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ABSTRACT

Without feeding success, ticks can neither cause damage nor transmit disease
agents to their hosts. From this perspective a deeper understanding of tick feeding
physiology has been advocated. Hard ticks such as Amblyomma americanum are adapted
to complete feeding over several days. A combination of key biological adaptations allows
the tick to complete feeding without the host detecting the presence of the tick. One of
these adaptations is the deposition of the tick cement cone, which glues tick mouthparts
into the host’s skin tissue and prevents the host from grooming off the tick. Thus,
understanding the molecular basis of how the tick cement cone is formed and deposited
could lead to the discovery of important targets for development of methods against tick
feeding and transmission of disease agents. One of the lines of research in the lab is to
understand tick cement formation and deposition through discovery of the protein
composition of the tick cement cone. Prior to this thesis research, a colleague in the lab
utilized LC-MS/MS sequencing to identify 85 proteins in tick cement that was recovered
from manually detached adult Amblyomma americanum ticks. This thesis determined the
functional roles of glycine-rich proteins (n=13) of the 85 tick cement proteins in A.
americanum tick feeding. This was motivated by published chemical analysis studies that
demonstrated that the majority of proteins in the tick cement cone are characterized by
high content of glycine amino acid residues. Data in this thesis research indicates that
abundance of encoding mRNA of the glycine-rich proteins increase with blood meal

feeding with majority of these proteins being associated with tick feeding events through



five days feeding. Of significant interest, the transcription of some of the encoding
mMRNAs coincided with the developmental period when ticks attained appetence, implying
that these could represent the tick's molecular preparation to start feeding. Additionally,
RNAI silencing of some of the encoding mMRNAs affected tick attachment onto host skin
as indicated by apparent inflammation and subsequent bleeding around tick attachment
sites. In conclusion, this thesis has contributed to our understanding of the molecular basis

of tick cement physiology.
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CHAPTER I

INTRODUCTION

1.1 Ticks and Tick-Borne Diseases

Ticks are classified into three families, Argasidae, the soft ticks, Ixodidae, the hard
ticks, and the least studied Nuttalliellidae (Sonenshine, 1993). The majority of information
is based on hard and soft tick studies with information on the Nuttalliellidae family being
limited to a few reports in Tanzania and Southern Africa (Mans et al., 2014; Bedford,
1931). Between soft and hard ticks, the latter has the highest impact on public and
veterinary health. Hence the bulk of work on ticks has focused on understanding the
biology of hard ticks, which will be subsequently referred to as ‘tick.” The tick has four
development stages: the egg stage, and the three feeding stages, larvae, nymph, and adult.
The last three tick life stages take a blood meal once per life stage. Engorged larvae and
nymphs undergo molting to develop into the next life stage, while engorged adult females
lay eggs and then die.

The importance of ticks stems from their direct effects as pests and their function
as vectors of several human and animal disease agents including Ehrlichia, Theileria,
Babesia, Borrelia, Rickettsia, Hepatazoon, Heartland virus, and Bourbon virus (Prusinski
et al., 2014; Shock et al., 2014; Dantas-Torres et al., 2012; Jongejan and Uilenberg, 2004;
Buller et al., 1999). In the livestock industry, the cost of controlling tick infestations,
managing tick borne disease infections and associated production losses amounts several

millions of US dollars, especially in tropical and subtropical areas regions of the world
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(Marsh et al., 2016; Malak et al., 2012; Kivaria et al., 2007; Mukhebi et al., 1995). For
instance, a recent report in Brazil estimates losses due to Rhipicephalus microplus
infestations and associated Babesia infections at 3.24 billion US dollars (Grisi et al.,
2014). Even in the United States, a cattle fever tick outbreak would cost approximately
123 million dollars per year (Anderson et al., 2010). In public health, ticks are considered
second only to mosquitoes in terms of health impact of the transmitted disease agents
(Jongegan and Uilenburg, 2004). Since the description of Borrelia burdorferi as the
spirochete causative agent of Lyme disease, there has been an increase in reported human
tick-borne diseases (TBD) infections worldwide (Shapiro and Gerber, 2000). The World
Health Organization (WHO,http://www.who.int/mediacentre/factsheets/fs387/en/) has
listed 23 top vector borne diseases that collectively cause more than 1 million deaths. Of
the 23 vector borne diseases, six are tick borne including, Crimean-Congo hemorrhagic
fever, Lyme disease, Relapsing fever borreliosis (soft tick transmitted), Rickettsial
diseases (spotted fever and Q fever), tick borne encephalitis, and tularemia. In the United
States (US), the majority of human vector borne diseases are tick borne (Childs and
Paddock, 2013; Shapiro and Gerber, 2000). The US Centers for Disease control listed 15
human tick-borne disease (TBD, Table 1.1.) agents that were recognized in the US at the
time of drafting this thesis (CDC, https://www.cdc.gov/ticks/diseases/). Amblyomma
americanum the focus of this dissertation research transmits five of the 15 human TBD

agents in the US (Table 1.1.).



Table 1.1. Tick-borne disease (TBD) agents and medically important ticks in the

UsS.

TBD

TBD agent

Vector tick

Anaplasmosis

Anaplasma phagocytophilum

Ixodes scapularis and Ixodes
pacificus

Babesiosis

Babesia microti

Ixodes scapularis

Lyme disease

Borrelia burgdorferi and Borrelia
mayonii

Ixodes scapularis

Borrelia
miyamotoi infection

Borrelia miyamotoi

Ixodes scapularis and Ixodes
pacificus

Colorado tick fever

Colorado tick fever virus

Dermacentor andersoni

Ehrlichiosis

Ehrlichia chaffeensis, Ehrlichia
ewingii, and Ehrlichia muris-like

Ambylomma americanum

Heartland virus

Heartland virus

Ambylomma americanum

Powassan disease

Powassan virus

Ixodes scapularis and Ixodes
cookei

Rickettsia Rickettsia parkeri Amblyomma maculatum
parkeri rickettsiosis

Rocky Mountain Rickettsia rickettsii Dermacentor variabilis,
spotted fever (RMSF) Dermacentor andersoni and

Rhipicephalus sangunineus

STARI (Southern tick-
associated rash illness)

not known

Ambylomma americanum

Tick-borne relapsing

Borrelia species

Ornithodoros hermsi,

fever (TBRF) Ornithodoros parkeri and
Ornithodoros turicata
Tularemia Francisella tularensis Dermacentor variabilis,

Dermacentor andersoni and
Amblyomma americanum

364D rickettsiosis

Rickettsia phillipi

Dermacentor occidentalis

The Lone Star tick, A. americanum is distributed in the southeastern part of the US

with an expanding range to the northeast and Midwestern regions (Figure 1.1.). A.
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americanum is a three host tick, meaning that each of the three blood feeding life stages
(larva, nymph, and adult) feeds on a separate host. Potential hosts include raccoons,
opossums, coyotes, deer, other small and medium sized mammals, and humans (Childs
and Paddock, 2002; Kollars, 1993). A. americanum was considered only a nuisance
species until the discovery that it was the primary vector for Ehrlichia chaffeensis and E.
ewingii, which can affect humans, dogs, and horses (Childs and Paddock, 2002; Buller et
al., 1999; Anderson et al., 1993). A. americanum has now been found to vector Borrelia
lonestari which is the suspected causative agent of southern tick-associated rash illness
(STARI), Rickettsia amblyommii, and Francisella tularensis in humans (Mani et al., 2015;
Appearson et al., 2008; Varela et al., 2004; Childs and Paddock, 2002). Recently, Savage
et al. (2013) pointed to the possible role of A. americanum in transmission of Heartland
virus, previously reported as pathogenic for humans (McMullan et al., 2012). In veterinary
health, A. americanum is a competent vector for Cytauxzoon felis, affecting domestic cats,
and Theileria cervi, which affects white-tailed deer (Shock et al., 2014; Childs and

Paddock, 2002).

__________________

Lone Star Tick

(Amblyomma dmericanum)

Figure 1.1. Map of Lone Star Tick distribution in the United States.
(Centers for Disease Control and Prevention, 2011)
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1.2. Prevention of Tick-Borne Disease Infections

In the absence of effective vaccines against the many TBD agents, TBD prevention
targets the tick vectors by either preventing tick bites via tick repellants or killing the ticks
using acaricides. Acaricide treatments are used most prominently to control ticks.
However, though acaricides are effective in the short term, they do not offer permanent
solutions. Acaricide contamination of the environment, tick resistance to acaricides, and
the high cost, and labor intensive nature of acaricide application are just a few of the
limitations of acaricide use (Willadsen 2006; Graf et al., 2004). Therefore this control
method must be replaced or supplemented with methods to overcome these limitations.
One potential strategy as an alternate or supplemental tick control strategy is the
immunization of hosts against tick feeding as first described by Allen and Humpherys
(1976). The first ever commercialized anti-tick vaccine, GAVAC/TickGARD, targets the
midgut glycoprotein Bm86 (de la Fuente et al., 2007; Willadsen et al., 1995). The
application of this vaccine reduced the need for acaricide use and disease incidence in
cattle. However, a major limitation of this vaccine is that it is restricted to control of
Rhipicephalus microplus genus only, which renders the vaccine useless against other tick
species including A. americanum (Willadsen, 2004). The limited success of
GAVAC/TickGARD has encouraged efforts to find better replacements. The major
limitation toward development of anti-tick vaccines is the lack of effective target anti-tick
vaccine antigens. With exception of a few cases when TBD infections occurred due to
exposure to contaminated materials (Hutt et al., 2017; Mani et al., 2015), TBD agents

requires successful tick feeding. From this perspective a deeper understanding of how



ticks feed is expected to provide for opportunities to develop innovative tick control

methods (Kim et al., 2014; Mulenga et al., 2007; Mulenga et al., 2000).

1.3. Tick Feeding Physiology: The Importance of the Tick Cement Cone

Hard ticks such as A. americanum feed for long periods, 4-7 days for larvae and
nymph, and 10-14 days for adult ticks (Soneshine, 2013; Kemp et al., 1982). To feed on
blood, ticks penetrate host skin with chelicerae and insert their barbed hypostome, which
helps anchor the tick into the skin. In order to stay attached onto host skin during the long
feeding period, ticks secrete a cement-like adhesive substance into the skin called "tick
cement"”. Tick cement anchors the tick mouthparts into the host skin to prevent removal
by grooming, seals the wound around the mouthparts, and also protects the mouthparts
from the host immune system (Alekseev et. al, 1995). At least two layers of the tick cement
cone have been documented. The first layer, called the "cortex", starts to be secreted within
five to thirty minutes the tick inserting its hypostome into host skin, and hardens within
the first 24 h of the tick attaching (Bullard et al., 2016; Sonenshine, 1993; Kemp et al.,
1982). The second layer, called the cortical layer, continues to be deposited through 96 h
of tick feeding (Sonenshine, 1993; Kemp et al., 1982).

Early chemical analysis studies revealed that tick cement cones are composed
primarily of protein, as well as of lipid and carbohydrate bound to the protein in the core
and cortex, respectively (Kemp et al., 1982). These studies determined that the majority
of proteins in tick cement are glycine-rich (Ribeiro et al., 2017; Kim et al., 2016; de Castro

et al., 2016; Karim and Ribeiro, 2015; Tirloni et al., 2014; Jiang et al., 2014; Oliveira et
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al., 2013; Maruyama et al., 2010; Mulenga et al., 2007; Ribeiro et al., 2006; Untalan et al.,
2005; Valenzuela et al., 2002; Bishop et al., 2002). In nature, glycine-rich proteins have
adhesive and tensile characteristics, and similar glycine-rich proteins are found in spider
silk and insect egg glue (Xu et al., 2015; Vasanthavada et al., 2012; Maruyama SR et al.,

2010; Li et al., 2008).

1.4. Significance of Research

Deposition of the tick cement cone precedes transmission of the majority of TBD
agents, which occurs after the tick has fed for more than two days (Cook, 2014; Shkap et
al., 2009; Hojgaard et al., 2008; Des Vignes et al., 2001; Kjemtrup and Conrad, 2000;
Hodzic et al., 1998; Katavolos et al., 1998; Piesman et al., 1987). Thus, interfering with
tick cement formation has the potential to prevent TBD infections. There is published
evidence that host immunity to components of tick cement can reduce tick-feeding
efficiency (Shapiro et al., 1989; Brown and Askenase, 1986). Studies have also shown that
immunization of animals with putative recombinant tick cement proteins provoked strong
anti-tick immunity that significantly affected tick-feeding performance (Havlikova et al.,
2009; Bishop et al., 2002). For instance, Zhou et al., (2006) immunized rabbits against
Rhipicephalus haemaphysaloides with recombinant glycine-rich protein and found
significantly higher mortality of nymph, and lower attachment rate of adult and nymphal
ticks. In a related study, rabbit immunity to an immuno-dominant Haemaphysalis
longicornis 29-KDa putative tick cement protein significantly reduced engorgement

weights in adult ticks and up to 40 and 56% mortality in larvae and nymphs (Mulenga et
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al., 1999). In another study, immunization of Guinea pigs with the Rhipicephalus
appendiculatus putative tick cement protein, 64TRP resulted in increased mortality rates
and caused the midguts of some of the ticks to rupture (Trimnell et al., 2005; Trimnell et
al., 2002). In a follow up study, Labuda et al., (2006) demonstrated that vaccinating mice
with 64TRP blocked tick-borne encephalitic virus (TBEV) transmission to co-feeding
nymphal ticks and protected mice from fatal infection with the virus. In a lone study,
Bishop et al. (2002) describes vaccination of cattle with RIM36, a putative tick cement
protein. They found a strong antibody response in the cattle, but no anti-tick vaccine
efficacy was reported.

Despite its importance, molecular identities of the tick cement cone remain
unknown. The majority of putative tick cement proteins in literature have been annotated
based on glycine residue content via mass spectrometry analysis (Kim et al., 2016; Tirloni
et al., 2014; Oliveira et al., 2013; Ribeiro et al., 2006; Untalan et al., 2005), Illumina
sequencing (Ribeiro et al., 2017; de Castro et al., 2016; Karim and Ribeiro, 2015;), or
other methods (Mulenga et al., 2007). However there is no evidence that majority of the
currently annotated putative tick cement proteins are associated with tick cement
formation.

Based on the evidence in this introduction, the working hypothesis for the thesis
was that tick cement proteins are necessary for the formation of the cement cone that holds
the tick mouthparts into the skin of the host; therefore, disrupting their formation would
adversely affect tick feeding. This hypothesis was tested in two specific objectives: 1) To

relate the transcription patterns of 13 putative tick cement genes to the A. americanum tick
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feeding cycle. The hypothesis was that putative tick cement transcripts would expressed
when ticks have attained appetence and during feeding only. 2) To determine the effect of
RNA. silencing of putative tick cement transcripts on tick feeding success. The hypothesis
was that disrupting candidate putative tick cement transcripts would adversely affect tick

feeding.



CHAPTER II

TEMPORAL AND SPATIAL TRANSCRIPTION ANALYSIS OF GLYCINE-RICH

PUTATIVE AMBLYOMMA AMERICANUM TICK CEMENT PROTEINS

2.1. Introduction

Without feeding success, ticks can neither cause damage nor transmit disease
agents to their hosts. From this perspective a deeper understanding of tick feeding
physiology has been advocated (Dantas-Torres et al., 2012; Mulenga et al., 2007, de la
Fuente et al., 2007; Willadsen, 2006; Willadsen, 2004). Hard ticks such as Amblyomma
americanum are adapted to complete feeding over several days. A combination of key
biological adaptations allows the tick to complete feeding without the vertebrate host
grooming it off. One of the principal adaptations that allow the tick to complete feeding is
the deposition of the tick cement cone (Bullard et al., 2016; Alekseev et al., 1995; Kemp
et al., 1982). The tick cement cone glues the tick mouthparts to the host’s skin tissue and
prevents the host from grooming off the tick. Thus, understanding the molecular basis of
how the tick cement cone is formed and deposited could lead to discovery of important
targets for development of methods against tick feeding and transmission of disease
agents. Therefore, one of the goals in the lab is to understand tick cement formation
through discovery of the protein composition in tick cement cone. Prior to this thesis
research, a colleague in the lab had conducted LC-MS/MS sequencing of proteins in tick
cement that was recovered from the mouthparts of manually detached adult A.

americanum ticks. In this second chapter of this thesis research, the goal was to gauge
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insight into functional roles of glycine-rich proteins that were identified in the LC-MS/MS
analysis of A. americanum tick feeding. The rationale is based on the findings that the
majority of proteins in the tick cement cone are characterized by high content of glycine
amino acid residues (Ribeiro et al., 2017; Kim et al., 2016; de Castro et al., 2016; Karim
and Ribeiro, 2015; Tirloni et al., 2014; Jiang et al., 2014; Oliveira et al., 2013; Maruyama
et al., 2010; Mulenga et al., 2007; Ribeiro et al., 2006; Untalan et al., 2005; Valenzuela et
al., 2002; Bishop et al., 2002).

Semi- quantitative reverse transcriptase-PCR or quantitative real time-PCR
transcription analysis represents the principal approach used to relate expression profiles
of tick genes to the tick feeding process (Mulenga et al., 2008; 2009; de Castro et al., 2016;
Kim et al., 2016). Routinely, total RNA is extracted from dissected organs salivary glands
(SG), midgut (MG), and carcass (CA, tick remnant after removal of SG and MG of unfed
and those that are partially fed for different periods of time. In this way, the up and down
regulation of genes during the different stages of tick feeding can be determined. In this
study, the author adopted similar approaches to describe transcription profiles of selected

A. americanum tick cement glycine-rich proteins.

2.2. Materials and Methods
2.2.1. Tick feeding, dissections, and total RNA extraction and cDNA synthesis

Ticks used in this study were obtained from the National Institute of Health the
Biodefense and Emerging Infections Research Resources Repository (BEI Resources) or

purchased from Oklahoma State University tick lab. Nymph and adult A. americanum
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ticks were fed on rabbits according to animal use protocol (AUP) 2014-0311. To feed on
rabbits, ticks were confined to feed on top of rabbit ears using stockinetts glued onto the
ears with Kamar Adhesive (Kamer Inc, Zionsville, IN). To feed nymphs on rabbits, the
cotton stockinet tick containment cell was lined with pantyhose material to prevent
nymphs from escaping. Larvae and nymphs were also fed on chickens as per AUP 2014-
0311. Larvae and nymphs were fed on chickens confined to a cage. Ticks that dropped off
the chicken were collected in a container surrounding the chicken cage.

Adult ticks partially fed on rabbits for 24, 48, 72, 96, and 120 h were manually
detached and processed for dissection of salivary glands (SG), midguts (MG), and carcass
(CA, tick remnant after removal of SG and MG) as described (Kim et al., 2014). Ticks for
dissection were washed in diethylpyrocarbonate (DEPC) treated water and then placed on
a clean glass slide ventral side down. Subsequently, a sterile razor blade was used to trim
mouthparts around the basis capituli and the lateral edges around the tick. The ticks were
placed on a concave well slide with DEPC water and the dorsum was lifted and removed
to expose the tick organs. Dissected tick organs were stored in Trizol at -80°C.

To extract total RNA, tick organs, SG, MG, and CA pooled from five ticks fed for
24, 48, 72, 96, and 120 h were placed in 1 mL of Trizol (Life Technologies, Waltham,
Massachusetts) total RNA extraction reagent. For engorged whole larvae and nymphs,
ticks were minced in 1 mL Trizol with soft tissue scissors. Both dissected tick organs and
whole ticks were homogenized using a tissue dissmembranator (Thermo Fisher Scientific,
Waltham, Massachusetts). Samples were processed for total RNA extraction using the

Trizol reagent according to the protocol provided by the manufacturer. Template cDNA
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was synthesized from up to 500 ng of total RNA using the Verso cDNA synthesis kit

(Thermo Fisher Scientific, Waltham, Massachusetts).

2.2.2. Transcription analysis in unfed and partially fed adult ticks during feeding
Transcription analysis was done using two approaches, qualitative reverse
transcription-polymerase chain reaction (RT-PCR) and quantitative real time polymerase
chain reaction (qQRT-PCR) analysis. In the first approach, qualitative RT-PCR was
conducted to validate transcription of glycine-rich protein encoding transcripts as
previously described (Mulenga et al., 2008). Tick feeding time points examined in nymphs
were unfed, and those that were partially fed for 24, 48, and 72 h. In female adult ticks,
transcription analysis was done in dissected SG, MG, and CA of unfed ticks and those that
were partially fed for 24, 48, 72, 96, and 120 h. All qualitative RT-PCR reactions were
conducted using the C1000 Touch Thermal Cycler (BioRad, Hercules, CA) according to
the following cycling conditions: initial denaturation at 95°C 2 min, and 35 cycles;
denaturation at 95°C 30 s, annealing (Table 2.1.) for 30 s, extension at 72°C for 1 min,
followed by a final extension at 72°C for 7 min. All targets were under 1 kilo base pair
and thus extension time was set to 1 min. All qualitative RT-PCR reactions followed the
recipe of GoTag2X 5 pL, Forward primer 10 uM 0.5 pL, Reverse primer 10 uM 0.5 L,
water 3 pL, cDNA 1 pL. All PCR products were resolved on a 1-2% gel (depending on
expected size of transcript product) with 1 pL of Ethidium bromide (10mg/mL) and

photographed using the BioRad ChemiDoc MP Imaging System (Hercules, CA). Actin
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was considered the control gene for expression, using primers described elsewhere

(Chalaire et al 2011).

Table 2.1. Qualitative RT-PCR Primers.

1D. Eingez:t::()j Forward primers 5'-3' Reverse Primers 3'-5' 1’62:}%?'2?3)
Aam-179667 769 CCAGTGCGGCTGATGTCTTGC GTAACGACACGAACGTCGCTG 58
Aam-16245 200 TGGCGGTTACTTTGGTCGTA GACCAGACAAGCGTCCGTAG 53
Aam-178006 710 CCCTGGAGGATTCAGGCACTTC | TGGGTGCGGAACTGGGTGTG 56
Aam-177101 258 TACTTCGGGTTTCACCTTCCGTG | GCATAGAAGCCACCTTGGGAAC | 55
Aam-177916 570 TGGTGGTGAAGACGGTCAG GAGCCTCCATCATATCCACTGC 53
Aam-177785 822 ACTGGTCTTCTCGGAGGCTAC GCTTCCATAGAGACCTGAGACG | 53
Aam-326 762 GAATGGGATCAGCGGGTGGTTC | CTCCTTGCCTCCTGTACAAACG 54
Aam-177792 755 ACTGGTCTTCTCGGAGGCTAC CCGAATGATCCCCAAGGACC 56
Clust 1237-2-1 | 842 CTTTGACAGTGGCAGCGGAAG TCGTTCTACTGAGCGTCTCTCC 60
Aam-10038 200 TGCAGGTTTTGGTGGC CTTGGAACCCAACCGT 48
Aam-181586 477 AAGCGTATTACGGTGGCTTG GACCACCGAGACGTCCAAAG 52
Aam-42453 234 CTCCCAGGCTTGAGGAACC AGGATCACTTAGAGGGCTTCCA | 53
Contig_99147 181 GGTGGTGACTTAGGAGGCAG GCTGGAGGAACTGTCGGTAG 53

Following confirmation of transcription, gqRT-PCR analysis was done in three
biological replicates of dissected SG that were pooled from five unfed ticks and those that
were partially fed for 24-120 h as described above. In the first step, optimal concentrations
of gRT-PCR primers (Table 2.2.) was determined. All reactions were performed using the
BioRad CFX96 Real-Time System (Hercules, CA). The continuous amplification program
consisted of 1 cycle at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec, 60°C for 1 min followed by one cycle of melt curve from 65°C to 95°C,

increment of 0.5°C every 5 sec. Ribosomal protein S4 (rps4) was used as an internal
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reference gene. This reference gene was selected based on the data gathered by Koci

(2013) and has been used as a stable A. americanum reference gene by colleagues in the

lab (Kim et al., 2014).

Table 2.2. Quantitative RT-PCR primers.

LD. Forward primers 5'-3' Reverse Primers 3'-5' TA:r?]‘:,"f"EDg) Ec:erc]zrr\tration

ACTCGGAGGTCCTTTGACAC CAGTGGATGGGTCAGTAACG 55 150/150
Aam-179667

TATGGAGGATACCCGAGCTT AACCGCCATAACCTGGATAC 60 150/150
Aam-16245

TGGAGGATTCAGGCACTTC GGATCGGCGTTGGCACTAG 60 150/150
Aam-178006

AAACCAAAGCTGTTGCCAAG TGGAGAATCAGGGCATAGAG 60 300/300
Aam-177101

CGTAAACCATTTGTAGGCAA TCGCAATACCAACAGCAGAG 60 300/300
Aam-177916

GGCTCATTTGGACATTTGG AATCCGCTTCCATACAAACC 55 150/150
Aam-177785

CTCCAACCACCGCCGCC GCTTAGGTGGAGGTTCG -
Aam-326

TGGTTTCCCTGGAGTTTACG CGAAAGGTCCGTAGGTATGG 60 150/150
Aam-177792

GTGGAAGTGGTCAAGGAGGA | CTGATTCCCGATAGTGATGG 60 300/300
Clust_1237-2-1

GCTCCTTTGCTTATGGTTCG GTCCGAAAGATTCAATGCGT 60 300/300
Aam-179800

GCCGCCCAAGCCACCGAG GGTGGCTTGTATGGCGGAGG 55 300/300
Aam-181586

GGCGTAATCATGGTCATAG GGCTCGTATGTTGTGTGG 60 300/300
Aam-42453

GAGGAACTGTCGGTAGCTTG GGAAGTGGAGGAATTGGCAG 60 300/300
Contig_99147

2.2.3. Transcription analysis during the “pre-appetence to appetence’ transition

Newly molted ticks transition from the “pre-appetence phase” when they show
little to no desire to feed, to the “appetence phase” when they show an increased desire to
feed within 7-21 days after ecdysis (Walade and Rice, 1982). In the preliminary qualitative
RT-PCR analysis three (Aam-16245, Aam-179667, Aam-178006) of the glycine-rich
protein-encoding transcripts showed high expression in both unfed and partially fed ticks.

The author was curious to determine when the three tick cement genes were transcribed
15



during the pre-appetence or appetence phase. Therefore, qRT-PCR analysis of the three
transcripts was done during molting and post-ecdysis. Larvae and nymphs that engorged
on chickens were sampled at Days 0 (the day the engorged larvae/nymph dropped off the
host), 3, 7, 11, 14, 21 and 28 during molting, one week and two weeks post-ecdysis
(around Days 35 and 42). Total RNA extraction, cDNA synthesis, and gRT-PCR were

done using the same procedure outlined above.

2.2.4. Statistical analysis

The relative quantification (RQ) of transcript abundance in the biological
replicates were calculated using the formula 244 as described by Livak and
Schmittgen, (2001) and adopted by our lab (Kim et al., 2014). Using the C values of the
three biological replicates, the ACt values were determined by the formula C+ (Target) —
Ct (RPS4) per time point. Subsequently, the AACt values were determined using the
formula ACr (replicate) — C+ (average of replicates per tissue) per time point for each
individual replicate. The fold change were calculated for each replicate in each tissue by
using the formula 2241, Data were graphed as average of the three biological replicates
using the ANOVA function of the PRISM 6 software (Graphpad Software, La Jolla,

CA).
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2.3. Results
2.3.1. Candidate glycine-rich protein encoding transcripts are expressed in multiple tick
organs

Qualitative RT-PCR analysis summarized in Figure 2.1. confirmed that encoding
transcripts of glycine-rich tick cement proteins were expressed in multiple tick organs
during tick feeding. Transcripts of all glycine-rich proteins investigated in this thesis were
expressed in the SG, MG, and CA except for three (Clust_1237-2-1, Aam-42453, Aam-
177785) and two (Aam-177792, Aam-177785) transcripts that were not detected in MG
and CA respectively. Based on apparent abundance in SG of unfed ticks, targets were
grouped into three categories including: (i) unfed expressed (UE), for those that that were
apparently strongly expressed in both unfed and partially fed tick SG, (ii) up regulated in
response to feeding (UR) for those that were weakly expressed unfed tick SG when
compared to partially fed tick SG, and (iii) feeding induced (FI), for those transcripts that
were not detectable in unfed tick SG (Figure 2.1.). All UE targets were also expressed in

nymphs during feeding as shown in Figure 2.2.
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Figure 2.1. Qualitative RT-PCR expression analysis of mRNA transcripts during tick
feeding (unfed through 120 hours of feeding) with tick actin control. Analysis completed
using the primers listed in Table 2.1. Template cDNA made from total RNA extracted from
dissected tick salivary gland (SG), midgut (MG), and carcass (CA) (remnants after removal of
SG and MG). Transcripts grouped according to mRNA expression in salivary glands: (A) Unfed
expressed (UE) are expressed in unfed ticks and through feeding. (B) Up-regulated in response

to feeding (UR). (C) Apparently feeding induced expression (FI).
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Figure 2.2. Qualitative RT-PCR expression analysis of UE mRNA transcripts
during nymph tick feeding (unfed through 72 h of feeding) with tick actin control.
Analysis completed using the primers listed in Table 2.1. Template cDNA made from
total RNA extracted from whole nymph ticks that were manually detached from the
host at the selected time points.

Following validation of transcription in SG during feeding (Figure 2.1.), a much
more sensitive approach, gRT-PCR analysis was used to accurately relate mRNA
expression profiles in SG to the tick feeding process. As shown in Figure 2.3., qRT-PCR
revealed four expression profiles as indicated by transcript abundance in SG of unfed ticks
compared to levels in SG of partially fed ticks. The first profile (Figure 2.3. A-D) includes
transcripts for which mRNA abundance in unfed SG increased by more than 20 folds by
the 24 h feeding time point and remained at this level through the 120 h feeding time point.
Likewise transcript abundance in unfed SG for clust_320-51-1 increased by more than
100 folds by the 24 h time point and remained at that level through 120 h of feeding (Figure
2.3. E). The second profile involves Aam-177101, clust_1237-5-1, contig_99147, Aam-
177785, and Aam-177916 for which transcript abundance in unfed SG respectively
increased by more than 5, 100, 200, and 300 folds at the 24 h time point before it declined
to near steady state levels by the 120 h feeding time point (Figure 2.3. F-J). In the third
profile, Aam-179800 transcript level was at steady state through the 96 h feeding time

point before increasing by more than 100 folds at the 120 h time point (Figure 2.3. K).
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Lastly in the fourth profile, mMRNA abundance in unfed tick SG for Aam-42453 decreased
by two folds by the 24 to 72 h time points before it increased by two folds at 96 h and

declined by 3 folds at the 120 h time point (Figure 2.3. L).

2.3.2. Unfed expressed (UE) glycine-rich genes are not expressed during molting but are
induced after ecdysis

In preliminary qualitative RT-PCR analysis, transcripts of Aam-179667, Aam-
178006, and Aam-16245, which were classified as unfed expressed, were strongly
expressed in SG of unfed ticks (Figure 2.1.). To determine time points during tick feeding
cycle when the three genes are transcribed, gRT-PCR analysis was conducted in cDNA of
engorged larvae (Figure 2.4. A-F) and nymph (Figure 2.4. G-L) ticks that were sampled
at zero, (sampled immediately after engorging), 3, 7, 11, and 21 days during molting, as
newly ecdysed, and one and two weeks old nymph and adult ticks. This analysis revealed
that all three genes were expressed at low steady state during molting. Figure 2.4. G-L
show that transcription of the three genes increased immediately after ecdysis and
significantly increased in adults at one week post-ecdysis. While the three genes were
lowly expressed in larvae immediately after engorgement, the transcription profile was
similar to that observed in molting nymphs with slight differences in that increased mRNA
expression started at day 14 during molting and ramped up at day 5 post-ecdysis (Figure

2.4. A-F).
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Figure 2.3. Expression analysis of putative tick cement protein mRNA transcript expression
in salivary glands during tick feeding. Analysis conducted using the primers listed in Table
2.1. Template cDNA was the same as used for the qualitative analysis. mMRNA relative abundance

was calculated using the formula Z'MCT. Average relative abundance with standard error mean
per time point as compared to the stable Amblyomma americanum reference gene rpS4 in tick

Olp——y—r—o(——
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salivary glands (n=3 per time point). *Expression of Aam-326 could not be determined.
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Figure 2.4. Quantitative RT-PCR analysis of UE mRNA transcript expression in larvae and
nymphs during molting and post-ecdysis. Larvae and nymph ticks were placed on chickens
and allowed to feed to repletion. Once ticks were engorged and dropped off of the host, the ticks
were collected and sampled at the time points. Three whole ticks were sampled per time point.
cDNA was created from extracted total RNA, and the mean expression with standard error mean
per target as compared to the stable reference gene rpS4 was calculated.
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2.4. Discussion

The second chapter of this thesis documents the transcriptional relationship of the
thirteen candidate glycine-rich proteins to the tick feeding process. As noted in the first
chapter of this thesis, components of the cortex layer of the tick cement cone are deposited
within 5-30 min of the tick inserting its hypostome in host skin, while the outer layers
continue to be secreted through the 96 h tick feeding time point (Sonenshine, 1993; Kemp
et al., 1982). There is evidence that some of the early tick cement proteins are expressed
and stored in the granular type Il acini of the tick salivary glands before the tick engages
its host to start feeding. This is based on observations that the size of the type Il acini
significantly shrinks after emptying its contents by the third day of feeding (Obenchain
and Galun, 2013; Sauer et al., 1995). On this basis one may suspect that encoding
transcripts of some the early tick cement proteins could be degraded once the tick cement
proteins are expressed. Based on these observations, there was a possibility that some of
the transcripts that encoded some of the 13 glycine-rich tick cement proteins studied here
might not be expressed during feeding. However, transcription profile data demonstrates
that encoding transcripts of all glycine-rich tick cement proteins studied in this thesis were
expressed during tick feeding.

Transcription analysis in cDNA of ticks at different feeding stages as used in this
research is among methods that are routinely used to gauge insight into functions of tick
genes in tick feeding physiology (Kim et al., 2014; Chalaire et al., 2011; Maruyama et al.,
2010). The tick feeding process is composed of a series of behavioral and physiological

changes beginning with appetence and finishing with engorgement (Walade and Rice,
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1982). After the tick attains appetence and engages the host, the act of feeding commences
and can be classified into three steps: the preparatory feeding phase (PFP), Slow Feeding
Phase (SFP), and Rapid Feeding Phase (RFP). The PFP during which the tick creates the
feeding lesion, begins to deposit the cortex layer of the tick cement cone, and adheres onto
host skin occurs during the first 24-36 h of feeding (Alekseev et. al, 1995; Sonenshine,
1993; Kemp et al., 1982). This is followed by the SFP during which the tick takes low
amounts of blood and starts to transmit disease agents (Cook 2014; Shkap et al., 2009;
Hojgaard et al., 2008; Des Vignes et al., 2001; Kjemtrup and Conrad, 2000; Hodzic et al.,
1998; Katavolos et al., 1998; Piesman et al., 1987) may last from 7-10 days in adult ticks
after the PFP. The final stage is the RFP during which the tick consumes large volumes of
blood and lasts for 24 h. On this basis tick glycine-rich tick cement proteins for which
transcript abundance was highest in unfed or 24 h fed tick SG but decreased as feeding
progressed could be associated tick feeding functions related to the PFP. On the other
hand those tick cement genes that were up regulated throughout feeding could have been
involved with other biological functions that transcend the tick feeding process. The
observations that tick cement transcripts in this study were expressed in multiple tick
organs could point to the importance of glycine-rich proteins beyond tick cement
formation; however, the focus of the study was on expression in SG, and MG expression
was not further investigated. There is evidence in other organisms of glycine-rich peptides
performing multiple functions including antimicrobial activity (Rahman et al., 2017;
Carlier et al., 2015). One of the functions of tick salivary secretions is to keep the tick-

feeding site free of antimicrobial contamination (Alekseev et al., 1995). Whether or not
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some of the glycine-rich proteins discussed here, have antimicrobial functions remain to
be investigated.

Another interesting observation in this study is that unfed expressed glycine-rich
genes were lowly expressed during molting but were strongly induced after ecdysis. This
was particularly interesting in engorged nymphs where transcript abundance in young
adult ticks was up regulated by more than 3000 fold at one-week post ecdysis. It is
noteworthy that this expression pattern coincides with tick attainment of appetence or
desire to seek the host, which has been observed to occur at least one week after ecdysis
(Anderson et al., 1998; Davey. 1987; Tukahirwa, 1976; Gladney et al., 1970). Published
studies have demonstrated that newly ecdysed ticks require a physical maturation phase
before they attain appetence (physiological readiness to feed), respond to feeding stimuli,
and seek a blood meal source (Anderson et al., 1998; Davey. 1987; Tukahirwa, 1976;
Gladney et al., 1970). Recent studies have identified ecdysis-related hormones in ticks
including bursicon, which signals hardening of the tick exoskeleton (Egekwu et al., 2014;
Roller et al., 2010). Therefore, the transcription of the targets’ mRNA’s may be induced
by the presence of ecdysis-related hormones and the existence of the mRNA transcripts
may be an indication of the tick’s readiness to feed.

The tick feeding style of lacerating host tissue and then sucking up host blood that
bleeds into the wounded area (commonly known as the tick feeding site) is thought to
stimulate host tissue repair responses that are aimed at stopping further blood loss.
However, ticks ensure a full blood meal by secreting a cocktail of enzymes that disarm the

host’s tissue repair response (Valenzuela et al., 2005; Ribeiro, 1995; Ribeiro, 1989;
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Ribeiro et al., 1985). The host’s tissue repair response to tick feeding activity is expected
to be swift, and, logically, must be swiftly countered by the tick. On this basis, genes
encoding proteins such as the unfed expressed tick cement proteins in this study that are
expressed upon tick attainment of appetence could represent the tick's preparation to start
feeding. In conclusion, this second chapter of this thesis has set a foundation for further
studies into functional roles of glycine-rich tick cement proteins in A. americanum tick

feeding.
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CHAPTER Il
DETERMINE THE IMPORTANCE OF PUTATIVE TICK CEMENT PROTEINS IN

AMBLYOMMA AMERICANUM TICK ATTACHMENT AND FEEDING

3.1. Introduction

Expression of transcripts encoding candidate glycine-rich tick cement proteins in
this study was confirmed in the second chapter of this thesis. The goal of this third chapter
was to determine the significance of the thirteen tick cement proteins in A. americanum
tick feeding success using the RNA interference (RNAI) mediated post-transcriptional
gene silencing technology. In the tick research community, the RNAI silencing method
has been widely used to determine the importance of target genes in hard ticks such as, I.
scapularis (Kim et al., 2014; Aljamali et al., 2003), A. americanum (Kim et al., 2016;
Mulenga et al., 2013; Chalaire et al., 2011; Kocan et al., 2007), and the soft ticks,
Ornithodoros moubata (Diaz-Martin et al., 2013). The RNAi pathway is a naturally
occurring mechanism in which the presence of double stranded RNA (dsRNA) induces
degradation of cognate mRNA (Berstein et al., 2000). RNA.I is initiated by the injection
of dsRNA that correlates with the target mMRNA (Haley et al., 2003). The dsRNA is
cleaved into small interfering RNA (siRNA) by the dicer enzyme of the RNase I11 family
(Ketting et al., 2001; Macrae et al., 2006). The siRNA direct RNA-induced silencing
complexes (RISCs) to the target mMRNA which is then destroyed, inhibiting further
translation. The general understanding of RNAI is that if a target is biologically important,

then silencing the target should result in a loss of fitness or observable phenotype change.
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3.2. Materials and Methods
3.2.1. Combinatorial RNAi silencing analysis

Given the high number of candidate glycine-rich proteins, targets were disrupted as
a group using combinatorial RNAI silencing as described (Kim et al., 2014). Three
combinatorial (co) double stranded (ds) RNA were designed according to transcriptional
profiles that were established in the second chapter of this thesis. These included unfed
expressed (UE, three targets), the apparently feeding induced (FI, four targets), and
apparently upregulated in response to feeding (UR, six targets) group.

Template DNA for co-dsRNA synthesis was designed in-house and custom
synthesized at Life Technologies (Thermo Fisher Scientific, Waltham, Massachusetts). To
design template composite DNA for the three co-dsRNA, | selected and spliced unique
~200 base pairs (bp) of each candidate tick cement transcript using MacVector
(MacVector Inc., Apex, North Carolina). To identify unique sequence regions, candidate
tick cement sequences were searched against A. americanum entries in GenBank using
BLASTN and portions of sequences that did not show similarity to other sequences were
selected. The rationale was to avoid non-target effects of RNAI silencing. The custom
synthesized co-dsRNA were ligated into pMX plasmid.

Following custom synthesis, plasmids containing co-dsRNA templates were re-
solubilized in 20 uL of water and transformed into DH5a competent cells using routine
heat shock methods. To transform the plasmid, 1pL of plasmid was mixed with 20 pL of
DHS5a competent cells. After 20 min of incubation, the cells were incubated in a water

bath at 42°C for 30 sec and then placed on ice for two minutes. At the end of the two
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minutes, 250 puL of warm SOC broth were added and the mixture was incubated with
shaking at 37°C for one hour. Transformants were selected on LB Agar plates with
Ampicillin and grown overnight at 37°C. Inserts were checked by PCR using plasmid
specific primers to further validate positive transformants. Bacteria colonies confirmed to
contain the insert were used to inoculate 7 mL of SOB with Ampicillin and incubated
overnight at 37°C with shaking. To purify plasmids, overnight cultures were subjected to
a mini-prep using the Promega Wizard Plus SV Minipreps DNA Purification System
(Fitchburg, Wisconsin). To confirm co-dsRNA template DNA sequences, purified
plasmids were prepared for sequencing using BigDye and plasmid specific primers.
Sequencing was done at Gene Technologies Laboratory at Texas A&M University.

The Ambion Megascript RNAi Kit (Thermo Fisher Scientific, Waltham,
Massachusetts) was used to synthesize c0-dsRNA according to manufacturer’s
instructions. Approximately 2 ug of purified plasmid DNA was used as template for co-
dsRNA synthesis using primers with added T7 promoter sequence (Table 3.1.). Green
fluorescent protein (GFP) primers with added T7 promoter were used to amplify the

template for synthesis of control dsSRNA.
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Table 3.1. Primers for co-dsRNA synthesis.
UE Forward TAAACGACTCACTATAGGGACATCTGTCTCCACCGCACCCG

Reverse TAAACGACTCACTATAGGGGGTGCGGAACTGGGTGTGGGA

UR Forward TAAACGACTCACTATAGGGGCTTGTACGGAGGCTACCCAGGAG

Reverse TAAACGACTCACTATAGGGCTTAGGAAGTGGAGGAATTGGC

Fl Forward TAAACGACTCACTATAGGGGAGATCTGGGCTGCTGGTAT

Reverse TAAACGACTCACTATAGGGGTGTTGAGAGAGATCCTAG

3.2.2. Determine the timeline to depletion of mRNA of UE tick glycine-rich cement
proteins that predated co-dsRNA injection

Qualitative RT-PCR analysis in the first chapter of this thesis determined that
MRNA of UE tick cement proteins was strongly expressed in unfed ticks. Based on
previous experience in the lab, it has been observed that the conventional approach of
incubating ticks that are injected with dsSRNA for 24 h before feeding to evaluate the
effects of RNAI silencing did not provide for sufficient time to deplete target mRNA that
predated induction of RNAI silencing. Without this step, there was a likelihood that pre-
existing mMRNA would mask the effects of RNAI silencing. The plan was to determine the
timeline at which UE tick cement transcripts were significantly depleted in unfed ticks.
Subsequently this timeline was used to plan the study to analyze the effect of RNAI
silencing of UE tick cement transcripts on tick feeding.

Female ticks (n = 20) were injected with ~0.5-1 pL (3-5 pg/pL) of co-dsRNA or

GFP dsRNA (control) behind the fourth coxae using 33 gauge Hamilton needles (0.50”
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45° #7803-05) (Reno, Nevada) or with pulled 10 pL glass capillary. Three ticks each were
sampled at 3, 7, 14, 21, and 28 days post co-dsRNA injection and individually processed
for total RNA extraction and cDNA synthesis as described in chapter two. Individual tick
cDNA was subjected to gRT-PCR to validate disruption of target mRNA as biological
replicates. qRT-PCR (Table 3.2.) primers used were designed outside sequence regions
that were used to design dsSRNA. The rationale of this approach was to avoid amplifying
the injected dsRNA. All reactions were performed on the BioRad CFX96 Real-Time
System (Hercules, CA) according to this procedure: one step at 50°C for 2 min, 95°C for
10 min, 40 cycles at 95°C for 15 sec, 60°C for 1 min followed by one cycle of a melt curve

from 65°C to 95°C with increments of 0.5°C every 5 sec.

Table 3.2. Quantitative RT-PCR primers for validation of mRNA silencing.

Annealing
1.D. Forward primers 5'-3' Reverse Primers 3'-5' Temp. (°C)
Aam-179667 ACTCGGAGGTCCTTTGACAC CAGTGGATGGGTCAGTAACG 55
Aam-16245 TATGGAGGATACCCGAGCTT | AACCGCCATAACCTGGATAC 60
Aam-178006 GACAAGGAGAGGACCCATGT | GTCACGTCGGTCGTAGTTGT 55
Aam-177101 AAACCAAAGCTGTTGCCAAG | TGGAGAATCAGGGCATAGAG 60
Aam-177916 CGTAAACCATTTGTAGGCAA | TCGCAATACCAACAGCAGAG 60
Aam-177785 GGCTCATTTGGACATTTGG AATCCGCTTCCATACAAACC 55
Aam-17792 TGGTTTCCCTGGAGTTTACG CGAAAGGTCCGTAGGTATGG 60
Clust_1237-2-1 | GTGGAAGTGGTCAAGGAGGA | CTGATTCCCGATAGTGATGG 60
Aam-179800 GCTCCTTTGCTTATGGTTCG GTCCGAAAGATTCAATGCGT 60
Aam-181586 GCCGCCCAAGCCACCGAG GGTGGCTTGTATGGCGGAGG 55
Aam-42453 GGCGTAATCATGGTCATAG GGCTCGTATGTTGTGTGG 60
Contig_99147 GAGGAACTGTCGGTAGCTTG | GGAAGTGGAGGAATTGGCAG 60
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The Ct values of the each of the biological replicates per time point were
determined by averaging the technical replicate values. Relative quantification (RQ) of
tick cement target transcripts was determined as described in chapter two. Target mRNA
suppression was calculated using the formula, S=1-(RQT/RQC x 100) where
S = mRNA suppression, RQ" and RQ® = RQ of tissues in co-dsRNA injected and GFP-
dsRNA injected ticks, respectively as described (Kim et al., 2014). Treatment and control
values were compared to determine statistical significance using ANOVA in the PRISM

software package (Graphpad Softare, La Jolla, CA).

3.2.3. Assessment of effects of RNAI silencing on adult tick feeding

Unfed adult female ticks that had attained appetence (n = 20 each) were injected
with UE, or FI, or UR co-dsRNA, or GFP-dsRNA (control) as described above. All groups
were incubated at 25°C with relative humidity set to 85% for the three weeks before
feeding on rabbits to assess the effects of RNAI silencing. The three-week incubation
period was empirically determined in section 3.2.2. (above) as the period when up to 100%
of UE mRNA that predated dsRNA injection was suppressed. The rationale to incubate FI
and UR co-dsRNA injected ticks for three weeks was to allow for the use of the same
GFP-dsRNA injected control ticks for all treatments. Following incubation, ticks were fed
on rabbits as described in chapter two. To confirm mRNA suppression during feeding,
three ticks per treatment were sampled at 24 h post attachment and individually processed

for validation of RNAI silencing as described above.
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The effects of RNAI silencing on tick feeding success was evaluated by assessing
the following tick feeding parameters: tick attachment rate onto host skin, time to feed to
repletion, mortality rates, engorgement weight (EW, index for amount of imbibed blood),
and fecundity as measured by egg mass conversion ratio (ECMR, weight of egg batch
divided by EW), and ability or inability to lay eggs. The attachment rate was calculated as
the percent of unattached ticks at 24 h after ticks were placed on the rabbit over the total
number of ticks. Likewise mortality rate was determined as the percent of ticks that died
during feeding over the total number of ticks. The EW was determined by weighing
engorged ticks that spontaneously detached from the host. Following detachment,
engorged ticks were incubated at 25°C with relative humidity set to 85% to lay eggs.
Subsequently the number of ticks that did not lay eggs was documented and the egg batch

weighed. Throughout feeding tick physical phenotypes were recorded photographically.

3.2.4. Effects of RNAI silencing on tick feeding when co-dsRNA is injected into newly-
ecdysed ticks

gRT-PCR expression analysis data in chapter two demonstrated that expression of
UE transcripts was induced at one week post-ecdysis, but not during the molting process.
The implication was that UE tick cement proteins are expressed after ticks have ecdysed.
Thus, the goal was to inject UE co-dsRNA into newly ecdysed adult ticks before UE tick
cement mRNA was transcribed. The assumption was that injecting ticks right before the
MRNA was expressed would trigger the RNAI silencing machinery that would disrupt UE

MRNA as soon as it was expressed and in this way prevent UE protein translation.
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At the time of drafting this write up, there were no reports of whether or not the
RNAI silencing pathway was active in molting ticks or newly ecdysed adult ticks. Thus,
prior to RNA. silencing, the expression of the dicer was determined to validate the activity
of the RNAI pathway in ecdysing and newly ecdysed ticks. The dicer is an RNase that is
involved in pre- and post-transcriptional modification, specifically the cleavage of double
stranded RNA (Bernstein et al., 2001). Therefore, expression of the dicer enzyme mRNA
indicated that the RNAI silencing pathway was active. The cDNA samples of molting and
newly ecdysed ticks were subjected to qualitative RT-PCR using dicer PCR primers (For:
YGTGGGTGACTACGTGCTCAAY, Rev: Y GACCTCCTGACACTCGATGA®).

Preliminary analysis revealed that injection of UE co-dsRNA into newly ecdysed
adult females caused between 80-100% suppression UE mRNA at 14 days post co-dsRNA
injection (described above). Thus, newly ecdysed (one day post ecdysis) female ticks (n =
20) were injected with UE co-dsRNA and incubated for 14 days before assessing the
effects of RNA. silencing. Following incubation ticks were placed on SPF New Zealand
white rabbit ears to feed. Effects of RNAI silencing were assessed as described in section

2.3.

3.3. Results
3.3.1. Injection with combinatorial (co) dsRNA triggers mRNA suppression of individual
targets in the construct

Figure 3.1. demonstrates that injection of co-dsRNA successfully induced the

RNAI silencing pathway to specifically disrupt individual components in the construct. In
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the second chapter of this thesis, qualitative RT-PCR demonstrated that mRNA of UE
targets was strongly expressed in unfed ticks. On this basis, the author reasoned that there
was a possibility that target proteins translated from mRNA that predated induction of
RNAI silencing pathway could mask the effects of RNAI silencing at the start of tick
feeding. To attempt to prevent this, unfed ticks were injected with UE co-dsRNA and
disruption of target mMRNA was monitored as summarized in Figure 3.1. As shown in

Figure 3.1., mRNA encoding for two of the three UE tick cement proteins, Aam-179667
and Aam-16245 were depleted by up to 90% after one and three weeks following injection
of UE co-dsRNA. Disruption of the third target, in the UE co-dsRNA construct, Aam-

178006 was not conclusive.
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Figure 3.1. Percent mRNA suppression in adult ticks injected with UE co-dsRNA.
Twenty adult female ticks were injected with ~1ug UE co-dsRNA and twenty were injected
with ~1ug dsGFP as a control. Three ticks were sampled per time point and the percent
suppression was calculated. Average percent suppression with standard error mean shown
per time point. Suppression of Aam-178006 could not be verified.
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3.3.2. Disruption of UE and FI but not UR mRNA caused bleeding around tick mouthparts.

Based on data in Figure 3.1., it was determined that most of mMRNA of UE tick
cement proteins could be depleted if co-dsRNA injected ticks were incubated for three
weeks before feeding them on rabbits to assess the effects of RNAI silencing. In order to
minimize the number of control animals used, FI and UR co-dsRNA as well as GFP-
dsRNA injected ticks were also incubated for three weeks before assessing the effects of
RNA. silencing. This allowed the use of one rabbit ear to feed GFP-dsRNA control ticks.
Following the three weeks incubation period, ticks were fed on rabbits to assess the effects
of RNAi silencing. Prior to assessing the effects of RNAI silencing, three ticks each were
sampled at 24 h post attachment to validate disruption of cognate mRNA in co-dsRNA
injected ticks (Figure 3.2.). As shown in Figure 3.2,, injection of UE co-dsRNA triggered
suppression of mMRNA of all three UE tick cement proteins, Aam-179667, Aam-178006,
and Aam-16245 mRNA between 70-90%, 60-90%, and 27-96% respectively. For UR co-
dsRNA injected ticks, suppression of Aam-177792 and Aam-42453 mRNA, which ranged
between 31-92%, and 21-74%, and all targets in FI co-dsRNA injected ticks that were

inconclusive (not shown).
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Figure 3.2. Validation of silencing by quantitative RT-PCR round one. Three
ticks were sampled at 24 h post-attachment to determine the percent suppression of
target MRNA. UE, UR, and FI target validation. Suppression of UR targets
Contig 99147, Aam-181586, Clust_1237-2-1, and Aam-10038, and FI targets could
not be verified.

Analysis of tick attachment at 24 h after ticks were placed on the rabbit revealed
that that RNAI silencing of either cluster genes did not affect the ability of ticks to attach
onto skin and start feeding (results not shown). Ticks were allowed to feed to repletion
and physical phenotypes documented pictorially at 24 h intervals (Figure 3.3.). At day
four, post tick attachment, reddening an indication of inflammation, was observed around
attachment sites of UE and FI co-dsRNA injected ticks (not shown). Interestingly,
reddened tick attachment sites started to bleed at days seven post attachment (Figure 3.3.
A, asterisks marked). Leakage of blood became so intense such that on day nine,

veterinarians at Texas A & M University Comparative Medicine Program (CMP) advised
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to halt the experiment for the wellbeing of the animal. Blood leakage also appeared around
the mouthparts of FI injected ticks at day nine and peaked around day 11, but it was not
S0 intense as to cease tick feeding (asterisks marked in Figure 3.3. A). In order to validate
whether or not observed bleeding was caused by disruption of UE and FI tick cement
protein transcripts or by tick overcrowding, the experiment was repeated with fewer ticks
(n =15 compared to n = 20 in round one). It was interesting to note that, similar to
observations in Figure 3.3. A, reddening and subsequent pooling and leakage of blood was
observed in the second round of RNAI silencing starting from days eight and ten post
attachment respectively (Figure 3.3. B, indicated by black asterisks). However bleeding
was not as intense as in the first round and thus the experiment was not stopped. It's
important to note that dried blood was observed on control ticks at day 8, however it was

not continuous bleeding.

3.3.3. Disruption of UR and FI but not UE tick cement genes reduced blood meal size
Analysis of time taken by ticks to complete feeding was apparently not affected by
disruption of mRNA of tick cement proteins in both first and second rounds of RNAI
silencing (not shown). Spontaneously detached ticks were individually weighed and
photographed as a group to document phenotypes of engorged ticks (Figure 3.4. A, and
3.4. B). Figures 3.4. C and 3.4. D summarizes engorgement mass (EM) as an index for
amount of blood taken by the tick. In the first round of RNAI silencing, EMs ranged from
0.265-0.813, 0.183-0.500, 0.232-0.796, and 0.145-0.560 g for GFP, UE, FI and UR

dsRNA injected ticks (Figure 3.4. C). In the second round of RNA.i silencing, EM of GFP,
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UE and FI dsRNA injected ticks respectively ranged from 0.24-0.73, 0.14-0.64, and 0.05-
0.38 g (Figure 3.4. D). One-way ANOVA determined that there were significant
differences among mean EMs in both first [F (3, 45) = 3.44, P = 0.0245) and second [F (2,
29) = 14.26, P < 0.0001]. However Tukey's multiple comparison tests determined that the
first round mean EM of UE (0.37 + 0.041), FI (0.49 + 0.051), UR (0.35 + 0.047 g) co-
dsRNA injected ticks were not significantly different from GFP-dsRNA injected ticks
(0.53 + 0.043 g) although apparently smaller. In the second round of RNA.I silencing, the
mean EM of FI (0.17 + 0.032) was significantly different from GFP dsRNA injected ticks

(0.49 £ 0.052) but UE co-dsRNA injected ticks (0.46 + 0.054 g) were not.
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Figure 3.3. Phenotypes during tick feeding. Twenty ticks per target were
injected with ~1pg dsRNA (ds-GFP and UE, FI, and UR co-dsRNA) and were
maintained at 25°C with relative humidity set to 85% for three weeks. After three
weeks, the ticks were placed on rabbit ears and allowed to attempt to feed. (A)

Round one. (B) Round two. Bleeding indicated by asterisks.
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Figure 3.4. Effect of injection with UE, FI, and UR co-dsRNA on tick feeding. (A) Visual
comparison of engorged tick groups; round one. (B) Visual comparison of engorged tick groups,
round 2. (C) Round one average engorgement weight (an index for amount of imbibed blood).
GFP n=14, UE n=10, FI n=14, UR n=10. (D) Round two average engorgement weight GFP n=10,
UE n=11, FI n=9. (E) Egg mass conversion ration; round one. (F) Egg mass conversion ratio;
round two.

3.3.4. Disruption of UE and UR but not FI tick cement genes affected fecundity.

To determine the effect of RNAI silencing on fecundity, ticks were allowed to
oviposit and egg and the egg mass conversion ratio (ECMR, tick's ability to convert its

blood meal to eggs) determined by dividing the weight egg clutch by EM. Tukey's multiple
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comparison test determined that mean EMCR of UE and UR co-dsRNA injected ticks but
not FI injected were significantly different from GFP dsRNA injected ticks (Figure 3.4.

E). EMCR data in round two of RNA.I silencing was not significant (Figure 3.4. F).

3.3.5. Injection of UE co-dsRNA into day zero newly ecdysed adult ticks prevents
accumulation of transcripts.

In the second chapter of this thesis research qRT-PCR analysis revealed that
MRNA of UE tick cement genes was lowly expressed in molting nymphs, but increased
expression in newly ecdysed going up 3000 fold in one week old ticks. Thus, | reasoned
that, if newly ecdysed ticks were injected with UE co-dsRNA, this would prevent
accumulation of transcripts. Prior to conducting RNAI silencing in newly ecdysed ticks
expression of the dicer gene using the qualitative RT-PCR confirmed that the RNAI
silencing pathway was active in newly ecdysed ticks (Figure 3.5.). Figure 3.6.
demonstrates that injection of UE co-dsRNA into newly ecdysed ticks prevented
accumulation of UE transcripts by up to 100% in one to two weeks old ticks as revealed
by gRT-PCR analysis. Subsequently, two groups of newly ecdysed adult ticks: groups A
(n = 11) and B (n = 6) were injected with UE co-dsRNA or GFP dsRNA and incubated
for up to two weeks before feeding on rabbits to assess the effects of RNAI silencing.
Three ticks were sampled to confirm silencing (Figure 3.7.). It was interesting to note that,
although much fewer ticks were used, reddening and subsequent bleeding as in Figure 3.3.
A and 3.3. B was observed around mouthparts of both group A and B ticks that were

injected with UE co-dsRNA but not GFP dsRNA treated (Figure 3.8. A and 3.8. B). On
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the underside of one singly attached female tick, a huge expanding hematoma was
observed (not shown). The EM for round one UE and GFP dsRNA injected ticks ranged
from 0.1592-0.6749g (n=6) and 0.0977-0.7749 g (n=5) respectively. An unpaired t-test
revealed that there was no significant difference in EM of treatment and control ticks
(Figure 3.9. A). In round two, the EM of UE and GFP dsRNA injected ticks ranged from
0.1541-0.4526g (n=3) and 0.0872-0.671g (n=3) respectively. An unpaired t-test
determined that there was no significant difference in the EM of treatment and control
ticks (Figure 3.9. B). However, as the GFP dsRNA injected tick with an EM of 0.0872
appears to be an outlier, removing that tick from the analysis resulted in a significant

difference between the EM of the treatment and control ticks.

Figure 3.5. Dicer present in ticks the day they ecdysed into adults
and one week post-ecdysis. Qualitative RT-PCR was conducted using
cDNA from ticks the day they ecdysed into adults and one week post-
ecdysis.
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Figure 3.6. Percent mRNA suppression in adult ticks injected with co-dsRNA one day post
ecdysis. Twenty newly ecdysed female ticks each were injected with ds-GPF or UE co-dsRNA.
Three ticks per target were sampled per time point. Average percent suppression with standard
error mean were calculated per tick per time point. (A) Aam-179667 (B) Aam-178006 (C) Aam-

16245

44



~—

Aam-179667 Aam-178006 Aam-16245
100

75
50
25

0

Tick1l Tick2 Tick3 Tick1l Tick2 Tick3 Tick1 Tick 2 Tick 3
Aam-179667 Aam-178006 Aam-16245

Percent MRNA —~
Suppression

Percent mMRNA @
[
o
o

Suppression
ol
o

Tick1l Tick2 Tick3 Tick1l Tick2 Tick3 Tick1l Tick2 Tick 3
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dsRNA one day post-ecdysis. Three ticks per target were sampled. Average percent

suppression with standard error mean were calculated per tick per time point. (A) Round one.
(B) Round two.
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*Hematoma formed
Figure 3.8. Effect of RNAI on tick feeding in co-dsRNA injected newly ecdysed ticks. Ticks
were injected with ~1pg dsRNA (ds-GFP and UE co-dsRNA) and were maintained at 25°C
with relative humidity set to 85% for one week. After the time had elapsed, the ticks were
placed on rabbit ears and allowed to attempt to feed. Photographic documentation of tick
feeding progression. (A) Round one. (B) Round two.

To determine the effect of RNAI mediated silencing on fecundity, ticks were
allowed to oviposit and egg clutches were weighed. Egg mass (EgM) of round one UE
and GFP dsRNA injected ticks ranged from 0.0974-0.424 g and 0.0193-0.482 g
respectively. An unpaired t-test confirmed no significant difference (Figure 3.9. C). EgM
of round two UE and GFP dsRNA injected ticks was similarly not significantly different
with ranges of 0.0691-0.2352 g and 0.0058-0.4081 g respectively (Figure 3.9. D).

However, removal of the same GFP dsRNA injected tick as in the EM analysis resulted in
46



significant difference between UE and GFP dsRNA injected ticks. As an index of the
tick’s ability to convert its blood meal to eggs, the egg mass conversion ratio (EMCR) was
calculated by dividing the egg weight by EM. An unpaired t-test of the EMCR of UE and
GFP ticks in round one and two did not find significant difference between treatment and
control ticks (Figure 3.9. E and 3.9. F). However, removal of the same GFP dsRNA
injected tick as in the EM and EgM analysis of round two resulted in significant difference

between UE and GFP injected ticks.

(A)

_0.75
=2
= 0.50
L

0.25

(B)

5075
S 0.50
w . ]

0.25 e To1 0.2

0 0 0
GFP u GFP UE GFP E

Figure 3.9. Analysis of RNAIi on tick engorgement and fecundity. (A) Average
engorgement weight (an index for amount of imbibed blood); round one. (B) Average
engorgement weight; round two. (C) Egg mass (g); round one. (D) Egg mass (g); round
two. (E) Egg mass conversion ratio; round one. (F) Egg mass conversion ratio; round two.
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3.4. Discussion

The RNAI silencing technology has been widely utilized to determine functional
roles of tick genes in tick feeding physiology (Aljamali et al., 2003), specifically A.
americanum (Kim et al., 2016; Mulenga et al., 2013; Chalaire et al., 2011; Kocan et al.,
2007). In the majority of reported RNAI silencing studies, single tick genes were targeted
(Kim et al., 2016; Mulenga and Khumthong 2010). In few reported studies, double
stranded RNA based on conserved sequence domains were synthesized to target multiple
targets in the same gene family (Tchurikov et al., 2016; Kim et al., 2014). Similar to this
thesis, the tick glycine-rich protein family is large (Ribeiro et al., 2017; Kim et al., 2016;
de Castro et al., 2016; Karim and Ribeiro, 2015; Tirloni et al., 2014; Jiang et al., 2014;
Oliveira et al., 2013; Maruyama et al., 2010; Mulenga et al., 2007; Ribeiro et al., 2006;
Untalan et al., 2005; Valenzuela et al., 2002; Bishop et al., 2002) and there has been no
consensus of a conserved region that can be used in RNAI silencing to disrupt multiple
glycine-rich proteins at once. The high number of glycine-rich tick cement proteins and
the lack of a consensus sequence domain that can be targeted in a single dsSRNA construct
to disrupt multiple members present a challenge in studies to validate the significance of
these proteins in tick feeding. In this thesis research, the combinatorial RNAI silencing
analysis approach (Herrera-Carrillo and Berkhout, 2015; Bakhetia et al., 2008) was for the
first time used in tick research to successfully disrupt multiple glycine-rich protein
encoding mRNAs. This approach allowed for determining the significance of tick cement
genes in tick feeding in clusters that were assembled based on transcriptional pattern
similarity.
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Given the functional role of the tick cement cone to securely anchor the tick on
host skin (Sonenshine, 1991; Kemp et al., 1982), it is logical to expect that disruption of
tick cement genes as was observed in this research could result in ticks in failing to attach
onto host skin and initiate tick feeding. However, data in this research revealed that despite
the observed disruption of glycine-rich tick cement genes studied here did not affect the
ability of ticks to attach and initiate feeding. The tick cement cone is deposited in two
layers: the first, called the corte, is secreted within five to thirty minutes of attachment;
the second, called the cortical layer, continues to be deposited through 96 hours of feeding
(Sonenshine, 1991; Kemp et al., 1982). The cortex layer initiates formation of the tick
cement cone while the second cortical layer strengthens the tick cement cone. Tick cement
proteins studied here were identified from a fully formed tick cement cone, and whether
or not they are part of the cortex or cortical layer is unknown. It is potentially possible that
disruption of cortex layer tick cement proteins results in ticks failing to attach while
disruption of cortical layer could result in a destabilized tick cement cone. Thus, the
observation that disruption of both the unfed expressed (UE, expressed in unfed that are
ready to feed) and feeding induced (FI, induced with feeding) resulted in bleeding around
tick mouthparts was interesting. Whether or not the observed bleeding was due to a weak
tick cement cone could not be ascertained based on data here.

The limitation of RNAI silencing is that functions of a target protein that is
translated prior to injection of dsRNA will not be affected by RNAI silencing. The
consequence of this in tick research could be that the effects of RNAI silencing at the start

of the tick feeding process could be masked. However this may not be the case for UE tick
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genes in that injection of UE co-dsRNA into newly ecdysed ticks blocked the
accumulation of UE transcripts. Although western blotting data is needed for validation,
it is potentially possible that UE proteins did not form. Despite this effect, injection of UE
co-dsRNA into newly ecdysed ticks did not prevent tick attachment, which may indicate
that genes here may not be associated with formation of the cortex layer of the tick cement
cone.

Another interesting observation was that observed bleeding was preceded by
reddening signaling inflammation around tick attachments sites of UE and FI dsRNA
injected ticks. Thus, it is potentially possible that the observed bleeding around mouthparts
of UE and FI dsRNA injected ticks could be due to an intense inflammation response
rather than a weakened tick cement cone. Additionally, as there is no A. americanum
genome, there may have been downstream affects due to silencing these targets. It is
important to note that the bleeding was not detected around mouthparts of all UE and FI
dsRNA injected ticks; this could be explained by the fact suppression of target mMRNA was
achieved at different levels. Apart from the observed bleeding around mouthparts, the
effect of RNAI silencing on other tick feeding parameters were modest. Although
disruption of both FI and the up regulated with feeding (UR) cluster resulted in smaller
blood meals, fecundity was not affected. In conclusion, UE and FI glycine-rich tick cement
proteins encoding genes characterized here could be associated with tick cement

deposition while UR genes are likely associated with other functions.
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CHAPTER IV

CONCLUSION

Vaccination of animals against ticks is a proven sustainable alternative tick control
method that does not entail the harmful after-effects of acaricide use (Willadsen 2006;
Graf et al., 2004). However, effective target anti-tick vaccine antigens must first be
identified through a better understanding of tick feeding physiology. Successful prolonged
tick attachment relies on the deposition of the tick cement cone which acts as anchor to
hold the tick mouthparts into host skin (Soneshine, 2013; Alekseev et. al, 1995; Kemp et
al., 1982). Deposition of the tick cement cone precedes transmission of the majority of
tick borne disease (TBD) agents, which occurs after the tick has fed for more than two
days (Cook, 2014; Shkap et al., 2009; Hojgaard et al., 2008; Des Vignes et al., 2001;
Kjemtrup and Conrad, 2000; Hodzic et al., 1998; Katavolos et al., 1998; Piesman et al.,
1987). Thus, many studies have been undertaken to investigate tick cement proteins.
Chemical analysis of tick cement revealed that its protein composition is majority glycine-
rich proteins (Ribeiro et al., 2017; Kim et al., 2016; de Castro et al., 2016; Karim and
Ribeiro, 2015; Tirloni et al., 2014; Jiang et al., 2014; Oliveira et al., 2013; Maruyama et
al., 2010; Mulenga et al., 2007; Ribeiro et al., 2006; Untalan et al., 2005; Valenzuela et
al., 2002; Bishop et al., 2002). There is published evidence that host immunity to
components of tick cement can reduce tick-feeding efficiency and may prevent TBD
transmission (Havlikova et al., 2009; Zhou et al., 2006; Trimnell et al., 2005; Trimnell et

al., 2002; Bishop et al., 2002; Shapiro et al., 1989; Brown and Askenase, 1986). This thesis
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research has contributed to understanding functional roles and significance in tick feeding
of glycine-rich tick cement proteins (n=13) that were directly identified from the tick
cement cone.

Transcription profiles of the targets show that all of them are present during tick
feeding. Glycine-rich tick cement proteins for which transcript abundance was highest in
unfed or 24 h fed tick SG but decreased as feeding progressed could be associated with
early stage tick feeding functions during the preparatory feeding phase and initial tick
attachment. On the other hand tick cement genes that were up-regulated throughout
feeding could be involved with later cement deposition or other biological functions that
transcend the tick feeding process. Another interesting observation in this study is that
unfed expressed targets Aam-179667, Aam-16245, and Aam-178006 were expressed
lowly during molting in larva or nymphs, but were strongly induced after ecdysis. This
expression pattern mirrors the time period to tick attainment of appetence, which occurs
approximately one week after ecdysis (Walade and Rice, 2013; Mulenga et al., 2007).
Therefore, the presence of the mRNA transcripts may be an indication of the tick’s
readiness to feed.

RNAI mediated silencing was used to determine the role of the targets in tick
attachment and feeding. Silencing of the UE transcripts weakened the attachment as
evidenced by bleeding around the tick mouthparts. The bleeding was so significant in
round one that the ticks were manually removed for the well-being of the animal. Bleeding
was also seen around the mouthparts of FI injected ticks, although it was not as significant

as the UE ticks. Blood leakage around the tick mouthparts indicates that the wound was
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not properly sealed upon tick insertion of the hypostome. However, since the transcripts
were targeted in clusters, it was impossible to determine the effect of silencing targets
individually. Additionally, a major limitation of RNAI mediated silencing is that it cannot
deplete proteins that have already been translated. In an attempt to counteract that
limitation, ticks were injected with dsSRNA before the mRNA transcript was transcribed.
This led to close to 100% suppression of the UE transcripts.

In conclusion, this study has contributed towards understanding the molecular
basis of tick attachment and tick cement. Further studies should be conducted to better
appreciate the roles of glycine-rich proteins in tick attachment. Glycine-rich proteins in
nature have similar adhesive characteristics, such as spider web silk and egg glue (Xu et
al., 2015; Vasanthavada et al., 2012; Li et al., 2008). Collagen, which is involved in
mammal wound healing is also glycine-rich. Therefore, it would be interesting to
investigate the potential role of salivary gland secreted tick cement glycine-rich proteins

in healing the wound produced by the tick mouthparts.
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