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ABSTRACT
Elaeophora schneideri is a nematode which inhabits the arteries of its domestic
and free-ranging ungulate hosts. It is the etiological agent of elaeophorosis, a proven
cause of morbidity and mortality in ungulates, including moose. Moose numbers are
declining in several U.S. states and Canadian provinces, and recent research suggests
that Elaeophora schneideri is a factor in these declines. At this time, the only conclusive
method for diagnosing elaeophorosis requires finding nematodes or arterial lesions in
recently deceased moose. The lack of a serological diagnostic test has made the
prevalence, significance, and geographical distribution of this parasite difficult to assess.
This research is an investigation of antigenic potential of E. schneideri proteins.
Ultimately, these proteins will be utilized in developing an enzyme-linked
immunosorbent assay (ELISA) to detect anti-Elaeophora antibodies in moose sera.
Genome sequencing and transcriptome analysis were effective in identifying two genes
encoding peptides that are predicted to be immunogenic.
We prepared the synthetic genes encoding these peptides and used them to
transform TOPO-brand E. coli cells (Invitrogen, Carlsbad, California). Despite
successful transformation and culturing in LB Broth with 0.05 % [percent] ampicillin,
attempts to isolate the polyhistidine-tagged proteins were unsuccessful. However, one
western blot did result in distinct bands when probed with 6x anti-histidine monoclonal
antibody. One of these bands was the approximate weight of the smaller of the two
recombinant proteins (8.94 kDa); this band also appeared when the blot was probed
with E. schneideri-positive moose serum, but did not appear when probed with E.
schneideri-negative deer serum. This result was unable to be replicated, but may
indicate this protein is a useful antigen. Future research will utilize sub-cloning
procedures to insert PCR-amplified synthetic, optimized genes into pETBlue-2 cells.
This should produce effective recombinant proteins which can be isolated using the histags on the proteins. These proteins will be able to be used in an ELISA to detect
current or previous E. schneideri infection in moose.
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PREFACE
Elaeophora schneideri was first described in 1935 in a domestic sheep (Wehr
and Dikmans 1935). At this time, E. schneideri research focused primarily on livestock.
After the initial description and research, inquiries about this parasite would remain quiet
until the 1960s, when Charles Hibler and J. L. Adcock began to explore its role in
wildlife. They studied the topic extensively through basic research and experimental
infections of both domestic and free-ranging animals, and their research is the
foundation of our current knowledge of the parasite. However, research into E.
schneideri slowed considerably over the next several decades. From the mid-1980s to
the early-2010s, a paper would come out every year or two. However, in 2012, wildlife
researchers published their observations on prevalence of E. schneideri in moose and
its correlation with moose (Alces alces) declines in North America.
Further study of Elaeophora schneideri with modern technologies has been
complicated -- at this time, diagnosis of infection with this parasite is not possible prior
to the death of the host. Without an accurate diagnostic test, very little data has been
generated on the prevalence, distribution, and impact of this parasite on moose
populations. Given the potential impact of this parasite on declining moose population,
there is an urgent need for a simple and definitive antemortem diagnostic test for E.
schneideri.
The research set forth by this thesis aims to address the issue posed by the lack
of a diagnostic test for Elaeophora schneideri infection in moose. The methods herein
may also be used to develop diagnostic tests for nematode infections in other cervid
species in the future.
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CHAPTER I
LITERATURE REVIEW
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Moose in North America
Moose (Alces alces) are the largest living member of the Cervidae family which
includes elk (Cervus canadensis), caribou (Rangifer tarandus), sambar (Rusa unicolor),
and white-tailed deer (Odocoileus virginianus). There are eight extant subspecies of
moose, four of which reside in North America: Alces alces gigas, Alces alces andersoni,
Alces alces americana, and Alces alces shirasi (Clinton, 1822; Miller, 1899; Nelson,
1914; Peterson, 1952; Peterson, 1955). Their range includes boreal forests, temperate
broadleaf forests, and mixed forest in temperate to subarctic climates of North America.
In the United States, they occupy regions of northern New England, northern New York,
Minnesota, northern Michigan, Wyoming, North Dakota, Montana, Colorado, Utah,
Idaho, Oregon, Washington, and Alaska.
Moose are strict herbivores, primarily consuming woody plants and leaves by
browsing (Kie, 1999). In the spring and summer, they consume fresh tree shoots, forbs,
and other non-grasses (Miquelle, 1983); in colder weather, they feed primarily on twigs
and other woody vegetation such as aspen (Populus spp.) shoots (Dannell et al., 1991).
When climate permits, moose consume aquatic vegetation to fulfil their sodium
requirements (Belovsky and Jordan, 1981).
Moose are sexually dimorphic, with adult males being larger than adult females
(Bubenik, 2007). Adult males display a large set of palmate antlers which are thought to
be used for fighting and defense against other male moose (Clutton-Brock and Albon,
1980; Clutton-Brock, 1982) or as parabolic reflectors of sound into their ears (Bubenik
and Bubenik, 2008). Female moose do not grow antlers. Moose are mostly solitary
(Peek et al. 1974; Testa, 2004). In general, moose only interact with other moose to
mate (Cederlund and Sand, 1994). Two to three moose may be observed together,
though these are usually a cow and her single or twin offspring (Matthews, 2012; Peek
et al., 1974).
Moose have a considerable effect on the ecosystem, primarily through browsing
activity (Sinclair, 2003; Bergeron et al., 2011). Their preferential consumption of tree
shoots from species such as paper birch (Betula papyrifera), balsam poplar (Populus
balsamifera), aspen, and mountain ash (Sorbus spp.) in winter determines which trees
3

will survive to grow in the spring (Speed et al., 2013). Only some of these trees will
survive to the “escape height” where they will no longer be browsed. This has an effect
on the overall composition of the forest as well as on nutrient cycling and litter
composition. Unbrowsed species create a leaf litter that is slow to decompose and low
in nutrients (Pastor and Danell, 2003). Their presence means that a forest inhabited by
moose is quite different from one not inhabited by moose (Sinclair, 2003; Speed et al.,
2013).
Due to their size and unique antlers, moose are a popular attraction for hunters
and wildlife watchers in North America (Nadeu et al., 2017). Some states, such as
Montana, auction off a few special hunting permits to the highest bidders each year,
which allows the awardee to hunt moose anywhere in the state. The revenue from
regular and special licenses goes to continued conservation efforts in Montana
(DeCesare et al., 2014). The most recent report released by the United States Census
and the United States Fish & Wildlife Service estimated that $26.2 billion and $75.9
billion were spent in 2016 by hunters and wildlife watchers, respectively. These figures
include costs of trip-related food, lodging, and equipment as well as license fees
Between 2005 and 2015, the population of moose in Minnesota decreased by
60%. Montana’s moose population has also decreased (DeCesare et al., 2014).
Declines are occurring in many places, though the Minnesota decline is particularly
striking. One post-hunting season survey showed declines in Alberta, Saskatchewan,
Manitoba, and Newfoundland, and in the states of Idaho, Wyoming, Montana,
Minnesota, Vermont, and New Hampshire between the end of the 2014 season and the
end of the 2015 season (Timmerman and Rodgers, 2017).
Declines are present even though population ratios of calf:cow and bull:cow
remain stable. These ratios indicate the decline is not due to poor recruitment. Rather,
adult mortality appears to be leading to decline, which is possibly caused by a disease
event (Jones et al., 2017). Recent research on necropsy findings in moose suggest that
there has been an increase in parasite infections in recent years.
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Parasitic Infections of Moose
Winter ticks (Dermacentor albipictus) are a substantial threat to moose in North
America. These winter ticks are a single-host species: all three life stages occur on the
same individual host. When moose try to remove the engorged ticks, they often remove
portions of their protective hair coat. The ticks make them anemic, and they cannot stay
warm enough without their coat. This often results in death due to blood loss and
increased energy expenditure when food is scarce. In addition, there is a correlation
between winter tick infection and low fecundity in moose (Jones et al., 2017). The adults
die and there are not enough young to replace them, which results in population
declines.
Giant liver flukes (Fascioloides magna) have been found during necropsies of
moose in the Great Lakes region, where this parasite is enzootic. Moose serve as an
aberrant host for F. magna. When a moose ingests the infective cercariae or
metacercariae, the parasite enters the gut, penetrates the intestinal wall, and migrates
to the liver (Malcicka, 2015). Wünschmann et al. (2015) found hepatic lesions consistent
with F. magna in 60% of moose necropsied in Minnesota between 2003 and 2013, but
concluded that this parasite was unlikely to be the cause of death.
The meningeal worm (Parelaphostrongylus tenuis) is a common parasite of
white-tailed deer in the eastern United States. Due to climate change and its effect on
winters in North America, white-tailed deer have moved into moose habitats where they
previously were not present. Shorter, milder winters have also enabled terrestrial
gastropod hosts to proliferate in the same areas. As a result, the conditions are optimal
for P. tenuis transmission (Lankester, 2010; Lankester, 2018). Since moose are an
aberrant host for this parasite, the ingested infective larvae migrate through the spinal
cord, causing damage to the central nervous system (Nagy, 2004). This may present as
lameness, hindquarter weakness, and recumbency (Hartnack, 2017). Associations
between moose declines, high density of white-tailed deer, and P. tenuis infections in
some areas have been documented (Lankester, 2010).
Recent research indicated that the nematode Elaeophora schneideri is present in
the moose population and tabanid flies in Minnesota (Grunenwald et al. 2018). These
5

nematodes are commonly referred to as “arterial worms,” as they reside within the
major arteries in the definitive hosts (Hibler and Adcock, 1935). It is possible that the
emergence of E. schneideri is a factor in the recent, sharp population decline in the
Minnesota moose population, and it may be a factor in other declines as well. Research
has yet to isolate a definitive causal factor of population declines.

Introduction to Elaeophora schneideri
Elaeophora schneideri is a filarial nematode of the family Onchocercidae. It was
initially described in 1935 in domestic sheep (Wehr and Dikmans, 1935; Hibler and
Adcock, 1968). Like other nematodes, they have a non-cellular cuticle which is secreted
by the epidermis and overlaid with a glycoprotein surface coat. They are dioecious and
sexually dimorphic; adult females measure up to 120 millimeters long and 810
micrometers wide, and males measure up to 65 millimeters long and 730 micrometers
wide. Males have a coiled tail, which may be used for mating (Roberts et al., 2013).
After sexual reproduction, mature female E. schneideri produce live microfilariae
(230-160 um x 10-13 um), which migrate from the arteries to the dermal capillaries of
the host’s face and forehead (Worley et al., 1972). The microfilariae are taken up by a
horsefly of the family Tabanidae when it takes a blood meal from a host. Once in the
horsefly vector, the larvae invade the fat bodies lining the abdomen. They then move to
the hemocoel where they develop for 2-3 weeks before migrating to the fly’s salivary
glands as infective third-stage larvae (L3). The infective L3s are transmitted when the
vector bites the skin of a new host (Hibler and Metzger, 1974).
Third-stage larvae remain in the new host’s dermis for 6-12 hours before
migrating to the heart via venous circulation. Upon entering the lungs, they transition
into arterial circulation, where they develop to adulthood. Mature nematodes primarily
inhabit the cephalic and carotid arteries and their terminal branches, resulting in
circulatory impairment of the cranial region (Hibler and Adcock, 1968). This can lead to
ischemic necrosis of the brain, eyes, optic nerves, ears, muzzle, and other tissues of the
head (Adcock and Hibler, 1969; Lankester, 2001). The resulting clinical signs
characterize elaeophorosis, the disease caused by E. schneideri.
6

Elaeophora schneideri has previously been reported in the western and
southwestern United States, though in more recent years the parasite has been
reported in the southeast (Prestwood and Ridgeway, 1972; Lankester, 2001). The full
extent of E. schneideri’s range is unknown.

Host-Parasite Interactions
Elaeophorosis has been reported in multiple domestic and wild ungulate species
of the Cervidae and Bovidae families. Mule deer (Odocoileus hemionus) and blacktailed deer (O. h. columbianus) seem to be the most well-adapted hosts, as they rarely
show clinical signs of E. schneideri infection. Thus, they are considered the normal
definitive hosts (Hibler and Adcock, 1968). However, E. schneideri can undergo sexual
reproduction in many ungulate species and therefore has several abnormal definitive
hosts.
Though the pathogenesis is similar in all abnormal host species, the clinical signs
of elaeophorosis vary. Mule deer and black-tailed deer generally do not present with
clinical signs under natural or experimental conditions despite confirmed diagnosis on
necropsy (Hibler et al., 1970; Pence and Gray, 1981; Couvillion, et al., 1986). Whitetailed deer have been observed with oral impactions and impaired mylohyoideus
muscles after experimental infection (Couvillion et al., 1986). Elk may present with
blindness and gangrene due to ischemic necrosis of the optic nerves and tissues of the
head, which is caused by microfilariae obstructing blood vessels (Adcock and Hibler,
1969). Barbary sheep (Ammotragus lervia), bighorn sheep (Ovis canadensis), and
domestic sheep (Ovis aries) present with moderate-to-severe scabbed lesions on the
head and face (Hibler et al., 1970; Pence and Gray, 1981), likely the result of
thrombosis in dermal vessels and ischemic necrosis of the surrounding skin.
The first recognized case of elaeophorosis in a moose was in Montana in 1971
(Worley et al.,1972). Clinical signs and gross anatomic lesions in moose include ataxia,
ear sloughing or cropping (Madden et al., 1991; Henningsen et al. 2012), fibrous arterial
intimal proliferation (Levan et al., 2013; Worley et al., 1972), blindness, thrombosis,
hemorrhage (Worley et al., 1972) and sudden death (Wehr and Dikmans, 1935; Hibler
7

and Metzger, 1974). In moose, disease severity can greatly vary among individuals. In
some individuals, small burdens of E. schneideri can result in death; in others, larger
burdens result in no clinical signs (Worley et al.,1972).
Previous research has suggested that moose have an inherent lack of resistance
to elaeophorosis (Hibler and Metzger 1974; Worley 1975). However, some healthy
moose examined in Colorado had carotid arterial proliferation consistent with E.
schneideri infections, yet no worms were recovered from these individuals. This
suggests that some moose may recover from infection (Henningsen et al. 2012; Levan
et al., 2013).

Diagnosis of Elaeophora schneideri
Currently available methods for determining Elaeophora schneideri infection
status are costly and labor-intensive, and often require observation of adult nematodes
in the blood vessels of recently deceased moose on necropsy (Madden et al., 1991;
Levan et al., 2013; Grunenwald et al., 2018; Wunschmann et al., 2015). Previously
developed laboratory techniques (e.g. western blot) are time-consuming and nonquantifiable. Diagnosis based on symptoms alone is unreliable since there is a high
level of variability in clinical presentation. The lack of a definitive diagnostic test has
made the prevalence and clinical significance of this parasite difficult to assess.
Previous research revealed several proteins extracted from adult E. schneideri
nematodes are reactive to seropositive moose serum and nonreactive to seronegative
serum during a 2D western blot (Grunenwald, 2015). Fifteen of these peptide
sequences were selected for purification and further testing using the Kolasker and
Tongaonkar Antigenicity Scale (Kolaskar and Tongaonkar, 1990), Bepipred Linear
Epitope Prediction (Larsen et al., 2006), and the Parker Hydrophobicity Scale (Parker et
al., 1986) to assess the antigenic potential of the peptides. This study was unable to
identify any peptides that bound only the E. schneideri-positive moose serum.
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CHAPTER II
THE TRANSCRIPTOME OF ELAEOPHORA SCHNEIDERI

9

Background
The transcriptome is the entire set of functional genes that undergo transcription
and ultimately lead to the production of gene products in a cell. The parasite
transcriptome plays a role in host-parasite interactions, particularly where the immune
system is concerned (Cancela et al., 2010; McTaggart et al., 2015). For example,
antigens are most often peptides, which are encoded by mRNA contained within the
transcriptome.
In order to acquire the transcriptome of a eukaryotic organism, introns must be
removed, which is naturally accomplished by the mRNA splicing process. In the current
published literature, there is only scant information on the genetics of Elaeophora
schneideri. This problem persists for many parasites, as they have large genomes
compared to other pathogenic organisms (e.g. bacteria) (Leroy et al., 2003).
Many diagnostic tools for parasites rely on knowledge of certain genes or
proteins of the parasite of interest. It is difficult to ascertain this information without the
transcriptome.

Nucleic Acid Extraction and Whole-Genome Sequencing
All nematode samples were previously collected by our collaborators from 20122015 and sent to the Molecular Parasitology Research Lab at UT College of Veterinary
Medicine where they were stored at -80°C. I extracted DNA from a section of a thawed,
whole Elaeophora schneideri nematode stored in phosphate-buffered saline (PBS, pH =
7.2) using the MasterPure DNA Purification Kit (EpiCenter Technologies, Chicago,
Illinois) per manufacturer protocol for tissue samples and total nucleic acid preparation.
Then, I prepared the DNA library using the Nextera XT DNA Library Preparation Kit
(Illumina, San Diego, California) per manufacturer protocol.
Due to the tendency of RNA to rapidly degrade and the importance of its integrity
for this experiment I selected a whole nematode that had been collected from the
carotid artery of a female moose 30 hours postmortem, rinsed with PBS, and
immediately stored in RNAlater (Invitrogen, Carlsbad, California) for RNA extraction. I
performed the extraction using the Nucleospin RNA Kit (Macherey-Nagel, Germany).
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The resulting extract had a concentration of 109.1 ng RNA per µL, which I confirmed
using a NanoDrop Microvolume Spectrophotometer. I prepared the RNA library for
sequencing using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(TakaraBio, Japan). The output of this kit was complementary DNA (cDNA), which is
produced through reverse transcription and allows for stable cloning of the gene of
interest in downstream applications.
We used MiSeq Technology (Illumina) to sequence the DNA and mRNA, then
assembled the resulting reads with SeqMan NGen 14 software (DNASTAR, Madison,
Wisconsin). The resulting output was a FASTA text file of sequence reads, each with a
unique identifying number. We ran a simple shell script on the text file to translate the
nucleic acid sequences into amino acid transcripts while keeping the IDs with their
associated sequences. We made a separate file for each of the three forward and three
reverse reading frames, resulting in a total of six files of amino acid transcripts.

IgG-Assisted Peptide Identification
In order to identify immunogenic proteins useful for serologic tests, we solubilized
and analyzed proteins from an Elaeophora schneideri nematode. For protein
solubilization, we used a whole nematode that had been frozen and stored in PBS after
being harvested from a deceased moose in Montana. We dipped the thawed nematode
in liquid nitrogen for 15 seconds, then finely chopped it with a razorblade and deposited
it into a 2.0 mL microcentrifuge tube. We added 100 µL PBS (pH = 7.2) to wash away
any remaining moose blood and environmental contaminants, then centrifuged the tube
at 16,000 times the force of gravity (xg) to separate the tissue from the PBS. After
carefully decanting the supernatant, we added Radioimmunoprecipitation assay (RIPA)
buffer (0.394g anhydrous Tris-HCl, 0.8766g NaCl, 1.0mL 1.0% Nonidet P-40, 1.0g 1.0%
sodium deoxycholate, 0.1g 0.1% sodium dodecyl sulfate, combined in 100 mL distilled
water) to the tube at a ratio of 4 mL RIPA Buffer per gram of tissue in the tube to
solubilize the proteins. We incubated the tube at 4°C for 30 minutes, then vortexed the
solution until it was homogenous. We centrifuged the homogenized solution at 13,000
rotations per minute (rpm) for 10 minutes at 4°C to pellet insoluble debris, which
11

resulted in approximately 400 µL of protein supernatant. We removed this supernatant
and transferred it to a new, sterile 2.0mL microcentrifuge tube.
To identify antigenic peptides, we isolated relevant proteins from the sample
based on immunoaffinity with moose IgG. We received thirteen positive control serum
samples from collaborators in Alaska, Wyoming, and Montana. They collected the sera
from moose with Elaeophora schneideri infection confirmed on necropsy. We stored the
samples at -20°C. After removing 100 µL from ten of the positive control samples to
create a 1 mL pooled serum sample, we isolated IgG from the serum using protein A/G
affinity chromatography with the Nab Protein Spin Kit for Antibody Purification (Thermo
Scientific, Waltham, Massachusetts) per manufacturer protocol. This produced three
fractions of IgG solution with the following concentrations: 4.1487 mg/mL, 3.9851
mg/mL, and 0.9061 mg/mL.
We biotinylated the most concentrated fraction using EZ-Link Sulfo-NHS-LCBiotin (Thermo Scientific, Waltham, Massachusetts) per manufacturer protocol for
biotinylating proteins in solution. Since biotin binds with high affinity to avidin, we would
be able to adhere the IgG molecules to a monomeric avidin column, where they could
capture antigens of interest. We used an indirect ELISA with chicken anti-cervid IgG to
confirm biotinylation. We divided a Costar 3590 96-well flat-bottomed assay plate into
four 12 x 2 well sections: the first was coated with PBS instead of biotinylated IgG and
probed with PBS instead of anti-cervid IgG; the second was coated with PBS and
probed with anti-cervid IgG; the third was coated with biotinylated IgG and probed with
PBS; and the fourth was coated with biotinylated IgG and probed with anti-cervid IgG. If
our Biotinylation procedure was successful, the final section of the plate would have
significantly more optical density than the other three sections. This was the case, so
we proceeded.
We combined the protein supernatant with 250µL of the previously prepared
biotinylated antibody solution and incubated them at 37°C for one hour to bind the IgG
to the solubilized Elaeophora schneideri proteins. We then passed the IgG-protein
solution through a monomeric avidin column (ThermoFisher, Waltham, Massachusetts)
per manufacturer protocol to separate the biotinylated, bound antibody-protein
12

complexes from the unbound proteins. After washing away the unbound proteins we
eluted six 2 mL fractions from the column with protein concentrations of 0.3446 mg/mL,
0.3230 mg/mL, 0.1274 mg/mL, 0.2099 mg/mL, 0.2310 mg/mL, and 0.1995 mg/mL.
We submitted the most concentrated fraction (0.3446 mg/mL) to the Proteomics
and Mass Spectrometry (PAMS) Core facility at the University of Georgia for sequenceguided LC-MS/MS analysis. They were able to distinguish the peptides from the
antibodies, in silico, which they then compared to the six possible reading frames and
predicted amino acid sequences of the transcriptome. Once we had these results, we
searched for the source protein for each peptide using a text search of the transcript
files. The fragments were only located in one of the six reading frames, so we were able
to conclude this was the correct reading frame. The peptide fragments we received from
PAMS belonged to four protein transcripts within this reading frame.
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CHAPTER III
TESTS OF ANTIGENICITY OF ELAEOPHORA SCHNEIDERI PROTEINS

14

Synthetic Peptide Assay
To identify peptide antigens unique to Elaeophora schneideri, we (Dr. Stephen
Kania, and I) analyzed the predicted amino acid sequence of each transcript of interest
(see Chapter II) using the Basic Local Alignment Search Tool for proteins (BLASTp)
(National Institutes of Health, National Center for Biotechnology Information (NCBI),
Bethesda, Maryland) with default parameters. This allowed us to determine the degree
of similarity of our sequences to sequences contained within the NCBI database.
Similarity was based on BLAST’s default Maximum Score and Query Cover scores.
We entered selected unique sequences into an online B-cell epitope prediction
tool (IEDB Analysis Resource). We selected all predicted linear epitopes, between 10
and 30 amino acids in length, and examined them for similarity to cervid host species
and related parasite species using BLASTp with parameters adjusted for short input.
Unique peptides were synthesized commercially (GenScript, >75% purity). I
dissolved synthetic peptides in nuclease-free water to a final concentration of 1
milligram per milliliter. I used each of the synthetic peptides separately as antigens in
trial enzyme-linked immunosorbent assays (ELISAs).
I selected one purified peptide for each plate. The final concentration of
solubilized peptide was 1 μg/mL in PBS (pH 7.2). We added 100 µL of this solution to
each well of a Corning® 96 Well EIA/RIA Assay Microplate (Millipore Sigma, Darmstadt,
Germany). The plate was covered with aluminum foil prior to incubating it for one hour
at 37°C. After the incubation, a BioTek ELX405R Microplate Washer was used to wash
the plate three times with 200 µL 0.05% PBS-Tween (PBS-T). To prepare a blocking
solution, I dissolved 0.5 g powdered skim milk in 10 mL PBS-T to create a 5% protein
solution. I then added 100 µL of this blocking solution to each well of the assay plate,
covered it with foil, and incubated it at 37°C for 10 minutes. The plate washer was used
to aspirate the solution.
Sera (n = 9) from five-week-old white-tailed deer (Odocoileus virginianus) fawns,
generally supplied by Dr. Michael Yabsley (University of Gerogia, Athens, Georgia)
were used as negative control samples; currently E. schneideri is not known to be
endemic to this area, and their young age made it unlikely that they were exposed to the
15

horsefly vector. As previously mentioned, our positive control samples (n=13) were
collected by our collaborators from known E. schneideri-positive moose. I diluted 1 µL of
each serum sample separately in microcentrifuge tubes containing 2.0 mL PBS-T. I
added either 100 µL of diluted sample – which acted as the primary antibody – or 100µL
PBS-T to assigned sections on the plate (Figure 1). The PBS blank in this step was
used to isolate the binding effect of the moose serum antibodies from nonspecific
background binding. I covered the plate and incubated it for 1 hour at 37°C. This
incubation was followed with another set of three washes.
We structured the ELISA plate so that one-half of the 96-well plate would be
used for 7 negative controls, and the other half for 7 positive controls. Each positive and
negative control sample was assigned a unique number. We then used a random
number generator to select samples for each plate until the 7 negative slots and the 7
positive slots were filled. Each sample was assigned a 3 x 2 section of wells on the
plate (Figure 1). We always completed every procedure on the negative control sections
of the plate prior to performing them on the positive control sections in order to prevent
contamination. The secondary antibody, chicken anti-cervid IgG conjugated with
horseradish peroxidase (HRP) (Exalpha Biologicals, Inc., Shirley, Massachusetts), was
diluted in PBS-T to achieve a final concentration of 0.05% antibody. I added 100 µL of
this diluted secondary antibody solution to each well of the assay plate. I incubated this
at 37°C for one hour to allow the anti-cervid antibody to bind to the moose antibodies. I
then added 100 µL 3,3’,5,5’-tetramethybenzidine (TMB) substrate (Thermo Scientific,
Waltham, Massachusetts) to each well, covered the plate, and allowed it to incubate, at
room temperature, in the dark for 15-30 minutes. After sufficient color developed, I
added the stop solution (0.16M sulfuric acid) to stop the reaction and change the color
from blue to yellow. I then read the optical density values using a BioTek ELx800
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Figure 1. An example of the layout for an ELISA plate. Each half (left or right) of the plate has one
3x2 set of wells for the PBS blank control and seven 3x2 sets of wells for the negative or positive
control serum samples, which we added after incubating the plate with antigen, washing the plate,
blocking the plate with 0.05% skim milk, and aspirating the blocking solution. Shading on alternating
blocks is to assist with visibility.

I calculated the relative optical density (ROD) values by subtracting the mean
value of the PBS blank wells from the raw optical density score for each well (Figure 2).
The six RODs for each sample were then averaged to obtain a mean ROD for each
sample. The 7 mean RODs for each population were then averaged to obtain a
negative control population mean and a positive control population mean. I then ran a Ttest to determine whether the population means were significantly different (p < 0.05).

Recombinant Protein Production and Purification
Through our original analysis of the transcriptome data, we identified four amino
acid sequences with sections unique to Elaeophora schneideri. However, we found the
final five peptides we used in our synthetic peptide assay were found in two of the four
amino acid sequences. We therefore decided to proceed with these two sequences as
“source protein transcripts” for our protein antigens. Since each amino acid contig was
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Figure 2. An example of a 96-well ELISA plate readout showing optical density (OD) after export into
Excel. Each cell represents a single well on the plate. Each blank or sample was given a 2x3 well
section. The PBS blank sections -- which were coated only with PBS and not the antigen -- are
outlined in black rectangles. The black line between columns F and G represents the demarcation
between wells treated with negative control serum (on the left) and wells treated with positive control
serum (on the right). Relative optical density (ROD) readings were obtained by subtracting the
average value of the PBS blank wells from the raw OD scores. For this plate, the average OD for the
PBS blank wells is 0.064. Therefore, the ROD for each well would be OD - 0.064. After obtaining
RODs, the six values for each sample would be averaged to obtain a mean ROD for each sample.

given a unique identifying number corresponding to the number on its encoding
nucleotide contig, we were able to locate the original mRNA transcript for each protein.
We entered the nucleotide sequences into ORFfinder (NCBI), which resulted in a single
open reading frame of amino acids for each protein transcript. These open reading
frame amino acid sequences will be further referred to by their identifying numbers:
cl107190 (282bp) and cl47386 (890 bp) or collectively as “insert sequences” in this
document.
The insert sequences were codon optimized for expression in E. coli,
synthesized, and inserted into pET100/D-TOPO plasmids by GeneArt (Invitrogen,
Carlsbad, California) (Figure 3). Aside from the insert sequences (cl47386 and
cl107190), the two gene constructs were identical. The constructs included a sequence
encoding six consecutive histidine residues, which results in the production of a
polyhistidine “tag” or 6xHis-tag on the expressed protein. The 6xHis-tag enables
detection of the protein in downstream applications by using an antibody or substrate
that binds directly to the chain of histidine residues.
I inserted these constructs into chemically competent DH10B Escheria coli cells
using Novagen’s standard heat shock transformation protocol. I plated the transformed
cells on Luria-Burtani agarose plates containing 50 μg/mL ampicillin and cultured them
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Figure 3. Comparison of the E. coli-optimized plasmids with inserts for cl`07`90 and cl47386. The
constructs are identical except for the inserts. The construct also contains a gene for ampicillin
resistance and a transcript for the 6xHis-tag (6xHis on the picture).

overnight at 37°C. If the cultures grew successfully, I stored the plates at 4°C for up to
four weeks.
To induce protein expression, I removed one isolated colony of transformed cells
from the agarose plate using a sterile plastic loop and deposited it into 5 mL of LuriaBurtani (LB), Miller broth (Fisher Bioreagents, Pittsburg, Pennsylvania) with 0.1 mg/mL
ampicillin. This tube was incubated for 3 - 6 hours at 37°C on a 250 rpm shaker. After
incubation, I removed 20 µL of the 5 mL liquid culture and deposited it into an
Erlenmeyer flask containing 100 mL room-temperature LB (Miller) broth with 0.1 mg/mL
ampicillin. This flask was incubated for 3 hours on a 250 rpm shaker at 37°C. After this
incubation, I checked the turbidity of the culture by depositing 2 mL of cultured broth into
a clear tube and comparing it to a clear reference tube of uncultured LB broth. We held
both tubes up to a piece of white paper with black text printed on it; if there was a slight
increase in turbidity which was visible to the eye, the black text would be blurred and
slightly distorted compared to the black text when viewed through the uncultured broth.
If the turbidity had increased, we would induce protein expression with 1M Isopropyl βD-1-thiogalactopyranoside (IPTG); the final concentration of IPTG in the flask was 0.5
mM. This was incubated overnight (≤ 18 hours) at 37°C on a 250 rpm shaker in order to
allow maximum cell growth and protein expression.
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The following morning, I distributed the cultured broth equally into six 15 mL
Nunc™ conical flasks (Thermo Scientific, Waltham, Massachusetts), then centrifuged
them at 4000 xg at 4°C for 15 minutes. I then carefully decanted the supernatant and
discarded it. I resuspended the bacterial pellet in each tube in 1 mL PBS (pH = 7.2) by
pipetting the suspension up and down with a 1000 µL pipette, then consolidated the
bacteria suspensions into a single 15 mL conical tube. Centrifugation at 4000 xg at 4°C
for 15 minutes was then repeated and the supernatant discarded. The cell pellet was
then frozen overnight at -20°C to assist with cell lysis.
BugBuster Protein Extraction Reagent (Novagen, Madison, Wisconsin) with
Halt® 100X Protease Inhibitor Cocktail (Thermo Scientific, Waltham, Massachusetts)
was used to lyse the cells per manufacturer protocol for soluble fraction and inclusion
body purification. I evaluated the protein content of these extracts using a single-step
Bradford protein assay (Bio-Rad, Hercules, California) using bovine serum albumin
dilutions as comparative protein standards.
Proteins were separated using SDS-PAGE on a precast NuPAGE 10% bis-tris
2D polyacrylamide gel (Invitrogen, Carlsbad, California). After electrophoresis, I
electrophoretically transferred the resolved proteins to a 0.2 µm nitrocellulose
membrane (Thermo Scientific, Waltham, Massachusetts) (Towbin et al., 1979;
Mahmood and Yang, 2012). I placed the western blot in 5% skim milk PBS-T blocking
solution and placed it on an orbital shaker at low speed for one hour at room
temperature (approximately 22°C) to reduce nonspecific binding in future steps. The
blocking solution was then discarded.,I cut the membrane into 3 mm strips, and put the
strips into an 8-channel plastic tray with a lid. To probe the blot with Anti-6XHis-tag
antibody (ABCam) I diluted the antibody 1:100 in PBS-T, inverted the tube to mix, and
deposited 100 μL aliquots of the solution onto the membrane strips. I placed the tray on
an orbital shaking platform for one hour at low speed at room temperature to evenly
distribute the probing antibody on the strips.
After this incubation, I washed the membrane strips by covering each strip with
500 μL PBS-T and placing the tray on the orbital shaking platform at room temperature
for ten minutes, then discarded the wash solution. This was repeated two more times for
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a total of three washes. I then added 4-chloro-1-napthol (4C1N) substrate, which reacts
with the horseradish peroxidase on the probing antibody. This allows visualization of the
protein bands that were bound by that antibody.
To probe the western blots with moose sera, I diluted each serum sample 1:100
in PBS-T and added 100 μL of diluted serum to each strip. We placed the tray on the
orbital shaker for one hour at room temperature, then proceeded with three washes. We
HRP-conjugated chicken anti-cervid IgG (Gallus Immunotech, Atlanta, Georgia) was
used as the secondary antibody. I diluted this antibody 1:500 in PBS-T and deposited
100 μL aliquots onto each strip in the tray. I placed the tray on the orbital shaker for one
hour at room temperature, then added 4C1N. This was incubated without shaking, in
the dark, at room temperature. I then compared the developed bands to a standard
protein ladder to estimate the size of the reactive proteins.
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CHAPTER IV
RESULTS AND DISCUSSION
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Synthetic Peptide Assay
We selected the five peptides with the lowest BLASTp similarity scores for use as
templates for synthetic peptides (Table 1). We evaluated similarity to other sequences
in the BLASTp database using the E-value – the number of alignments expected by
chance with a particular score or better – and Max Score. A low E-value corresponds to
low similarity between the searched sequence and the most similar result. Maximum
score is a value that depends on the number of certain types of alignments and
mismatches, and has the same conceptual framework as E-value. The scores and Evalues were low for every peptide, which indicates the sequences are unique. Many of
the closest matches to each of the five peptides were from other known nematode
proteins. Predicted peptides and proteins were not considered.
The plate reader outputs for the ELISAs were evaluated using Microsoft Excel
and an online comparison of means calculator (MedCalc). The ROD for each serum
sample was consistent within each trial; however, there was considerable variation for
each serum sample between trials (Figure 4).
None of the peptides showed consistent results, and there were no significant
differences between the positive and negative control means in any of the trials. We
attempted to correct for this using chicken egg albumin and skim milk blocks, but this
was not successful. Further, upon troubleshooting, we discovered there was no
significant differences between plates coated with antigen and uncoated plates. This
indicates that the antibodies in the serum sample were binding directly to the assay
plate, rather than to a plate-bound antigen. We confirmed this conclusion with a series
of dot blots on nitrocellulose membranes, which enabled us to rule out problems with
other binding interactions in the process.

Recombinant Peptides
Inserting the constructed plasmids into DH10B cells resulted in successful
transformants that could be maintained on LB agarose plates with 50 µg/mL ampicillin.
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Table 1. The physical characteristics and top BLAST result for the five synthetic peptides. Similarity to
other sequence entries in the BLAST database was evaluated based on the E-value: the number of
alignments expected by chance with a particular score or better. A low E-value corresponds to low
similarity between the searched sequence and the most similar result. Maximum score is a value that
depends on the number of certain types of alignments and mismatches, and has the same conceptual
framework as E-value. The scores for the top match for each peptide in every category are low, which
indicates the sequences are somewhat unique. Many of the closes matches to each of tehse peptides
were known peptides from other nematodes. Predicted peptides and proteins were eliminated form
consideration.
Molecular

Sequence

weight

Isoelectric

Closest BLASTp

E-

Maximum

(g/mol)

Point

Match

value

Score

FAD-dependent
VSTQSTGIQESQRNCPKMSTRTTAGG

2425.2

9.82

oxidoreductase
(Ruegeria

20

33.3

53

30.3

0.17

38.4

marina)
Calponin protein
SQRNCPKMSTRTTAGG

1694.9

11.48

4 (Wuchereria
bancrofti)
OmdA domain
containing

HTESHEVTTPQGQTSDSAEAH

2249.23

4.57

protein
(Streptomyces
europaeiscabei)

VQQQTPQQQQQQQKKGPTVPAKPGQTPITR

3354.75

11.93

Bm6544 (Brugia
malayi)

2e07

57.1

OmdA domain
containing
TESHEVTTPQGQTSDSAEAH

2112.09

4.14

protein

0.17

38.4

(Streptomyces
europaeiscabei)

Anti-His antibodies were used as primary antibodies to detect expressed proteins
on the western blot strips. In most cases, no proteins appeared; we believe the his-tag
may be attached to the N-terminus for our proteins, but the anti-His antibody is
designed to bind to C-terminus his-tags. We tested the other binding steps in this
process to ensure all other processes were working correctly, and they were.
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Figure 4. Differences in relative optical density values between the positive and negative control
population means in the first three trials (T) of peptide (p) testing. Each bar represents one plate,
which is coated with one of the five peptides as the antigen. Each peptide is represented by a single
color, and each peptide was tested on no more than one plate per trial. A longer bar indicates a
greater difference between the positive control population mean and the negative control population
mean. Bars with negative values indicate that the negative control population mean was higher than
the positive control population mean, which results in a negative overall value.

However, in one trial, discrete bands did appear (Figure 5). This blot was split
into 11 strips: 4 were probed with anti-his antibody, 4 were probed with positive control
sera, and 3 were probed with negative control sera. Dark bands appeared on the antiHis tag strips that corresponded with bands on the positive strips; there was no band in
this area on the negative strips. This result was unable to be replicated. We believe this
single result indicates that it is possible to express his-tagged proteins that also bind
with Elaeophora schneideri-positive sera using synthetic gene constructs. However, the
recombination and expression procedures must be optimized for the proteins we are
trying to express.
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Figure 5. Strips of a western blot used to evaluate protein expression by cl107190 cells. These cells
were lysed with N2 and underwent SDS PAGE on a 10% Tris-bis 2D gel, then transferred to a
nitrocellulose membrane. The leftmost strip is the standard (or ladder) and the bands correspond to
proteins of different weights. From top to bottom: 198 kilodaltons (kDa), 62 kDa, 49 kDa, 38 kDa, 28
kDa, 18 kDa, 14 kDa, 6 kDa, and 3 kDa. The next four strips to the right were probed with 6x Anti-His
HRP antibody. The following four strips were probed with positive control serum, and the last three
strips with negative control serum. There is a dark protein band that appears on the strips probed with
6x Anti0His antibody at approximately the 10 kDa spot. There is a dark band that appears in the
same spot on one of the positive control strips, and a faint band in the same spot on another positive
control strip. This band does not appear on any of the negative control strips. This suggests that the
positive serum is binding to the 107190 protein, which has a weight of 8.94 kDa.
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CONCLUSION
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To date this is the first description of the transcriptome of Elaeophora schneideri
and the first attempt to identify its antigenic proteins.
Due to the conserved nature of the nematode genome, the transcriptome
reported herein may provide the foundation for further research on other parasitic
nematodes, including those that commonly parasitize humans. In addition, this
information will further allow scientists to isolate unique antigens for nematodes such as
Haemonchus contortus and Ostertagia ostertagi, which parasitize food animals.
Recombination and expression of the antigenic proteins must be optimized
before a serological diagnostic assay for Elaeophora schneideri can be fully realized.
Analyzing the chemical and physical structure of the proteins in order to get a sense of
the ideal parameters may assist in this process.
Once the purified antigens are available for the assay, it should be
straightforward to optimize and develop a diagnostic ELISA. Due to the volume and
variety of moose sera contained in UTCVM’s freezer archive, this diagnostic ELISA will
enable generation of vital baseline data for future study of Elaeophora schneideri. Since
it is likely that climate change has been affecting the transmission of this parasite, this
data may provide a model that other ecologists can study to predict further spread of
other nematodes that utilize cervids as hosts, such as Parelaphostrongylus tenuis and
Rumenfilaria andersoni.
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