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ABSTRACT

The lone star tick Amblyomma americanum is a vector of various disease-causing
pathogens and tick-borne alpha-gal syndrome (AGS) with rapidly expanding populations
in the south- and northeast regions of the United States. This study aimed to molecularly
characterize galectin and determine its involvement in galactose-a-1,3-galactose (a-gal)
synthesis, transport, reproductive fitness, and microbial homeostasis in this tick. The lone
star tick galectin possesses two conserved carbohydrate recognition domains and shares
homology with other Ixodid tick galectins. Time and tissue-dependent expression data
shows that galectin is constantly expressed in salivary glands, midgut, and ovary tissues.
An RNA interference approach was used to silence galectin gene expression and assess
its functional consequences on tick galactose-metabolism, reproductive fitness, and
microbial homeostasis. Depletion of galectin gene expression resulted in the
downregulation of galactose-metabolism genes, but no significant reduction in levels of
a-gal. Intriguingly, Galectin-silenced ticks showed impaired oviposition and increased
microbial load in tick salivary gland and midgut tissue, indicating its potential role in tick
immunity and microbial homeostasis. Together, these data provide valuable insight on
tick physiology and may provide information that helps elucidate the onset of a-gal

syndrome.

Keywords: Amblyomma americanum, saliva, salivary glands, galectin, a-gal, alpha-gal

syndrome
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CHAPTER I: INTRODUCTION & LITERATURE REVIEW

The Lone Star Tick (Amblyomma americanum) Bite and a-Gal Syndrome

Ticks are obligate hematophagous ectoparasites that transmit many disease-
causing pathogens of animal and public health significance. Ticks belong to three
families: Ixodidae (hard ticks), Argasidae (soft ticks), and Nuttalliellidae (features of soft
and hard ticks). While soft ticks feed on their host intermittently for short periods, hard
ticks can feed on their hosts from several days to weeks. This extended feeding period
contributes to the tick's success at acquiring and transmitting pathogens, making them
one of the most medically important groups of arthropods (Sonenshine, 1991). Diseases
caused by pathogens transmitted by ticks in the U.S. include Lyme disease, anaplasmosis,
Rocky Mountain spotted fever, ehrlichiosis, babesiosis, and a-gal syndrome, an emerging
public health threat that has been recently linked to being induced by a bite from the lone
star tick.

The lone star tick, Amblyomma americanum, is common in southeastern regions
of the U.S., with recently expanding populations into the northeast (Munzon et al., 2016).
The lone star tick has a wide range of hosts, including birds, mammals, and reptiles
(Sonenshine, 1991), contributing to its success as a vector for various pathogens. The
lone star tick is the primary vector for Ehrlichia chaffeensis and Ehrlichia ewingii, which
cause human ehrlichiosis. Other pathogens transmitted by the lone star tick include
Francisella tularensis, Borrelia lonestari, Heartland and Bourbon virus (Zellner and
Huntley., 2019; James et al., 2001). Interestingly, in the U.S., a bite from the lone star
tick has been linked to inducing an immunoglobulin E (IgE) response to galactose-a-1,3-

galactose (a-gal or alpha-gal), a sugar found in all non-primate mammals (Commins et
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al., 2001; Commins and Platts-Mills, 2013; Wuerdeman and Harrison, 2014; Jackson,
2018). This immune response was later described as a-gal syndrome (AGS), also referred
to as the red meat allergy, and is characterized as a delayed hypersensitivity reaction to
red meat and mammalian-derived products such as beef, pork, goat, lamb, gelatin, and
vaccines. The link between ticks and the red meat allergy was not discovered until 2008,
leaving scientists and physicians baffled by the rising red meat allergy cases.
Discovery of Alpha-gal Syndrome

Food allergy is an increasing public health issue in the United States, with an
estimated 32 million Americans with food allergies (Gupta et al., 2019). Prevalence of
food allergy is most significant in children; however, studies have indicated an increase
in food allergy in children and adults (Gupta et al., 2019; Jackson et al., 2013). While the
symptoms and severity of food-specific reactions can vary between individuals, food-
induced anaphylaxis — a severe and potentially fatal, adverse reaction — is becoming more
common. In the U.S., there are at least 29,000 food-induced anaphylactic reactions
treated in emergency departments and 125-150 deaths every year (Sampson, 2000;
Yocum et al., 1999). Food allergy symptoms typically develop within a few minutes to
two hours after ingestion, but delayed reactions such as allergic eczema are also seen 24
to 48 hours after contact with the allergen. Immunoglobulin E mediated immune
responses to foods are typically caused by food proteins; however, an open food
challenge conducted with mammalian meat (beef, pork, lamb) revealed an IgE-mediated
allergy to the oligosaccharide galactose-a-1, 3-galactose (a-gal or alpha-gal) 3 to 6 hours

after ingestion (Commins et al., 2014), even though many of the individuals have had an



immunological tolerance to red meat for decades. This finding led researchers to
investigate the mysteries behind this emerging phenomenon.

The a-1,3-galactosyltransferase (a1,3GT) gene codes for an enzyme that
synthesizes a-gal. While it is active in nonprimate mammals, this gene is completely
inactive in Old World primates, including humans (Homo sapiens), apes, and Old-World
monkeys. The inactivation of a1,3GT was likely due to a significant evolutionary event
that almost led Old World primates into extinction. As a result, humans, apes, and Old-
World monkeys produce specific antibodies against a-gal (anti-gal) (Galili, 1987).
Evidence for this evolutionary divergence is represented by an a1,3GT pseudogene found
in the human genome (Joziasse et al., 1991). Because a13GT is still activated in non-
primate mammals and inactivated in Old World primates, the anti-gal antibodies react
with the a-gal present in mammalian meat after exposure to high concentrations of the
sugar and elicit an allergic response.

Allergic reactions to a-gal were first discovered following cetuximab's approval, a
mouse-human chimeric monoclonal antibody to the Epidermal Growth Factor Receptor
(EGFR) used to treat head, neck, and colorectal cancer. In 2007, O’Neil et al. (2007)
confirmed that patients treated with cetuximab in North Carolina and Tennessee
experienced hypersensitivity reactions at a staggering 22%, significantly higher than the
national level of 3% (O’Neil et al., 2007). It was also deduced that patients with prior
hypersensitivities have an increased chance of acquiring an immune response to
cetuximab. After analyzing the serum samples of patients with IgE antibodies against
cetuximab, Chung et al. (2008) revealed that the antibodies were specific for galactose-
a-1,3-galactose, an oligosaccharide found on the Fab region of the cetuximab heavy
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chain (Chung et al., 2008). During this time, reported cetuximab-induced hypersensitivity
and red meat allergy cases were increasing and concentrated in the southeastern region of
the U.S. Steinke et al. (2015) recognized that this geographical area also contained the
highest incidence of Rocky Mountain Spotted Fever, prompting the investigation of the
role of ticks in relation to the red meat allergy (Steinke et al., 2015). Indeed, serum
analysis of subjects bitten by ticks showed a 20-fold or greater increase in IgE against a-
gal (Commins et al., 2011). After conducting further investigations, the group revealed
that patients with the red meat allergy also had a history of bites by the lone star tick,
Amblyomma americanum. Furthermore, analysis of sera from these patients showed a
strong correlation between IgE antibodies to a-gal and IgE antibodies to Am. americanum
proteins (Commins et al., 2011).

The prevalence of the red meat allergy is unknown, likely due to its recent
emergence and limited diagnostic tools (Figure 1). a-gal syndrome can be diagnosed
based on a positive blood test for IgE against a-gal and a history of allergic reactions
after ingestion of red meat. Symptoms of AGS include sneezing, coughing, urticaria,
shortness of breath, wheezing, and anaphylaxis. There is currently no cure or treatment
for AGS except for the complete avoidance of mammalian meats and mammalian-
derived products. It is estimated that there are over 5,000 AGS cases annually in the U.S.
(Van Nunen, 2015), with more than 34,000 people testing positive for IgE antibodies to
a-gal between 2010 and 2018 (Binder et al., 2021). AGS has been reported in several
countries worldwide, including Australia, Japan, Brazil, and several European countries,
such as France, Spain, Sweden, Italy, and Switzerland. The Am. americanum tick is the
only tick linked to AGS thus far in the U.S. In other countries across the world, the ticks
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linked to AGS include Haemaphysalis longicornis in Japan, Ixodes holocyclus and
Haemaphysalis longicornis in Australia, Ixodes ricinus, Hyalomma marginatum, and
Richiphalus bursa in Europe, and Amblyomma sculptum, Amblyomma cajenese, and

Amblyomma varigatum in Brazil.

Lone Star Tick
(Amblyomma americanum)

—Rd

Tick feeds on mammal Tick bites human IgE antibodies to a-gal
(e.g. deer, dog, sheep) produced 1-3 months later

a-gal
glycolipid

Secretion of
mediators

3-6 hours

Red Meat Meal (e.g. be

Allergy Response (e.y%.auticaria, Effector-cell activation Lipid from red meat meal pork, lamb)

sneezing, anaphylaxis) (e.g. basophil, mast cell)

Figure 1. A flowchart depicting the process and onset of alpha-gal syndrome. Lone
star ticks are common in the United States’ southeastern regions, where they feed on a
reservoir host, such as deer. The tick bites a human, transmitting the a-gal antigen and
causing the human host to create IgE against a-gal in 1-3 months. Then, the human
host develops an immune response 3-6 hours after subsequent consumption of red
meat.




Structure and Metabolism of a-gal

Alpha-Gal Syndrome is caused by a hypersensitivity reaction to the
oligosaccharide galactose-a-1,3-galactose, which is found in non-primate mammalian
cells. The structure of a-gal is represented by the nomenclature Galal-3Galp1-
(3)4GIcNAc-R. It includes two galactose units linked via a1-3 linkages, which are bound
to an N-acetylglucosamine (GlucNAc) via 1,4 linkages as a part of a glycolipid
assembly or glycoprotein (Figure 2). Interestingly, the blood antigen B is composed of
the a-gal structure combined with a fucose residue, so B blood type individuals are
considered more tolerant of sensitization against a-gal (Cabezas-Cruz and Alberdi et al.,

2017; Brestoff et al., 2018)

al,3 Q % a'GaI
b1,4 =
N/
@ Mannose (Man)

4 A Fucose (Fuc)

Figure 2. The structure of a-gal contains two units of galactose linked via al1-3
linkages bound to an N-acetylglucosamine via 31,4 linkages as a component of
a glycolipid or glycoprotein (Adapted from Mohamed, 2020).

() Galactose (Gal)

B N- acetylglucosamine (GIcNAc)
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The synthesis of a-gal within Amblyomma americanum is not yet understood.
Glycoside hydrolases and glycosyltransferases are believed to play a role in the synthesis
of a-gal (Crispell et al., 2019). These enzymes are involved in the Leloir pathway, a
metabolic pathway for galactose catabolism that can possibly serve as a reference for the
source of a-gal. The Leloir pathway consists of four steps: 1) galactokinase (GALK)
phosphorylates o-D-galactose to galactose 1-phosphate, 2) galactose-1-phosphate
uridyltransferase (GALT) converts galactose 1-phosphate to UDP-galactose utilizing
UDP-glucose as a uridine diphosphate source, 3) UDP-galactose 4-epimerase converts
and recycles the UDP-galactose to UDP-glucose for the transferase reaction, 4)
Phosphoglucomutase converts D-glucose-1-phosphate to D-glucose-6-phosphate which
can then be used in glycolysis.

Lone Star Tick Bite Induced Alpha-gal Syndrome

A tick’s saliva is a critical component that allows them to remain discreet yet
securely attached to their host during their lengthy blood meal. As a tick latches onto its
host, it continuously secretes various salivary proteins that act with anti-inflammatory,
anesthetic, and immunomodulatory properties. These proteins allow the tick to attach for
the entirety of their blood meal and contribute to its success as a vector of pathogens.
Most ixodid ticks secrete a cement substance that enables them to anchor their
mouthparts into the host’s skin and protects it from the host's immune system (Alekseev
et al., 1995). Throughout their blood meal, ticks continuously inject saliva that contains a
myriad of molecules, including anticoagulants, vasodilators, mitigators of itch and pain,
and antiplatelets. Am. americanum saliva has been found to contain calreticulin, a
molecule with antiangiogenetic properties (Jaworski et al., 1995), and prostaglandins
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which attenuate host immune responses and stimulate hyperemia at the feeding site
(Bowman et al., 1996).

Most tick-borne pathogens are transmitted to the host via saliva. During feeding,
ticks ingest pathogens from the infected host that invade the tick’s midgut. The pathogens
cross into the salivary gland, from which they can be transmitted to the new host via the
injected saliva (Simo et al., 2017). Although pathogens are the typical etiological agents
of tick-borne diseases in humans, Crispell et al. (2019) detected a-gal, the etiological
agent of Alpha-gal Syndrome, in the salivary glands and saliva of Amblyomma
americanum and Ixodes scapularis, suggesting that a-gal is transmitted to the host via
saliva (Crispell et al., 2019). However, the mechanism of a-gal synthesis within the tick
and transmission to its host have yet to be understood. Along with a-gal, Crispell et al.
(2019) also discovered galectin, a carbohydrate-binding protein, in Am. americanum
salivary glands (Crispell et al., 2019). Prior to this study, Am. americanum galectin
remained obscure. In this study, we characterized the role of Amblyomma americanum
galectin and any possible links between galectin and the synthesis and/or transmission of
a-gal from tick to host.

Galectin Proteins

Galectins are a family of evolutionarily conserved B-galactoside-binding proteins
found in virtually all organisms. Galectin amino acid sequences in invertebrates and
vertebrates show significant similarity, indicating their essential biological functions.
They bind sugars, such as N-acetyllactosamine, present in N-linked or O-linked
glycoproteins or glycolipids. Depending on the tissue in which they are expressed and
their particular function, each galectin has distinct binding specificities to
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oligosaccharides. Galectins are mainly found in the cytoplasm, nucleus, and organelles
within a cell but are also found in circulation. Soluble secretory proteins typically contain
a secretion signal peptide that directs them to the endoplasmic reticulum and Golgi for
export; however, galectins are secreted without a signal peptide (Cooper and Barondes,
1990). The mechanism for this non-classical secretory pathway is not yet understood.
They have been implicated in several physiological functions such as metabolism,
inflammation, cell growth, immune responses, cell migration, and signaling. There have
been 15 galectins discovered in mammals, but only 12 found in humans (Cummings et
al., 2017). Galectins contain one or two highly conserved and multivalent carbohydrate
recognition domains (CRDs) and have been classified into three major groups (Figure 3):
(1) Prototype galectins (Gal-1, Gal-2, Gal-5, Gal-7, Gal-10, Gal-11, Gal-13, Gal-14, and
Gal-15) that contain one CRD and can form non-covalent homodimers. (2) Tandem-
repeat galectins (Gal-4, Gal-6, Gal-8, Gal-9, and Gal-12) in which two CRDs occur
within a single polypeptide and are linked by a small peptide domain. (3) Chimeric
galectins (Gal-3) contain one CRD and an intrinsically disordered sequence at the N-
terminal domain (Yang et al., 2008). Because of their multivalent CRDs, galectins can
bind multiple cell surface and extracellular matrix glycoproteins and enhance or inhibit
signaling that influences cell adhesion, proliferation, differentiation, and apoptosis

(Rabinovich et al., 2007).



Prototype
(Gal-1,-2,-5,-7,-10,
-11,-13,-14,-15)

"

Monomer Dimer

Tandem-repeat type
(Gal-4,-6,-8,-9,-12)

Monomer with linker

Chimeric type
(Gal-3)

Monomer Oligomer

Figure 3. The structure of the galectin family proteins. Galectins are classified
according to their domain organization in three groups: (i) Prototype with one
carbohydrate recognition domain (CRD); (ii) Tandem-repeat type with two linked
CRDs, and (iii) Chimeric type with one CRD and an N-terminal domain. Galectins
can connect as dimers or oligomers. A galectin protein was identified in the
salivary glands of Amblyomma americanum.

In mammals, galectins serve vital roles in several intra- and extracellular
processes and are implicated as hallmarks of diseases, including cancer, diabetes, and
inflammatory diseases. Galectins are expressed in all immune cells and are involved in T-
cell differentiation and apoptosis, cytokine regulation, autoimmunity inhibition, and

pathogen infection. Galectins can recognize glycans on foreign pathogens and influence
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an immune response (Rabinovich and Toscano, 2009; Vasta et al., 1999). They can also
bind to bacterial surface glycoproteins, such as lipopolysaccharides and peptidoglycan,
and agglutinate bacteria (Kavanaugh et al., 2013) or kill bacteria directly without further
activation of immune factors (Stowell et al., 2010). Galectin-3 has been shown to be
involved in an excess release of inflammatory cytokines in patients with severe
coronavirus disease 2019 (Caniglia et al., 2020). Interestingly, galectin-9 plays a critical
role in maintaining hypersensitivity status in patients with food allergies (Chen et al.,
2011), while galectin-1 can reduce and slow the IgE response during an allergic reaction
(Mello et al., 2015). In addition, galectins are involved in vertebrate metabolism and
reproduction. Galectin-1 is believed to have a role in improving glucose metabolism in
the obese (Acar et al., 2017), and galectin-12 has a central role in adipocyte turnover
(Brinchmann et al., 2018). Galectin-1 has also been implicated in modulating several
reproductive processes such as trophoblast migration, syncytium formation, maternal
immune responses, and embryo implantation (Barrientos et al., 2013).

Galectins have also been identified in arthropods, including insects and arachnids,
with similar functions as mammalian galectins; however, little is known about the
number or exact functions of galectins in arthropods. Similar to mammals, galectins may
be involved in insect innate immunity. An identified presumed galectin was upregulated
in the salivary glands and midgut of Anopheles gambiae during the mosquito’s immune
response to bacterial and malarial parasitic infections (Dimopoulos et al., 1996;
Dimopoulos et al., 1998). Galectin is expressed in the midgut of the sand fly
Phlebotomus papatasi and used by the parasite Leishmania major as a receptor for

binding to the fly’s midgut, indicating galectin's role in vector competence (Kamhawi et
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al., 2004). In Drosophila melanogaster, galectin was localized in hemocytes which play a
critical role in insect immunity and is also highly expressed during Drosophila
embryogenesis (Pace et al., 2002). To date, galectin has only been characterized in one
tick species, Ornithodoros moubata, from the argasid family. It has been found in the
tick’s midgut, salivary glands, male and female reproductive organs, and hemocytes
(Huang et al., 2007). Galectin has recently been identified in Amblyomma americanum
and is suspected of playing a role in several functions, including tick carbohydrate
metabolism (Figure 4). Based on BLAST similarity searches, galectin has also been
identified in other tick species, including Amblyomma maculatum, Amblyomma parvum,
Ixodes scapularis, Ixodes ricinus, and Rhipicephalus microplus, and shows similarity

with galectin 4 and 9 variants of several organisms, including humans.
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Tick immunity; Cell
signaling/death

Delivery of anti-host
factors via salivary
exosomes

Reproductive fitness

Microbiome maintainance

Figure 4. Schematic of proposed roles of galectin in Amblyomma americanum
physiology. Galectin is suspected of playing a role in tick metabolism, microbiome
maintenance, reproductive fitness, delivery of anti-host factors, immunity, and cell
signaling.

Galectin’s Connection with N-glycan Metabolism

N-glycans are oligosaccharides consisting of branched chains of sugar residues
linked via a- and B- glycosidic linkages. Glycosylation or attachment of an
oligosaccharide on proteins is a critical part of protein posttranslational modification
because it contributes to several functions of the protein, such as functionality, stability,
solubility, sensitivity to proteolysis, and targeted transport across cell compartments

(Walski et al., 2017). There is a high diversity of N-glycans in insects, including ticks.
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Insect glycans are composed of a few monosaccharides, including fucose, galactose,
glucose, N-acetylgalactosamine, N-acetylglucosamine, N-acetylgalactosamine, N-
acetylglucosamine, glucuronic acid, mannose, xylose, and sialic acids that can be
assembled in hundreds of different glycan structures. Incorporation of such N-glycans
gives rise to potentially hundreds of protein isoforms and adds another level of functional
diversity beyond what is conveyed by the amino acid sequence (Moremen et al., 2012).
Essential substrates required for N-glycosylation are provided via the Leloir pathway
discussed above and primarily involve the function of glycosyltransferases (Walski et al.,
2017). The specific role galectin plays in N-glycan metabolism is not clearly understood.
However, a study by Stewart et al. reported that several galectin mutants have defective
N-glycan profiles in the Chinese hamster ovary, indicating their potential involvement in
N-glycan synthesis, maturation, and transport (Patanik et al., 2003; Stewart et al., 2017).
Specific Aims

Tick secretes a plethora of salivary factors during blood feeding to respond to the
host or facilitate blood feeding progression. Galectin was identified in Am. americanum
salivary glands by an immune-proteome approach as a key molecule potentially involved
in tick a-gal metabolism and transport (Crispell et al., 2019). However, galectin in Am.
americanum has not yet been characterized or studied to determine its role in tick
galactose metabolism and N-glycan synthesis. Galectins are implicated in a vast number
of biological processes in all organisms and could be involved in the tick N-glycan
metabolism, immune response, reproduction, and cellular transport (Pace and Baum,
2002). We suspected galectin is involved in N-glycan metabolism, including the capture
and trafficking of glycoproteins and glycolipids. Hence, we hypothesized that the
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silencing of galectin will impair the tick’s ability to produce and present the a-gal antigen
by hampering the tick’s galactose-metabolism. Furthermore, galectins are also linked
with immune function and reproduction; therefore, we hypothesized galectin silencing
could impair microbial homeostasis as well as tick ovipositing and reproductive fitness.
This project aimed to study the role of galectin in tick physiology, including galactose
metabolism and a-gal synthesis, transport, and presentation in the salivary gland during
the tick’s blood-feeding stages. The specific aims of this study are:
Aim 1: To determine the galectin gene's temporal and spatial expression identified
in Amblyomma americanum. Time-dependent and tissue-specific expression of the
galectin will be examined in tick tissues (midgut, salivary gland, and ovary) by using
quantitative real-time Polymerase Chain Reactions (QRT-PCR). These results will
provide an insight into the differential expression of the galectin gene in tick tissues.
Aim 2: To elucidate the role of galectin in galactose metabolism, reproductive
fitness, and microbial homeostasis using an RNA interference approach. Galectin
will be silenced in the lone-star tick to assess its role in alpha-gal metabolism, tick
phenotype, and microbial homeostasis. These results are expected to reveal galectin's role
in tick physiology.

A detailed understanding of tick physiology may provide crucial information that
can help uncover the mechanistic details of transmission of a-gal to humans and offer

potential target molecules for treatment or vaccination as well as vector control.
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CHAPTER II: MATERIALS & METHODS

Ethics Statement

All experiments involving animals were performed following the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health, USA. The blood-feeding
of the ticks on sheep was done under a protocol approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of Southern Mississippi (protocol

#15101501).

Materials
All standard laboratory supplies were acquired from Fisher Scientific (Grand Island, N,
USA), Sigma-Aldrich (St. Louis, MO, USA), and Bio-Rad (Hercules, CA, USA) unless

stated otherwise (Figure 5).

Ticks

Unfed adult Amblyomma americanum ticks were purchased from a tick rearing facility at
Oklahoma State University (Stillwater, OK, USA). The ticks were maintained at The
University of Southern Mississippi following published protocols (Patrick and Hair,
1975). The adult ticks were kept at room temperature with approximately 90% humidity
with a photoperiod of 14 hours of light and 10 hours of dark before infestation on the
sheep. The adult ticks were blood-fed on sheep and removed at different time points

between 1 and 11 days, depending on the experimental protocol.
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RNA Isolation and cDNA Synthesis

Blood-fed adult female ticks were removed from the sheep, and the salivary glands,
midguts, and ovaries were dissected as described previously (Karim and Ribeiro, 2015).
The tissues removed were washed in M-199 buffer (Crispell et al. 2019) and stored in
RNAIlater (Life Technologies, Carlsbad NM) at -80°C until use (Bullard et al., 2019). The
frozen tick tissues were placed on ice to thaw, and RNAlater was carefully removed with
precision pipetting. The total RNA was extracted from the dissected tick tissues using
protocols from the Illustra RNAspin Mini Kit (G.E. Healthcare Lifesciences). RNA
concentration was measured using a Nanodrop spectrophotometer and the RNA was used
immediately or stored at -80°C. To synthesize the cDNA, 2 pg of RNA were reverse
transcribed using an iScript cDNA synthesis kit (Bio-Rad). The reaction mixture was
placed in a thermocycler (Bio-Rad) using the following protocol: 25°C for 5 minutes,
46°C for 20 minutes, and 95°C for 1 minute, and hold at 4°C. cDNA was then diluted
with nuclease-free water to a concentration of 25 ng/pl and stored at -20°C until use. The
methods for extracting total RNA and cDNA synthesis were derived from methods

previously described by Bullard et al., 2016.

dsRNA Synthesis

Double-stranded RNA was synthesized for Galectin T7 and green fluorescent protein
(ofp) T7 using a reverse genetic approach (Karim and Adamson, 2012). The Galectin
gene was amplified using polymerase chain reaction (PCR) from cDNA with specific
Galectin primers (Supplementary Table 1) using the following protocol: 94°C for 5
minutes, 94°C for 30 seconds, 64°C for 33x cycles, 68°C 5-minute extension time. The
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PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN,
Germany). Galectin-specific T7 promoter sequences were added to the 5” and 3’ end of
the purified products using PCR then were purified. The purified Galectin T7 PCR
products were confirmed through sequencing and transcribed into dsRNA using the T7
Quick High Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA). The
Galectin dsRNA produced was purified by ethanol precipitation, and the concentration
was measured using a Nanodrop spectrophotometer. The products were then analyzed on
a 2% agarose gel and confirmed through sequencing. The procedures were repeated for

GFP T7.

Injecting Ticks with dsSRNA

Unfed female ticks (n = 55) were injected with 1000 ng of purified galectin dsSRNA using
a 31-gauge needle and were kept overnight at 37°C with 90% humidity. Unfed female
ticks (n = 55) were injected with 1000 ng of purified GFP dsRNA (irrelevant control).
The ticks were fed on sheep in conformity with the Institutional Animal Care and Use
Committee (IACUC) of the University of Southern Mississippi (protocol #15101501). A
total of 30 ticks were forcibly removed at the partially-fed stage (day 5) of the blood

meal. The ticks were then weighed before dissection.

Tick Ovipositioning and Phenotypes

Ten ticks were collected at drop-off (days 9-11) for phenotypic observation.
Fully engorged dsGalectin RNA-injected and dsGFP irrelevant control ticks were
weighed before being transferred to an incubator kept at room temperature with
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approximately 90% humidity with a photoperiod of 14 hours of light and 10 hours of
dark. The phenotypic consequences were noted, including ovipositioning and tick

molting.

Sequence Analysis, Amino Acid Sequence Alignment, and Phylogenetic Tree
Galectin sequence (JAG90756) was retrieved from the National Center for Biotechnology
Information (NCBI) protein database. Sequence alignment was carried out using the

MUSCLE alignment tool (www.ebi.ac.uk). The identification of galectin as a tandem-

repeat galectin was predicted by Motif Scan (Sigrist et al., 2010). The phylogenetic tree

was constructed using a phylogenetic construction server (http://www.phylogeny.fr).

Quantitative Real-Time Reverse Transcriptase PCR

All of the genes tested can be found in Supplementary Table 1. Gene-silencing and time
and tissue-dependent gene expression were determined by qRT-PCR. qRT-PCR was
performed in accordance with the protocols provided by Bio-Rad iTag Universal SYBR
Green Supermix. 50 ng of cDNA was added to a 20 pul gRT-PCR reaction using SYBR
Green supermix with 300 nM of each gene-specific primer. The samples were run under
the following thermocycling conditions: 95°C for 30 seconds, 35 cycles at 95°C for 5
seconds, and 60°C for 30 seconds with a fluorescence reading after each cycle followed
by a melt curve from 65°C to 95°C in 0.5°C increments. Each gRT-PCR reaction was
performed in triplicate and with no-template controls using Bio-Rad CFX96 Real Time
System (Bio-RAD, USA). Gene expression was normalized against the housekeeping
genes B-actin and histone as describe by Bullard et al., 2016.
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Quantification of Total Bacterial Load

The total bacterial load in tick tissues was determined using the methods described by
established lab protocols (Budachetri & Karim, 2015 and Budachetri et al., 2018). To
determine the bacterial load, a 20 ul reaction mixture containing 25 ng of tissue cCDNA,
200 uM 16S rRNA gene primer, and iTaq Universal SYBR Green Supermix (Bio-Rad)
was prepared. A gPCR assay was conducted under the following conditions: 94°C for 5
minutes, 35 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30
seconds. A standard curve was used to determine the copy number of each gene. The
bacterial copy number was normalized against Am. americanum actin. All the samples

were run in triplicate.

Protein Extraction

Total proteins from the dissected pooled tick salivary glands and midgut tissues (n =5
ticks) were solubilized in 100 pL of protein extraction buffer composed of 0.5 M Tris-
HCI, pH 8.0, 0.3 M NaCl, and 10% glycerol (Crispell et al., 2019). Briefly, the tissues
were treated with a 1% HALT protease inhibiter cocktail. The tissues were crushed with
pestles and sonicated using a Bioruptor Pico (Diagnedoe, Denville, NJ, USA) sonication
device for 10 full cycles of 30 seconds pulse/30 seconds rest at 4°C. The homogenates
were centrifuged at 5,000 x g for 10 minutes at 4°C, and the supernatants were collected.
The protein concentrations were quantified using the Bradford method (Bradford, 1976),

and the protein was stored at -80°C.
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SDS-PAGE and Immunoblotting

SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting were conducted using the
methods described previously (Crispell et al., 2019). The proteins extracted from the
midguts (15 pg) and salivary glands (15 pg) were fractionated on a Mini-PROTEAN
TGX Any kD, 4-20% gel (Bio-Rad) using SDS-PAGE. Fractionated proteins were
transferred onto a nitrocellulose membrane in a Transblot cell (Bio-Rad). The transfer
buffer was composed of 25 mM Tris-HCI and 192 mM glycine in 20% methanol. A 5%
BSA in TBS and Tween-20 solution was used to block non-specific protein binding sites.
The membranes were incubated with a-galactose (M86) monoclonal IgM antibodies
(Enzo Life Sciences, Farmingdale, NY, USA) at a dilution of 1:10 using an iBind western
device (Life Technologies, Camarillo, CA, USA). The antigen-antibody complexes were
visualized using a secondary horseradish peroxidase-conjugate goat anti-mouse IgM
antibody (Sigma-Aldrich) at a dilution of 1:10,000 and were detected with SuperSignl
chemiluminescent substrate (Pierce Biotechnology, Rockford, IL, USA) using a Rio-Rad

ChemiDox XRS.

Statistical Analysis

All data are expressed as the standard error of the mean unless otherwise stated.
Statistical significance between the two experimental groups or their respective controls
was determined by the t-test using Graph Pad Prism 7 (La Jolla, CA, United States). P-
values of <0.05 were considered significant. Transcriptional expression levels were

determined using Bio-Rad software (Bio-Rad CFX MANAGER v.3.1), and the
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expression values were considered significant if the P-value was 0.05 when compared

with the control.

Salivary Glands

Figure 5. Experimental design. To silence galectin gene expression, dsRNA was
synthesized and injected into the ticks. The ticks were blood-fed on a sheep for
different timepoints, then dissected for salivary gland, midgut, and ovary tissues, from
which RNA and protein were extracted for assays, including qRT-PCR and western

blotting.
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CHAPTER III: RESULTS

The Identification of Two Carbohydrate-binding Domains in Am. americanum
Galectin

A BLAST analysis of Am. americanum putative partial galectin amino acid sequence
recognized two carbohydrate-binding domains (Figure 6A). These domains shared
consensus sequences with other species’ tandem-repeat galectin carbohydrate-binding
domains (Supplementary Figure 1). The phylogenetic tree shows that Am. americanum

galectin is closely related to galectins from arthropods (Figure 6B).
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Figure 6. The identification of two galactose-binding domains in Am. americanum
Galectin. (A) Schematic structure of Am. americanum galectin (JAG90756.1 putative
galectin) shows two galactose-binding domains. The red dotted region represents the
galactose-binding domains predicted by Motif Scan. (B) A phylogenetic tree
comparing Am. americanum galectin with selected galectins from invertebrate and
vertebrate animals. JAG90756.1_Aa putative galectin from Amblyomma americanum,
AEO033046.1_Am galectin from Amblyomma maculatum, XP_029844859.2 Is
galectin-4 isoform from Ixodes scapularis, XP_037575168.1 Ds galectin-4-like from
Dermacentor silvarum, XP_037500674.1_Rs galectin-4-like from Rhipicephalus
sanguineus, XP_037274361.1 Rm galectin-4-like from Rhipicephalus microplus,
BAF43802.1_Om galectin from Ornithodoros moubata, AAO60051.1 Ra galectin-
like protein from Rhipicephalus appendiculatus, NP_006140.1_Hs galectin-4 from
Homo sapiens, NP_033665.1 Hs galectin-9 from Homo sapiens, AAT11557.1 Pp
galectin from Phlebotomus papatasi, NP_496801.2_Ce beta-galactoside-binding
lectin from Caenorhabditis elegans, NP_608487.1_Dm galectin isoform A from
Drosophila melanogaster, XP_310776.4 _Ag from Anopheles gambiae,
NP_037107.1_Rn galectin-4 from Rattus norvegicus, NP_037109.1_Rn galectin-9
isoform 2 from Rattus norvegicus, and XP_017917852.1 Ch galectin-4 from Capra
hircus.
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Time and Tissue-Dependent Temporal Expression of Galectin

Spatial-temporal expression of galectin in Amblyomma americanum salivary
glands showed down-regulation of the transcript level; a 0.5-fold decrease post-
attachment at Day 1. It downregulated by 0.2-fold for the duration slow feeding phase
Day 5 of post-infestation before downregulating at the start of the fast feeding phase up
to Day 8. Relative to Day 8, transcript level was upregulated by approximately 75% on
Day 9 of post-infestation, followed by a 70% decrease Day 10 post-infestation (Figure
7A). Midgut showed a constitutive expression during slow and fast feeding phase of
blood-meal, then upregulated by 2-fold on Day 10 of post-infestation. (Figure 7B). In the
ovary, the galectin transcript level significantly upregulated 40-fold on Day 3 and ranges

from 10-20 folds increase during ovary development (Figure 7C).
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Figure 7. Time-dependent transcriptional gene expression in Am. americanum
salivary glands (A), midgut (B), and ovary (C). Galectin transcriptional expression
was assessed at various timepoints during the tick blood meal. VValues were
normalized with the unfed expression of each gene. Actin and histone were used as
housekeeping genes.
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Influence of Galectin Silencing on Carbohydrate Metabolism and Transport-
Related Genes in Tick Salivary Glands, Ovary, and Midgut

RNAI-based gene silencing significantly depleted the galectin transcript in
partially blood-fed salivary glands (Figure 8A), ovary (Figure 8B), and midgut tissues
(Figure 8C). Galectin transcript levels decreased in the salivary glands (90%), ovary
(100%), and the midgut (100%) tissues as compared to control tissues. The silencing of
galectin in tick tissues also significantly decreased in a-D-galactosidase (ADG) in both
the salivary glands and the ovary tissue. Still, it increased ADG transcript levels in the
midgut tissues. B-1,4 galactosyltransferase (f—1,4 G.T.) was significantly downregulated
in salivary glands and midguts but was significantly upregulated in the ovary tissues. 3-
Tubulin was observed to be significantly downregulated in the salivary glands, but no
significant down- or up-regulation was observed in the ovary or midguts. The dsSRNA-
Galectin treated ticks revealed a significant downregulation in galactokinase (GALK) and
galactosyltransferase (GALT) in the salivary glands and ovary. Hemolipoprotein
(Hemolipo) was significantly upregulated in the salivary glands (1.5-fold) and ovary
tissue (15-fold). In the midgut of galectin-silenced ticks, dolichyl-
diphosphooligosaccharide-protein glycosyltransferase subunit STT3A (STT3A) was
significantly upregulated, while STT3A was significantly downregulated in the salivary

glands.
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Figure 8. Transcriptional gene expression of primary carbohydrate metabolism
and transport-related genes in 5-day partially-fed Galectin-silenced Amblyomma
americanum (A) salivary glands, (B) midgut, and (C) ovary tissues. Actin and
histone were used as housekeeping genes, and expression was normalized against
the irrelevant control, dsGFP. Target genes were a-D-galactosidase (ADG), R-1,4
galactosyltransferase (3-1,4 GT), B-Tubulin, Galactokinase (GALK),
galactosyltransferase (GALT), Hemolipoprotein (Hemolipo), and Aam SigP-
24522 Dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit
STT3A (STT3A), (*P<0.005; **P<0.01,***P<0.001, Student T-test).
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Galectin Silencing Impact on Total Bacterial Load in Amblyomma americanum
Salivary Glands, Midgut, and Ovary

In the salivary glands of Am. americanum galectin-silenced ticks, 16s rRNA load
quantification was increased by 14-fold compared to dsGFP irrelevant control ticks
(Figure 9A). In the midgut of dsGalectin treated ticks, 16s rRNA bacterial load
quantification was increased by three-fold compared to dsGFP irrelevant control ticks
(Figure 9B). In the ovary of galectin-silenced ticks, based on 16S rRNA quantification,
bacterial load was decreased 0.5-fold when compared to dsGFP irrelevant control ticks

(Figure 9C).
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Figure 9. Total Bacterial Load quantification in the salivary glands (A), midgut (B),
and ovary (C) of 5-day galectin-silenced and dsGFP Am. americanum ticks.
Expression was normalized with Actin. (*P<0.005; **P<0.01, Student T-test)
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