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Abstract

Ticks are blood-feeding arthropod ectoparasites that transmit disease-causing
pathogens to humans and animals worldwide. Research on vaccine development to protect
humans, companion animals, and livestock from ticks and tick-transmitted pathogens has
accelerated by using proteomic and transcriptomic analyses. Immunization of hosts with
targeted anti-tick vaccines would ideally lead to a reduction in tick numbers and prevent
transmission of tick-borne pathogens. Vaccines using cattle tick antigens (anti-tick
vaccine) have proven to be cost-effective and environmentally friendly for the control of
cattle tick infestations and pathogen infection and transmission. However, new strategies
are needed to identify tick protective antigens for development of vaccines for tick species
of human significance.

Ticks are obligatory blood feeders. Blood meals are stored and digested in the
midguts. Blood digestion is complex, and many proteins are involved. These tick-derived
proteins in the midgut may be useful for anti-tick vaccines. Therefore, midguts were
examined using transcriptome and proteome of unfed, partially engorged, and replete
female Ixodes scapularis, previously uncharacterized for this species. The function of
identified midgut proteins varied from nutrient transportation, anti-coagulation,
erythrocyte lysis, detoxification, lipid metabolism, and immunization. Functional
characterization of promising antigen targets for an anti-tick vaccine resulted in several
putative candidates for further analysis (Chapter 2). In Chapter 3, function of three highly
expressed serine proteases (identified in chapter 2) in blood digestion was determined. In

Chapter 3, we showed that the serine proteases are indeed active in blood digestion in fully



engorged females. These findings advance our understanding of tick digestive mechanisms
and provide a panel for screening of vaccine candidates.

In addition, we began to determine the genetic structure of the primary vector for
Lyme Disease in California, Ixodes pacificus (Chapter 4). Due to the broad host range of
L pacificus, especially large mammals and birds which have the capability of traveling long
distances, it is proposed that the ticks will migrate and may establish in new areas. We
collected ticks from 10 counties, prepped a restriction-associated DNA sequencing
(RADseq) library, and conducted genome-wide single nucleotide polymorphism (SNP)
analysis. Our data suggest two ancestral population of 1. pacificus and high gene flow
among populations. Our data also agrees with current pathogen prevalence data and
suggests higher transmission rates in some counties than others. Once complete, these data

will greatly increase our knowledge of tick migration and vector-pathogen relationships.
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Chapter 1 — Literature Review

1.1 Part 1- Introduction

Ticks are one of the most important groups of arthropod disease vectors due to their
ability to transmit a variety of pathogens. These ectoparasites are solely dependent on
acquiring bloodmeals which are essential for survival, growth, molting, proliferation, and
oogenesis (Nava et al., 2009). During the process of blood feeding and digestion, many
changes occur in ticks at a morphological, physiological, and molecular level (Franta et al.,
2010). The first objective for this work was to understand the physiological process of
blood digestion.
Tick Phylogeny

There are 896 tick species currently recognized (Guglielmone et al., 2010)
classified into three families: the Ixodidae (hard ticks), the Argasidae (soft ticks), and the
monotypic Nuttalliellidae (Horak et al., 2002). The Ixodidae are further divided into two
lineages: the Prostriata, which contains only the genus Ixodes, and the Metastriata, which
contains all other hard tick genera (Keirans, 2009). The ixodid tick fauna consists of 241
species in the genus Ixodes and 442 species in the genera Amblyomma,
Anomalohimalaya, Bothriocroton, Cosmiomma, Dermacentor, Haemaphysalis,
Hyalomma, Margaropus, Nosomma, Rhipicentor and Rhipicephalus in the family
Ixodidae, with the former genus Boophilus now classified as a subgenus of the genus
Rhipicephalus. The argasid tick fauna comprises 183 species in four genera, namely
Argas, Carios, Ornithodoros and Otobius in the family Argasidae. The family

Nuttalliellidae is represented by the monospecific genus Nuttalliella (Burger et al., 2012).



Ticks as disease vectors

Ticks transmit many pathogens making tick-borne diseases common in both
humans and other animals (Edlow 2008, Herrmann et al., 2014). Ticks can transmit a range
of viruses, bacteria, protozoans, and fungi. The most medically important pathogen in the
United States is Borrelia burgdorferi, the causative agent for Lyme disease (LD). The
Center for Disease and Control suggests approximately 470,000 new cases of LD per year
in the United States (Porter et al., 2019). The primary vector for this pathogen in the Eastern
and Midwestern United States is the black-legged tick, Ixodes scapularis (De la Fuente.,
2008) and on the west coast of the USA, I pacificus. Other human pathogens commonly
vectored by Ixodes ticks are Anaplasma phagocytophilum, Babesia microti, Ehrlichia spp.,
and Powassan virus (De la Fuente., 2008). Although LD is the leading vector-borne
zoonotic disease in the United States, co-infection with B. microti and A. phagocytophilum
can occur in patients infected with B. burgdorferi (Krause et al., 1996, Belongia, 2002).
Humans co-infected with these pathogens may be at risk of a harsher, more debilitating
form of Lyme, Babesiosis or Anaplasmosis (Tokarz et al., 2010).
Ixodes scapularis

Ixodes scapularis, commonly known as the deer tick or black-legged tick, is a three-
host tick and the main vector of Lyme disease in the United States. It is distributed all along
the East coast into Canada and is established as far as the Midwest (Indiana, lowa, Kansas,
Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and
Wisconsin) and southernly to Texas. A blood meal from different hosts is required at each
developmental stage: larva, nymph, and adult. Immature life stages (i.e., larvae and

nymphs) have a broad host range, including rodents, birds, lagomorphs, primates, and



ungulates (Sonenshine et al., 2009). The primary hosts for adult feeding are mammals,
most commonly white-tailed deer (Odocoileus virginianus) (Telford et al., 1988, Luttrell
et al., 1994). Regarding their role as vectors, larval 1. scapularis acquire B. burgdorferi
during feeding on an infected white-footed mouse (Peromyscus leucopus), the B.
burgdorferi permissible host (Wilson et al., 1985, Spielman et al., 1985). After molting to
the nymphal stage, transstadial infected ticks feed on a broad range of animals, which
includes mice, becoming a new reservoir for the host and continuing the cycle. After
molting from nymphs, female adults feed exclusively on larger mammals such as white-
tailed deer, which are not competent hosts for B. burgdorferi (de la Fuente et al., 2008).
Therefore, the larval and nymphal feedings are crucial to maintaining the pathogen in the
environment (Piesman, 1979, Kilpatrick et al., 2017).
Tick host-seeking, feeding, and blood digestion

Although ticks feed on variety of hosts, the primary hosts for I scapularis are
white-tailed deer (Odocoileus virginianus) and the white-footed mouse (Peromyscus
leucopus) (Wilson et al., 1985, Spielman et al., 1985).

Blood feeding is critical for ticks as it is their only source of nutrition (Sojka et al.,
2013). Ixodes scapularis larvae attach and feed for 3-5 days, nymphs for 5-7 days, and
adult females feed for approximately 7-10 days. Adult female feeding consists of a slow
feeding period taking 6-9 days, which is followed by a rapid engorgement of 12-24 h,
accounting for about two-thirds of the total blood volume ingested before detachment. Only
mated females can rapidly engorge, indicating that an unknown mechanism, possibly

hormonally mediated, triggers rapid feeding (Sonenshine, 1991).



The tick midgut is responsible for digestion and comprises a ventriculus (stomach)
and several pairs of highly branched caeca filling all regions of the female body. The
digestion of a blood meal is a complex process that requires the coordinated expression of
many genes involved in nutrient processing and absorption, detoxification mechanisms,
and defense against the pathogens that are ingested with the vertebrate blood meal (Sojka
et al., 2013, Horn et al., 2009, Mulenga et al., 2011). Most tick blood digestion work has
focused on the slow feeding phase (5-6 days post attachment). Models developed from
these studies suggests that hemoglobinolysis is most efficient in the acidic range (pH 3.5—
4.5), corresponding to the pH environment of the digestive vesicles. Cathepsins D, L (pH
optimum 3.5) and Legumain/asparaginyl endopeptidase have been proposed to be the
major proteolytic enzymes at this stage that cleave hemoglobin into large fragments which
are further cleaved by cathepsin B and C into dipeptides and amino acids (Sojka et al.,
2013). Serine proteases in the gut lumen are also important for hemoglobin degradation in
fully fed females (Reyes et al., 2020)

Furthermore, several mechanisms to deactivate the innate and adaptive immune
systems of the vertebrate blood must operate to protect the midgut epithelia from immune-
mediated injury. Additional mechanisms that might be significant are proteolytic
inactivation caused by arthropod digestive enzymes and temperature-dependent immune
attenuation caused by the decrease in blood temperature that occurs once the arthropod

detaches from the host (Wikel et al., 1994).



1.2 Tick control measures
Acaricides

Acaricides are pesticides commonly used in killing ticks and mites. Some of these
are as follows: Chlorinated hydrocarbons (dichlorodiphenyltrichloroethane) interfere with
nerve conduction but have long lifespan and high toxicity. Organophosphorus compounds
are esters of phosphoric acid. They have a shorter residual effectiveness than chlorinated
hydrocarbons, and have a high risk of causing acute toxicity in livestock, ticks have also
become resistant to these agents. Carbamates are carbamic acid esters closely resembling
organophosphats, are more toxic to mammals than organophosphates and are much more
expensive. Usage of very high toxic levels of other chemical agents such as permethrin,
formamidines, and avermectins proves that ticks are quickly becoming immune to these
biological agents (Eisen and Stafford, 2021).
Personal protective measures

Personal protective measures are excellent barriers for preventing tick bites. These
include using synthetic and natural repellents which are applied to skin and clothing.
Permethrin can be used as a treatment for clothing, shoes, and gear and remains on articles
for up to three washes (Mencke, 2006). Environmental Protection Agency (EPA)-
registered insect repellents which contain N,N-diethyl-methyl-meta-toluamide (DEET),
picaridin, ethyl butylacetylaminopropionate (EBAAP), oil of lemon eucalyptus (OLE), p-
menthane-diol (PMD), or 2-undecanone are effective in repelling ticks (Buchel et al.,

2015).



Vaccine development

A major tool for tick control has been application of acaricides, but problems
including acaracide resistance, environmental contamination, and (in certain species of
ticks which feed on livestock) residues of acaricides in dairy and meat products have
prompted development of alternatives (Graf et al., 2004). Other tick management methods
include bioactive agents such as entomopathogenic fungi. They have been tested in several
species of ticks (Pirali-Kheirabadi et al., 2007, Hornbostel et al., 2005, Kaaya et al., 1996)
however, Metarhizium anisopliae and Beauveria bassiana have shown great
environmental instability and target other species. These entomopathogenic fungi only
worked against I scapularis when combining the reduction of the deer population
significantly, which was very difficult to accomplish (Williams et al., 2018).

Vaccination is a very attractive alternative to acaricides to reduce tick populations
and pathogen infection as it is more environmentally friendly than acaricides (Brossard,
1998, de la Fuente et al., 1998, 2007a, 2007b; Almazan et al., 2005). The first incidence of
naturally acquired resistance against ticks dates back to 1939 when guinea pigs with
multiple infestations of ticks, over time, showed resistance against tick bites (Trager,
1939). Efforts have since been made to identify the potential candidate for immunization
(Li et al., 2019). The goal of arthropod vector vaccines is the control of vector infestations
and subsequent tick-borne disease infections. The effect of vaccines on tick borne
pathogens could lead to 1) population reduction of vectors, especially if ticks only partially
feed as they won’t initiate feeding again, leading to decreased cases of hosts acquiring tick-
borne pathogens, 2) reducing the capacity for pathogen transmission due to host immune

response, and 3) a combination of both (Merino et al., 2013). There has been success with



one “concealed antigen” based vaccine, which targets midgut-specific glycoproteins in the
cattle tick, Rhipicephalus (Boophilus) microplus (Willadsen et al., 1986). A commercially
available vaccine developed against the R. microplus gut antigen Bm86 induces an
immunological response in the vertebrate host against tick infestation. Vaccinated host had
a reduction in the weight of engorging female ticks, in the weight of the eggs laid and also
in R. microplus viable eggs percentage (Bastos et al., 2010). Two vaccines using
recombinant Bm86 were later registered in Latin American countries (Gavac) and Australia
(Tick GARD), demonstrating the feasibility of controlling tick infestation through
immunization of host against tick antigens (Martinez-arzate et al., 2019, Trentelman et al.,
2019, Odongo et al., 2007).

A current limitation for anti-tick vaccine development is the selection of suitable
antigens. Current candidate gene identifications focus on proteins present in saliva and
therefore fall into the category of “exposed antigens.”. However, development of a
concealed antigen-based vaccine is the most promising strategy as it has already been
shown to work successfully in cattle ticks because the host and parasite will not have
evolved immunological interactions related to these antigens (Gao et al., 2009).

Recently, Sajid et al. (2021) showed proof-of-concept for an mRNA-based vaccine
using 19 I scapularis proteins (19ISP) encapsulated in lipid nanoparticles to inhibit
degradation and facilitate in vivo delivery. They showed that immunization with 19ISP
provides robust tick immunity in guinea pigs, including early erythema after tick placement
on the animals and rapid tick detachment, along with severely impaired tick feeding and
low engorgement weights. However, these antigens were not effective in mice (Sajid et al.,

2021). These candidates also led to an increased immune response in guinea pigs after 96



h of immunization, time when tick would already be feeding. Therefore, new targets are
needed to induce a robust immune response to ticks soon after attachment.
1.3 Tools for identifying anti-tick vaccine candidates
Systems based approaches for understanding tick biology

The first genome assembly of a medically important acarid species, 1. scapularis,
paved the way to system-based approaches for understanding tick biology (Gulia-Nuss et
al., 2016). Since publication of this genome, several other tick genome projects (Cramaro
et al., 2017; Jia et al., 2020), as well as tick cell line genomes (Miller et al., 2018) were
completed. Tick comparative genomics has now begun with the availability of seven
genomes and many de novo-based transcriptomes (Josek et al., 2018, Schwarz et al., 2013,
Cramaro et al., 2015, Narasimhan et al., 2002, Egekwu et al., 2014, Francischetti et al.,
2005, Charrier et al., 2018, Perner et al., 2016, Kozelkova et al., 2021, Kotsfyfakis et al.,
2015). These tools allow identification of new targets for anti-tick vaccines.
Functional genetic tools for the characterization of putative targets

RNA interference is a nucleic acid-based reverse genetic approach that involves
disruption of gene expression to determine the function of a particular gene (Cerutti et al.,
2003). Post-transcriptional gene silencing through dsRNA induction has been found in all
eukaryotes studied so far, including ticks, and it is a widely used tool for functional studies
(Zhou et al., 2006). Functional genetics in ticks is a valuable tool for understanding gene
function, the tick-host-pathogen interface, and can be used to screen for tick protective
antigens to develop anti-tick vaccines (de la Fuente et al., 2007). Until very recently, this
was the only genetic screening tool available for ticks. The clustered regularly interspaced

short palindromic repeats (CRISPR), CRISPR-associated protein 9 (Cas9), has



revolutionized functional genetics studies in an array of organisms (Zhang and Reed,
2017). Sharma et al. (2022) has introduced the first successful gene disruption method
using this novel genetic tool through two methods: embryo injection and Receptor-
Mediated Ovary Transduction of Cargo (ReMOT Control). ReMOT delivers the Cas9
ribonucleoprotein complex directly to the germline from the hemocoel, which allows for
targeted and heritable mutations which are generated by adult injection. This tool is a
powerful addition to functional genetics for characterizing gene functions.
1.4 Objectives — Part 1
Use of multi-omics tools for identification of vaccine targets

In this study, we examined the blood digestion profiles of partially fed and replete
females. Besides enhancing our basic understanding of the shift in proteases over the
course of blood digestion and to identify genes/proteins, we sought to identify proteins that
could be targeted for anti-tick vaccine (Chapter 2). Earlier studies suggested that the blood
digestion in rapid phase or replete females involves both acidic environment of digestive
vesicles and the alkaline environment of the gut lumen and have suggested serine proteases
to be involved in blood digestion in replete females; however, no experimental data was
available. Therefore, our second objective was to characterize three highly expressed serine
proteases in replete females (Chapter 3).
1.5 Gaps in the literature

The current hemoglobinolytic model has been determined for partially engorged
Ixodes females. Therefore, a full repertoire of genes involved in blood digestion in rapid
feeding and after repletion has not been studied extensively yet. The research on replete

females remained elusive because of the assumption that acquiring mRNA from replete
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females is experimentally difficult due to the exceptional fragility of tissues and the high
content of RNases (Sojka et al., 2013). Thus, it remained unclear whether digestion in
detached females relies on enzymes synthesized during the slow-feeding period or whether
newly synthesized ‘late’ isoenzymes are responsible for the post-feeding enzyme activities.
The latter possibility was supported by the expression of cathepsin D and serine proteases
at the very end of female feeding close to detachment from the host (rapid phase)
(O’Donoghue et al., 2012). This is important because it may hold the key factors which
may be used for controlling tick populations. Additionally, serine proteases are known to
be extremely important for blood digestion in many animals. Therefore, our goal was to
functionally characterize female-specific and blood-meal induced vitellogenic serine
proteases identified in our omics data to understand their function in tick blood feeding
success and blood digestion.
1.6 Part 2 - Ixodes pacificus
Ixodes pacificus

Ixodes pacificus is the primary vector of Lyme disease and other pathogens in
western North America (Lane et al., 1994, Teglas and Foley, 2006, Krause et al., 2015).
Their range is from British Columbia to Northern Mexico along the Pacific coast. Other
populations have been reported in East Oregon, Nevada, Utah, and even Arizona (Olson et
al., 1992, Kain, 1996, Kain et al., 1997). These ticks perpetuate enzootic transmission
cycles together with a vertebrate reservoir host, such as mice, deer, lizards, and others(Lane
et al., 2005). Seasonal activity for immature ticks (larvae and nymphs) in California are
from January through October, and historical data suggest that Lyme disease cases in the

Western US mimic this similar pattern. Merging the ecology, epidemiology, and
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geographic distribution of this species is important for identifying better strategies for tick
control by understanding tick movement, behavior, and pathogen presence in certain
populations.

Pathogens and hosts associated with Ixodes pacificus

Ixodes pacificus, as noted above, is the main vector of B. burgdorferi, in the North
American West and also transmits other pathogens of medical importance such as A.
phagocytophilum, Bartonella, and Ehrlichia species (Holden et al., 2006). Grey squirrels
(Sciurus griseus) and migratory birds, specifically order Passeriformes, maintain Borrelia
in the environment (Castro & Wright, 2007). Larvae and nymphs of /. pacificus typically
feed on Western fence lizards (Sceloporus occidentalis); however, these lizards have a
highly lytic component in their blood which prevents sustained infection with Borrelia
species (Lane et al., 2006). In addition to B. burgdorferi, other species such as B. miyamotoi
and other lesser-known species such as B. americana and B. bissettiae are carried by I.
pacificus (Salkeld et al., 2021). Ixodes pacificus can also carry Anaplasma
phagocytophilum, the causative agent of anaplasmosis, and is maintained in the
environment by several hosts which include the dusky-footed woodrat (Neotoma fuscipes)
and tree squirrels (Sciurus sp.) (Nieto et al., 2009).

Bartonella is a genus of bacteria present in many arthropod vectors, including /.
pacificus. Molecular analysis of . pacificus showed a variety of Bartonella strains closely
related to cattle Bartonella and several known human pathogenic Bartonella species and
subspecies: B. henselae, B. quintana, B. washoensis, and B. vinsonii subsp. berkhoffii. This
suggests that 1. pacificus adults could be a source for Bartonella infections in humans

(Chang et al., 2001). Bartonella is maintained in the environment by several rodent species:
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ground squirrels (Otospermophilus beecheyi), deer mice (Peromyscus maniculatus), brush
mice (P. boylii), Pinyon mice (P. truei) and dusky-footed woodrats (N. fuscipes).
Additionally, B. vinsonii subsp. arupensis and B. washoensis have been described as
zoonotic pathogens (Kosoy et al., 2003; Welch et al., 1999).

Pathogens from the genus Ehrlichia are the causative agents of two main human
infections, human monocytic ehrlichiosis (E. chaffeensis) and human granulocytic
ehrlichiosis (HGE) (unnamed species). In addition to human pathogens, I. pacificus also
carries the species E. equi, the causative agent of equine granulocytic ehrlichiosis (EGE)
(Rubel et al., 1998). Ixodes pacificus is capable of transmitting E. equi to previously
uninfected horses experimentally; however, natural infection in the field has not been seen
(Kramer et al., 1999; Richter et al., 1996). In addition to the above species, Rickettsia of
the E. phagocytophila genogroup is carried by Ixodid ticks. It infects equines, ruminants,
dogs, and humans.

Both ticks and their hosts have been shown to be infected with multiple pathogens
at once. Specifically, coinfection has been recorded in deer mice, one of the main hosts for
L pacificus ticks may be coinfected with and transmit Lyme borrelia along with other
pathogens such as 4. phagocytophilum; B. microti, the primary cause of babesiosis; or a
tick-borne encephalitis virus. (Larson et al., 2018).

Life cycle and distribution

A county classification guideline was developed to accurately record Ixodes
pacificus distributions in the US. In 1998, populations of 1. pacificus ticks were established
in 95 counties in six states with 56 of those counties being within California (Eisen et al.,

2016); ticks are now reported in an additional 16 counties (total of 111 counties).
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Distribution occurs mainly on the coast, where the humidity and temperature are higher
than further inland its but the range is slowly expanding (Dennis et al., 1998). Ixodes
pacificus distribution models suggest a potential expansion along the Oregon-Washington
border with suitable habitats in 11 additional counties, representing a 12% possible increase
in established counties (Hahn et al., 2016).
1.7 Ixodes population structure

Population genetic studies give insight into the dispersal patterns of ticks, including
their direction of movement, distance, and possible factors (geographical, host availability,
environmental) which may influence movement. This can be achieved with the estimation
of gene flow between tick populations (McCoy, 2008, Araya-Anchetta et al., 2015).
Movement of ticks is limited due to lack of wings, and as such, dispersal of ticks is reliant
on the movement of its hosts (Falco and Fish., 1991, McCoy et al., 2001). The information
for population structure of . pacificus is currently minimal. Kain et al. (1997) conducted
the first (of only two) genetic population structure. Allozyme data provided an equivocal
picture of the population structure and biogeography of I. pacificus (Kain et al., 1997, Kain
et al., 1999). Eleven of 12 loci sampled across the range of 1. pacificus, including Utah,
exhibited little genetic differentiation. In contrast, the twelfth locus, glucose-6-phosphate
isomerase (GPI), showed a pattern of genetic differentiation that suggested either an
adaptive cline or secondary contact along a broad zone in central and southern California.
This zone demarcated a northern group of populations (Vancouver, Oregon, and Alameda
co, CA) from a southern group (Mendocino, Santa Clara, San Diego, and Utah). Kain et al.
(1997) recognized that either a rapid range expansion or high rates of gene flow could

explain the pattern of allozyme variation. However, they proposed that the most plausible
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explanation for the pattern of allozyme variation in /. pacificus was that it had a high rate
of gene flow. However, another study by the same group (Kain et al., 1999) using
mitochondrial DNA suggested little genetic variation except between a geographically
isolated Utah locality and all other localities (same as in Kain et al., 1997). A study for /.
scapularis suggested that reliance on minimal numbers of genetic markers such as
allozymes may lead to incorrect identification of population structure (Sakamoto et al.,
2014), therefore, a population structure using genome-level markers is needed to
understand the expansion of this species.
1.8 Objectives — Part 2

We intended to develop the population structure of 1. pacificus using a genome-wide
single nucleotide polymorphism (SNP) approach using a Restriction site associated DNA
(RAD) sequencing (RADseq). Our objective was to determine structure of . pacificus in
California and to test whether there are northern and southern group of populations as
predicted by allozyme data (Kain et al., 1997). We will also use this dataset to identify
which pathogens are associated with different populations throughout the state of
California.
1.9 Gaps in the literature

Minimal data is available on the genetic structure of 1. pacificus. From the technology
available at the time, the mtDNA data was not able to differentiate haplotypes within the
continuous portion of the range (Kain et al., 1999). The authors suggested that this probably
is due to failures in current gene flow models to reflect adequately the complexity of
evolutionary processes underlying the geographical differentiation of mtDNA haplotypes

in 1. pacificus. The authors recommended that it will be crucial to continue to develop
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realistic gene flow models that can be applied in empirical studies because many systematic
analyses are begun with little or no ecological or genetic data available on the organism
being investigated (Kain et al., 1999). No other studies have attempted to resolve the

population structure of 1. pacificus in past two decades.
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Chapter 2- A multi-omics approach towards the identification of novel midgut

targets for control of the Ixodes scapularis

2.1 Abstract

Ixodes scapularis is a major vector that transmits causative agents of Lyme
disease and several other pathogens of human significance. The tick midgut is the main
tissue involved in blood-digestion and the first organ to have contact with pathogens
ingested through the blood meal. However, knowledge of the process of blood digestion
by the ticks and protein expression in the digestive tract is limited. A systems biology
approach based on RNA sequencing and TMT protein quantification was therefore used
to gain insight into tick midgut during blood ingestion (unfed and partially fed) and
digestion (1-, 7-, and 14-days post detachment from the host) A total of 2,580
differentially expressed transcripts and 524 proteins were identified as involved with
blood intake, digestion, and nutrient absorption. Detoxification genes, proteases, protease
inhibitors, metabolism, and immune-related proteins were most abundantly over-
expressed in response to blood-feeding. 12 representative genes from these major gene
categories were chosen as potential vaccine candidates and, using RNA interference, the
effect of these gene knockdowns on tick biology was investigated. Knockdown of these
genes had variable negative impacts on tick physiology such as disruption of the gut
membrane, inability to fully engorge, inability to produce eggs, and increased mortality.
These and additional gene targets in the midgut provide opportunities to explore novel

tick control strategies.
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2.2 Introduction

Ticks are hematophagous ectoparasites of medical and veterinary importance
worldwide (Edlow 2008). They cause injury through feeding and also transmit a range of
pathogens that affect humans and animals, and even cause significant financial loss
throughout the world (Eisen and Eisen, 2018). Of about 50,000 vector-borne disease
cases reported annually in the United States alone, 95% are due to tick-borne pathogens
and >70% are attributed to Lyme disease (Adams et al., 2016). Ixodes scapularis,
commonly known as the black-legged tick, is responsible for transmitting Borrelia
burgdorferi, the causative agent of Lyme disease, and six other pathogens of human
significance in the Eastern and Central United States (De la Fuente 2008). A single tick
species can transmit multiple pathogens. For instance, /. scapularis alone may carry up to
seven pathogens and can be co-infected with multiple pathogens, and may cause multiple
diseases with a single bite (Hersh et al., 2014).

Like all hard ticks, I. scapularis requires multiple blood meals during its lifecycle;
a blood meal is required to molt to each successive developmental stage, and adult
females require blood for egg development (Sonenshine 1992). Adult females remain
attached and feed on the host for up to 10 days. The feeding occurs in two phases: the
slow feeding phase which begins with tick attachment and may last up to 9 days,
followed by the rapid feeding phase which lasts 12-24 hrs (Gulia-Nuss et al., 2016). The
tick midgut is the first point of contact for pathogens ingested with the blood meal and
therefore several studies have explored midgut proteins that interact with pathogens to
develop a transmission-blocking vaccine. Therefore, an anti-tick vaccine has been

proposed as a viable strategy to reduce tick burden and tick-borne disease transmission.



35

The anti-tick vaccine strategy has been successful for cattle tick, Rhipicephalus
(Boophilus) microplus (Bastos et al., 2010). This vaccine is based on a midgut
transmembrane protein (BM86) of B. microplus. Tick feeding on immunized cattle led to
a reduction in the number of engorged ticks and tick fecundity by 90% (Willadsen et al.,
1986, Willadsen, 2006). This vaccine is sold as TickGARD and Gavac (Odongo et al.,
2007). However, BM86 is not antigenic against Ixodes spp. ticks, and the vaccine against
1. scapularis orthologs of this protein did not produce any effect on attachment, feeding,
and fecundity (Koci et al., 2021). Thus, it is important to identify novel tick antigen
candidates for developing an anti-tick vaccine for Ixodes spp. ticks (de la Fuente and
Kocan, 2003, de la Fuente et al., 2018). Increasing developments in omics studies of ticks
and tick-borne pathogens, as well as the availability of reference genomes for Ixodes spp.
(Gulia-Nuss et al., 2016; Cramaro et al., 2017, Jia et al., 2020) have now made it possible
to begin to untangle our understanding of the genetic factors and molecular pathways
involved in different aspects of tick biology, including tick-host-pathogen interactions (de
la Fuente, 2012, de la Fuente 2017a, Contreras et al., 2019).

In the present study, we carried out a timecourse transcriptome and proteome of
the 1. scapularis midgut from unfed, partially fed, and replete ticks (soon after drop off to
actively egg-laying) to understand the dynamic process of blood ingestion and digestion
and to identify proteins that might be important for tick feeding and reproduction. Out of
thousands of differentially expressed genes, the major categories were detoxification
enzymes, proteases, protease inhibitors, lipid carriers, and immune-related genes. To
further understand the function of these gene families, we chose to knock down 12 genes

using RNA interference. The knockdown produced variable effects ranging from early
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detachment to no egg deposition, suggesting that these could be pursued as potential anti-
tick vaccine candidates.
2.3 Materials and Methods
Tick samples and feeding

Pathogen-free, unfed adult 1. scapularis ticks were acquired from the tick rearing
facility at the Oklahoma State University, Stillwater, Oklahoma, and kept in an incubator
at 95% relative humidity (RH) and 20° C in an incubator in our laboratory until blood-fed
on New Zealand white rabbits. All procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Nevada, Reno (IACUC # 21-01-
1118).
Midgut RNA extraction

For transcriptomes, adult females were collected at different time points: unfed
(UF), removed from the host five days after attachment (partially engorged, PE), and at 1,
7, and 14 days (D) after voluntary host drop off (post blood meal, PBM) (Figure 1). Ticks
were surface cleaned with 70% ethanol. Whole midguts were dissected in cold phosphate
buffered saline (PBS) from three ticks and pooled (six for unfed samples) at each time
point. Intact Midguts were washed in cold PBS to remove blood. Once cleaned of blood,
guts were immediately transferred to a cold 1.7 ml tube containing 200 pl of Trizol and
stored at -80°C until processed.

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) and a
Zymo Directzol kit (Zymo Research, Irvine, California).

Illumina Sequencing
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Total RNA samples were submitted to Genewiz Inc. (New Jersey, USA) for
[Nlumina RNA library construction and sequencing. The mRNA enriched and amplified
library fragments were purified and checked for quality and final concentration using an
Agilent 2100 Bioanalyzer with a High Sensitivity DNA Chip (Agilent Technologies,
USA). The final quantified libraries were pooled in equimolar amounts for sequencing on
four lanes of an Illumina HiSeq 2500 DNA sequencer, utilizing a 150 bp paired-end
sequencing flow cell with a HiSeq Reagent Kit (Illumina, USA).

RNASeq Data Analyses

[llumina Forward and reverse reads were trimmed for quality with fastp and
checked with the fastqc tool. Trimmed reads were aligned to the IscaW 1 assembly
(VectorBase) and the IscaW 1.6 Gene set (VectorBase) (Giraldo-Calderon et al.,

2015). The genome was indexed using the HISAT?2 index tool (Kim et al., 2019) and
filtered reads were aligned to the genome using hierarchical indexing for spliced
alignment of transcripts (HISAT2) next-generation sequencing alignment program. The
resulting Sequence Alignment/Map (SAM) file was converted to Binary Alignment/Map
(BAM) format using SAMTools (Li et al., 2009). BAM files for all samples were then
merged into a single count matrix using the tool featureCounts from the Subread package
(Liao et al., 2014). Reads in BAM files were compared to a gene transfer format (GTF)
annotation file available at VectorBase. Unique reads which fell within an exon region
were counted.

Normalization and differential gene expression analysis was carried out using a
count matrix from featureCounts and the DESeq2 program (Love et al., 2014). Reads

were normalized across all samples using UF samples as the control compared to PE, 1,
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7, and 14 D PBM. P-values and log2 fold changes (Log2FC) were calculated using the
Wald test. The Benjamini-Hochberg procedure was used to calculate the p-adjusted
value/false discovery rate (padj/FDR). Transcripts with an FDR less than 0.05 and
Log2FC greater than 2 were considered as differentially expressed (DE) for each
comparison. VectorBase analysis tool was used for gene ontology (Giraldo-Calderén et
al., 2015).

For clustering, all factors were analyzed at once using the Likelihood Ratio Test
(LRT). Briefly, DESeq2 runs LRT that was used to identify any transcripts that show a
change in expression across all different levels starting with UF samples to 14 D PBM.
The hclust program was used for hierarchical clustering of transcripts using the Pearson
method to merge rows (transcripts) into larger clusters or clades in a bottom-up iterative
fashion.
Transcriptome data validation by qRT-PCR

Total RNA was isolated in independent triplicates from tick midguts collected at
the same time points as mentioned above for the RNASeq. cDNA was synthesized from
DNAse treated RNA samples (500ng- 1ug) using iScript cDNA synthesis kit and
following the manufacturer's protocols (BioRad, Hercules, CA, USA). Quantitative RT-
PCR was conducted following Sharma et al. (2019). Briefly, cDNA was diluted 10x with
deionized H>O before using it as a template in qRT-PCR experiments. One microliter
cDNA was used in each 10 pl gqRT-PCR reaction. Each sample was run in triplicate wells
of'a 96-well plate. qRT-PCR was performed on CFX Touch Real-Time PCR Detection
System using SYBR green master mix (BioRad, Hercules, CA, USA). All reactions were

performed with an initial 5 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at
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60°C, and 30 s at 72°C, and a melt curve was analyzed at 58—95°C in 5 s increments.
Relative expression was calculated using the 2 24 method.
Proteomics

For proteome samples, similar to the transcriptome samples, adult females were
collected prior to blood feeding (UF) (n = 3), or after voluntary detachment (1 D, and 7 D
PBM) (n = 4). They were dissected, and midguts were washed to remove blood in cold
1X PBS (Santa Cruz Biotechnology, Dallas, TX, USA) containing one Pierce™ Protease
Inhibitor tablet (Thermo Fisher, Rockford, IL, USA) (PBS+PI).Midguts were transferred
to 1.7 mL microtubes containing 200 ul PBS+PI and homogenized using microtube
pestles. An additional 400 uL of PBS+PI was added to samples after homogenization;
followed by centrifugation for 10 min at 12,000 x g. The supernatant was then transferred
to a new microtube and centrifuged again at 12000 x g. The supernatant was collected
and sent to the UNR Proteomics Core (University of Nevada, Reno) for Tandem Mass
Tagging using Orbitrap (Thermo Scientific, San Jose, CA, USA).

Isolated protein samples were digested and desalted according to Lundby et al.
(2012). Briefly, protein concentrations were determined using EZQ Protein
Quantification Kit (Invitrogen #R33200). Proteins were then reduced, alkylated, and
subjected to methanol-chloroform precipitation. Extracted proteins were digested with
endoproteinase Lys-C (Wako, Richmond, VA), followed by digestion with trypsin
(Promega, Madison, WI) and desalting and concentration using Cis Sep-Pak cartridges
(Waters, Milford, MA, USA).

Peptides were mass tagged using TMT 11-plex isobaric label kit (Thermo-Fisher

Cat#90110) and TMT11-131C (Cat #A34807) following the manufacturer's protocol.
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Pooled TMT-labeled peptides were fractionated by basic pH reversed-phase (BPRP)
fractionation on an Ultimate 3000 HPLC (Thermo Scientific) using an integrated fraction
collector. Elution was performed using 10 min. gradient of 0-20% solvent B followed by
a 50 min. gradient of solvent B from 20-45% (Solvent A 5.0% Acetonitrile, 10 mM
ammonium bicarbonate pH 8.0, Solvent B 90.0% Acetonitrile, 10 mM ammonium
bicarbonate pH 8.0) on a Zorbax 300Extend-C18 column (Agilent) at a flow rate of 0.4
ml/min. A total of 24 fractions were collected at 37 s intervals in a looping fashion for 60
min. Peptide elution was monitored at a wavelength of 220nm using a Dionex Ultimate
3000 variable wavelength detector (Thermo Scientific). Each fraction was then
centrifuged to near dryness and desalted using Cis Sep-Pak cartridges followed again by
centrifugation to near dryness and reconstitution with 20 ul of 5% acetonitrile and 0.1%
formic acid.

Basic pH reversed-phase fractions were separated using an UltiMate 3000
RSLCnano system (Thermo Scientific, San Jose, CA) on a self-packed UChrom C18
column (100 um x 35 cm). Separation was performed using a 180-min. gradient of
solvent B from 2-27% (Solvent A: 0.1% formic acid; Solvent B: acetonitrile, 0.1% formic
acid) at 50 °C using a digital PicoView nanospray source (New Objectives, Woburn,
MA) that was modified with a custom-built column heater and an ABIRD background
suppressor (ESI Source Solutions, Woburn, MA). The column used for separation was a
self-packed Pico-Frit (New Objectives, Woburn, MA) column with a 15um tip was
packed with 40 cm of 1.9 um ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH, Germany)

at 9000 psi using a nano-LC column packing kit (nanoLCMS, Gold River, CA).
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Mass spectral analysis was performed using an Orbitrap Fusion mass
spectrometer (Thermo Scientific, San Jose, CA). TMT analysis was performed using an
MS3 multi-notch approach (Gulia-Nuss et al., 2016). The MS1 precursor selection range
is from 400-1400 m/z at a resolution of 120K and automatic gain control (AGC) target of
2.0 x 10° with a maximum injection time of 100 ms. Quadrupole isolation at 0.7 Th for
MS? analysis using CID fragmentation in the linear ion trap with a collision energy of
35%. The AGC was set to 4.0 x 10° with a maximum injection time of 150ms. The
instrument was operated in a top speed data-dependent mode with a most intense
precursor priority with dynamic exclusion set to an exclusion duration of 60 s with a
10ppm tolerance. MS2 fragment ions were captured in the MS3 precursor population.
These MS3 precursors were then isolated within a 2.5 Da window and subjected to high
energy collision-induced dissociation (HCD) with a collision energy of 55%. The ions
were then detected in the Orbitrap at a resolution of 60,000 with an AGC of 5.0 x 10* and
a maximum injection time of 150 ms. The data was then analyzed using Sequest
(Thermo Fisher Scientific, San Jose, CA, version v.27, rev. 11.) and Proteome Discoverer
(Thermo Scientific, San Jose, CA.) using a custom protein fasta (Ixodes-scapularis-
Wikel-Peptides 201811) containing 20,473 sequences, assuming the digestion enzyme
Trypsin and max number of missed cleavages set to 2. Reporter lon quantification
settings were normalized to total peptide amount, scale on all average, co-isolation
threshold 50, and quant value correction factors applied. Peptides tables were exported to

Excel for further analysis.
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Differentially expressed proteins (DEP) in 1 D and 7 D PBM were identified that
met the criteria: an FDR less than 0.05 and Log2FC > 2 for each comparison. VectorBase
tool was used for GO and pathway enrichment analysis.

Co-analysis of transcriptome and proteome data:

For comparison of transcripts and proteins identified from transcriptomics and
proteomics data, DEG and DEP were grouped to identify common and unique products at
each time point.1 D PBM DEP and DEG were compared, and 7 D PBM DEP and DEG
were compared. Pearson correlation was conducted between transcriptome and proteome
using excel.

RNA interference:

Double-stranded (ds) RNA were synthesized for nine transcripts: Cystatin
(ISCW000447), Gastric Triacylglycerol Lipase (ISCW012188), Heme Lipoprotein
Precursor (ISCW21710), three Paramyosin paralogs (ISCW016446, ISCW003712,
ISCW006917), Troponin I (ISCW023443), Chitinase (ISCW003950), and Peritrophic
Membrane Binding Chitin Protein (ISCW000955) (Table 6). Total RNA was extracted
from unfed or I D PBM tick midguts and cDNA was synthesized as described above.
Primers were designed with a T7 promoter sequence (5'-
TAATACGACTCACTATAGGG-3') on the 5’ end of both forward and reverse primers.
RT-PCR conditions were the same as mentioned above in the RT-PCR section. Gel bands
were extracted using the QIAquick gel extraction kit (Qiagen, Hilden, Germany), and 100
ng of cleaned PCR product was used as a template for dsSRNA synthesis using the T7
MegaScript kit (Invitrogen, Carlsbad, CA, USA). Newly synthesized dsSRNA was

purified using phenol-chloroform and ethanol precipitated.
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Unfed adult female ticks (N=16 per gene per replicate) were injected with 1 uL of
dsRNA (2 pg/pL). Injections were performed with a u-200 insulin syringe on the ventral
right side between the 3rd and 4th leg of the tick as described in detail in Reyes et al
(2020). Control ticks (N=15) were injected with 1 pL of RNase/DNase/Protease-free
water. Injected ticks were immediately placed in a holding container at 95% RH and
observed for 2 h for recovery before going back into incubator at 20° C. Ticks were
allowed to recover for 7 D before feeding on a New Zealand white rabbit. These
experiments were replicated twice.

Detached ticks were collected daily, weighed, photographed immediately after
dropping off, and stored in individual containers in the incubator at 20°C and 95% RH. A
batch of females from each treatment was kept for fecundity assessment. Females were
observed daily for mortality and egg-laying. Once a female stopped laying eggs, total egg
mass was weighed. To measure knockdown efficiency, three UF ticks were collected, and
the rest were placed on a rabbit and collected post repletion at 1 D PBM (N=3). These UF
and PBM samples were used for qRT-PCR. Relative expression was calculated using the
2724 method.

2.4 RESULTS
Midgut transcriptome and read mapping:

The average number of reads from transcriptomes ranged from 42-54 million
(Table 1). A total of 40-53 million reads were recovered after filtering and adapter
removal. These clean reads were aligned to the 1. scapularis Wikel genome sequence

IscaW) and annotation set IscaW1.6. The alignment rate ranged from 47-58% (Table 1).
( ) g g ( )
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Midgut transcriptome composition

Differentially expressed genes (DEG) in all samples compared to unfed ranged
from 600 to 1,389. Total DEG were 600, 892, 1,389, and 711 in PE, 1D, 7D, and 14 D
PBM samples, respectively. Out of these, 368, 487, 722, and 383 transcripts were
upregulated whereas, 232, 405, 667, and 328 transcripts were downregulated in PE, 1D,
7D, and 14D samples, respectively (Figure 2).

To assess the enrichment of molecular function of our transcripts, we examined
Gene Ontology (GO) term annotations associated with the DE transcripts in PE samples
and after blood meal ingestion (1, 7, and 14 D PBM). Transcripts common among all
timepoints were also assessed.

A total of 142 DEG transcripts were common among all blood-fed time points,
116 transcripts were upregulated and 26 were downregulated (Figure 2). All transcripts
except one had the same expression pattern throughout the timecourse. ISCW010590, an
uncharacterized protein with unknown protein domains was downregulated at PE and
upregulated at all replete timepoints (1 — 14 D PBM). Among characterized and
annotated transcripts, the most abundant upregulated groups were cytochrome P450,
glutathione S-transferases, AMP-dependent CoA ligase, and Major facilitator superfamily
and Immunoglobulin I-set was downregulated., Additional important upregulated DEG
families were: Kunitz domain trypsin inhibitors, trypsin Inhibitor-like containing
cysteine-rich domain, sulfotransferases), , glutathione peroxidases, Von Willebrand
factor/Lipid transport proteins (a monobactams), MD-2-related lipid-recognition
domain-containing cuticle protein containing an R&R consensus and serine

carboxypeptidasesparamyosin, and methyltransferase genes were upregulated. Out of the
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116 upregulated transcripts, 50 were uncharacterized or unannotated. Eight
downregulated transcripts were uncharacterized. (Datasheet-1)
Differentially expressed transcripts in PE:

Out of a total of 218 DEG transcripts in PE compared to UF, 111 were
upregulated and 107 were downregulated (Figure 2). A serine carboxypeptidase gene was
most upregulated (ISCW024713, 12.6 Log2FC) and a fatty acyl-CoA elongase protein
was most downregulated (ISCW002735, -25.6 Log2FC) (Table 2). 92 transcripts (~42%)
were uncharacterized, out of which 45 were upregulated and 47 were downregulated. The
most abundant upregulated protein families were: Cytochrome P450, major facilitator
superfamily, and glycoside hydrolase deacetylase , while protein kinasefamily was
downregulated. Other important upregulated DEG belonged to gene families: cystatin,
phospholipase B-like, FAD-dependent oxidoreductase, and chitin synthases while ABC-
Transporters and pink-eyed dilution protein were downregulated (Data sheet-1)
Differentially expressed transcripts at 1 D PBM:

Out of a total of 361 differentially expressed transcripts identified at I D PBM
compared to UF (Figure 2), 118 were upregulated and 243 downregulated. The most
upregulated gene was a secreted protein, which contains a MD-2 lipid recognition protein
domain (ISCWO013195, Log2FC 10.2) and the most downregulated gene was carnitine
acyltransferase (ISCW007276, Log2FC -23.45), an enzyme that catalyzes the exchange
of acyl groups between carnitine and coenzyme A (CoA) for fatty acid metabolism
(Table 2). 139 transcripts (~38%) were uncharacterized (41 were upregulated and 98
were downregulated). In the characterized genes, the most abundant upregulated gene

families were: serpins, papain, trypsin-like serine protease, Glutathione S-transferase,
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Insulin-like growth factor-binding protein, lipid transport protein and trypsin inhibitors
and DEG downregulated families were: cytochrome P450, CRAL-TRIO lipid-binding
domain, cholinesterases, chitinases, protein kinases, ABC transporter-like transcripts,
Nuclear hormone receptors, major facilitator sugar transporter-like, methyltransferases, ,
and insect cuticle protein ,. (Datasheet-1)

Differentially expressed transcripts at 7 D PBM:

A total of 564 transcripts were uniquely identified at 7 D PBM compared to UF
(Figure 2). 243 transcripts were upregulated, and 321 transcripts were downregulated.
The most upregulated gene was a serine carboxypeptidase (ISCW024713, Log2FC 13.5)
and the most downregulated gene was also an uncharacterized protein (ISCW000528,
Log2FC -22.5) part of the Ribonuclease Inhibitor family (Table 2). Of all the unique
transcripts at this timepoint, 167 (29%) were uncharacterized, 102 were upregulated and
65 were downregulated. The most abundant DEG upregulated gene families were:
Cytochrome P450, insect cuticle proteins, major facilitator superfamily, Thioredoxin
domain, protein kinases, serine proteases, ABC transporter-like, Fibronectin type II,
granulin, trypsin inhibitor kunitz domain containing transcripts, and tick histamine-
binding proteins. The most abundant DEG downregulated familiews were: RNA
recognition motif domain, Ankyrin repeat containing, , LDL receptor proteins and
leucine-rich repeat proteins. Members of leucine-rich repeat domains, protein kinases,
serine proteases, and major facilitator family were both up and down regulated. , (Data

sheet-1)
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Differentially expressed transcripts at 14D PBM:

A total of 128 transcripts were uniquely identified at 14 D PBM compared to UF
(Figure 2). There were 83 downregulated and 45 upregulated transcripts. The most
upregulated transcript was an Uncharacterized protein (ISCW013728, Log2FC 13.1) and
the most downregulated was a fatty acyl-CoA elongase (ISCW002735, Log2FC -21.5)
(Table 2). 43 transcripts were uncharacterized: 32 upregulated and 11 downregulated.
The most abundant gene families identified were Zinc finger C2H2-type, RNA
recognition motif, Protein kinase, and Leucine-rich repeat. (Data sheet-1)

Proteases and Protease inhibitors

To further understand blood digestion in /. scapularis, transcripts for proteolytic
enzymes were examined. A total of 80 proteases (Figure 3A) and 27 protease inhibitors
(PI) (Figure 3B) were differentially expressed in our data. Eight proteases and PI were
common and upregulated in all timepoints (Figure 3A, B). 35 proteases and PIs (31
upregulated and 4 downregulated) were identified at PE, 61 (38 upregulated and 23
downregulated) at 1 D PBM, 69 (48 upregulated and 21 downregulated) at 7 D PBM and
37 (27 upregulated and 10 downregulated) were identified at 14 D PBM (Table 2).

Eleven proteases and PI (9 upregulated and 2 downregulated) were unique to PE,
20 (9 upregulated and 11 downregulated) to 1 D PBM, 19 (11 upregulated and 8
downregulated) to 7 D PBM, and 3 (1 upregulated and 2 downregulated) were unique to
14 D PBM. The most abundant family of proteolytic enzymes were serine proteases
(Figure 3C, D) and the most abundant family of protease inhibitors were chymotrypsin
and elastase inhibitors (Figure 3 C). Among serine proteases, the most abundant

subfamily of proteases was S1A (17 transcripts) (Figure 3D). The second most abundant
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group was the S10 family (8 transcripts) (Figure 3D). The most abundant protease
inhibitor family was I8 (14 transcripts) (Figure 3D).
Immunity-related genes in response to blood-feeding and digestion

To understand immune response due to blood acquisition in 1. scapularis,
immune-related transcripts were examined. A total of 48 immunity-related transcripts
were differentially expressed in our data. Two immunity-related transcripts (both were
phospholipid-hydroperoxide glutathione peroxidase) were common among all time points
and are suggested to be putatively involved in the gut-microbe homeostasis pathway
(Figure 4, Table 3). 16 immunity-related transcripts were identified in PE, 11 were
upregulated, and 5 were downregulated. Of these 16 transcripts, 6 were unique to this
timepoint (Figure 4 A, B, Table 3). These six transcripts (all upregulated) included:
lysozyme, a caspase, part of the Toll pathway, an antimicrobial peptide (AMP), and a
thioester-containing protein (Figure 4 C, D, Table 3).

12 immunity-related transcripts were differentially expressed only at 1D PBM.
Three transcripts were AMPs, one putatively related to agglutination, a defensin, a
lysozyme, a protease inhibitor, argonaute, a thioester containing protein, and a duox
(Figure 4 C, D, Table 3). Eight transcripts were expressed only at 7D PBM. These
transcripts comprised protease inhibitors, non-self-recognition, JAK/STAT pathway
protein, and a putative agglutination protein (Figure 4 C, D, Table 3). Two immunity-
related transcripts were identified only in 14 D PBM samples. One transcript was
involved in free-radical defense, and another was a putative defensin (Figure 4 C, D;

Table 3).
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Temporal expression changes during blood-meal ingestion and digestion.

With the combination of the Likelihood Ratio Test from DESeq2 and Hierarchical
clustering of transcripts with the Pearson correlation, 2,180 DE transcripts were identified
throughout the time points. These transcripts fell into six distinct clusters based on their
expression levels (Figure 5). Cluster 1 (oxidoreductase activity, chitin synthase, iron, and
heme-binding) was upregulated at PE, downregulated at 1 D PBM and the expression
remained unchanged from 1D PBM until 14 D PBM (Figure 5). Cluster 2 transcripts
(protein binding, kinases, and Acyl-CoA hydrolases) were upregulated at UF and
downregulated at all other time points (Figure 5). Cluster 3 transcripts (zinc ion binding,
transcription coregulators, heat shock proteins, structural proteins, and drug binding)
were upregulated at UF and 1 D PBM and downregulated at other time points (Figure 5).
Cluster 4 transcripts were upregulated at PE, 7 D PBM and 14 D PBM, and
downregulated at UF and 1 D (Figure 5). Transcripts in this group were associated with
indolectamide hydrolase activity, enzyme inhibitors, monooxygenase activity, iron ion
binding, heme binding, transporter activity, and lipid binding. Cluster 5 transcripts were
upregulated froml D PBM until 14 D PBM (Figure 5). Transcripts in this group were
associated with rhodopsin kinase activity, triglyceride lipase activity, lipid transporters,
carbohydrate-binding, steroid binding, and calcium ion binding. Cluster 6 transcripts
were upregulated in all time points from PE to 14 D; however, expression was higher in
later timepoints (1-14D) (Figure 5). Transcripts in this group were associated with
aminoacyl transferase activity, gluconolactonase activity, vitamin binding, chitin-binding,

steroid binding, and extracellular matrix binding.
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Validation of RNA-seq data using qRT-PCR

Nine transcripts, Protein slowmo, general transcription factor, stearoyl-CoA-
desaturase, gamma-glutamyl transpeptidase, cystatin, gastric triacylglycerol lipase, heme
lipoprotein precursor, paramyosin, and troponin I, were selected for validation of the
dataset. Of these transcripts, all except protein slowmo were upregulated when compared
to UF. All transcripts agreed with the transcriptional expression of RNA-seq data (Figure
6).

Analysis of differentially expressed proteins

A total of 524 proteins were identified in the midgut proteome at two time points
(UF vs 1 D PBM and UF vs 7 D PBM) (Figure 7 A, B). 439 DEPs were identified in 1 D
PBM (225 upregulated, 214 downregulated) and 423 DEPs were identified in 7 D PBM
(225 upregulated, 198 downregulated). 101 and 85 were unique to 1 D and 7 D PBM,
respectively (Figure 8 C).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis
indicated six metabolic pathways were enriched among upregulated proteins in UF vs 1
D and 7D PBM: Purine metabolism, Aminoacyl-tRNA biosynthesis, Monobactam
biosynthesis, Inositol phosphate metabolism, Selenocompound metabolism, and Sulfur
metabolism (Figure 8). A total of 41 and 42 metabolic pathways were enriched among
downregulated proteins in 1 (Figure 9) and 7 D PBM (Figure 10), respectively. Top 5
enriched pathways were: biosynthesis of antibiotics, propanoate metabolism, fructose and
mannose metabolism, tyrosine metabolism, and butanoate metabolism.

At the 1 D PBM timepoint, the top five upregulated significant GO functions

were: protein binding, translation factor activity, RNA binding, oxidoreductase activity,
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and cofactors (Figure 11). At 7 D PBM timepoint, the top five upregulated significant GO
functions were: Organic cyclic compound binding, mRNA binding, phosphpantetheine
binding, aminoacyl-tRNA ligase activity, and structural constituent of ribosome (Figure
12).

Co-expression analysis of Transcriptome and Proteome

Co-expression of genes and proteins at the same timepoint was analyzed. For 1 D
PBM transcriptome and proteome, 45 were common in both datasets with low Pearson
correlation (r = 0.38 P-value < 0.01) (Figure 13). Of these 45, 17 transcripts and proteins
were upregulated in both datasets and 10 were downregulated. Out of 17 upregulated,
eight were uncharacterized and seven characterized proteins were: selenophosphate
synthase, adenylsulfate kinase, AMP-dependent CoA ligase, fatty acid synthase;
cytochrome P450, laminin beta 1 chain, serine proteinase, secreted protein part of the
endoplasmic reticulum resident protein 29 family, and tumor rejection antigen (Gp96, a
heat shock protein 70) (Table 4). Of the 10 downregulated in both datasets, five were
uncharacterized, and other proteins were: medium-chain acyl-CoA dehydrogenase ,
malate dehydrogenase , cytochrome P450, cysteine proteinase cathepsin L, and
argininosuccinate synthase (Table 3).

40 transcripts were common in both 7 D PBM transcriptome and proteome with
moderate Pearson correlation (r = 0.6 P-value < 0.0001) (Figure 14). Out of 40, 15 were
upregulated and 14 were downregulated (Figure 14). Nine of 15 proteins were
uncharacterized, other proteins identified were: Cytochrome P450, NAD(P)
transhydrogenase, IMP dehydrogenase, adenylsulfate kinase, AMP dependent CoA

ligase, and tumor rejection antigen (Gp96) (Table 5). Out of 14 downregulated proteins in
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both datasets, five were uncharacterized, and other proteins were cysteine proteinase
cathepsin L, glycogen phosphorylase, argininosuccinate synthase, Thimet oligopeptidase,
Hsp70, DNA replication factor/protein phosphatase inhibitor SET/SPR-2, ADP/ATP
translocase, Cytochrome P450, and Acetyl-CoA hydrolase (Table 5).
Functional characterization of proteins for putative vaccine candidates

From transcriptome and proteome data, we chose 12 transcripts for functional
analysis using RNAi (Figure 15). Three serine proteases (SP1, SP2, and SP4, discussed in
detail in Chapter 3), chitinase (carbohydrate metabolism), cystatin (enzyme regulator),
gastric triacylglycerol lipase (lipid metabolism), heme lipoprotein precursor (transport
protein), troponin I (Ca++ induced muscle contraction complex, also known to play a role
as an angiogenesis inhibitor), paramyosin (muscle contraction), and peritrophic
membrane chitin binding protein (peritrophic matrix formation). Knockdown levels were
confirmed by qRT-PCR (Figure 16). 11 out of 12 genes tested were successfully
knockdown and the knockdown efficiency varied from 51% to 88% (Figure 16). We were
unable to PCR amplify gene peritrophic membrane chitin binding protein with several
combinations of primers and could not confirm its knockdown efficiency. Paramyosin,
Troponin I, and SP2 knockdown females did not produce any eggs until 6 weeks post-
feeding and eventually died (Table 5). Sequences were tagged with T7 promoter
sequence (5' TAATACGACTCACTATAG 3') (Table 6). Chitinase knockdown females
produced 62% fewer eggs than control. Cystatin knockdown females produced 40%
fewer eggs when compared to control. Gastric triacylglycerol lipase knockdown resulted
in a 45% reduction in total eggs produced and heme lipoprotein precursor knockdown

resulted in a 28% reduction in the total number of eggs laid. Peritrophic membrane
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binding chitin protein, SP1, and SP4 knockdown resulted in 46%, 35%, and 63%
reduction in eggs, respectively. Paramyosin 2 and 3 knockdown had the least effect on
egg production and resulted in 11 and 21% reduction, respectively (Table 7, Figure 17).

Troponin I knockdown resulted in an early drop-off from the host. On average,
troponin-1 knockdown ticks dropped off within 3 days of attachment compared to an
average of 8 days of controls. Troponin 1 knockdown females had visible red streaks. We
dissected 3 troponin knockdown femlaes at 14 days post blood meal and kept the rest for
egg-laying. Midgut in these dissected females was degraded resulting in the blood
throughout the body cavity.
2.5 Discussion

This work represents the first timecourse transcriptomic and proteomic data of 1.
scapularis female gut during blood acquisition (partially engorged, PE), soon after
repletion (1 D PBM), and during egg development (7D PBM) and egg-laying (14D
PBM). Ticks start digesting a blood meal while actively feeding on the host; however, the
majority of blood is taken during the last 12-24h of feeding (rapid phase) (Starck et al.,
2018), therefore, blood digestion continues in replete females. Prior studies on blood
digestion in Ixodes spp. have primarily focused on PE females (five days on the host)
(Anderson et al., 2008, Kotsyfakis et al., 2015, Cramaro et al., 2015, Perner et al., 2016,
Xu et al., 2016, Chmelar et al., 2016, Moreira et., 2017, Oleaga et al., 2017, Charrier et
al., 2018, Araujo et al., 2019, Franta et al., 2010, Schwarz et al., 2014, Cramaro et al.,
2015) due to the relevance of this timepoint to pathogen acquisition and transmission (des
Vignes et al ., 2001). However, feeding to repletion and post-repletion blood digestion for

egg production are important considerations for tick control.
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Over 2,500 transcripts were differentially regulated throughout the timepoints.
The highest number of differentially expressed transcripts were at 7 D PBM, and the least
was at PE. This could be due to changes in physiology, at an earlier timepoint, ticks have
started blood acquisition (slow phase), and digestion and metabolic pathways for storage
are likely not yet initiated, whereas, at 7D PBM, females are actively digesting blood and
making yolk proteins to provision eggs. The decrease in transcript levels at 14 D PBM
could be due to the reason that ticks have a single gonadotrophic cycle and the female
will soon die. We used Gene ontology (GO) analysis to examines a representative set of
transcripts and proteins in particular metabolic networks. We examined GO across tick
blood digestion timelines to obtain a general overview of physiological processes
predominating at each time point. The GO classification considers three categories:
molecular function, component (cellular localization), and biological process.

The proteolytic enzymes made up one of the largest groups of upregulated
transcripts and serine proteases were among the major groups. Previous studies have
suggested that the most abundant tick proteolytic enzymes are cathepsins, asparaginyl
endopeptidase, and metallopeptidases, which break down protein-rich bloodmeal within
acidic digestive vesicles (Lara et al., 2005, Horn et al., 2009 Sojka et al., 2008, Sojka et
al., 2013). In our data, we identified a total of 80 protease transcripts. Out of these 80, 35
were serine proteases, followed by metallo- (22 transcripts), cysteine- (17 transcripts),
and threonine- (6 transcripts) proteases. Cysteine proteinases and cathepsin L enzymes
that catalyze reactions at acidic pH were downregulated in our transcriptome and
proteome data suggesting that these differences are likely due to the different time points

used in these analyses and a shift towards digestion at alkaline pH in the gut in replete
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females. Ticks may switch from using proteases that are active in acidic environments of
digestive vesicles while actively feeding on the host to using both acidic and alkaline pH
enzymes and digest a large amount of blood in both digestive vesicles and gut lumen
(alkaline pH suitable for serine proteases) (Reyes et al., 2020). Ribiero et al. (1988) and
another study on replete ticks (Heekin et al., 2013) also suggested upregulation of serine
proteases, supporting the current study. The S10 family domain of serine proteases were
one of the most abundant proteases (after SIA) in our data. In Haemaphysalis longicornis
ticks one of the S10 proteases was upregulated during blood-feeding. This protease was
isolated from the midgut and was identified as a 53 kDa protein with a pI of 7.5.
Enzymatic functional assays revealed that it was active at a broad range of pH and
temperature values and cleaved hemoglobin, a major component of the blood meal
(Motubu et al., 2007).

12 (Kunitz-like serine protease inhibitors) and I8 (TIL domain elastase inhibitors)
were the most prevalent protease inhibitors in our dataset. A comparative transcriptome
study in ticks also suggested these two families are predominant in /. scapularis (Porter et
al., 2017). The Kunitz-like serpins have been well studied in R. microplus and exhibit
activity against bovine trypsin and human neutrophils (Lima et al. 2010). There are
currently few functional studies for family I8 members in ticks (Porter et al., 2017),
however, in R. microplus, inhibitory properties have been verified for some I8 members.
These include ixodidin, a TIL domain chymotrypsin/elastase inhibitor with antimicrobial
properties (Fogaca et al., 2006), and BmSI-7, another TIL domain protein shown to
inhibit the bacterial protease subtilisin A and the fungal protease Prl (sasaki et al., 2008).

An I8 family member from 1. ricinus, was upregulated after feeding, shows similarity to
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von Willebrand Factor (Rudenko et al., 2005), and thus may play a role in platelet
aggregation inhibition. Elastin is an insoluble protein responsible for the elastic properties
of mammalian connective tissues. Elastin is an extremely hydrophobic protein that is not
a substrate for most other proteinases. In mammalian physiology, elastase is necessary to
provide homeostasis for tissue repair and inhibition of these elastases might be important
for successful feeding in ticks.

We also identified and characterized cystatin in the gut. A review of tick cystatins
by Schwarz et al. (2012) listed only one cystatin in R. microplus, Bmcystatin, which
regulates embryogenesis. However, in other tick species several cystatins, have been
identified and their functions encompass regulation of digestion, detoxification, innate
immunity, pathogen transmission, and immunosuppression (Schwarz et al. 2012). In this
study, knockdown of the most upregulated cystatin resulted in decreased blood meal
intake and fewer eggs, suggesting its role in blood digestion and embryogenesis (Table
7).

A total of 48 transcripts encoding immunity-related genes were identified as
differentially expressed (Table 3). Glutathione peroxidase genes were upregulated
throughout blood feeding. in In Drosophila melanogaster has been shown this gene
family has been shown to be involved in gut-microbe homeostasis and play a very
important role in differentiation between commensal and pathogenic microbes
(MacPherson and Harris, 2004, Buchon et al., 2013). Glutathion peroxidase genes ensure
the preservation of bacteria which is beneficial to arthropods, while also trigger an

immune response against pathogens (Lazzaro and Rolff, 2011).
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A dual oxidase (DUOX) gene was highly upregulated in 1 D PBM guts. The
membrane-bound enzyme DUOX is known to produce bactericidal reactive oxygen
species (ROS) which thought to antagonize bacterial growth and play a major role in gut
mucosal immunity in insects (Jang et al., 2021). In addition to the direct immune function,
DUOX-mediated ROS also contributes to gut homeostasis in insects by stabilizing the
peritrophic membrane of the midgut through the formation of covalent dityrosine bonds
between matrix proteins (Kim et al., 2014; Kumar et al., 2010). Thus, DUOX can interact
in the gut with ingested microbes either by producing bactericidal ROS or by generating a
physical barrier. The high expression of DUOX at 1 D PBM suggests that it might be
involved with peritrophic matrix formation soon after repletion. .

The most abundant group of proteolytic enzymes identified in the time course
belonged to the clan PA class S1A serine peptidases which contain the catalytic triad His,
Asp, and Ser (Page et al., 2008, Rawlings et. al., 2010). Serine proteases also serve as key
regulators for coagulation, AMP synthesis, and melanization of several pathogens
(Gorman and Paskewitz, 2001; Janeway and Medzhitov, 2002; Jiravanichpaisal et al.,
2006). Members of the S1A protease family are involved in many physiological
processes, including the regulation of invertebrate immune responses (Cao and Jiang,
2018). Many S1A family members have been linked to the antimicrobial immune
response (Buchon et al., 2009; Patrnogic and Leclerc, 2017). Protease inhibitors, for
example, serine protease inhibitors (serpins) are imperative for arthropod immunity
(Kanost, 1999, Gulley et al., 2013, Reichart et al., 2011). In . scapularis, many were
shown previously to be expressed in the gut and salivary glands of UF and PE ticks and it

is speculated that these serpins may be used for tick feeding and disease transmission
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(Mulenga et al., 2009). Our data suggest many serine proteases and protease inhibitors
are upregulated throughout time points (PE-14 D PBM) suggesting that while some of
these might be involved in blood digestion, many might be transcribed in response to
blood-feeding and immune response due to ingested host factors (Smith and Pal, 2014).

Our data showed the upregulation of proteins associated with Monobactam
biosynthesis. These N-thiolated beta-lactams were given the name “monobactams”
because they have a flexible monocyclic ring and lack a carboxylic acid moiety, with no
second ring fused to the beta-lactam ring Monobactams are effective only against aerobic
Gram-negative bacteria (Turos et al., 2000). Interestingly, the tick microbiome is
predominantly composed of Gram-negative bacteria of the phylum Proteobacteria
(Benson MJ, et al. 2004; Narasimhan and Fikrig, 2015). Therefore, the increased protein
levels of these monobactams in 1D and 7D PBM ticks might be for keeping the bacteria
levels in check.

Hierarchical clustering resulted in a total of six separate clusters (Figure 5). One
of the clusters (cluster 1) was strictly upregulated at PE, downregulated at 1 D PBM, and
remained unchanged after that (Figure 5). This distinct group of genes expressed are
predicted oxidoreductases, chitin synthase, and iron and heme-binding. These groups
were also upregulated in our proteomics data suggesting that not only transcripts are
expressed but also translated into proteins. Many genes involved in oxidoreductase
activity in this group are part of the cytochrome P450 family. Cytochrome P450s are
essential for the metabolism of foreign compounds, and regulate hormones and
ecophysiology (Darmauw et al., 2020). Ticks ingest a large blood meal and can feed on a

variety of hosts which has led to an expansion of the CYP450 repertoire (over 200 CYP
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genes in the 1. scapularis genome (Gulia-Nuss et al., 2016). Therefore, upregulation of
CYP450s in response to a blood meal is not surprising. However, the increased
expression of tick histamine binding protein at 7 D PBM and secreted salivary gland
peptides at 14 D PBM suggest that these genes might be wrongly annotated. Tick salivary
glands begin to degrade after repletion and drop off and by 7D salivary glands are almost
disintegrated (Lejal et al., 2019).

We chose 12 genes for transcriptional silencing using dsSRNA RNAi showed
variable phenotypes. The chitin synthases family of genes includes chitin-binding
proteins, chitinases, and chitin deacetylases. Chitin is the major component of the
peritrophic matrix in arthropod gut tissues (Kramer and Koga, 1986.). Peritrophic matrix
formation begins with the initiation of blood intake to keep the midgut epidermis safe
from the blood bolus (Zhu et al., 2016). Chitinase plays an important role in cuticle
remodeling during a blood meal to accommodate the increased gut size (You et al.,
2003). Chitinase knockout using CRISPR-Cas9 was well tolerated and was not embryo
lethal (Sharma et al., 2022), however, the resulting larvae were not fed and the effect of
chitinase knockout during blood-feeding (peritrophic matrix formation and cuticular
expansion) is yet to be understood. Chitinase knockdown by RNAI in adult females
resulted in early detachment from the host (4.7 days vs. 6.7 days in control) and one of
the smallest egg masses suggesting that this gene is important for blood-feeding. (Table
7). Cystatin, a protein inhibitor of papain-like cysteine proteases, has been shown to
influence feeding in ticks, hemoglobin digestion, and immunity (Zhou et al., 2006,
Yamaji et al., 2009). In our data, cystatin knockdown resulted in higher mortality of

injected ticks (Table 7) and ~50% reduction in egg mass. Out of three paramyosin
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paralogues, only 1, paramyosin 1, knockdown had a significant effect on tick survival and
fecundity. Paramyosin constitutes the thick myosin filaments in striated, obliquely
striated, and smooth muscles (Szent-gyorgi et al., 1971, Kantha et al., 1990). Knockdown
of this protein might have an effect on muscle contraction important for insertion of
hypostome (mouthparts) in the host skin and feeding. 75% of paramyosin 1 knockdown
females died before feeding and none of the fed females deposited any eggs. Troponin 1-
like protein is a mediator of Ca*" regulation of muscle contraction in vertebrates and
contraction of the indirect flight muscles in D. melanogaster (Peckman et al., 1990,
Agianian et al., 2004). Additionally, troponin has been hypothesized as an angiogenesis
inhibitor (Fukumoto et al., 2006). Ticks are pool feeders i.e., they break the blood vessel
of the host and feed on the blood pooled at the site (Fukumoto et al., 2006). The host
immune system repairs the broken blood vessels (angiogenesis); however, secreted
molecules in tick saliva such as troponin 1 inhibit this angiogenesis allowing ticks to feed
(Fukumoto et al., 2006). Knockdown of troponin 1 in female ticks before feeding resulted
in an early drop-off (3 days as opposed to 6.7 days in control) and no eggs. The ticks that
acquired some blood during attachment had red streaks visible through the cuticle and
females that remained alive after 14 D post drop off had disintegrated guts when
dissected. Although more work is needed to confirm that troponin 1 acts as an
angiogenesis inhibitor, our data suggest this possibility and additional role in maintaining
gut structure. Out of three serine proteases selected for RNAi, knockdown of one, SP2,
resulted in no eggs and SP4 produced the smallest egg clutch among all. These data are

discussed in detail in Chapter 3.
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Several other genes of interest include the myeloid differentiation factor 2 (MD-2)-
related lipid-recognition protein and pink-eyed dilution protein. The MD-2 genes are
thought to be involved in immune responses through recognizing bacteria
lipopolysaccharide in mammals, arthropods and plants (Inohara and Nunez, 2002).
However, the physiological roles of MD-2 in other biological processes are largely
unknown. In the brown planthopper, Nilaparvata lugens, knockdown of an MD-2 gene
led to molting failure and mortality at the nymph—adult transition phase, and impaired
egg laying and hatching. (Wang et al., 2021). MD-2 was upregulated in all time points in
our data from PE-14D. RNAI of this gene might help us understand its function in tick
physiology. Another gene, pink-eyed dilution protein (P-protein), plays a critical role in
melanin synthesis in mammals. Mutation in this protein may cause complete or partial albinism

(Hirobe et al., 2011). Melanins are complex pigments; typically consist of co-polymers of
black or brown eumelanins and red or yellow pheomelanins. The mouse pink-eyed
dilution (p) locus is known to control eumelanin synthesis (Chen et al., 2002). Although
this protein has not been yet studied in ticks, our data showed downregulation of this
gene during blood feeding meaning that expression was higher in unfed females. The
phenotypic markers such as coat color and eye color has shown to be important for
transgenic animal development. This gene might provide a target for phenotypic
screening of transgenic ticks.

In summary, our data suggest that the tick gut transcriptome is dynamic and
changes throughout the feeding and blood digestion phases. The transcriptome shift from
actively feeding (PE) when the genes related to homeostasis and housekeeping are

upregulated to upregulation of genes involved in carbohydrate, lipid, and other



62

biosynthesis pathways post repletion and finally to lipid and carbohydrate storage and
vitellogenesis at 14 D PBM. Detoxification enzymes, proteases, and protease inhibitors
are upregulated at all time points. Serine proteases made up the majority of digestive
enzymes; however, many of these might be related to immune response. We also
identified proteins in monobactam biosynthesis pathway which act on Gram-negative
bacteria, a major constituent of the tick microbiome. Deletion of these genes might
provide insight into tick-microbe interactions. We selected 12 candidates based on
different functions for further characterization. Three out of 12 gene knockdowns led to a
complete shutdown of egg development and deposition. One of the targets (troponin)
knockdown resulted in an early drop-off. These and additional candidate genes need to be
further evaluated as potential vaccine targets.
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2.7 Figures and Tables
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Figure 1. Blood feeding and digestion timecourse. Adult female ticks will attach and
slowly ingest 1/3 of total meal over 7-9 days (slow feeding phase). Once mated, females
will go in rapid feeding phase (12-24 hrs) where they take 2/3 of their blood meal. Ticks
will then fall off host and continue digesting this meal and will begin laying eggs ~14

days post repletion.
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Figure 2. Venn diagram of differentially expressed transcripts identified at all
timepoints and profile of differentially expressed transcripts identified. (A)
Transcripts identified from DESeq2 Wald test using a cutoff of -2 and 2 for fold change

and adjusted P-value of less than 0.05. All Transcripts identified at partially engorged



78

(PE), 1 D PBM, 7 D PBM, and 14 D PBM. PBM= post blood meal. (B) Number of

transcripts upregulated (blue) and downregulated (red) compared to unfed. PE=partially

engorged (5 days on host), PBM= post blood meal. 1 D= one day after drop off from

host. 7 D and 14D PBM= 7 and 14 days after drop off from the host, respectively.
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Figure 3. Identification of differentially expressed proteolytic enzyme transcripts as

compared to UF. Venn diagram depicting the number of differentially expressed

transcripts belonging to proteases (A) and protease Inhibitors (B). C) Classification of

proteases by active site (pie chart), along with the classification of the type of protease

inhibitors (bar-in-pie). D) MEROPS classification of all identified protease and protease

inhibitor families identified.
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Figure 4. Identification of differentially expressed immunity-related transcripts as
compared to UF transcripts. Timepoints are PE (Yellow), 1 D PBM (green), 7 D PBM
(blue), and 14 D PBM (magenta). A) Venn diagram depicting the number of
differentially expressed upregulated immunity-related transcripts throughout all
timepoints. B) Venn diagram depicting the number of differentially expressed
downregulated immunity-related transcripts throughout all timepoints. Abundance of all
upregulated (C) and downregulated (D) immunity-related transcripts separated by

pathway.
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Figure 5. Time series hierarchical clustering from the midguts of UF and fed 1.
scapularis ticks collected at different blood-feeding timepoints. The Z-score represents
the expression status of transcripts over time as calculated by the Likelihood Ratio Test.
The color bar indicates a group of transcripts that followed a distinct pattern together
throughout the blood digestion time course. Cluster bars are distinguished by: Red
(cluster 1), Black (cluster 2), Green (cluster 3), Blue (cluster 4), pink (cluster 5), and

turquoise (cluster 6).
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Figure 6. qRT-PCR relative transcript expression selected for validation of RNA-
seq dataset. Nine transcripts were selected to validate omics data via qRT-PCR on RNA
extracted from unfed (UF - Red), 1 day PBM (1 D - Blue) and 7 day PBM (7 D - Orange)
ticks. Transcripts chosen are: Slomo, General transcription factor (GTF), Stearyl-CoA
Desaturase, Gamma-glutamyltranspeptidase (GGTP), Cystatin, Gastric Triacylglycerol
Lipase (GTL), Heme Lipoprotein precursor (HLP), Troponin I, and Paramyosin 2. and
Data were analyzed relative to a housekeeping gene, tubulin, and 224t method was

used. Three biological replicates were used. Data is presented as mean+SE.
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Figure 7. Profile of differentially expressed proteins identified. Volcano plots of log
fold change vs Padj differentially expressed proteins (DEPs) depicted by green
(upregulated) or red (downregulated) dots in UF vs A) 1 D PBM and B) 7 D PBM. C)
Venn diagram of differentially expressed proteins identified at 1 D PBM (yellow) and 7

D PBM (green).
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Figure 8. KEGG pathway analysis of upregulated proteins at 1 and 7 D PBM.

Number of differentially expressed proteins belonging to their respective metabolic

pathways with 1 D PBM (blue) and 7 D PBM (orange).
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Figure 9. KEGG pathway analysis of downregulated proteins at 1 PBM. Number of

Differentially expressed proteins belonging to each specific metabolic pathway for 1 D

PBM.
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Figure 10. KEGG pathway analysis of downregulated proteins at 7 D PBM. Number

of Differentially expressed proteins belonging to each specific metabolic pathway for 7 D

PBM.
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UP UF vs 1 D PBM DEPs

Figure 11. Molecular function gene ontology analysis of upregulated proteins at 1 D
PBM. Molecular function ranking from top left to bottom right with proteins most
abundant in a specific group starting at the top left (orange - protein binding) to least
abundant group in bottom right (purple - soluble (N-ethylmaleimide sensitive fusion)

NSF attachment protein activity).
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UP UF vs 7 D PBM DEPs

Figure 12. Molecular function gene ontology analysis of upregulated proteins at 7 D
PBM. Molecular function ranking from top left to bottom right with proteins most

abundant in a specific group starting at the top left (lavender — organic cyclic compound
binding) to least abundant group in bottom right (mustard yellow — modified amino acid

binding).
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Figure 13. Co-expression analysis of transcriptome and proteome at 1 D PBM when
compared to UF samples. Transcripts and proteins which had the same expression
pattern are within the black oval, those which didn’t agree are outside the oval and
depicted as blue dots. Transcripts and proteins which were downregulated in both
datasets are red points and those which are both upregulated are green points. Transcripts
and proteins are described in Table 3. Pearson correlation value r = 0.38 and P -value <

0.01
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Figure 14. Co-expression analysis of transcriptome and proteome at 1 D PBM when
compared to UF samples. Transcripts and proteins which had the same expression
pattern are within the black oval, those which didn’t agree are outside the oval and
depicted as blue dots. Transcripts and proteins which were downregulated in both
datasets are red points and those which are both upregulated are green points. Transcripts

and proteins are described in Table 4. Pearson correlation of r = 0.6 and P-value < 0.0001
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Figure 15. Selection of RNAi targets from mialome transcripts and proteins. Method
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Figure 16. Knockdown efficiency of RNAI targets. Knockdown efficiency was tested
by comparing control (water injected — blue) ticks and dsSRNA (orange) treated ticks.

Serine protease transcript expression shown in Chapter 3.

A . B L. C  Peritrophic membrane
Troponin | Gastric Lipase binding chitin protein

Paramyosin 1

Control RNAi Control RNAI

Control RNAI
E SP1 F SP2 G SP4

—

Control RNAI Control RNAiI Control RNAI

Figure 17. Visual phenotype of dsRNA injected ticks. Control (water-injected) to
RNAI (dsRNA treated) ticks. Images from some of the transcripts silenced are A)
Troponin I, B) Gastric triacylglycerol lipase, C) Peritrophic membrane binding chitin

protein, D) Paramyosin, and several paralogs of serine proteases (E, F, G).
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Table 1. Statistics of reads from Illumina sequencing data at all timepoints. Number
of total reads from raw sequencing data, clean reads after filtering data using fastp, and
average alignment of replicates to Wikel genome.

Average Total Reads Average Clean Reads  Alignment

Timepoint
(Counts per Million)  (Counts per Million) Rate
UF 46.9 45.9 52%
PE 54.2 53 55%
1D PBM 46.8 45.2 58%
7D PBM 41.8 40.6 52%

14 D PBM 42.8 414 47%
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Table 2. Top 5 up or downregulated differentially expressed transcripts per

timepoint. DEGs from Transcript ID, product description, time point differentially

expressed and protein family the transcript belongs to.

Top 5 up or downregulated DEG transcripts per timepoint

GenelD Gene Name Log2FC Protein Family
Partially Engorged
ISCW024713 serine carboxypephdase, 12.6 N/A
putative
ISCW002216 cystatin, putative 12.0 Cystatin domain
ISCW000447 Cystatin, putative 12.0 Cystatin domain
ISCW008507 uncharacterized protein 11.7 MAM domain; Concanavalin A-
like lectin
ISCW013357 uncharacterized protein 10.7 N/A
ISCW020763 Hsp70, putative 9.3 Chaperone _DnaK;He_at shock
(Fragment) protein 70 family
ISCW024176 Secreted protein, 9.4 TRAF-like
putative (Fragment)
ISCWO013179 uncharacterized protein -9.6 3'-5' exonuclease domain
ISCW008943 uncharacterized protein -22.3 Fibronectin type Il
IScwoo2735 fatty acyl-CoA elongase, -25.6 ELO family
putative
1 Day PBM
ISCW013195 Secreted !)roteln, 10.2 MD-2-_reIated Ilpld-reco_gnltlon
putative domain;immunoglobulin E-set
ISCW005502 ML dom_aln-cont_alnlng 9.6 MD-2-_reIated Ilpld-reco_gnltlon
protein, putative domain;Immunoglobulin E-set
Secreted salivary gland
ISCW024071 peptide, putative 9.6 N/A
(Fragment)
Iscwoo73eg Acid methyltransferase, 9.4 Methyltransferase type 11
putative
ISCW018910 uncharacterized protein 9.3 N/A
ISCW012645 uncharacterized protein -10.5 N/A
ISCW015845 unspecified product -11.6 Immunoglobulin subtype 2
ISCWo15846 Neurotrimin, putative 12.2 Immunoglobulin subtype 2
(Fragment)
ISCW026011 unspecified product -15.7 N/A
carnitine acyltransferase, Acyltransferase
ISCW007276 putative 23.5 ChoActase/COT/CPT
7 Day PBM
ISCW024713 serine carboxypeptldase, 13.5 N/A
putative
ISCW013728 Uncharacterized protein 12.3 N/A
(Fragment) (Fragment)
ISCW021228  Vitellogenin, putative 12.1 von Willebrand factor, type D
domain;Lipid transport protein
ISCW013727  Vitellogenin, putative 11.9 von Willebrand factor, type D
domain;Lipid transport protein
ISCW013000 uncharacterized protein 11.9 N/A
ISCW022961 esterase, putative -10.8 Cholinesteras
ISCW002736 uncharacterized protein -20.7 N/A
ISCWo09672 'Mmmuncglobulin-binding 21.7 Ganglioside GM2 activator
protein, putative
ISCW016523 uncharacterized protein -21.9 N/A
ISCW000528 uncharacterized protein -22.5 N/A
14 Day PBM
ISCW013728 Uncharacterized protein 131 N/A
(Fragment) (Fragment)
ISCW004018 uncharacterized protein 12.9 N/A
ISCW024713 serine carboxypephdase, 12.7 N/A
putative
ISCW001698 Serine protea_se inhibitor, 12.5 Pancreatic_trypsin i_nhibitor
putative Kunitz domain
ISCW021228  Vitellogenin, putative 12.5 von Willebrand factor, type D
domain;Lipid transport protein
ISscwooge72 'Mmuneoglobulin-binding -20.6 Ganglioside GM2 activator
protein, putative
ISCW021619 uncharacterized protein -20.9 N/A
ISCW016523 uncharacterized protein -21.1 N/A
ISCW006379 selenoprotein N, 1, -21.1 N/A
putative
IScwo02735 'atty acyl-CoA elongase, 21.5 ELO family

putative
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Table 3. Differentially expressed immunity-related transcripts during feeding
timecourse. Transcript ID, product description, time point differentially expressed,

immunity-related pathway or process, and the protein family these transcripts belong to.
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Table 4. Co-expressed transcripts and proteins at 1 D PBM. List of gene identifiers

co-expressed and differentially expressed at 1 D PBM when compared to unfed

timepoint, their transcript or protein expression, protein family, and their respective gene

ontology.
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Table 5. Co-expressed transcripts and proteins at 7 D PBM. List of gene identifiers
co-expressed and differentially expressed at 7 D PBM when compared to unfed
timepoint, their transcript or protein expression, protein family, and their respective gene

ontology.
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Table 6. Primer sequences used with T7 promoter for RNAi. Transcript ID,

sequence, and product size of transcripts.

Primer sequences for RNAi

Ixodes scapularis gastric triacylglycerol lipase, putative, mRNA
NCBI Reference Sequence: XM 002413665.1
GTL1 F481 TGTGCGTTAGGTCCAGTGTC
GTL1 R1093 TGTAGCTCGCCATCAGCTTC
Ixodes scapularis heme lipoprotein precursor, putative, mRNA
NCBI Reference Sequence: XM 002411391.1
HLP1 F890 TGGAGGAACTGAAGCACGTC

613bp

HLP1 R1619 TACTCCGGCTGGTTTGTGTC 7306p
Ixodes scapularis paramyosin-1, putative, mRNA
NCBI Reference Sequence: XM _002407245.1
Paral 1F982 ACTGAAGTCCAGGCTCATGC 749bp
Paral 1R1730 AGTTCGGTGATCTGCACCTG
Ixodes scapularis paramyosin-2, putative, mRNA
NCBI Reference Sequence: XM 002406950.1
Para2 1F1262 ACGTTCAAGTGCTCCAGACC 649bp
Para2 1R1910 TCAGTCCTCAGTTTCGCCAG
Ixodes scapularis paramyosin-3, putative, mRNA
NCBI Reference Sequence: XM 002407356.1
Para3 2F298 GTGCAGGAACTTCTTTACGGC 604bp

Para3 2R901 CGTCAGACACCCTCTCCTTC
Ixodes scapularis troponin I protein, putative, mRNA
NCBI Reference Sequence: XM 002415740.1
Tropl 1F143 CTGAGGAGCTCAAGAAGGAGC
Tropl 1R548 GCCCATTCGGGTTTGTCCAC
Ixodes scapularis chitinase, putative, mRNA
NCBI Reference Sequence: XM 002399485.1
Chiti 1F397 AAAATTGCGTCGAGTGAGCG
Chiti 1R1093 CCTTATTCGCGAGGCTTTCG
Peritrophic Membrane Chitin Binding Protein
NCBI Reference Sequence: XM 002402097.1
IscapPerMCB1F49  GGTCGTCAAACATTCGGCTC
IscapPerMCB1R672 ACGGTTGTGCGGGATAGATG

406bp

697bp

624bp
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Table 7. Knockdown results of transcript and protein candidates via RNA

104

interference. The percentage of ticks that survived injection, fed to repletion, the average

number of days on the host, and average egg mass (in milligrams) are shown. Rows

highlighted in light blue did not produce any eggs. Ticks injected with water were used as

control.
Transcripts and/or Proteins used in RNAI
Gene %Survived % Fed to Repletion Avg. days on host Avg. I(Ergg)mass
Control 85 66.6 6.7 81.83
Chitinase 71.4 80 4.7 31.83
Cystatin 37.5 66.6 6.7 49.47
Gastric Lipase 75 66.6 6.1 45.06
beme Lipoprotaln 62.5 40 5.2 59.15
Precursor
Paramyosin 1 25 50 5.0 0
Paramyosin 2 50 75 5.0 73.5
Paramyosin 3 56.3 77.8 5.0 64.95
Troponin | 87.5 14.2 3.0 0
MBCP 75 65 5.2 44.37
SP1 90 55 5.0 53.96
SP2 88 1 6.0 0
SP4 90 1.4 5.0 22.3
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Chapter 3

Blood Digestion by Trypsin-Like Serine Proteases in the Replete Lyme Disease

Vector Tick, Ixodes scapularis

This chapter is based on work published in:
Reyes, J.; Ayala-Chavez, C.; Sharma, A.; Pham, M.; Nuss, A.B.; Gulia-Nuss, M. Blood
Digestion by Trypsin-Like Serine Proteases in the Replete Lyme Disease Vector Tick,

Ixodes scapularis. Insects 2020, 11, 201. https://doi.org/10.3390/insects11030201

3.1 Abstract

Ixodes scapularis is the major vector of Lyme disease in the Eastern United
States. Each active life stage (larva, nymph, and adult) takes a blood meal either for
developing and molting to the next stage (larvae and nymphs) or for oviposition (adult
females). This protein-rich blood meal is the only food taken by Ixodes ticks and
therefore efficient blood digestion is critical for survival. Studies in partially engorged
ticks have shown that the initial stages of digestion are carried out by cathepsin proteases
within acidic digestive cells. In this study, we investigated the potential role of serine
proteases in blood digestion in replete ticks. RNA interference was used for functional
analysis and a trypsin-benzoyl-D, L-arginine 4-nitoanilide assay was used to measure
active trypsin levels. Hemoglobinolytic activity was determined in vitro, with or without
a serine protease inhibitor. Our data suggest that trypsin levels increase significantly after

repletion. Knockdown of serine proteases negatively impacted blood-feeding, survival,
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fecundity, levels of active trypsin in the midgut, and resulted in lower hemoglobin
degradation. Incubation of midgut extract with a trypsin inhibitor resulted in 65% lower
hemoglobin degradation. We provide evidence of the serine proteases as digestive
enzymes in fully engorged, replete females. Understanding the digestive profile of trypsin
during blood meal digestion in /. scapularis improves our understanding of the basic
biology of ticks and may lead to new methods for tick control.
3.2 Introduction

Ixodes scapularis is a three-host tick that requires a blood meal to complete each
developmental stage, in addition to adult females needing blood for egg development
(Sonenshine 1992). The larvae and nymphs feed for 3—7 days whereas adult female
feeding lasts for up to 10 days and consists of: (i) a slow feeding period up to 5-9 days
post-attachment followed by (ii) rapid engorgement for 12—-24 h before detachment from
the host (Gulia-Nuss et al., 2016). Rapid engorgement accounts for about two-thirds of
the total blood meal. The tick midgut comprises a major portion of the body and consists
of a ventriculus (stomach) and several pairs of highly branched ceca extending into all
regions of the body. Blood digestion putatively starts in the midgut soon after ingestion
and continues for several days to weeks after dropping off the host. Proteins represent
about 95% of the non-water content of vertebrate blood. Consequently, hematophagous
arthropods require proteases as the main enzymes in the midgut to process a blood meal
(Mulenga et al., 2011).

A typical animal genome contains 2—4% of genes encoding for proteolytic
enzymes (Puente et al., 2005). Among these, serine proteases are the most abundant and

functionally diverse group (Page et al., 2008). Over one-third of all known proteolytic
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enzymes are serine proteases (Page et al., 2008). Out of a total of 233 putatively active 1.
scapularis proteases thus far identified, 63 (27%) are serine proteases (Mulenga et al.,
2011). Hematophagous insects such as tsetse flies, mosquitoes, and many others digest
the protein-rich blood meal mainly by using trypsin-like serine proteases that have a pH
optimum in the alkaline range (~8.0 pH) (Santiago et al., 2017). In insects, protein
digestion proceeds rapidly and takes place in the midgut lumen. The processing of host
blood components in the tick midgut, however, appears to differ greatly from that in other
hematophagous arthropods. In ticks, blood digestion is a slow process that occurs in the
acidic environment of midgut intracellular vesicles (endosomes), mainly by the
cathepsin-like proteases (Mulenga et al., 2011).

A multi-enzyme model for hemoglobin degradation was proposed for the
European vector of Lyme disease, the castor bean tick, /. ricinus (Sojka et al., 2008).
According to this model, the hemoglobin degradation pathway is initiated inside acidic
digestive vesicles by cysteine and aspartic endopeptidases (cathepsin L, legumain, and
cathepsin D), generating large peptide fragments (8—11 kDa), followed by the action of
cathepsin B and C exopeptidases, generating smaller peptides (2—7 kDa). Finally, serine
carboxypeptidase and leucine aminopeptidase may participate in the liberation of
dipeptides and free amino acids. Other studies have suggested that the final stages of
hemoglobin degradation take place both in and outside of the digestive vesicles (Horn et
al., 2009). Trypsin-like serine proteases are active at high pH (Calvo et al., 2008), in
contrast to the acidic-active cathepsins. Midgut homogenates of the hard tick, /.
scapularis (formerly 1. dammini), were shown to lyse erythrocytes from vertebrate blood

at an alkaline pH, suggesting the involvement of trypsin enzymes. Ten major blood
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digestive proteases (cathepsin, aminopeptidase, and serine proteases) were proposed to be
involved in blood digestion in /. scapularis (Gulia-Nuss et al., 2016). The presence of
four serine proteases on this list suggests previously unexplored roles of trypsin during /.
scapularis blood ingestion.

Most studies in tick blood digestion have focused on partially engorged females
(up to 5 days on host, slow feeding phase), resulting in little information on the digestive
profile beyond this stage. Therefore, to better understand the digestive enzyme profile of
replete 1. scapularis, we first characterized the expression of ten proteases identified
previously (Gulia-Nuss et al., 2016) and then measured trypsin activity in unfed,
partially-fed, and post host detachment (also post-blood meal; hereafter PBM) ticks for 7
days (adults) and 28 days (larvae and nymphs) using benzoyl-D, L-arginine 4-nitroanilide
(BApNA), a trypsin-specific substrate (Rascon et al., 2011, Gulia-Nuss et al., 2011)].
RNA interference was used for the functional analysis of three serine protease enzymes.
Our data indicate that trypsin levels increase significantly after repletion and individual
knockdown of serine proteases affect the proteolytic activity of midgut extracts,
suggesting that these enzymes play a major, previously unrecognized, role in blood
digestion in ticks PBM.
3.3 Materials and Methods
Tick Feeding and Sample Collection

Unfed adult pathogen-free 1. scapularis were purchased from the tick rearing
facility at the Oklahoma State University, Stillwater, OK. Ticks were maintained until

use in an incubator at 95% relative humidity (RH) and 20 °C.
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Larvae and nymphs were fed on mice at the University of Nevada, Reno (Nuss et al.,
2017). Both stages were allowed to detach naturally PBM. Detached ticks were collected
daily, returned to the incubator, and harvested at the appropriate PBM intervals. Larvae
and nymphs were processed at 1, 2, 3, 7, 14, 21, and 28 days PBM. Two larvae or
nymphs per sample were collected in triplicate for each time point. All procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Nevada, Reno (IACUC # 21-01-1118).

Adult ticks were fed on New Zealand white rabbits. Male and female adults were
confined in capsules attached to the rabbit’s back using Osto-Bond skin bonding latex
adhesive (Montreal Ostomy, Canada). A published protocol (Almazanet al., 2018) was
used with a few modifications. Briefly, feeding capsules were made out of 1.5” PVC tube
with a Styrofoam lip glued for firm attachment to the rabbit’s skin. Five to six capsules
were attached to each rabbit one day prior to releasing ticks. A fine nylon mesh screen
was glued to the top with a small opening secured with Velcro for ease of tick removal
PBM. Rabbits were fitted with a collar for the duration of tick feeding. Ixodes scapularis
adult females were collected 5 days post-host attachment (partially-fed), and at 1, 2, 3, 7,
and 14 days PBM. Whole midguts were dissected in cold PBS buffer, washed (to remove
blood), and two midguts were pooled per sample. For unfed samples, four midguts were
pooled. Experiments were replicated with three biological cohorts. Once washed, midguts
were immediately transferred to either a cold 1.7 mL tube containing 200 pL of Trizol or

Tris-HCI-CaCl and stored at —80 °C until processed.
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Protease Expression

Total RNA was extracted from midguts or whole ticks (larvae and nymphs) using
Trizol reagent and a Zymo Direct-Zol RNA purification kit (Zymo Research, Irvine, CA,
USA) with DNase treatment step. A quantity of 1 pg DNAse-treated RNA was used for
cDNA synthesis, according to the kit protocol (iScript, BioRad, Hercules, CA, USA). For
RT-PCR, 1 pL of 1:10 diluted cDNA was used as a template in a 20 pL reaction. RT-
PCR conditions for all digestive enzymes were: initial denaturation at 95 °C for 5 min, 95
°C for 30 s, 55-58 °C for 30 s (Table 1), 72 °C for 30 s, repeated for 35 cycles, and a
final extension at 72 °C for 10 min. 10 pL PCR product was separated by electrophoresis
on a 1.2% agarose gel along with a DNA ladder (Apex DNA Ladder II; Genesee, San
Diego, CA, USA) and visualized by using ethidium bromide-free dye (Amresco, Solon,
OH, USA). Primer sequences for all proteases are listed in Table 1. Tubulin was used as a
housekeeping control (Sharma et al., 2019).

Gel band intensity was analyzed by densitometry using Image Lab 5.2.1 (Gel Doc
EZ-Imager, BioRad). The DNA ladder was used as the standard for generating a linear
regression model to determine PCR product abundance. The ratio of the tubulin control
band intensity was used to standardize the values of the band from each gene at different
time points. After calculating the ratios, the band with the highest expression in each gene
was set at 1 and the values were adjusted proportionally and plotted to depict the change
in expression of each gene over time.

Sample Preparation for BApNA Assay
Six larvae or nymphs from each PBM time point were collected in triplicates (two

individuals per triplicate). Samples were sonicated in 100 pL Tris-HCI-CaCl: buffer, pH
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7.5, until completely homogenized and centrifuged at 12,000 rpm for 5 min at 4 °C. 10
pL supernatant from each sample was added to 90 pL of Tris-HCI-CaCl, (Horn et al.,
2009) followed by 200 puL of 4 mM BApNA. Serial dilutions of trypsin (Sigma) were
similarly using 10 pL trypsin, 90 pL of Tris-HCI-CaCly, and 200 pL of 4 mM BApNA
were used to make a standard curve. Samples and standards were then placed on a shaker
for 15 min at 25 °C, loaded onto a 96 well plate (100 pL sample per well), and
absorbance at 405 nm was recorded on a Spectramax M5 microplate reader. For adults,
midguts were dissected and pooled from two females per sample and samples were
prepared and measured as above.
RNA Interference (RNAI)

dsRNA was synthesized for three serine proteases (SP): SP1 (ISCW021184), SP2
(ISCWO006427), and SP4 (ISCW007492). Total RNA was extracted from unfed or 1-day
PBM tick midguts and cDNA synthesis as described above. Primers were designed with a
T7 promoter sequence (5-TAATACGACTCACTATAGGG-3’) on the 5" end of both
forward and reverse primers (Table 1). PCR conditions were the same as mentioned
above in the RT-PCR section. Gel bands were extracted using the QIAquick gel
extraction kit (Qiagen, Hilden, Germany) and used as a template for dsSRNA synthesis
using the T7 Megascript kit (Invitrogen, Carlsbad, CA, USA). Newly synthesized dsSRNA
was purified using phenol-chloroform and ethanol precipitated. Sixteen unfed adult
female ticks per gene were injected with 1 pL of dSRNA (2 pg/pL). Injections were
performed with a u-200 insulin syringe on the ventral right side between the 3rd and 4th
leg of the tick. Control ticks were injected with 1 pL of RNase/DNase/Protease-free

water (11 ticks). Injected ticks were immediately placed in a holding container at 95%
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RH and observed for 2 h for recovery before storage. Ticks were allowed to recover for 7
d before placing them on New Zealand white rabbits (see adult feeding procedure above).
Detached ticks were collected daily, weighed, photographed immediately after dropping
off, and stored in individual containers in the colony incubator at 20 °C and 95% RH. A
batch of females from each treatment was kept for fecundity assessment. Females were
observed daily for mortality and egg-laying. Egg mass was weighed once females
stopped laying eggs.

For the BApNA assay, six dsRNA-injected adult females from each of the three
serine protease RNAI treatments were collected 1-day PBM. Control ticks were collected
at the same time. Two midguts per sample were dissected (N = 3) and the assay was
carried out as described above.

Hemoglobin Degradation Assay

Midguts were dissected individually from control and RNAi females collected 1-
day PBM, washed, and homogenized with a pestle in 0.1 M sodium acetate, 1% CHAPS,
and 2.5 mM DTT [8]. Midgut extracts were centrifuged at 16,000% g for 10 min at 4 °C,
filtered with a 0.22 pM polyethersulfone (PES) membrane syringe filter (Olympus,
Sigma-Aldrich, MO), and stored at —80 °C until used for assays. Protein concentration
was measured using the BCA protein assay kit (Thermo Fisher, Waltham, MA, USA). A
quantity of 0.5 pg protein extract was used to digest 10 pg of bovine hemoglobin in 25
mM Na-citrate-phosphate (pH 7.5), 2.5 mM DTT, and 25 mM NaCl. Bovine trypsin
(Sigma Aldrich, St. Louis, MO, USA) was used as a control for hemoglobin digestion.
Aliquots were taken out at 0-, 10-, 20-, and 30-min post-incubation. 0.03% fluorescamine

(Biotium, Fremont, CA, USA) in acetone was added to the midgut extract-hemoglobin
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reaction to quantify the newly formed amino-terminal ends (Sorgine et al., 2000).
Fluorescence was measured using a Spectramax M5 microplate reader at an excitation of
370 nm and emission of 485 nm wavelengths. Measurements were performed in
triplicate. For trypsin activity inhibition, midgut extracts were pre-incubated with 0.1 mM
PMSF (Research Products International, Mt Prospect, IL, USA) for 15 min at 37 °C
before adding hemoglobin.
Statistical Analysis

All experiments were replicated a minimum of three times with different
biological cohorts. One-way ANOVA and Dunnett’s multiple comparisons were used for
the analysis of trypsin activity data. For the rest, a t-test with Welch’s correction was
used in GraphPad (GraphPad Software, La Jolla, CA, USA). Mortality was recorded each
day in control as well as three other genes of interest and then Kaplan—Meier survival
analysis was performed using a Log-rank (Mantel-Cox) test to perform a pairwise
comparison using control survival as reference.
3.4 Results
Transcript Expression

Transcripts of 10 proteases identified as the main proteolytic enzymes for
hemoglobin degradation in /. scapularis (Gulia-Nuss et al., 2016) were examined in the
adult female midgut. Out of these 10, four were serine proteases (ISCW021184,
ISCW006427, ISCW010371, and ISCW007492), two were cathepsin L (ISCW 024899
and ISCW000076), and one each were cathepsin C (ISCW03494), cathepsin D
(ISCW023880), legumain (ISCW015983), and leucine aminopeptidase (ISCW023735).

All sequences were confirmed by Sanger sequencing. Expression was determined at
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different time points: partially engorged adult females (collected 5 days post-host
attachment but before rapid engorgement), and at 1, 2, 7, and 14 days PBM (fully
engorged and actively digesting blood to provision developing eggs). Out of 10 genes
tested, six were expressed in unfed samples whereas four genes [ISCW023880 (cathepsin
D), ISCW024899 (cathepsin L), ISCW007492 (serine protease), and ISCW023735
(leucine aminopeptidase)] were only expressed during feeding or PBM (Figure 1a,b).
Cathepsin D expression was highest at 1-day PBM and decreased afterward. One
cathepsin L paralog (ISCW024899) was expressed in all blood-fed stages tested, from
partially engorged to 14 days PBM, and the other cathepsin L (ISCW000076) was
expressed in unfed and partially fed females with almost no expression in fully engorged
females. Legumain was expressed at low levels in unfed females, then expression
increased during and after feeding. Cathepsin C was also expressed at low levels in unfed
females and expression was higher during and after a blood meal; peak expression was at
2 and 7 days PBM and decreased at 14 days PBM. Serine proteases 1 and 2 (SP 1 and 2;
ISCWO021184 and ISCW006427) had a similar expression pattern in unfed, partially fed
females, and at 14 days PBM. Serine protease 3 (SP3; ISCW010371) had low expression
in unfed and 14 days PBM samples. Serine protease 4 (SP4; ISCW007492) was not
detected in unfed females, but the expression was detected during and after blood-feeding
with the highest expression at 1-day PBM. Leucine aminopeptidase expression was not
detected in unfed females and peak expression was in partially engorged females.
Expression decreased afterward and no expression was detected at 14 days PBM (Figure

la,b).
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Active Trypsin in Tick life stages

Trypsin activity increased significantly in larvae after a blood meal (Figure 2a).
The peak trypsin activity period was 1-3 days PBM and levels decreased gradually
afterward to nearly unfed levels at 21-28 days PBM (Figure 2a). In our colony, larvae
begin molting into nymphs within 3—4 weeks; therefore, the 28-day time-point coincides
with molting. In nymphs, a similar pattern was observed. Trypsin levels increased after a
blood meal and were highest at 3 days PBM. Subsequently, levels decreased and by 28
days trypsin levels were similar to those in unfed nymphs (Figure 2b).

In adult midguts, no trypsin activity was detected in unfed or partially fed ticks.
Trypsin activity was highest after drop-off from the host (1-day PBM) and decreased
gradually. By 14 days PBM, trypsin activity returned to the unfed levels (Figure 2c¢).
Under our rearing conditions, ticks start laying eggs 7-10 days PBM; therefore, most
blood digestion occurs during the first two weeks PBM.

Effect of Serine Proteases knockdown on Tick Blood-Feeding and Physiology

RNAI knockdown was successful for three serine proteases (SP1, SP2, and SP4)
and knockdown persisted until at least 2 days PBM (a total of 15 days) (Figure 3a).
Knockdown of serine proteases by RNAI increased tick mortality. Approximately 10% of
ticks died in all treatments during the recovery period post-injection. Once attached to the
host, mortality was significantly higher in serine protease depleted ticks compared to the
controls. Seventy-seven percent of control ticks survived and were fed to repletion in
comparison to SP1 (55%), SP2 (11%), and SP4 (11%) (Figure 3b).

Most mortality occurred between 2—6 days post-attachment (Figure 3b). Serine

protease knockdown also resulted in a significantly lower volume of blood ingested, as
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indicated by engorgement weight. Control females weighed an average of 200 mg
whereas SP1 knockdown weighed 140 mg (29% reduction), SP2 knockdown weighed
110 mg (45% reduction), and SP4 knockdown weighed 78 mg (61% reduction) (Figure
3c¢). Fecundity was also reduced, as measured by egg mass weight. Egg clutch weight in
controls was, on average, 100 mg, but was only 54 mg in SP1 and 22 mg in SP4. SP2
RNAI females did not produce any eggs (Figure 3d). Significantly less overall trypsin
activity was detected in the midgut of RNAi females compared to controls at day | PBM
(peak trypsin activity). Control ticks had an average of 400 pg trypsin compared to 95
(76% reduction), 240 (40% reduction), and 140 pg (65% reduction) in SP1, SP2, and SP4
RNAI females, respectively (Figure 3e).
Hemoglobin Degradation by Tick Midgut Extract

Bovine hemoglobin incubated with tick midgut extracts at 7.5 pH resulted in free
amino-terminal ends indicative of hemoglobin digestion by the midgut extract. Serine
protease RNAi decreased this activity, further suggesting that these proteases are
involved in hemoglobin degradation and therefore blood digestion. SP1 and SP2
knockdown resulted in significantly lower hemolytic activity compared to the control at
30 min, with a 29% and 25% reduction in hemoglobin breakdown activity (fluorescent
activity), respectively (Figure 4a). SP4 knockdown had the greatest effect on hemoglobin
breakdown and was significantly lower than the control throughout the assay, with a 52%
reduction in midgut extract hemolytic activity at 30 min incubation (Figure 4a).
To confirm the trypsin-like protease activity in the midgut tissue extract of fully engorged
L. scapularis females, we incubated midgut extract from water-injected ticks with a

trypsin inhibitor, PMSF, prior to the addition of hemoglobin. Midgut extract without
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PMSF incubation was used as a control. Incubation with PMSF inhibited the midgut
extract activity by 55% (Figure 4b). The hemoglobin degradation activity was
significantly lower in PMSF incubated samples starting at 10 min, but was even more
evident at 30 min as there was no increase in activity with time compared to the non-
PMSF midgut sample (Figure 4b).
3.5 Discussion

In the present work, we examined /. scapularis midgut protease expression
including four trypsin-like serine protease transcripts. These serine proteases had a
different temporal expression: two were expressed in unfed and partially engorged
females, one only in unfed, and one in all blood-feeding stages tested but not in unfed
midguts (Figure 1a). Since transcript abundance is not a direct measure of enzyme
activity and higher transcript abundance does not always result in translation, we
measured active trypsin levels. The trypsin assay showed that unfed 1. scapularis midguts
did not have trypsin activity (Figure 2¢). However, trypsin activity increases after
detachment from the vertebrate host and peaks at 1-3 days PBM in all life stages (Figure
2a—c). Trypsin cleaves p-nitroanliline off BApNA yielding a yellow substrate that was
measured at 405 nm. This is a trypsin-specific reaction that does not occur with
cathepsins or chymotrypsin (Hayakawa et al., 1980). In Aedes aegypti mosquitoes,
induction of trypsin biosynthesis after the blood meal is a two-phase process. The first
phase of trypsin biosynthesis involves the initiation of translation of an mRNA transcript
that is already present, producing early trypsin. The second phase, 7-9 h PBM, is

activated by the synthesis of a new mRNA transcript that codes for late trypsin (Felix et
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al., 1991). Our transcript and enzyme activity data suggest that similar to mosquito early
trypsin, the mRNA for 1. scapularis trypsin is present in unfed ticks.

Most previous studies have focused on the mechanism of hemoglobin degradation
in ticks during the early stages of feeding and suggest that when ticks are actively feeding
on the host, the main peptidases for hemoglobin digestion are: (1) clan CA cathepsins B,
C, and L; (2) clan CD asparaginyl endopeptidase (legumain); and (3) clan AA cathepsin
D. Other activities detected were attributed to monopeptidases, namely a serine
carboxypeptidase and a leucine metallo-aminopeptidase, within midgut digestive vesicles
(Lara et al., 2005). Previous studies have also suggested hemoglobin receptor-mediated
endocytosis (Santiago et al., 2017, Lara et al., 2005) occurs in the digestive vesicles.
Digestive vesicles then lead to further breakdown of these peptides by creating an acidic
environment suitable for cathepsin and legumain activity. However, in this study, we
investigated blood digestion after repletion and off the host, a relatively unexplored blood
digestion phase in ticks. Our data strongly suggest that serine proteases are involved in
blood digestion in the PBM phase. Midgut extracts lysed hemoglobin in vitro and pre-
incubation with trypsin inhibitor reduced this hemolysis activity (Figure 4a,b). The
knockdown of three serine proteases individually resulted in lower levels of active trypsin
in the BApNA assay (Figure 3e). Serine protease knockdown also resulted in reduced
hemoglobin degradation activity in vitro (Figure 4a). Other studies in replete ticks have
also suggested that trypsin proteases might be involved in blood digestion. Ribeiro
(Ribeiro et al., 1988) showed that midgut homogenates of 1. scapularis, (formerly 1.
dammini) lysed erythrocytes from rabbits, rats, hamsters, and guinea pigs. The midgut

homogenate activity was optimal at an alkaline pH (pH 7.5-8.5), suggestive of trypsin-
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like serine proteases. This activity was not detected in unfed ticks as well as ticks
attached for up to 2 days to a host but rather increased during the latter phase of feeding.
It was hypothesized that this initial activity helped process the blood meal by releasing
the contents of erythrocytes for further enzymatic hydrolysis, possibly in the digestive
vesicles (Ribeiro et al., 1988). Two serine proteases in Haemaphysalis longicornis ticks
were identified and characterized, and expression of both serine proteases was induced by
blood-feeding (Mulenga et al., 2001). In another study, two genes encoding trypsin-like
serine proteases, HISP2 and HISP3, in H. longicornis were also proposed to be involved
in blood digestion (Miyoshi et al., 2007). One of these HISP genes was further
characterized and was found to be secreted in the midgut lumen (Miyoshi et al., 2008).
Disruption of HISP-specific mRNA by RNAi prevented degradation of host erythrocyte
membranes, indicating that HISP plays a crucial role in hemolysis in the midgut of ticks
(Miyoshi et al., 2008). Hemolysin-like material was also demonstrated in the midgut
lumen of ixodid ticks by immuno-localization (Miyoshi et al., 2008, Hughes, 1954). An
RNAseq study comparing blood-fed and serum-fed 1. ricinus midgut transcriptomes
showed that the number of genes encoding serine proteases were markedly up-regulated
in the late stage of feeding (Perner et al., 2016) and the possibility of active serine
proteases during the off-host stage of blood digestion was suggested. Given these data in
other tick species and our results in 1. scapularis, we propose a modified model of blood
digestion in ticks (Figure 5). We suggest that the existing model of blood digestion,
which occurs in digestive cells by cathepsins and aminopeptidases, applies during the
early digestive phase when the tick is still feeding, whereas in replete females, a revised

model is warranted which includes trypsin-like serine proteases that are important for
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hemolysis and initial degradation of blood proteins and that digestion may take place in
both the midgut lumen and digestive vesicles.

A remarkable property of certain insect midguts is a very high luminal pH,
especially in lepidopteran larvae (pH 9—12). In contrast, the midgut of the yellow fever
mosquito, Ae. aegypti, is acidic (pH 6.0) before a blood meal, which then increases to an
alkaline range (pH 7.5) after a blood meal (Nepomuceno et al., 2017). The pH of mite
midguts also strongly affects their digestive processes. For instance, the midgut contents
of acarid mites ranged from pH 4 to 7 (Erban et al., 2010). Ixodes scapularis/dammini
midgut homogenate derived from females in the rapid feeding phase had high proteolytic
activity at pH 7.5-8.5 (Ribeiro et al., 1988). Both BApNA and hemoglobin degradation
assays in this study were carried out at pH 7.5, suggesting that these serine proteases are
active at an alkaline pH and provide indirect evidence of an alkaline midgut lumen
environment. We attempted to measure pH by homogenizing midguts and using a
universal pH paper; our results suggested an alkaline pH, but a refined method of
measurement is needed (data not shown). For instance, the pH in midguts of 12 species of
the stored product and house dust mites was determined based on the color changes of pH
indicators fed to the organisms and looking at pH change microscopically. Unfortunately,
this is not feasible with ticks due to the dark cuticle and blood meal coloration. However,
microelectrodes are frequently used to determine midgut pH in insects (Brune et al.,
1995, Harrison, 2001, Zimmer et al., 2005, Gross et al., 2008), and we plan to utilize
these in future experiments.

The knockdown of three serine proteases resulted in ingestion of lower blood

volume (Figure 3b) which correlates with lower fecundity (Figure 3d). In H. longicornis,
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knockdown of three serine proteases, HISP1, 2, and 3, also resulted in a significant
reduction in body weight compared to the control group (Miyoshi et al., 2007). In
contrast, /. ricinus Cathepsin D knockdown did not affect mortality, weight, oviposition,
and larvae hatching (Sojka et al., 2012) but knockdown of I. ricinus cathepsin L1 (IrCL1)
resulted in decreased weight gain in partially engorged females injected with IrCL1
dsRNA relative to the controls (Franta et al., 2011). A cysteine protease, longipain,
knockdown in H. longicornis also resulted in significantly lower body weight than that of
the control ticks (Tsuji et al., 2008). High mortality in SP2 and SP4 knockdown females’
post-attachment (Figure 3c), combined with reduced feeding, suggest additional roles in
1. scapularis physiology that need to be further investigated.

Here, we provide direct evidence of serine proteases as active digestive enzymes
that can break down blood proteins in replete ticks. Future experiments will include the
use of recombinant /. scapularis serine proteases for blood protein digestion assays in
vitro. This initial exploration examined the most prominent /. scapularis digestive
enzymes, which only included 3 out of a putative 63 serine proteases present in the
genome (Mulenga et al., 2011). In future studies, a more expansive screen will yield
additional information on the dynamics of . scapularis enzymes important in blood
digestion.
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3.7 Figures and Tables
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Figure 1. Transcript expression of proteases in the midgut of adult female Ixodes
scapularis. (a) Representative RT-PCR of ten 1. scapularis proteases, representing
different protease families, at different time points during blood feeding and digestion.
Total RNA was extracted from a pool of 2—4 midguts at each time point and an equal
amount of cDNA was used for RT-PCR. (b) Densitometry of the RT-PCR gel

electrophoresis images to estimate relative transcript abundance scaled to the
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housekeeping gene tubulin. UF = unfed female midgut, PE = partially engorged (females
were pulled from the host 5 days post-attachment), PBM = post-blood meal (fully

engorged females dropped off the host). SP = serine protease; LAP = leucine

aminopeptidase.
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Figure 2. BApNA assay of trypsin activity in L. scapularis developmental stages. (a)
Larvae and (b) Nymphs were collected before and after feeding on a mouse and whole
bodies of larvae or nymphs were homogenized for use in the BApNA assay to estimate
trypsin activity. (c) Adult females were collected before, during (5 days post-attachment,

partially engorged), or at intervals after feeding on a rabbit. Dissected midguts were



129

homogenized for use in the BApNA assay. One-way ANOVA and Dunnett’s multiple

comparisons were used for statistical analysis. * = 0.01; ** =0.001; *** = (0.0001

e C wi= SP1 mi= SP2 - SP4

N .
Ins

Serine Proteases Tubulin 100

S e QD s B

w i
. = L
W P
. E *
sP4 - :
& 254 ‘\
c RNAi c RNAi -
0 T L] 1 L] 1
0 2 4 6 8 10
Days
c d e
260+ 160 500~
2004 ? __ 400~
£ 3
= £ 100+ 2
£ 150 2 £ 300+
- = o
) < g
2 100 % so- 2 200~
Q
50 E < 400+
0= 0= o
C SP1 SsP2 sP4 C SP1 SP2 SP4 C SP1 SP2 SP4
RNAi RNAi RNAi

Figure 3. Effect of serine protease knockdown on adult female 1. scapularis feeding,
blood digestion, survival, and reproduction. (a) Representative RT-PCR of three 1.
scapularis serine proteases demonstrating knockdown. (b) Percent mortality during
blood-feeding, until all ticks dropped off. (c) Wet weight of ticks measured immediately
after dropping off the host. (d) Egg clutch weight, as determined after females stopped
laying eggs for 2 consecutive days. () Active trypsin levels measured by the BApNA
assay in midguts dissected from replete females, 1-day PBM. C: control ticks injected
with water, RNAi: dsRNA injected ticks. SP: serine protease, SP1 = ISCW021184, SP2 =
ISCWO006427, and SP4 = ISCW007492. An unpaired t-test with Welch’s correction was

used for comparing control and a treatment (SP1, SP2 and SP4) using Graphpad Prism

V8. ##% p < 0.0001.
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Figure 4. Hemoglobin degradation by 1. scapularis midgut extract. (a) Effect of serine
proteases knockdown on hemoglobin degradation. Homogenized midgut extract from
fully engorged (1-day PBM) Control (water-injected) or SP1, SP2, and SP4 knockdown
ticks was incubated with bovine hemoglobin and degradation was estimated over time by
absorbance of fluorescamine (mean + standard deviation, normalized to fluorescence
intensity at 0 min). (b) Hemolytic activity of the tick midgut extract was significantly

inhibited by pre-incubation with the serine protease-specific inhibitor PMSF. Control
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hemolytic reaction with bovine trypsin were similarly inhibited by PMSF. Significance
was calculated separately for trypsin and trypsin + inhibitor; and gut extract and gut
extract + inhibitor. An unpaired t-test with Welch’s correction with 95% confidence

interval was used. * p < 0.05; ** p <0.01, *** p <0.0001.
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suggesting that in replete females (1-2 days PBM), ingested blood proteins are digested

by the trypsin-like serine protease enzymes.
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Table 1. A list of primer pairs and the annealing temperature used for each primer

pair.

Gene Name and Accession Annealing
Primer Pair Sequence

Number Temp °C

Cathepsin D (Aspartic) ISCW023880/ XM_002416473.1

IscapCathDFwd CCCTTCCGTGTGGTGTTTG 55

IscapCathDRev AGTAGCCCTTGGTTGAGACAG 55

Cathepsin L (Cysteine) ISCW024899/ XM_002416305.1

IscapCathLFwd GACTTCCAGATGTACCAGGGC 55

IscapCathLRev GAAGGATGCGGAAGTAGCCG 55

Cathepsin L (Cysteine) ISCW000076/ XM_002404428.1

IscapCathL2Fwd AAGTGGCCCCACTGCAACTC 55

IscapCathL2Rev TTACCCGTAACCGCAGGAATG 55

Cathepsin C (Cysteine) ISCW03494/ XM 002400742.1

IscapCathCFwd CGTTAACTACGTGTCCCCTG 57

IscapCathCRev TAGTTGCCGACGTAATGCC 57

Legumain (Apartic) ISCW015983/ XM_002402043.1

IscapLegumainFwd CCCCTGGAGTGGTCATCAAC 55

IscapLegumainRev TAAGTGTTTCGGAGGGCGTC 55

Serine Protease 1 ISCW021184/ XM _002405400.1
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Gene Name and Accession Annealing
Primer Pair Sequence

Number Temp °C
IscapSP1Fwd AGCCTAATCAATCAAGGGCG 58
IscapSP1Rev GACCAGTTTAGGGATGCGAG 58

Serine Protease 2 ISCW006427/ XM _002435219.1

IscapSP2Fwd ATCCACGTTGGGAACCTTTC S8

IscapSP2Rev CAATGGTCAAACGCCTTTCC S8

Serine Protease 3 ISCW010371/ XM _002402819.1

IscapSP3Fwd TCTACGAGTTCCTGGGACAG 58

IscapSP3Rev GGACCAGGGAATAATCGTCG 58

Serine Protease 4 ISCW007492/ XM _002404245.1

IscapSP4Fwd GCTTCGTCGAAAAAGCTCAC S8

IscapSP4FRev CAACTCTCGGCGATCTCTTC S8

Leucine Aminopeptidase ISCW023735/ XM_002416067.1

IscapLAPFwd ACGCCCATTCTCTCACCAAG 55

IscapLAPRev TTCGGACCCACTGCATTCTC 55

Tubulin ISCW005137/ XM_002402966.1

IscapB-TubFwd TGAATGACCTGGTGTCCGAG 55-58

IscapB-TubRev GCAAAGCTGTTCAAGCCTCT 55-58

Chapter 4
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Population Genetic structure of the Western black-legged tick, Ixodes pacificus, in

the state of California

4.1 Abstract

The epidemiology of vector-borne zoonoses depends on the movement of vectors
and their hosts. However, little information is available on vector movement patterns for
Ixodes pacificus ticks that transmit many infectious agents, including the causative agent
of Lyme disease. Because of their life history traits and small size, tick dispersal may be
frequent but limited in distance. To elucidate the dispersal of ticks and pathogen
diversity, we investigated the population structure of 1. pacificus within the state of
California. Ticks were collected from ten counties in north, south, and eastern California.
Genomic DNA was isolated and using Restriction-associated DNA sequencing
(RADSeq), genome-wide single nucleotide polymorphism (SNP) markers were identified
in individual ticks from different populations. Using the SNP markers, we identified two
common ancestors. Our data suggest migration routes for these ancestral populations. We
also developed a bioinformatics pipeline to identify Borrelia burgdorferi, the causative
agent of Lyme disease, using genomic data. Our data suggests that tick dispersal is likely
frequent and therefore high gene flow occurs between the populations sampled. The
genomic data suggested up to one out of ten Borrelia infection prevalence at some
locations in California, suggesting vector movements may play a key role in pathogen
emergence and needs to be considered for predicting pathogen circulation and for

establishing effective control strategies.
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4.2 Introduction

Throughout the previous decade, genotyping-by-sequencing approaches have
increased our understanding of non-model organisms and wild animals (Hohenlohe et al.,
2017). Restriction site associated DNA (RAD) sequencing has increased in popularity
because it generates a massive single nucleotide polymorphism (SNP) dataset for species
which lack genomic resources, and even species which contain genomes as it is more
affordable than sequencing the entire genome (Hohenlohe et al., 2012). These data allow
us to resolve the genetic differences among many populations, as well as the power of
investigating the main drivers of genetic diversity and population structure (Narum et al.,
2013).

Population genetics studies are integral for understating the biology of tick
vectors by estimating how they disperse and their potential to spread pathogens (Araya-
Anchetta., et al, 2014). Investigating tick population structure is critical because, among
all arthropods, ticks vector the widest variety of pathogens, leading to a serious public
health issue and economic loss in livestock production (Hill and Wikel, 2005, Jongejan
and Uilenberg, 2004, Pagel Van Zee et al., 2007, Parola and Raoult, 2001). A large focus
has been placed on the effectiveness of tick control for reducing pathogen transmission,
but this work cannot be done without the consideration of tick population dynamics and
dispersal patterns. While ticks transmit many pathogens, the spirochete Borrelia
burgdorferi, the causative agent of Lyme disease is most notable. Over 400,000 Lyme
disease cases are reported annually in the US alone (CDC, January 13, 2021). In the
USA, the Lyme disease spirochete is mainly transmitted by Ixodes scapularis in the east

and Ixodes pacificus in the west. While many studies have investigated populations of 1.
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scapularis (Keirans et al., 1996; McLain et al., 1995, Qiu et al., 2002; Sakamoto et al.,
2014; Kelly et al., 2014; Krakowetz et al., 2011; Gulia-Nuss et al., 2016), much less is
known of the genetic diversity in 1. pacificus.

Ixodes pacificus is responsible for the transmission of B.burgdorferi in the
western United States. Ixodes pacificus has a broad host range, which includes over 100
species of reptiles, birds, and mammals (McVicar et al., 2022), increasing the potential
for gene flow (Lane et al. 1991). The recent increase in deer range in California and
increased frequencies of wildfires have resulted in tick hosts in new locations (Furnas et
al., 2020). In a study in the1990s, low to moderate gene flow was observed in this tick
species using eight polymorphic allozymes in ten populations from California (Kain et
al., 1997); however, these data might now differ due to increased human activities and
other natural factors such as wildfires.

In the present study, 96 individual 1. pacificus adults collected from ten counties
in California were compared genetically using single nucleotide polymorphism (SNP)
analyses. Haplotype analysis suggested two different geographical origins and ancestral
populations in California, which may be related to the transportation of ticks by deer or
by migratory passerines using different flyways. Determination of the origins of the
endemic populations of I. pacificus in California, as well as those predicted to establish,
has important implications for understanding the risk of human exposure to tick-borne
pathogens.

4.3 Materials and Methods

Sample Collection
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Ixodes pacificus adults were collected from 10 different counties: Mendocino,
Nevada, Placer, El Dorado, Sacramento, Alameda, San Mateo, Santa Clara, Santa Cruz,
and Santa Barbara in the state of California (Fig. 1). Ticks were either collected by our
research team, our collaborators at the public health and vector control districts of
California or mailed by the local citizens. The geographic positioning coordinates were
recorded for each field-collected sample and this information was also requested from
citizen-collected specimens. Soon after collection, ticks were surface cleaned with 70%
ethanol and stored at -80°C until further processing.

DNA Extraction

Genomic DNA was extracted from individual ticks using the protocol by Gulia-
Nuss et al. (2016). Ticks were mechanically homogenized in 1.5 mL tube with extraction
buffer (500 mM Tris, pH 9.0, 20 mM NaCl), 20% SDS, and proteinase K and incubated
for 6-12 hrs at 55 °C. After incubation, samples were centrifuged to remove debris,
RNAse A (20 mg/mL concentration) was added and incubated at room temperature for
20 min followed by incubation at 70 °C for 10 min Phenol:chloroform:isoamyl alcohol
(Invitrogen) was added to digested tissue, vortexed vigorously, and centrifuged at 13.3K
x g for 20 min. The upper aqueous phase was then collected and transferred to a new tube
before adding chloroform only (Thermo Fisher), vortexed vigorously, then centrifuged.
The aqueous phase was collected again, transferred to a new tube, and 3 M sodium
acetate (pH 5.2) was added. The sample was then precipitated overnight with 95%
ethanol, centrifuged and the ethanol was decanted. Pellet (DNA) was washed with 70%

ethanol, air dried and resuspended in Low Tris-EDTA (Low TE) buffer and incubated at
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55°C for 10 min. To assess the concentration and ensure the quality of DNA, an aliquot
was electrophoresed on 1.2% agarose gel.
RADSeq library preparation

The published protocol of Ali et al., (2016) was used for RADSeq library
preparation. 100 ng genomic DNA (gDNA) per tick sample was added to the well of a
96-well plate. The volume was adjusted to 10 uL using Low Tris-EDTA (TE) buffer. 2
uL of Sbfl enzyme digestion master mix (8 ul H20, 120 ul NEB buffer, and 12 ul Sbfl
HF restriction enzyme) was added to each well, and digested at 37°C for 60 min,
followed by 80°C for 20 min. 2 ul of the BestRAD adaptor (Table 1) with a different
barcode for each sample were added to each well and 2uL ligation master mix (128 uL.
water, 40 uL NEBuffer 4, 16 uL 100 mM rATP (Fermentas R0441), and 16 uL DNA
Ligase (NEB M0202L) was added to anneal the adaptors to the restricted DNA. Sample
was incubated at 20 °C for 12 h and 65 °C for 20 min. master mix in 1.5mL tube. Out of
16 ul total volume in each well, 8 uL was taken out in a 1.5 ml tubes and pooled with
other samples (each individual sample now has an adapter ligated to identify later). The
pooled samples were sonicated with a probe sonic dismembrator model 100 (Thermo
Fisher) at level 3 (8 cycles: 30 sec on, 90sec off) while keeping the sample on ice. An
aliquot of the sonicated sample was electrophoresed on a 1.2% agarose gel to visualize
250-500bp fragments. Streptavidin magnetic Dynabead (Invitrogen 11205D) beads were
used to size select and remove DNA without adapters. Then NEBNext Ultra DNA
Library prep kit for Illumina (NEBE7970S/L) was followed with no modifications, the
final elution was 22 uL In Low TE. The library was amplified using 10-12 PCR cycles

and sent for [llumina sequencing to the Genomics Core at UC Davis. The library was
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split into two equal volumes and run on two lanes of Illumina Hiseq 2500 in single end
mode.
Identification of Single Nucleotide Polymorphisms (SNPs)

Raw Illumina single-end reads were first quality assessed using FastQC
(Andrews, 2010) and MultiQC (Ewels et al., 2016). Low-quality bases were trimmed
using trimmomatic version 0.39. Illumina reads were corrected for barcodes and
restriction site and demultiplexed using the “process_radtags.pl” script of STACKS
(version 2.55) with the code (process_radtags -i gzfastq --adapter-1
CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATC -f /path/to/RAW _data/*.fastq.gz -o sample_output/ -b
path/to/barcodes.txt -c -r --bestrad -q --barcode dist 1 2 -e sbfl). Quality trimmed reads
were used to assemble a de novo reference file. Assembly from all reads was conducted
using the Ustacks, Cstacks, and Sstacks pipelines (Catchen et al., 2013). Tsv2Bam was
used to convert files into binaries, along with samtools (Li et al., 2009). Gstacks were
used to identify SNPs across loci.

F-statistics and Phylogenetic Analysis

Populations program from STACKS was run in two manners: 1) With a single SNP per
loci for F-statistics (Gulia-Nuss et al., 2016)and 2) All SNPs in loci for phylogenetic
analysis and migration patterns analysis. Criteria common for both F-statistics and
phylogenetic analysis in Populations program within STACKS package were: a minimum
of 60% individuals within a population, a minimum of two populations to report a locus,

and a minimum stack depth of 10 per locus.
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Migration Routes Analysis

SNPs from Populations program were used to output TreeMix file (Pickrell and
Pritchard, 2012). TreeMix file contains SNPs from all counties and was used to estimate
the historical relationships among populations. TreeMix automatically subsamples one
SNP per locus to reduce the effect of linkage on the results. This is followed by the
inference on the number of admixture events to identify migration routes through the
allele frequency of haplotypes.
Pathogen detection from RADseq data

Sequences from our RADseq data that did not align with our de novo reference
file were used to align with pathogen genomes to identify tick-borne pathogens.
Trimmomatic was used to remove barcodes from demultiplexed individuals. HISAT2
was implemented to align all samples to the B. burgdorferi CA11 genome, the most
common strain found in the Western United states (Schutzer et al., 2011).

Samples which contained signatures of B. burgdorferi in RADseq samples were
then verified with PCR as per Xu et al. (2019) with B. burgdorferi outer surface protein A
(ospA) primers (Forward — ATAGGTCTAATATTAGCCTTAATAGCAT, Reverse —
AGATCGTACTTGCCGTCTT) for a product size of 140bp. Briefly, 1 pL. DNA samples
were used as a template in a 10 pL reaction. RT-PCR conditions for samples were: initial
denaturation at 98 °C for 5 min, 98 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, repeated
for 35 cycles, and a final extension at 72 °C for 5 min. 10 L. PCR product was separated
by electrophoresis on a 1.2% agarose gel along with a DNA ladder (Apex DNA Ladder I;
Genesee, San Diego, CA, USA) and visualized by using ethidium bromide-free dye

(Amresco, Solon, OH, USA).
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4.4 Results

The RADseq technique was used for genome-wide SNP discovery and
examination of genetic diversity within and among 10 /. pacificus populations from the
northern coast, central coast, southern coast, and along the Eastern Sierra in California. F-
statistics were used to assess genetic distance.
Read Quality analysis

Two Illumina lanes provided 94.45 and 97.76 million reads. A total of 38,101
loci, 781,571 SNPs, and a total of 34,404 variant sites were identified (Table 1). A total
of 18,490 private alleles were identified in total (Table 2). Unique private alleles per
county ranged from 219 (Santa Barbara) to 2,937 (El Dorado County) (Table 2).
Assessment of genetic variation inter and intra-counties

F-statistics were employed from the Populations program within the STACKS
pipeline to assess genetic distances. In population genetics, F-statistics (also known as
fixation indices) describe the statistically expected level of heterozygosity in a
population; specifically, the expected degree of reduction in heterozygosity when
compared to Hardy—Weinberg expectation. The Fis is mean deficiency of observed
heterozygotes among individuals with respect to the sub-populations (individuals within a
population; here within a county) whereas Fst is mean deficiency of expected
heterozygotes among sub-populations with respect to that expected for the total
population, which in this case is a measure of population differentiation in populations
from all 10 counties.

Fis values ranged from 0.00076 (Alameda) to 0.00162 (El Dorado) (Table 3).

Nucleotide diversity in all SNP loci () was assessed at variant and all positions within
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each county. For variant SNPs unique to each county, the lowest nucleotide diversity was
0.073 from Santa Barbara, and the highest was 0.1080 from El Dorado. Considering all
SNPs identified within a county, the range was from 0.00051-0.00115 with Santa Barbara
being the lowest and El Dorado having the most diversity (Table 4).

Fst values were assessed to understand the level of differentiation between all
counties. Fsrranged from 0.0415-0.0657, maintaining within the range of low (Fst<0.05)
to moderate (Fst = 0.05-0.15) genetic variation. No subpopulations had high or very high
genetic variation. The lowest genetic variation was observed among either the counties
near the bay area (Alameda, Santa Clara, San Mateo, and Santa Cruz) or closer to the
Sierras (Nevada, Sacramento, Eldorado, Placer). The highest variation was observed
between counties that are geographically distanced (Santa Barbara and Mendocino)
(Table 5).

The population structure of I. pacificus was analyzed to identify the relationship
of these counties with haplotype data from the genome-wide set of SNPs and
phylogenetic tree was plotted with TreeMix. We identified two separate ancestral clades
based on 871,000 haplotypes. Ticks from Santa Clara, Santa Cruz, San Mateo,
Mendocino, and Alameda formed one clade, whereas ticks from Nevada, Placer, El
Dorado, Sacramento, and Santa Barbara grouped in the second clade (Figure 2).

Migration routes were also assessed using the allelic frequency in our dataset to
identify movements of tick populations. TreeMix uses allele frequencies from a number
of populations and returns the maximum likelihood tree for the set of populations and
attempt to infer a number of admixture events. Admixture proportions are given a weight

of 0-0.5, 0.5 meaning 50% of population has the alleles similar to ancestral population. .
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Genome-wide allelic frequency data suggests one major route of migration or gene flow
from Alameda County south towards Santa Clara (migration weight of 0.5), and two
minor routes (migration weight of 0.3), from Sacramento County towards El Dorado
County, and from Placer County towards the Northern coast in Mendocino County
(Figure 3).
Borrelia burgdorferi identification in RADseq samples

Using the HISAT?2 alignment pipeline, we found two ticks (one each from El
Dorado and Santa Clara counties) out of our 96 individuals (~2% total and 10% per
county) that aligned to the B. burgdorferi genome (Table 6). The El Dorado positive
sample aligned 17 times to different regions of B. burgdorferi genome; whereas the Santa
Clara sample aligned 8 times. These samples were verified using B. burgdorferi ospA
specific primers with RT-PCR and both were PCR positive. (Figure 4).
4.5 Discussion
This work represents the first genome-wide SNP analysis of 1. pacificus populations from
ten counties in California (Figure 1). Our data agrees with the previous work by Kain et
al. (1997) where they predicted two groups/clades in California: A northern group of
populations (Alameda co, CA) and a southern group (Mendocino, Santa Clara, and San
Diego counties) (Kain et al., 1997). However, our data differs in the prediction of these
groups. Alameda, Mendocino, and Santa Clara populations were related to one ancestral
group whereas the second group was formed by the populations from Nevada, Placer, El
Dorado, Sacramento, and Santa Barbara. Kain et al. (1997) suggested that either a rapid
range expansion or high rates of gene flow could explain the pattern of allozyme

variation. However, they proposed that the most plausible explanation for the pattern of
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allozyme variation in /. pacificus was a high rate of gene flow. Similar to the previous
study, our data also suggests a high gene flow based on low to moderate genetic variation
in counties and low variation within a county. Dispersal or migration is an integral part of
population genetics and evolution because the extent of gene flow influences a range of
variables including genetic variation. Dispersal and gene flow are particularly important
to populations that are prone to localized extinctions and recolonizations such as ticks.
Our Fis data suggests high gene flow and random mating in tick populations because of
low fixation index within populations (close to zero) suggesting that tick populations are
able to move around. Nucleotide diversity is used to measure the degree of polymorphism
within a population (Nei et al., 1979). This measure is defined as the average number of
nucleotide differences per site between two DNA sequences in all possible pairs in the
sample population, and is denoted by m. In our data, nucleotide diversity was very low
possibly either due to a relatively small long-term effective population size or severe
bottleneck during evolution, most likely due to a relatively small long-term effective
population size rather than any severe bottleneck. Low nucleotide diversity was also
noted in population structure of elephant tick in Kenya (King'ori et al., 2022) and the
brown dog tick in Colombia (P4ez-Triana et al., 2021). Habitat fragmentation results in
decreased habitat patch size and consequences of this common phenomenon include,
amongst others, modified community composition and structure, restrictive movement,
and smaller population sizes (Fahrig, 2003). Both population size and movement
significantly affect population genetic diversity. As population size decreases, genetic
stochasticity increases, resulting in increased allele fixation with each generation due to

higher genetic drift. Anthropogenic activities potentially lead to fragmentation of tick
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habitats and given the long life cycle of ticks (2-5 years), the low nucleotide diversity
suggests recolonization events by migration.

Phylogenetics are important to understand the distribution and movement of
individuals within species. We identified two distinct ancestral clades using haplotype
data (Figure 2). The Northern clade included the northern coastal counties near the San
Francisco Bay Area including the northernmost in our RADseq library, Mendocino
County. The second clade comprised of populations from the Sierra Mountains and our
southernmost county, Santa Barbara (Figure 2). A possible factor limiting gene flow
could be the geographic barriers in California. Much of the Central Valley reaches
extreme temperatures in the south, constant drought in the north, and has minimal routes
of travel for large mammals as it is heavily used for agriculture. The possible routes for
animal migration is via the northern corridor of the state (Faunt et al., 2016). We
determined one major and two minor migration routes based on allelic frequency using
TreeMix.. Our data suggests strong migration from Alameda County towards Santa Clara
(a migration weight of 0.5); this may be attributed to the lack of geographical barriers, as
well as an increased in the deer population throughout California in recent years (Brazeal
et al., 2017, Furnas et al., 2020). Our data also suggest a minor migration from Eastern
California (Sierra) to Northwest (Mendocino). As the deer herds move from Sierras
towards the northern coastal regions (Mendocino) (CDFW Proposal, 2016), they might
carry ticks with them and therefore, we see a minor migration pattern in that direction
with a weight of 0.3 (Figure 3).

Finally, RADseq data was used to identify the presence of Borrelia burgdorferi in

our samples. We identified one infected tick each from 10 total individuals from two
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counties (El Dorado and Santa Clara) resulting in 10% in B. burgdorferi positivity rate
for each of these counties. While most studies suggest ~2% B. burgdorferi prevalence in
ticks in California (McVicar et al., 2022); the California public health department
suggests up to 15% positivity rate in some focal areas. More work is needed to
understand the 1. pacificus populations in California to close the gaps. Larger sample
sizes are required in order to get a better assessment of pathogen prevalence. These data
will help bring together the multiple factors involved in developing management plans to
control the expansion of this medically important tick species.
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4.7 Tables and Figures
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Figure 1. California map of 1. pacificus collections. Ticks were collected or received

for RADseq processing from counties highlighted in green.
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Figure 2. Phylogenetic analysis from haplotype data suggests two common
ancestors. Haplotypes from genome-wide data give insight into two ancestral

populations (red dots). These separate into a northern and southern clade.
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Figure 3. Genome-wide allelic frequency data suggests one major and two moderate
migration patterns. Major (red) and moderate (yellow) tick migration analyzed from
allelic frequency. Migration of tick populations from western Sierra’s to the northern

coast could be attributed to mule deer expansion.

Figure 4. PCR product of DNA samples positive for Borrelia burgdorferi. One sample
each from Santa Clara (SC) and El Dorado (ED) counties showed the predicted band size
of 140bp.
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Table 1. Summary of statistics across samples. Raw reads received back from Illumina

sequencing platform.

Sample IPAC_L1_S1|IPAC_L2_S2
Unique Reads 94,448,868 | 97,763,834
Phred Quality Score >30 >30
Loci 38,101
Total SNPs 781,571
Variant Sites 34,404

Table 2. Identification of private alleles per county. The number of alleles unique to

each county were identified from genome-wide SNP data.

Private

Sy Alleles
Alameda 660
Santa Clara 2434
Placer 2288
El Dorado 2937
San Mateo 2257
Santa Barbara 219
Nevada 2567
Sacramento 1929
Santa Cruz 1578
Mendocino 1621

Total 18,490
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Table 3. Genetic variation among populations of Ixodes pacificus collected from

different counties in the state of California. Fy values are shown as a measure of

differentiation between all subpopulations (counties). Fs =<0.05, low genetic variation

(tan shading); Fs = 0.05-0.15 moderate genetic variation (green shading).

Alameda Santa Clara| Placer |El Dorado| San Mateo|Santa Barbara| Nevada |Sacramento|Santa Cruz|Mendocino

Alameda \ 0.0442 |0.0548| 0.0539 | 0.0472 0.0639 0.0533 | 0.0560 | 0.0527 | 0.0633

Santa Clara 0.0717| 0.0567 | 0.0471 0.0558 0.0540 | 0.0557 0.0518 | 0.0597

Placer 0.0432 | 0.0579 0.0545 0.0415 | 0.0454 0.0615 | 0.0657

El Dorado 0.0598 0.0516 0.0427 0.0445 0.0609 0.0662

San Mateo 0.0564 0.0564 | 0.0587 0.0475 | 0.0593
Santa 3

el 0.0518 | 0.0564 | 0.0603 | 0.0632

Nevada 0.0448 0.0569 | 0.0637

‘Sacramento 0.0607 | 0.0672

Santa Cruz 0.0602

Low genetic variation (<0.05)

Moderate variation (0.05-0.15)

I High variation (0.15-0.25)

I Very High variation (>0.25)

Table 4. Genetic variation between each individual subpopulation of Ixodes

pacificus from counties in California. Fis values were computed to identify genetic

variation between individuals (n) collected from each county. A negative F;s value =

outbreeding and positive Fis value = inbreeding.

County n FIS
Alameda 10 0.00076
Santa Clara 10 0.00133
Placer 10 0.00119
El Dorado 10 0.00162
San Mateo 10 0.00133
Santa Barbara 10 0.00043
Nevada 10 0.00148
Sacramento 10 0.00143
Santa Cruz 10 0.00108
Mendocino 6 0.00091
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Table 5. Nucleotide diversity at variant and all positions within each population.

Computed degree of polymorphism with within each subpopulation (county).

County Vari.ant A.ll positions
positions | (variant and fixed)
Alameda | 0.08292 0.00087
Santa Clara| 0.1035 0.00105
Placer 0.10034 0.00101
El Dorado | 0.10803 0.00115
San Mateo| 0.10422 0.0011
Bi?gia 0.07323 0.00051
Nevada 0.10446 0.00112
Sacramento| 0.10036 0.00107
Santa Cruz| 0.09352 0.00098
Mendocino| 0.10477 0.00105

Table 6. Identification of samples positive for Borrelia burgdorferi. 1dentification of

the total number of positive individuals for B. burgdorferi in silico, verified with PCR.

Total number of | Borrelia burgdorferi
Individuals positive

El Dorado 10 1,10%

Santa Clara 10 1,10%

County
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Conclusions and future directions
Future Directions

With a more complete picture of the blood ingestion and digestion profile in Ixodes
scapularis, we have identified possible targets to develop recombinant proteins. Currently,
we wish pursue gene targets from our RNAI data that did not produce any eggs or fell off
early from host for developing an anti-tick vaccine. We would also like to pursue other
protein families identified in this work and conduct RNA studies to identify other possible
candidates for tick control. Also understanding the effect of knockout or knockdown on
some of these identified targets on pathogen proliferation would help us better understand
key proteins important in the tick-host-pathogen interface.

In part-2, identification of gene loci associated with SNPs may help understand vector
competency of ticks from different regions of California. This project has developed into
an even bigger multi-state project which will allow us to get better insight into the spatial
distribution, host prevalence, and allelic specificity by geographic location throughout the
Western United States.

Concluding Remarks

With the completion of the projects described herein, we have presented new targets
which may be used for anti-tick vaccine for Ixodes species. We have also shown through
our omics data that serine proteases are the most abundant proteases in tick gut after a full
meal. We further characterized three female specific and blood meal induced serine
proteases and showed their ability to breakdown haemoglobin an dloss of this activity in
gut when these genes were knockdown, confirming their role in blood digestion. Our

population genomics data provides the first structure analysis using genome-wide SNP
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analysis to learn more about this tick species of medical importance on the west coast,

which will undoubtedly lead to further discoveries in these realms of study.



