T-CT1), 1.25 and 5 (arrow head T-CT2), and 10 (arrow head T-CT3) were incubated with 25 

L of the TT reagent containing CaCl2 for 15 min at 37C before addition of 50 L of pre-warmed 

UCRP with clotting time monitored every 10 s for 5 min. All assays were done in duplicate, with 

clotting time monitored at A650nm.  
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       Table 1. Proteases used in rAAS19 protease inhibitor profiling (Kim, et al., 2015). 

 
  

Table 1. Proteases used in rAAS19 protease inhibitor profiling. 

Proteases Biological function References 

thrombin  

Common, intrinsic and extrinsic 

coagulation pathways. Fibrinolysis 

pathway. Platelet activation and 
aggregation pathways via activation of 

protease-activated receptors (PARs). 

Wound healing/Tissue remodeling. 
Inflammation. 

Davie et al., 1991; Gartner et al., 

1978; Hoffman, 2003; Olszewska-

Pazdrak et al., 2010; Reimers et 
al., 1976 

trypsin 

Digestion. Wound healing/Tissue 

remodeling. Inflammation and pain via 

activation of PAR2. 

Cattaruzza et al., 2014; Walsh et 

al., 1964; White et al., 2013 

cathepsin G 

Platelet activation. Wound healing/Tissue 
remodeling. Inflammation. Antimicrobial 

properties. 

Korkmaz et al., 2008; Mak et al., 

2003; Renesto and Chignard, 1993 

kallikrein 

Wound healing/Tissue remodeling. 

Inflammation. Intrinsic coagulation 
pathway  Chao et al., 2010; Li et al., 2007 

elastase 

Wound healing/Tissue remodeling. 

Inflammation. Digestion of elastin. 
Activation of platelets and lymphocytes. 

Antimicrobial properties 

Belaaouaj, 2002; Kessenbrock et 

al., 2011; Kessenbrock et al., 
2008; Korkmaz et al., 2008; 

Renesto and Chignard, 1993 

plasmin  

Fibrinolysis pathway. Inflammation Carmo et al., 2014; Collen, 1999; 

Li et al., 2012; Mancek-Keber, 
2014 

factor IXa  

Intrinsic coagulation pathway. Platelet 

Amyloid Precursor Protein Pathway Davie et al., 1991; Hoffman, 2003 

factor Xa  

Common, intrinsic and extrinsic 

coagulation pathways. Davie et al., 1991; Hoffman, 2003 

factor XIa  
Intrinsic coagulation pathway. Platelet 
Amyloid Precursor Protein Pathway Davie et al., 1991; Hoffman, 2003 

factor XIIa  Intrinsic coagulation pathway. Davie et al., 1991; Hoffman, 2003 

tissue-type 

plasminogen 

activator (t-PA)  

Fibrinolysis pathway. Platelet Amyloid 

Precursor Protein Pathway.  Angles-Cano, 1994; Angles-Cano 

et al., 1994; Collen, 1999 

urokinase 
plasminogen 

activator (u-PA) 

Fibrinolysis pathway. Platelet Amyloid 
Precursor Protein Pathway.  Angles-Cano, 1994; Angles-Cano 

et al., 1994; Collen, 1999 

α-chymotrypsin  

Wound healing/Tissue remodeling. 

Inflammation. Digestion. Regulation of 
proteases: chymotrypsin, cathepsin G, mast 

cell chymase. 

Algermissen et al., 1999a; 

Korkmaz et al., 2008; Matsunaga 
 et al., 1994; Matsunaga et al., 

2000 

chymase  

Wound healing/Tissue remodeling. 

Inflammation. 

Algermissen et al., 1999a; 

Algermissen et al., 1999b; 
Caughey, 2007 

tryptase  

Wound healing/Tissue remodeling. 

Inflammation. 

Algermissen et al., 1999a; 

Caughey, 2007; Hallgren and 

Pejler, 2006 

proteinase-3  

Wound healing/Tissue remodeling. 

Inflammation. Platelet Activation. 
Antimicrobial properties 

Algermissen et al., 1999a; 
Kessenbrock et al., 2008; 

Korkmaz et al., 2008; Renesto et 
al., 1994 
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APPENDIX IV 

 

CHAPTER III Part IB FIGURES AND TABLES 

 

 

Figure 1. Validating the disruption of AAS19 mRNA in AAS19 double stranded (ds) RNA 

injected ticks (Kim, et al., 2016). Fifteen ticks were microinjected with 0.5–1 L (~3 g/L) of 

AAS19- or EGFP- (control) dsRNA in nuclease free water. At 48 h post-attachment, three ticks 

per treatment of EGFP-dsRNA injected control and AAS19-dsRNA injected ticks, were manually 

detached. Tick organs including salivary glands (SG), midguts (MG), synganglion (SYN), 

Malpighian tubules (MT), ovaries (OV) and carcass (CA, tick remnants after removal of SG, MG, 

OV, and MT) were dissected and individually processed for mRNA extraction and then subjected 

to two-step quantitative (q) reverse transcriptase (RT)-PCR using AAS19 primers described in 

materials and methods section 2.4. Relative expression (RQ) of AAS19 mRNA was determined 

using the Comparative CT Method (ΔΔCT). Relative suppression of AAS19 mRNA was 

determined using the following formula, S = 100-(RQT/RQC X 100) where S = mRNA suppression, 

RQT and RQC = RQ of tissues of AAS19-dsRNA and EGFP-dsRNA injected ticks respectively.   
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Fig. 2. Phenotype and engorgement weights of AAS19 dsRNA injected ticks (Kim, et al., 

2016). (A) Spontaneously detached ticks were photographed to document phenotypic changes of 

AAS19-dsRNA injected ticks compared to control EGFP-dsRNA injected ticks. Deformed ticks 

are asterisks marked (*). (B) After spontaneously detaching from the host, ticks were individually 

weighed to determine engorgement weights (EWs) as indices for amounts of blood imbibed by 

ticks. EWs were subjected to unpaired student t-test and Mann-Whitney analysis to determine 

statistical significance. Data is reported as mean (M) EWs (M ± SEM).   
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Figure 3. Western blotting analyses (Kim, et al., 2016). Yeast and bacteria expressed rAAS19 

(Fig. 3A) and crude tick saliva protein (Figs. 3B, C, and D) extracts were subjected to western 

blotting analysis using the rabbit antibody to yeast expressed rAAS19 as described in materials 

and methods section 2.6. Figure 3A, rB = E. coli expressed rAA19, rY+ and rY- = deglycosylated 

and glycosylated, respectively, Pichia pastoris expressed rAAS19. Crude protein extracts of 

dissected salivary glands (SG), midgut (MG), synganglion (SYN), Malpighian tubules (MT), 

ovaries (OVR) and the remnants as carcass (CA) were subjected to western blotting analyses using 

antibodies to yeast expressed rAAS19 (Fig. 3B), control PBS and adjuvant injected antibody (Fig. 

3C), and rabbit pre-immune serum (Fig. 3D). Lanes 1, 2, 3, and 4 = Protein extracts of unfed, 24, 

72, and 120 h fed ticks respectively. L = molecular weight ladder, Asterisks marked (*) indicate 

potential glycosylated native AAS19 form.   
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Figure 4. Effect of repeated tick infestation on antibody levels in immunized rabbits (Kim, 

et al., 2016). Affinity purified recombinant (r) AAS19 was subjected to routine ELISA as 

described in section 2.6. Data points are represented by (1) pre-immune (2) immune sera collected 

at two weeks after the booster, (3) two and (4) four weeks post-first tick infestation, and (5) two 

weeks after second tick infestation. Filled circle () = control rabbit inoculated with TiterMax 

Gold in PBS, filled triangle () and square () = immunized rabbits one and two. 
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Figure 5.  Effect of rAAS19 immunization on completion of feeding (Kim, et al., 2016). Ticks 

challenged on rAAS19 rabbits were observed through 3 weeks of feeding until detachment. (A) 

Detached ticks were recorded every 24 hours for 20 days for the first tick challenge infestation on 

control rabbit (broken lines) and rabbit (R)1 (solid lines) and R2 (dotted lines) that were 

immunized with rAAS19. (B) Detached ticks from second tick challenge infestation on control, 

R1, and R2 for 22 days. Each node represents the number of detached ticks. Data is reported as 

mean of number of detached ticks (M ± SEM).   



 

 

 

 

 

279 

 

  

8 9 10 11 12 13 14 15 16 17 18 19 20
0

1

2

3

4

5

6

7

8

9

10

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

#
 o

f 
d

e
ta

c
h

e
d

 t
ic

k
s

 

Days post attachment 

Kim et al. figure 5 

Days post attachment 

#
 o

f 
d

e
ta

c
h

e
d

 t
ic

k
s

 
A 

B 

Control

Rabbit #1

Rabbit #2

Control

Rabbit #1

Rabbit #2

Figure 5



 

 

 

 

 

280 

Figure 6. Effect of rAAS19 immunization on blood meal size and egg laying (Kim, et al., 

2016). Ticks were allowed to feed on control and immunized rabbits (R)1 and 2 to repletion. 

Engorgement weights (EW) of detached ticks that fed on control and immunized rabbit groups 

were recorded from first (A) and second (B) infestations as indices for amounts of blood imbibed 

by ticks. Engorged ticks were incubated at 25°C at 85-90% relative humidity until oviposition. 

Eggs were collected and weighed from the first (C) and second (D) infestations. To determine the 

egg mass conversion ratio (EMCR), as a measure of the tick's ability to utilize the blood meal to 

produce eggs, from first (E) and second (F) infestations, weights of egg masses were divided by 

engorgement mass. EW, egg weights and EMCRs were subjected to One-Way ANOVA and 

Tukey’s analysis to determine statistical significance. Data is reported as mean of EW, egg weights 

or EMCR (M ± SEM).  
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Table 1. Effect of rAAS19 immunization on Amblyomma americanum egg laying (Kim, et al., 

2016). 
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APPENDIX V 

 

CHAPTER III Part II FIGURES AND TABLES 

 

 

Figure 1. Amblyomma americanum serpin (AAS) 41 and 46 are nearly identical. Mature 

protein coding regions of AAS41 and 46 nucleotide (A) and amino acid (B) sequences were 

subjected multiple sequence alignment using ClustalW on MacVector.  The reactive center loop 

(RCL) is boxed in blue; the P1 active site of the RCL is indicated with an asterisks (*) showing 

AAS41 has a leucine “L” and AAS46 has threonine “T” at the P1 site.   
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T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

A B 

97% identical   

97% identical   

AAS41 
AAS46 

AAS41 

AAS46 
* 

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

AAS41 mature

AAS46 mature

10 20 30 40 50 60 70 80 90

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A C C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

C A A G A G G A G G A C A A G G T G A C C T A T G C C A A C A A T C A G C T G G G C T T T C G G C T C C T T C A C A A G A T C C C G G T C T C G T C C G A G G A G A A C C T C T T C T

AAS41 mature

AAS46 mature

100 110 120 130 140 150 160 170 180

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

T C T C G C C G T A C A G T G T G T T C A C A G C A A T G G C A A T G G C A T A C A C T G G C G C C A G A G G C G A G A C G C A G C G G G A T C T G C A C G A G A C T C T G G G T T A

AAS41 mature

AAS46 mature

190 200 210 220 230 240 250 260 270

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G A G C A C C T T C G A A C T C T A C C A T C C G G

C A C G T C C G C A G G C C T G A C G T C C G A C C A T G T A C C C A G G G C C C A C G C A C A A C A C A C G C A T C T T C T G C G C G C A C C T T C G A A C T C T A C C A T C C G G

AAS41 mature

AAS46 mature

280 290 300 310 320 330 340 350 360

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

G T C G C C A A T G C A G C G G T T G T T A A A G A T G G A T A C T C C G T G C T A A G C G A G T A C C T T G A G T T G C T G A G G G G C T G C T T T G A G G C C G A A A T A A A T A

AAS41 mature

AAS46 mature

370 380 390 400 410 420 430 440 450

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

C C G C T G C C T T G A G T G A T C A A C A G T C C T T G A A C G C T A T C A A C G A C T G G G T G A A G A A C A A G A C G G A G G G A A A A A T T G A G A A A T T G C T C A A C G A

AAS41 mature

AAS46 mature

460 470 480 490 500 510 520 530 540

A C C T C T C T C G C C A G A T G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

A C C T C T C T C G C C A G A C G C G A C C A T G G T C C T C C T C A A C G C T A T C T A C T T T A A A G G A T T G T G G A G C G T G C C C T T C C A G G T G G C A G C G A C G A C G

AAS41 mature

AAS46 mature

550 560 570 580 590 600 610 620 630

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

A A G G C G C C G T T C T T C G A T G C A G C A G C A A A C A G G G T A G A C G T G G A C A T G A T G C A C G C A C A T C T T C A G G C G G G T T A C G C C C G A G A C A A T G A G A

AAS41 mature

AAS46 mature

640 650 660 670 680 690 700 710 720

C G A A C A C G G T T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A T A G A G C A G G T G C T G A C A C C C T

C G A A C A C G G A T G T C C T C G A C C T G C C G T A T G C T G G A C T C G A T T A C A G C A T G A C C A T T T T G C T A C C C C G G G A G A G A G C A G G T G C T G A C A C C C T

AAS41 mature

AAS46 mature

730 740 750 760 770 780 790 800 810

C C G G C A A A G T C T C T C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A T T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

C C G G C A A A G T C T T A C G T G G C C A G T C T T C C A G C G C C T C C T G T C G A A A C T G A G T G A C A C A C C C G T C G A C T T A G C G C T G C C C A A G T T C A A G C T G

AAS41 mature

AAS46 mature

820 830 840 850 860 870 880 890 900 910

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G C G G T C A C G C C G A C T T T T C G G G A A T A A C C G

G T G G G C G A A T A C A A A C T G A A G A G A C C T C T G T C G G A G C T G G G A G C G T C G A A G G C C T T C G A C G G G G G T C A C G C C G A C T T T T C G G G A A T C A C C G

AAS41 mature

AAS46 mature

920 930 940 950 960 970 980 990 1000

G C A G C C G G G A C C T G G T G A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A T G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G C G T

G C A G C C G G G A C C T G G T C A T C G A C G A C G T C G T G C A C A A G G C C G T G G T G G A G G T G A A C G A G G A A G G C A G C G A A G C A G C T G G T G C C A C T G G T G T

AAS41 mature

AAS46 mature

1010 1020 1030 1040 1050 1060 1070 1080 1090

C G T C T T C G T G G A A C T A A T C G C C G T G A G G G G C G T T C C A T T A G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G C G G A C C G G A G A C

C A T C T T C G T T G A A A C A A T C G C C G T C A G G G G C A T T C C G T T C G T G G T G G A C C A C C C C T T C T T G T T C T T C A T C C G G A A C A G G A G G A C C G G A G A C

AAS41 mature

AAS46 mature

1100 1110 1120

G T C C T C T T C G C G G G T C A A G T G A A C C A T C T T

G T C C T A T T C G C G G G T C A A G T G A A C C A T C T T

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

Formatted Alignments

Translation of AAS41 mature

Translation of AAS46 mature

10 20 30 40 50 60 70 80 90

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Q E E D K V T Y A N N Q L G F R L L H K I P V S S E E N L F F S P Y S V F T A M A M A Y T G A R G E T Q R D L H E T L G Y T S A G L T S D H V P R A H A Q H T H L L R A P S N S T I R

Translation of AAS41 mature

Translation of AAS46 mature

100 110 120 130 140 150 160 170 180

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

V A N A A V V K D G Y S V L S E Y L E L L R G C F E A E I N T A A L S D Q Q S L N A I N D W V K N K T E G K I E K L L N E P L S P D A T M V L L N A I Y F K G L W S V P F Q V A A T T

Translation of AAS41 mature

Translation of AAS46 mature

190 200 210 220 230 240 250 260 270

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T V V L D L P Y A G L D Y S M T I L L P R D R A G A D T L R Q S L S W P V F Q R L L S K L I D T P V D L A L P K F K L

K A P F F D A A A N R V D V D M M H A H L Q A G Y A R D N E T N T D V L D L P Y A G L D Y S M T I L L P R E R A G A D T L R Q S L T W P V F Q R L L S K L S D T P V D L A L P K F K L

Translation of AAS41 mature

Translation of AAS46 mature

280 290 300 310 320 330 340 350 360

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V V F V E L I A V R G V P L V V D H P F L F F I R N R R T G D

V G E Y K L K R P L S E L G A S K A F D G G H A D F S G I T G S R D L V I D D V V H K A V V E V N E E G S E A A G A T G V I F V E T I A V R G I P F V V D H P F L F F I R N R R T G D

Translation of AAS41 mature

Translation of AAS46 mature

370

V L F A G Q V N H L

V L F A G Q V N H L

A B 

97% identical   

97% identical   

AAS41 
AAS46 

AAS41 

AAS46 
* 



 

 

 

 

 

286 

Figure 2. Amblyomma americanum AAS41/46 transcript and protein are expressed in major 

tick organs and secreted saliva. Temporal and spatial expression analysis of AAS41/46 mRNA 

was determine in unfed, 24, 48, 72, 96, and 120 h fed tick dissected tissues: salivary glands (A1), 

midguts (A2) and remnants as carcass (A3), analyzed by qRT-PCR. (B) The secretion dynamics 

of AAS41/46 from unfed to fed tick saliva. AAS41/46 protein abundance in tick saliva is presented 

by the normalized spectral abundance factor (NSAF) (y-axis) for unfed non-exposed and host 

exposed (dog-, human-, rabbit- exposed) and feeding time points (x-axis). Towards the end of tick 

feeding, ticks that noted as apparently fully engorged but not detached (BD), and fully engorged 

spontaneously detached (SD).  
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Figure 3. Amblyomma americanum native AAS41/46 protein are present in major tick organs 

and in all life stages. Pichia pastoris transformed with AAS41 (A) and AAS46 (B) recombinant 

plasmids was cultured at 28°C and recombinant protein expression was induced by inoculating 5% 

methanol daily through five days (1-5). Verification of protein expression was performed by 

western blot analysis using antibody to the hexa-histidine tag. (C) Affinity purified rAAS41 and 

rAAS46 that were treated with deglycosylation enzyme mix (+) or without treatment (-) were 

resolved by 10% SDS-PAGE for western blot analysis using antibody to the hexa-histidine tag. 

Monospecific IgG antibodies to AAS41/46 were purified from serum of repeatedly infested rabbits 

with A. americanum ticks and the quality confirmed by western blot analysis against 

deglycosylated (+) and glycosylated (-) rAAS41/46 (D) at 1:2000 dilution (0.5 mg/mg). This 

monospecific IgG antibody (0.5 mg/mg, 1:500 dilution) was then used to screen for native 

AAS41/46 in various female adult tick tissues: salivary glands (E), midguts (F) and remnants as 

carcass (G) from different time points, and all life stages: egg, larvae, nymphs, and male and female 

adults (H). Purified IgG (0.6 mg/mg, 1:2000 or 1:500 dilution) from pre-immune serum were 

included as controls for respective western blots above (I-M).  
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Figure 4. Amblyomma americanum rAAS41 and rAAS46 are immunogenic proteins and 

cross-react to rabbit serum from repeatedly infested Ixodes scapularis. Affinity purified 

rAAS41 and rAAS46 that were treated with deglycosylation enzyme mix (+) or without treatment 

(-) were resolved by 10% SDS-PAGE for western blot analysis using antibodies to tick saliva 

proteins from serum of rabbits that were repeatedly infested with A. americanum ticks for 24 h 

(A), 48 h (B), replete fed (C), and including the pre-immune serum control (D) at 1:500 dilution. 

Likewise, rAAS41 and rAAS46 bound by antibodies to tick saliva proteins from serum of rabbits 

that were repeatedly infested with I. scapularis replete fed nymphs infected with Borrelia 

burgdorferi sensu stricto (E), replete fed uninfected nymphs (F), replete fed adults (G), and 

including the pre-immune serum control (H) at 1:50 dilution. 
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Figure 5. Protease inhibitor profiling for affinity purified rAAS41 and rAAS46. Indicated 

proteases were incubated with affinity purified rAAS41 or rAAS46 (1 µM) at 37° C for 15 min 

followed by addition of appropriate substrate (0.2 mM). Protease kinetics was monitored every 11 

s over 15 min in triplicate.  
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Figure 6. Stoichiometry of inhibition against chymase and chymotrypsin. Stoichiometry 

inhibition (SI) was determined by measuring residual enzyme activity of human chymase (13nM) 

and (B) bovine α-Chymotrypsin (8nM) following incubation rAAS41 at variable molar ratios 

(rAAS41:Protease) ranging from 0 to 10. The data were plotted as residual protease activity 

(Vi/V0) versus molar ratio (rAAS41:Protease).  
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Figure 7. Affinity purified rAAS41 forms stable heat- and SDS- stable complexes with target 

proteases. Increasing amounts of rAAS41 were pre-incubated for 1 h at 37°C with 0.1 μg of human 

chymase (A) or 0.1 μg of bovine α-chymotrypsin (B) in molar ratios varying from 0.625:1 to 10:1 

(rAAS41:protease). Samples were treated with a deglycosylation enzyme (DE) mix (to remove 

glycans that were masking results) and resolved on a 10% SDS-PAGE and silver stained to 

visualize covalent complexes. The rAAS41:protease complex is denoted by the black arrow (←). 

A (+) or (-) denotes treatment with without deglycosylation, respectively.  



 

 

 

 

 

297 

  

AAS41 AAS41 chymase 
Human (-DE) (+DE) 

0.625:1 1.25:1 2.5:1 5:1 10:1 L 
250 

150 

100 

75 

50 

37 

25 

20 

A 
MW 

(kDa) AAS41 AAS41 trypsin 
α-chymo- (-DE) (+DE) 

0.625:1 1.25:1 2.5:1 5:1 10:1 L 
250 

150 

100 

75 

59 

37 

25 

20 

B 
MW 

(kDa) 
(+DE) (+DE) 



 

 

 

 

 

298 

Figure 8. rAAS41 is an effective inhibitor of chymase. Discontinuous method inhibition of 

chymase by rAAS41 was conducted as described. (A) Semilogarithmic plots of residual enzymatic 

activity of chymase versus time of incubation for reactions at various concentrations of rAAS41 

(33 – 500 nM). (B) Plot of kobs as a function of rAAS41 concentration. Linear regression of the 

slope represents the second-order rate constant ka for the inhibition of chymase by rAAS41.   

and human chymase was determined as ka 5.6 ± 0.365 x 103 M-1 s-1; demonstrating rAAS41 might 

be a fast and effective inhibitor of human chymase (Fig. 8).  
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Figure 9. rAAS41 blocks compound 48/80-induced acute inflammation in rats. (A) Rat paw 

edema induced by intradermal injection of 100 μL of compound 48/80 (1 μg) in saline (circles), or 

co-injected with 25 μg of rAAS41 (squares), or 100 μL of rAAS41 only (triangles). Edema 

formation was estimated using a digital plethysmometer at different intervals. Posterior paws from 

5 animals were used for each data point. *P=0.0142, **P=0.009, and ***P=0.0072 (t-test). (B) 

Vascular permeability (Miles assay) was performed by intravenous injection of 700 μL Evan’s 

blue dye into the tails of rats. Ten minutes later, 100 μL of (i) saline, (ii) compound 48/80 (1 μg) 

only, (iii) compound 48/80 (1 μg) co-injected with rAAS41 (25 μg), or (iv) only rAAS41 (25 μg) 

was injected intradermally on the back right (R) and left (L) sides of the rat. After 60 minutes, 

animals were sacrificed and skin removed to allow injection sites to be photographed. (C) Evans 

blue extravasation was estimated after extraction with formamide and reading at 620 nm. Results 

are the average of experiments obtained with 6 animals. *P=0.0033 (t-test).  
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Figure 10. RNAi-mediated silencing of AAS41/46 mRNA affects tick feeding. Double stranded 

(ds) RNA of AAS41/46 and GFP (control) was synthesized in vitro and microinjected in ticks to 

trigger disruption of AAS41/46 mRNA. (A) Prior to assessing effects of RNAi silencing against 

tick feeding, the timeline to depletion of AAS41/46 mRNA in unfed ticks was determined. 

Subsequently dsRNA injected unfed ticks were incubated for the time period required to deplete 

mRNA from unfed ticks before feeding on rabbits. (B) At 48 h post attachment AAS41/46-dsRNA 

and GFP-dsRNA injected ticks sampled disruption of cognate mRNA was validated by qRT-PCR 

in tissues that were dissected from individual ticks. (C) Ticks were allowed to feed to repletion 

and observed and phenotypes were documented upon detachment from the host. (D) Effects of 

RNAi silencing on: (D1) amount of blood ingested, (D2) egg laying, and (D3) ability to convert 

blood meal into eggs.    
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  Table 1. Commercially available mammalian proteases and substrates 

 
 

 

 

  

Protease Source Company

molarity 

(nM) substrate Company

substrate 

(µM)

chymase human (recombinant) Sigma-Aldrich, St. Louis, MO, USA 83.33 S-7388 Sigma-Aldrich, St. Louis, MO, USA 200

chymotrypsin bovine (pancreas) Sigma-Aldrich, St. Louis, MO, USA 2.72 S-7388 Sigma-Aldrich, St. Louis, MO, USA 200

elastase human (neutrophil) Molecular Innovation, Novi, MI, USA 14.86 MeOSuc-AAVP Sigma-Aldrich, St. Louis, MO, USA 200

elastase porcine (pancrease) Sigma-Aldrich, St. Louis, MO, USA 61.78 S-4760 Sigma-Aldrich, St. Louis, MO, USA 200

trypsin bovine (pancreas) Sigma-Aldrich, St. Louis, MO, USA 0.25 B7632 Sigma-Aldrich, St. Louis, MO, USA 200

factor XIa human

Enzyme Research Laboratories, 

South Bend, IN, USA 3.69 CS 31 (02)

Hyphen BioMed, Neuville-sur-Oise, 

France 200

factor XIIa human

Enzyme Research Laboratories, 

South Bend, IN, USA 15.00 CS 31 (02)

Hyphen BioMed, Neuville-sur-Oise, 

France 200

kallikrein porcine (pancreas) Sigma-Aldrich, St. Louis, MO, USA 10.00 CS 31 (02)

Hyphen BioMed, Neuville-sur-Oise, 

France 200

proteinase-3 human (neutrophil) Sigma-Aldrich, St. Louis, MO, USA 280.00 MeOSuc-AAVP Sigma-Aldrich, St. Louis, MO, USA 200

factor IXa beta bovine

Enzyme Research Laboratories, 

South Bend, IN, USA 314.35 Pefachrome FIXa Pentapharm, Aesch, Switzerland 200

t-PA human (recombinant)

Molecular Innovations, Inc., Novi, MI, 

USA 23.57 Pefachrome FIXa Pentapharm, Aesch, Switzerland 200

u-PA human (recombinant)

Molecular Innovations, Inc., Novi, MI, 

USA 29.63 Pefachrome FIXa Pentapharm, Aesch, Switzerland 200

factor Xa bovine

New England Biolabs, Ipswich, MA, 

USA 10.00 S-2222

Diapharma Group Inc., West 

Chester, OH, USA 200

plasmin human

Enzyme Research Laboratories, 

South Bend, IN, USA 5.31 S-2251

Diapharma Group Inc., West 

Chester, OH, USA 200

cathepsin G human (neutrophil)

Athens Research & Technology, 

Athens, GA, USA 425.53 S-7388 Sigma-Aldrich, St. Louis, MO, USA 200

papain papaya

Spectrum Chemical Manufacturing 

Corp., New Brunsick, NJ, USA 427.35 P3169 Sigma-Aldrich, St. Louis, MO, USA 200

thrombin human Enzyme Research Laboratories 19.24 B-7632 Sigma-Aldrich, St. Louis, MO, USA 200

Table 1. Commercially available mammalian proteases and substrates
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APPENDIX VI 

 

CHAPTER IV FIGURES AND TABLES 

 

 

Figure 1. The secretion dynamics of tick saliva protein antigens used in a cocktail tick 

vaccine. Normalized spectral abundance factor (NSAF) (y-axis) as index for relative abundance 

for 11 of the 13 antigens (CRT-calreticulin, Ach- acidic chitinase, AAS 4, 6, 19, 27, 41, and 46- 

A. americanum serine protease inhibitors [serpins], AV422-cross-species conserved ticks saliva 

protein, IGFBP-insulin growth factor binding protein, TCI-tick carboxypeptidase inhibitor) were 

extracted from chapter II of this dissertation and displayed every 24 h of feeding (x-axis). Ticks 

towards the end of feeding that were apparently fully engorged but not detached from the host 

were labeled as BD, and fully engorged and replete fed as SD.  
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Figure 2. Prediction of linear B cell epitopes from 13 candidate tick saliva antigens. In silico 

analysis of the mature protein sequences for the 13 candidate antigens were analyzed using the B- 

cell prediction tool for linear epitopes in the Immune Epitope Database and Analysis Resource 

(IEDB) server charts for (A) serpins, (B) low to mid molecular weight proteins  (<30kDa) and (C) 

high molecular weight proteins (>40kDa).  Predicted peptides above the default threshold value 

were reported on a graph (highlighted in yellow), while less scoring peptides below the threshold 

were highlighted in green). Peptide identifications are provided in a table format next to each graph 

for each protein.  
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Figure 2. Prediction of linear B cell epitopes from 13 candidate
tick saliva antigens. In silico analysis of the mature protein

sequences for the 13 candidate antigens were analyzed using the B-

cell prediction tool for linear epitopes in the Immune Epitope Database

and Analysis Resource (IEDB) server charts for (A) serpins, (B) low to

mid molecular weight proteins (<30kDa) and (C) high molecular
weight proteins (>40kDa). Predicted peptides above the default

threshold value were reported on a graph (highlighted in yellow), while

less scoring peptides below the threshold were highlighted in green).

Peptide identifications are provided in a table format next to each

graph for each protein.
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Figure 3. Recombinant expression of 13 tick saliva proteins in Pichia pastoris. Each of the 13 

candidate tick saliva proteins were expressed using the pPICZα plasmid and P. pastoris (X-33 

strain) system to as described in materials and methods. Recombinant proteins were affinity 

purified under native conditions and verified by (A) western blot analyses using the antibody to 

the hexa-histidine fusion tag and purity of the purified recombinant protein confirmed by (B) silver 

stain analysis. Protein concentrations are shown in the Table 1 insert in Figure 3.  



 

 

 

 

 

311 

 

  

A A
A

S
41

A
A

S
21

A
A

S
46

A
A

S
19

A
A

S
4

A
A

S
6

A
ch

C
R

T

250
150

100

75

50

37

25
20

15

10

250
150

100

75

50

37

25
20

15

10

MW

(kDa) A
V

42
2

IG
F

B
P

E
M

P
R

IN

H
R

F

T
C

I

250
150
100

75

50

37

25
20

15

10

MW

(kDa)

A
V

42
2

IG
F

B
P

E
M

P
R

IN

H
R

F

T
C

IB

Table 1: Purified recombinant antigens concentrations 

Signal 
peptide

Mature 
size 
(AA)

ExpectedMW
(kDa) pI

Glycosylate
d (based on 
MW shift)

Final 
concentratio

n (mg)

Ach Yes 426 47.11 6.45 Yes 2.52

CRT Yes 394 45.81 4.36 Yes 5.46

AAS19 Yes 387 43.09 6.74 Yes 3.52

AAS27 Yes 377 41.79 5.19 Yes 4.58

AAS4 Yes 381 41.42 6.16 Yes 3.88

AAS6 Yes 380 41.41 5.75 Yes 3.31

AAS46 Yes 374 41.17 5.59 Yes 3.04

AAS41 Yes 374 41.1 5.71 Yes 4.3

EMPRI

N Yes 250 27.82 5.21 Yes 2.37

IGFBP Yes 226 24.42 8.73 Yes 4.04

AV422 Yes 211 23 9.32 Yes 6.16

HRF No 173 19.66 4.58 Yes 8.13
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Figure 4. Immunization protocol and timeline. The experimental outline for immunization of 

cattle with 13 tick saliva antigens as a cocktail vaccine is shown in the diagram. A PBS-adjuvant 

control, and adjuvant with low and high amounts of cocktail vaccine were administered to three 

cattle per treatment. After two rounds of boosters, ticks were placed on immunized cattle to 

determine protective efficacy of the cocktail vaccine. Table 2 provides the timeline for blood 

collections, immunizations, and tick feeding challenge studies.  
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Cattle 
Immunization 

Experimental Outline 

PBS-adjuvant Low-adjuvant High-adjuvant 

Collect serum and evaluate tick feeding parameters 

Collect serum and evaluate tick feeding parameters 

Collect serum 

Collect pre-immune serum 

(n=3) (n=3) (n=3) 
~100 µg/ antigen ~300 µg/ antigen 

Time Description 

Day 0 Pre-Immune 

Primary injection 

Day 7 7 days after primary injection 

Day 14 14 days after primary injection 

Day 21 21 days after primary injection 

Booster injection 

Day 28 7 days after booster injection 

Day 35 14 days after booster injection 

Day 42 21 days after booster injection 

2nd Booster injection 

Day 49 7 days after 2nd booster injection 

Day 55 14 days after 2nd booster injection 

1st tick infestation 

Day 112 3 weeks after 1st tick infestation 

Day 123 2nd tick infestation 

Day 139 Right after 2nd tick infestation 

Day 146 1 week after 2nd tick infestation 

Day 153 2 weeks after 2nd tick infestation 

Table 2. Immunization Timeline 
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Figure 5. The selected recombinant tick saliva protein antigens are immunogenic in cattle. 

Affinity purified recombinant tick saliva proteins were resolved on a 10-20% Tris-Glycine SDS-

PAGE for western blot analysis using antibodies of (A) PBS-adjuvant immunized, (B) low and 

(C) high antigen dose immunized, and (D) pre-immune sera at 1:1000 dilutions followed by goat 

anti-bovine IgG horseradish peroxidase (HRP) conjugated at 1:2000 dilution, and detected using 

a chemiluminescent substrate.  
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Figure 6. Cattle antibody response to recombinant tick saliva antigens. Thirteen individual 

affinity purified recombinant tick saliva proteins were subjected to routine ELISA as described in 

materials and methods. Data points are represented by a total of 13 sera collections in the x-axis 

starting with the 1 (pre-immune), 2 (7 days after immunization), 3 (14 days after immunization), 

4 (21 days after immunization), 5 (7 days after booster), 6 (14 days after booster), 7 (21 days after 

booster), 8 (7 days after second booster), 9 (14 days after second booster), 10 (21 days after first 

tick infestation), 11 (48 days after first infestation), 12 (7 days after second infestation), and 13 

(14 days after second infestation) and A450nm in the Y-axis. Based on observed A450nm, antigens 

were group as (A1-5) highly immunogenic, (B1-5) moderately immunogenic, and (C1-3) lowly 

immunogenic. Filled blue circle and line () = PBS controls, filled red squares and line () = low 

antigen immunized, and filled green star and line ( ) = high antigen immunized serums. Blue (

) and maroon ( ) arrows indicate timepoints for first and second tick infestations, 

respectively.   
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Figure 7.  Effects of immunization on nymph (Fig. 7A) and adult (Fig. 7B) A. americanum 

feeding success. Tick feeding parameters for nymph ticks including; feeding dynamics (A1), % 

engorged (A2), engorgement weight (A3), and % molted (A4) were recorded during the first and 

second infestations. (B1) Engorgement weights (EW) of detached ticks that fed on control and 

immunized cattle groups were recorded from first and second infestations as indices for amounts 

of blood imbibed by ticks. Please note that due to limitations that are noted in the results section, 

analysis of adult tick feeding parameters was incomplete. Engorged ticks were incubated at 25°C 

and 85-90% relative humidity until molting (nymph) or egg laying (adult). (B2) Eggs were 

collected and weighed from the first and second infestations. (B3) To determine the egg mass 

conversion ratio (EMCR), as a measure of the tick's ability to utilize the blood meal to produce 

eggs, weights of egg masses were divided by engorgement weights (EW). EW, egg weights and 

EMCRs were subjected to One-Way ANOVA and Tukey’s analysis to determine statistical 

significance. Data is reported as mean of EW, egg weights or EMCR (M ± SEM).  
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            Table 1. Purified recombinant antigens concentrations 
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Table 1: Purified recombinant antigens concentrations 

Signal 
peptide

Mature 
size 
(AA)

ExpectedMW
(kDa) pI

Glycosylated 
(based on 
MW shift)

Final 
concentration 

(mg)

Ach Yes 426 47.11 6.45 Yes 2.52

CRT Yes 394 45.81 4.36 Yes 5.46

AAS19 Yes 387 43.09 6.74 Yes 3.52

AAS27 Yes 377 41.79 5.19 Yes 4.58

AAS4 Yes 381 41.42 6.16 Yes 3.88

AAS6 Yes 380 41.41 5.75 Yes 3.31

AAS46 Yes 374 41.17 5.59 Yes 3.04

AAS41 Yes 374 41.1 5.71 Yes 4.3

EMPRIN Yes 250 27.82 5.21 Yes 2.37

IGFBP Yes 226 24.42 8.73 Yes 4.04

AV422 Yes 211 23 9.32 Yes 6.16

HRF No 173 19.66 4.58 Yes 8.13

TCI Yes 78 8.373 8.69 Yes 2.19
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                 Table 2. Immunization timeline 

 
 

 

  

Cattle 
Immunization 

Experimental Outline 

PBS-adjuvant Low-adjuvant High-adjuvant 

Collect serum and evaluate tick feeding parameters 

Collect serum and evaluate tick feeding parameters 

Collect serum 

Collect pre-immune serum 

(n=3) (n=3) (n=3) 
~100 µg/ antigen ~300 µg/ antigen 

Time Description 

Day 0 Pre-Immune 

Primary injection 

Day 7 7 days after primary injection 

Day 14 14 days after primary injection 

Day 21 21 days after primary injection 

Booster injection 

Day 28 7 days after booster injection 

Day 35 14 days after booster injection 

Day 42 21 days after booster injection 

2nd Booster injection 

Day 49 7 days after 2nd booster injection 

Day 55 14 days after 2nd booster injection 

1st tick infestation 

Day 112 3 weeks after 1st tick infestation 

Day 123 2nd tick infestation 

Day 139 Right after 2nd tick infestation 

Day 146 1 week after 2nd tick infestation 

Day 153 2 weeks after 2nd tick infestation 

Table 2. Immunization Timeline 
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Table 3. First (3A) and second (3B) infestations of A. americanum nymph feeding parameters 

on cattle immunized with PBS control, low, and high tick saliva protein antigens cocktail 

vaccine 

 
 

  

Table 3A and 3B. First (A) and second (B) infestations of A. americanum nymph feeding parameters

on cattle immunized with PBS control, low and high tick saliva protein antigen cocktail vaccine

Animal #

average 

weight 

(mg)

Engorged 

out of 120 

(%)

Molted (%)

Not 

Molted 

(%)

Females 

(%)

Males 

(%)

702- control 11.41 111 (92.50) 109 (98.20) 2 (1.67) 61 (55.96) 48 (44.04)

705- control 10.76 114 (95.00) 114 (100) 0 (0.00) 58 (50.88) 56 (49.12)

714- control 10.80 110 (91.67) 110 (100) 0 (0.00) 52 (47.27) 58 (52.73)

711- low 10.23 117 (97.50) 116 (99.15) 1 (0.83) 54 (46.55) 62 (53.45)

715- low 11.39 110 (91.67) 110 (100) 0 (0.00) 68 (61.82) 42 (38.18)

722- low 11.47 120 (100.00) 119 (99.17) 1 (0.83) 72 (60.50) 47 (39.50)

709- high 10.25 105 (87.50) 105 (100) 0 (0.00) 51 (48.57) 54 (51.43)

717- high 11.11 108 (90.00) 106 (98.15) 2 (1.67) 62 (58.49) 44 (41.51)

720- high 11.08 119 (99.17) 119 (100) 0 (0.00) 60 (50.42) 59 (49.58)

Animal #

average 

weight 

(mg)

Engorged 

out of 110 

(%)

Molted (%)

Not 

Molted 

(%)

Females 

(%)

Males 

(%)

702- control 9.41 87 (79.09) 80 (91.95) 7 (8.05) 39 (48.75) 41 (51.25)

705- control 9.11 91 (82.73) 71 (78.02) 20 (21.98) 37 (52.11) 34 (47.89)

714- control 9.85 103 (93.63) 91 (88.35) 12 (11.65) 54 (59.34) 37 (40.66)

711- low 8.27 63 (57.27) 52 (82.54) 11 (17.46) 26 (50.00) 26 (50.00)

715- low 10.55 85 (77.27) 68 (80.00) 17 (20.00) 27 (39.71) 41 (60.29)

722- low 8.21 74 (67.27) 67 (90.54) 7 (9.46) 28 (41.79) 39 (58.21)

709- high 8.27 68 (61.81) 54 (79.41) 14 (20.59) 20 (37.04) 34 (62.96)

717- high 10.50 108 (98.18) 100 (92.59) 8 (7.41) 55 (55.00) 45 (45.00)

720- high 10.16 75 (68.18) 72 (96.00) 3 (4.00) 38 (52.78 34 (47.22)

1st infestation

2nd infestation

A

B
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APPENDIX VII 

 

CHAPTER V FIGURES  

 

 

 
Figure 1. Mapping TSPs to broad tick feeding phases. 
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