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Certificate in Equine Parasitology (Part II)

Equine Parasite Molecular Biology

Equine parasitology has entered an era where molecular biology techniques are indispensable for
understanding parasite biology, diagnosing infections, and managing drug resistance. Mastery of the
terminology used in this field enables students to interpret research, design experiments, and apply findings
to clinical practice. The following glossary presents the most important terms, organized thematically, with
definitions, examples, practical applications, and common challenges encountered in the laboratory or field.

Genome — The complete set of genetic material encoded in the DNA of an organism. In equine parasites,
the genome includes nuclear chromosomes and, for many species, a mitochondrial genome. The Parascaris
equorum nuclear genome is approximately 2.5 Gb, whereas its mitochondrial genome is a circular molecule
of about 14 kb. Knowledge of the genome allows researchers to identify genes involved in drug metabolism,
host-parasite interactions, and immune evasion. A major challenge is the high level of repetitive DNA in
nematode genomes, which complicates assembly and annotation.

Transcriptome — The full complement of RNA transcripts produced by the genome under specific
conditions. Transcriptomic studies in cyathostomin larvae have revealed stage-specific expression of cuticle
collagen genes, providing insight into developmental biology. RNA sequencing (RNA-seq) is the primary
method for generating transcriptome data. One practical application is the identification of differentially
expressed genes between anthelmintic-susceptible and -resistant populations, which can pinpoint
candidate resistance mechanisms. Challenges include the need for high-quality RNA from small parasite
samples and the difficulty of separating parasite RNA from host contamination.

Proteome — The entire set of proteins expressed by a parasite at a given time. Proteomic analysis of adult
Strongylus vulgaris using liquid chromatography-tandem mass spectrometry (LC-MS/MS) has identified
secreted enzymes that may act as immunomodulators. Proteomic data complement genomic and
transcriptomic information, allowing functional validation of predicted genes. The main obstacle is the
limited amount of protein that can be extracted from individual parasites, often requiring pooling of
specimens.

DNA sequencing — Determining the exact order of nucleotides in a DNA molecule. Traditional Sanger
sequencing remains useful for targeted regions such as the -tubulin gene, a common marker for
benzimidazole resistance. However, next-generation sequencing (NGS) platforms, such as lllumina and
Oxford Nanopore, provide high-throughput data for whole-genome resequencing. Example:
Whole-genome sequencing of resistant Parascaris isolates identified novel single-nucleotide polymorphisms
(SNPs) in the P-glycoprotein gene. A key challenge is the bioinformatic expertise required to process large
NGS datasets.

Single-nucleotide polymorphism (SNP) — A single base-pair variation at a specific locus in the genome. SNPs
serve as molecular markers for population genetics, phylogenetics, and resistance monitoring. The F167Y
SNP in the B-tubulin gene is strongly associated with benzimidazole resistance in many strongylid species.
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Detecting SNPs can be performed by allele-specific PCR or by high-resolution melt analysis. Limitations
include the need for well-characterized reference sequences and the possibility of false positives due to PCR
artefacts.

Microsatellite — Short tandem repeats (STRs) of 2-6 nucleotides repeated in series, highly polymorphic and
useful for genotyping. Microsatellite panels have been developed for Strongylus spp. to assess gene flow
between farms. Practical use includes tracking the spread of resistant alleles across geographic regions. The
main difficulty lies in designing primers that amplify across diverse parasite strains without producing
stutter peaks that complicate interpretation.

Restriction fragment length polymorphism (RFLP) — A technique that exploits variations in DNA fragment
sizes produced by restriction enzyme digestion. RFLP of the ITS-2 region has been employed to differentiate
Cyathostomum species. While simple, RFLP is less sensitive than sequencing and may miss low-frequency
variants.

Polymerase chain reaction (PCR) — A method to amplify specific DNA fragments exponentially. Conventional
PCR is routinely used to detect parasite DNA in fecal samples, offering rapid diagnosis of infections such as
Oxyuris equi. The technique’s sensitivity depends on primer design and the quality of the extracted DNA.
Contamination and primer-dimer formation are common pitfalls.

Quantitative PCR (gPCR) — Real-time PCR that quantifies DNA or RNA copies during amplification using
fluorescent dyes or probes. gPCR assays targeting the 18S rRNA gene provide quantitative estimates of
strongylid burden, enabling monitoring of treatment efficacy. Multiplex gPCR can simultaneously detect
multiple parasite species, saving time and resources. Accurate quantification requires standard curves and
careful control of inhibition by fecal components.

Reverse transcription PCR (RT-PCR) — Converts RNA into complementary DNA (cDNA) before PCR
amplification. RT-PCR is essential for measuring gene expression, such as the up-regulation of detoxification
enzymes in drug-resistant parasites. The reverse transcription step introduces variability; therefore, using
internal reference genes (e.g., GAPDH) for normalization is crucial.

Loop-mediated isothermal amplification (LAMP) — An amplification method performed at a constant
temperature, eliminating the need for a thermocycler. LAMP assays have been developed for rapid field
detection of Strongylus vulgaris DNA in feces, providing results within 30 minutes. The simplicity of LAMP
makes it attractive for on-farm use, but primer design is complex, and non-specific amplification can lead to
false positives.

Next-generation sequencing (NGS) — High-throughput sequencing technologies that generate millions of
short reads simultaneously. Whole-genome resequencing of resistant Cyathostomum populations using
lllumina platforms has uncovered novel resistance-associated loci beyond B-tubulin. NGS enables
metagenomic surveys of the equine gut nematode community, revealing co-occurring species and their
relative abundances. Data analysis requires substantial computational resources and expertise in
bioinformatics pipelines.

Metagenomics — The study of collective genomic content from environmental samples, such as feces.
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Metagenomic sequencing bypasses the need for parasite isolation, allowing detection of rare or
unculturable species. It also provides insight into the functional potential of the parasite community, such as
genes involved in carbohydrate metabolism. A challenge is the overwhelming presence of host DNA, which
often necessitates host-DNA depletion steps prior to library preparation.

Bioinformatics — The application of computational tools to store, analyze, and interpret biological data. In
equine parasitology, bioinformatics pipelines are used for genome assembly, variant calling, and
phylogenetic reconstruction. Software such as Bowtie2, GATK, and RAXML are common choices. The main
barrier for many laboratories is the steep learning curve associated with command-line tools and the need
for high-performance computing infrastructure.

Phylogenetics — The study of evolutionary relationships among organisms. Phylogenetic trees constructed
from mitochondrial COI sequences have clarified the taxonomic status of several cyathostomin species,
supporting revisions of morphological classifications. Phylogenetics informs epidemiology by identifying
transmission pathways between regions. Inaccurate alignment or inappropriate substitution models can
produce misleading trees, underscoring the importance of rigorous methodological choices.

Population genetics — The analysis of genetic variation within and between populations. Measures such as
F_ST and Nei's genetic distance are used to assess gene flow of resistant alleles among horse farms. For
example, high F_ST values between two farms indicate limited parasite movement, suggesting that
resistance may have arisen independently. Sampling bias and small sample sizes can inflate estimates of
differentiation.

Gene flow — The transfer of genetic material between populations through migration or dispersal. In equine
parasites, horse movement, shared pastures, and equipment can facilitate gene flow. Monitoring gene flow
helps predict the spread of anthelmintic resistance. Quantifying gene flow requires robust markers and
adequate geographic coverage.

Genetic drift - Random changes in allele frequencies, more pronounced in small populations. In isolated
stud farms with limited horse numbers, drift can lead to fixation of resistance alleles even without selective
drug pressure. Recognizing drift effects prevents misinterpretation of resistance data as solely drug-driven.

Selection pressure — Environmental forces that favor certain genotypes. Repeated use of ivermectin creates
strong selection for resistant genotypes, manifesting as increased frequency of the P-glycoprotein SNP.
Understanding selection dynamics guides strategic deworming protocols, such as rotating drug classes.
Quantifying selection intensity often requires longitudinal monitoring and modeling.

Anthelmintic resistance (AR) — The heritable ability of parasites to survive doses of a drug that would
normally be lethal. Resistance is typically assessed by the fecal egg count reduction test (FECRT) or
molecular detection of resistance markers. Molecular diagnostics allow early detection before clinical failure,
enabling proactive management. However, resistance mechanisms can be polygenic, making single-marker
assays insufficient for some species.

Drug target — A molecular entity, usually a protein, that a drug interacts with to exert its effect. The
B-tubulin protein is the target of benzimidazoles, while glutamate-gated chloride channels are targeted by
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macrocyclic lactones. Identifying drug targets through comparative genomics can reveal novel candidates
for next-generation anthelmintics. Off-target effects and compensatory pathways may reduce drug efficacy.

Metabolic pathway — A series of enzymatic reactions that transform substrates into products. Mapping the
xenobiotic metabolism pathway in cyathostomins has identified cytochrome P450 enzymes that may
detoxify macrocyclic lactones. Inhibitors of these enzymes could potentiate drug action. Pathway
reconstruction relies on accurate annotation of gene functions, which is often incomplete for non-model
parasites.

Enzyme assay — A laboratory test that measures the activity of a specific enzyme. Enzyme assays for
acetylcholinesterase have been used to screen for organophosphate resistance in Oxyuris equi. These assays
provide functional validation of genetic findings but can be confounded by substrate specificity and
temperature sensitivity.

Protein expression — The process by which a gene is transcribed and translated into a functional protein.
Recombinant expression of parasite enzymes in E. coli enables structural studies and drug screening. For
instance, expressing the B-tubulin isotype from Parascaris equorum has facilitated high-resolution
crystallography to assess benzimidazole binding. Protein folding and post-translational modifications in
bacterial systems may differ from the native parasite, potentially affecting activity.

Western blot — A technique to detect specific proteins using antibodies after separation by electrophoresis.
Western blotting has confirmed the over-expression of P-glycoprotein in ivermectin-resistant cyathostomin
isolates. Sensitivity depends on antibody quality; cross-reactivity with host proteins can produce misleading
bands.

Enzyme-linked immunosorbent assay (ELISA) — An immunological method to quantify antigens or
antibodies. ELISAs targeting the excretory-secretory antigens of Strongylus vulgaris provide serological
evidence of infection, complementing fecal egg counts. For resistance monitoring, ELISA can detect host
antibodies against drug-induced parasite antigens, indicating exposure to sub-lethal drug levels. The main
drawback is the need for well-validated antigens to avoid cross-reactivity.

Immunofluorescence — A microscopy technique using fluorescently labeled antibodies to visualize proteins
in situ. Immunofluorescence of the cuticle collagen in cyathostomin larvae has revealed structural
differences between susceptible and resistant strains. Fluorescence intensity can be semi-quantitative, but
photobleaching and non-specific binding must be controlled.

In situ hybridization (ISH) — Localization of specific nucleic acid sequences within tissue sections using
labeled probes. ISH with a probe for the B-tubulin transcript has shown spatial expression patterns in adult
Parascaris worms. This technique aids in understanding tissue-specific gene regulation but requires careful
probe design to avoid cross-hybridization.

Fluorescence in situ hybridization (FISH) — A variant of ISH that uses fluorescent probes, often applied to
detect specific chromosomes or gene loci. FISH has been used to map the location of resistance-associated
SNPs on the Strongylus vulgaris chromosomes. The method provides visual confirmation of genomic
rearrangements, though signal intensity can be limited by probe accessibility.
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Gene knockout — The deliberate disruption of a gene to study its function. CRISPR-Cas9 mediated knockout
of the P-glycoprotein gene in a model nematode (e.g., Caenorhabditis elegans) has demonstrated its role in
ivermectin resistance. Translating knockout technology to equine parasites is challenging due to the lack of
robust transfection protocols and the long life cycles of many parasites.

Gene knockdown — Reducing gene expression without complete removal, often achieved by RNA
interference (RNAI). Feeding cyathostomin larvae with double-stranded RNA targeting the glutamate-gated
chloride channel reduces susceptibility to macrocyclic lactones, confirming the channel’s role as a drug
target. RNAI efficiency varies among species, and off-target effects can complicate interpretation.

RNA interference (RNAI) — A cellular mechanism that degrades messenger RNA in response to
double-stranded RNA, silencing gene expression. RNAI is a valuable tool for functional genomics in parasitic
nematodes. For example, RNAI of the acetylcholinesterase gene in Parascaris equorum increases sensitivity
to pyrantel. Delivery of RNAI triggers (soaking, electroporation, or feeding) can be inefficient, especially in
cuticle-protected stages.

Small interfering RNA (siRNA) — Short double-stranded RNA molecules (=21 nt) that guide the RNA-induced
silencing complex to degrade target mRNA. Synthetic siRNAs have been used to transiently suppress
resistance-related genes in laboratory cultures of cyathostomins. The short half-life of siRNAs necessitates
repeated dosing for sustained knockdown.

MicroRNA (miRNA) — Endogenous, non-coding RNAs (~22 nt) that regulate gene expression
post-transcriptionally. miRNA profiling of resistant versus susceptible Strongylus vulgaris isolates identified
miR-71 as a potential regulator of detoxification enzymes. miRNAs are stable in extracellular vesicles and
can serve as non-invasive biomarkers in fecal samples. Functional validation of miRNA targets remains a
major bottleneck.

Epigenetics — Heritable changes in gene activity that do not involve alterations in the DNA sequence. DNA
methylation and histone modifications have been implicated in the regulation of drug-detoxifying genes in
cyathostomins. Bisulfite sequencing can map methylated cytosines across the parasite genome, revealing
epigenetic patterns associated with resistance. Limited knowledge of epigenetic machinery in nematodes
makes interpretation difficult.

Methylation — The addition of a methyl group to cytosine residues, often at CpG dinucleotides, influencing
transcriptional activity. Hypomethylation of promoter regions may increase expression of resistance genes.
Detecting methylation requires bisulfite conversion, which can degrade DNA, demanding careful
optimization.

Histone modification — Post-translational changes to histone proteins, such as acetylation or methylation,
affecting chromatin structure. Chromatin immunoprecipitation (ChIP) followed by sequencing (ChIP-seq)
has identified histone marks associated with active transcription of B-tubulin in resistant parasites.
Antibodies specific for parasite histone modifications are scarce, limiting widespread application.

Promoter — A DNA region upstream of a gene that initiates transcription. Promoter analysis of the
P-glycoprotein gene in Parascaris equorum has revealed binding sites for transcription factors that respond
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to drug exposure. Mutations in promoter sequences can alter gene expression levels, contributing to
resistance. Functional promoter assays often require heterologous systems, which may not faithfully
recapitulate parasite regulation.

Enhancer — A distal regulatory element that increases transcriptional activity. Enhancers can act over long
genomic distances and are identified by chromatin conformation capture (3C) techniques. In nematodes,
enhancer elements are less well characterized; however, recent studies suggest that enhancers may drive
stage-specific expression of detoxification genes.

Transcription factor — A protein that binds DNA to regulate gene transcription. The nuclear hormone
receptor NHR-48 in Caenorhabditis elegans modulates expression of drug-metabolizing enzymes and has
orthologs in equine parasites. Electrophoretic mobility shift assays (EMSA) can confirm transcription factor
binding to promoter motifs. Identifying parasite-specific transcription factors is hampered by incomplete
genome annotation.

Operon — A cluster of genes transcribed as a single mRNA, common in prokaryotes and some nematodes.
Certain cyathostomin genes involved in cuticle synthesis are organized in operons, allowing coordinated
regulation. Operon structure can be inferred from RNA-seq data showing polycistronic transcripts.
Functional validation of operon regulation remains limited in parasitic nematodes.

Ribosomal RNA (rRNA) — The RNA component of ribosomes, highly conserved and frequently used for
phylogenetic studies. The internal transcribed spacer (ITS) regions of rRNA genes provide species-level
resolution for strongylid nematodes. PCR amplification of ITS-2 is a standard diagnostic tool for detecting
mixed infections. Intraspecific variation can sometimes blur species boundaries, requiring complementary
markers.

Mitochondrial DNA (mtDNA) — The small, circular genome found in mitochondria, typically inherited
maternally. mtDNA sequences, such as the cytochrome oxidase | (COI) gene, are widely used for barcoding
equine parasites. mtDNA evolves faster than nuclear DNA, making it useful for detecting recent population
expansions. However, heteroplasmy and nuclear mitochondrial pseudogenes (NUMTs) can confound
analyses.

Nuclear DNA (nDNA) — The chromosomal DNA housed in the nucleus. Nuclear markers provide information
about recombination and biparental inheritance, essential for studying gene flow. Whole-genome SNP
arrays derived from nDNA enable high-resolution mapping of resistance loci. The large size of nematode
nuclear genomes poses challenges for comprehensive coverage.

Plasmid — A circular DNA molecule that can replicate independently of chromosomal DNA, often used as a
cloning vector. Plasmids carrying the B-tubulin gene from Strongylus vulgaris have been introduced into
bacterial hosts for expression and drug-binding studies. Maintaining plasmid stability in the host requires
appropriate selection markers and replication origins.

Vector — A DNA construct used to deliver genetic material into cells. In parasitology, viral vectors are rarely
employed due to biosafety concerns, but plasmid vectors are common for expressing parasite proteins in
heterologous systems. Designing vectors with strong promoters and selectable markers is essential for
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successful expression.

Transfection — The process of introducing foreign nucleic acids into cells. Electroporation is a common
transfection method for nematode larvae, allowing delivery of siRNA or CRISPR components. Transfection
efficiency is typically low in cuticle-intact stages, necessitating optimization of pulse parameters and buffer
composition.

CRISPR-Cas9 — A genome-editing tool that uses a guide RNA to direct the Cas9 nuclease to a specific DNA
sequence, creating a double-strand break. In model nematodes, CRISPR has enabled precise editing of
resistance genes. Applying CRISPR to equine parasites is in early stages; challenges include delivering the
Cas9-RNP complex into embryos and preventing off-target effects. Off-target analysis involves
whole-genome sequencing to ensure specificity.

Guide RNA (gRNA) — A synthetic RNA that combines the CRISPR RNA (crRNA) and trans-activating crRNA
(tracrRNA) to direct Cas9 to the target site. Designing gRNAs requires consideration of PAM (protospacer
adjacent motif) sequences, typically NGG for Streptococcus pneumoniae Cas9. Computational tools such as
CHOPCHOP assist in selecting gRNAs with minimal off-target potential.

Off-target effects — Unintended modifications at genomic sites sharing partial similarity with the gRNA.
Off-target mutations can confound phenotypic interpretation and raise biosafety concerns. Whole-genome
resequencing of edited parasites helps identify off-target events. Reducing off-target activity involves using
high-fidelity Cas9 variants and carefully screened gRNAs.

Homology-directed repair (HDR) — A DNA repair pathway that uses a homologous template to accurately
repair double-strand breaks, enabling precise insertion of desired sequences. HDR can be harnessed to
introduce reporter genes into parasite loci, facilitating functional studies. HDR efficiency is low in many
nematodes, often requiring the use of donor DNA with long homology arms and synchronized cell cycles.

Non-homologous end joining (NHEJ) — An error-prone repair mechanism that ligates DNA ends without a
template, often resulting in insertions or deletions (indels). NHEJ is the predominant repair pathway in
nematodes and is exploited to generate loss-of-function mutations. Indel formation can disrupt coding
frames, producing knockout alleles. However, the stochastic nature of NHEJ means that outcomes must be
screened extensively.

Marker-assisted selection (MAS) — Using molecular markers linked to desirable traits (e.g., drug
susceptibility) to guide breeding decisions. In equine parasite management, MAS can inform selective
deworming strategies by identifying farms with low frequencies of resistance alleles. Implementation
requires reliable, cost-effective genotyping platforms, such as TagMan SNP assays. The main limitation is the
need for baseline data on marker prevalence.

Diagnostic assay — A test designed to detect the presence of a parasite or a specific genetic trait. Molecular
diagnostic assays for AR include allele-specific PCR for the F200Y B-tubulin SNP and qPCR for
P-glycoprotein expression levels. Sensitivity and specificity are critical performance metrics; assay validation
must be performed against gold-standard methods like the FECRT.
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Fecal egg count (FEC) — A quantitative measure of parasite eggs per gram of feces, used to estimate worm
burden. FEC is the cornerstone of the FECRT, where pre- and post-treatment counts assess drug efficacy.
Molecular techniques can complement FEC by detecting eggs of species that are morphologically
indistinguishable. Limitations include day-to-day variation, egg aggregation, and the inability to detect
pre-patent infections.

Fecal egg count reduction test (FECRT) — An in-field method to evaluate anthelmintic efficacy by comparing
FEC before and after treatment. A reduction of less than 95% is generally considered indicative of
resistance. Molecular confirmation of resistance markers enhances the reliability of FECRT results. The FECRT
is labor-intensive and may be confounded by reinfection or incomplete drug absorption.

Reverse genetics — Approaches that disrupt gene function to study phenotype, including RNAI, CRISPR, and
antisense technologies. Reverse genetics has been applied to knock down the expression of the
glutamate-gated chloride channel in cyathostomins, revealing its essential role in ivermectin susceptibility.
The main obstacle is delivering the genetic perturbation to the parasite stage of interest.

Forward genetics — Identifying genes responsible for a phenotype by screening for natural or induced
mutations. Classical genetic crosses of resistant and susceptible Parascaris equorum have been used to map
resistance loci to specific chromosomes. Modern forward genetics employs bulked segregant analysis (BSA)
combined with NGS to rapidly locate genomic regions associated with resistance. The technique requires a
large number of progeny and reliable phenotyping.

Bulked segregant analysis (BSA) — A method where individuals showing extreme phenotypes are pooled,
and their pooled DNA is sequenced to identify allele frequency differences. BSA has pinpointed candidate
regions on chromosome 2 linked to ivermectin resistance in cyathostomins. Accurate phenotyping and
sufficient pool size are essential to achieve statistical power.

Quantitative trait locus (QTL) — A genomic region that contributes to variation in a quantitative trait, such as
drug resistance level. Mapping QTLs for ivermectin resistance involves correlating SNP frequencies with
phenotypic data from FECRT. QTL mapping can reveal polygenic architecture, indicating that multiple loci
contribute modestly to resistance. Fine-mapping QTLs often requires high-density marker panels and large
sample sizes.

Linkage disequilibrium (LD) — Non-random association of alleles at different loci. High LD between a
resistance SNP and nearby markers can simplify marker development. However, recombination events can
break down LD over time, reducing the predictive value of a marker. LD decay rates vary among parasite
species and are influenced by population structure.

Haplotype — A set of alleles at multiple loci that are inherited together. Haplotype analysis of the B-tubulin
gene can reveal the presence of multiple resistance-associated haplotypes within a farm, indicating
independent emergence events. Haplotype reconstruction from short-read data may be ambiguous,
necessitating long-read sequencing for resolution.

Copy number variation (CNV) — Changes in the number of copies of a genomic segment. CNVs of
detoxification enzyme genes have been implicated in increased drug metabolism in resistant cyathostomin
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populations. Detecting CNVs requires depth-of-coverage analysis from NGS data, and validation by
quantitative PCR. Distinguishing true CNVs from sequencing artefacts demands rigorous quality control.

Gene amplification — An increase in the number of copies of a specific gene, often leading to
over-expression. Amplification of the P-glycoprotein gene can elevate drug efflux capacity, contributing to
resistance. Experimental confirmation involves measuring both copy number and transcript abundance.
Gene amplification may be unstable, reverting when selective pressure is removed.

Transcript isoform — Different mRNA variants produced from the same gene through alternative splicing or
promoter usage. Isoform-specific expression of B-tubulin has been observed in Strongylus vulgaris**,
suggesting functional diversification. Isoform detection requires long-read RNA sequencing (e.g., PacBio
Iso-Seq). The functional relevance of many isoforms remains to be elucidated.

Alternative splicing — The process by which exons are combined in different configurations to produce
multiple mMRNA isoforms from a single gene. In cyathostomins, alternative splicing of detoxification enzymes
may generate isoforms with altered substrate specificity. Splicing patterns can be regulated by
environmental cues, such as drug exposure. Bioinformatic prediction of splice variants often yields false
positives without experimental validation.

Gene annotation — The process of identifying gene structures, functions, and locations within a genome.
Accurate annotation of the Parascaris equorum genome is essential for locating resistance genes.
Automated pipelines (e.g.,, MAKER) are supplemented by manual curation using RNA-seq evidence.
Incomplete annotation hampers downstream analyses, such as pathway reconstruction.

Functional genomics — The study of gene functions and interactions on a genome-wide scale. Techniques
include transcriptomics, proteomics, and loss-of-function screens. Functional genomics has identified a
network of transporters that collectively confer multi-drug resistance in cyathostomins. Integrating
multi-omics data poses analytical challenges, requiring sophisticated statistical methods.

Systems biology — An interdisciplinary approach that models complex biological interactions within a
system. In equine parasites, systems biology models integrate gene expression, metabolic pathways, and
drug pharmacokinetics to predict resistance emergence. These models can guide strategic deworming
schedules. However, model accuracy depends on the quality and completeness of input data.

Pharmacokinetics (PK) — The study of drug absorption, distribution, metabolism, and excretion. PK
parameters for ivermectin in horses affect the drug’s exposure to parasites residing in the large intestine.
Molecular studies of parasite P-glycoprotein expression help explain inter-individual variability in drug
efficacy. PK modeling requires precise measurement of drug concentrations in plasma and tissues, which
can be invasive.

Pharmacodynamics (PD) — The relationship between drug concentration and its biological effect on the
parasite. The PD of macrocyclic lactones is characterized by a time-dependent killing of larvae. Molecular
markers of resistance can shift the PD curve, requiring higher drug concentrations for the same effect.
Integrating PK and PD data yields PK/PD models that inform optimal dosing regimens.
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Drug metabolism — Biochemical transformations that modify a drug, often by enzymes such as cytochrome
P450s. Parasite-derived enzymes can metabolize anthelmintics, reducing their potency. In vitro assays with
parasite microsomes have demonstrated ivermectin oxidation by P450 enzymes. The degree to which
parasite metabolism contributes to resistance relative to host metabolism remains unclear.

Transporter proteins — Membrane proteins that move substances across cellular membranes.
P-glycoproteins (ABC transporters) are key efflux pumps that export ivermectin out of parasite cells,
lowering intracellular drug concentrations. Over-expression of transporter genes is a hallmark of multi-drug
resistance. Inhibitors of P-glycoprotein can restore drug sensitivity, but specificity and toxicity must be
evaluated.

ABC transporter — A large family of ATP-binding cassette transporters involved in substrate transport. The
P-glycoprotein (ABCB1) is the most studied ABC transporter in nematodes. Sequence analysis of ABC
transporters across cyathostomin species reveals conserved motifs essential for ATP binding and substrate
recognition. Functional assays using heterologous expression in yeast help assess transport activity.

Efflux pump — A transporter that expels substances from the cell, often contributing to drug resistance.
Efflux pump inhibitors (EPIs) such as verapamil have been tested in vitro to sensitize resistant parasites to
ivermectin. EPIs can have off-target effects on host cells, limiting their clinical use. Optimizing EPIs for
parasite-specific activity remains an active research area.

Detoxification enzyme — Enzymes that neutralize toxic compounds, including anthelmintics. Glutathione
S-transferases (GSTs) and cytochrome P450s are major detoxification enzymes in nematodes. Elevated GST
activity has been correlated with resistance to benzimidazoles. Enzyme assays must be standardized to
compare activity across isolates, and substrate specificity can differ among isoforms.

Glutathione S-transferase (GST) — An enzyme that conjugates glutathione to electrophilic compounds,
facilitating excretion. GSTs from cyathostomins have been cloned and expressed to assess their ability to
bind benzimidazole metabolites. Inhibitors of GST may potentiate benzimidazole efficacy, but selectivity for
parasite versus host GST is critical.

Cytochrome P450 (CYP) — A superfamily of monooxygenases involved in oxidative metabolism of
xenobiotics. CYP enzymes in parasites can metabolize macrocyclic lactones, reducing their activity.
Transcriptomic profiling shows up-regulation of CYP genes in resistant populations. Functional
characterization of parasite CYPs is hampered by difficulties in expressing active enzymes in heterologous
systems.

RNA-seq library — A collection of cDNA fragments prepared for sequencing, representing the transcriptome.
Library preparation methods include poly-A enrichment or ribosomal RNA depletion. For parasites,
ribosomal depletion is preferred to capture non-polyadenylated transcripts such as small RNAs. Library
quality metrics (e.g., insert size, duplication rate) directly affect downstream analysis.

c¢DNA — Complementary DNA synthesized from RNA, used for cloning, sequencing, and expression studies.
Full-length cDNA of the B-tubulin gene enables structural studies of drug binding. Reverse transcription
conditions influence cDNA integrity; using high-fidelity reverse transcriptases improves representation of
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low-abundance transcripts.

Primer — A short oligonucleotide that anneals to a specific DNA sequence to initiate polymerase extension.
Primer design for parasite diagnostics must account for sequence variability among species to avoid
mismatches. In silico tools such as Primer-BLAST aid in selecting primers with optimal melting temperature
and specificity. Poor primer design leads to non-specific amplification and reduced assay sensitivity.

Probe — A labeled nucleic acid fragment used to detect complementary sequences. Probes in qPCR (e.g.,
TagMan) increase specificity by emitting fluorescence only when hybridized to the target. Probes can be

designed to discriminate between wild-type and mutant alleles at a single nucleotide position, enabling

rapid resistance screening. Probe synthesis costs and the need for fluorescence detection equipment are
practical considerations.

Hybridization — The annealing of complementary nucleic acid strands. Hybridization is the basis for many
diagnostic platforms, including microarrays and FISH. Stringent hybridization conditions reduce
cross-reactivity, essential when targeting conserved parasite genes. Temperature and salt concentration
must be optimized for each probe-target pair.

Microarray — A solid-phase platform containing thousands of DNA probes for simultaneous detection of
gene expression or genetic variation. Custom microarrays have been used to profile expression of
detoxification genes in resistant cyathostomin isolates. While microarrays provide high-throughput data,
they are being superseded by RNA-seq due to greater dynamic range and lower background.

Gene expression profiling — The measurement of transcript abundance across the genome. Profiling can
reveal up-regulated pathways in resistant parasites, such as the ABC transporter network. Methods include
gPCR panels, RNA-seq, and microarrays. Data normalization (e.g., using housekeeping genes) is critical to
obtain reliable comparisons between samples.

Housekeeping gene — A gene with stable expression across conditions, used for normalization in expression
studies. GAPDH and B-actin are commonly employed in parasite qPCR assays. However, expression of
traditional housekeeping genes can vary under drug stress, necessitating validation of stable reference
genes for each experimental context.

Normalization — Adjusting data to account for technical variation, enabling meaningful biological
comparisons. In RNA-seq, normalization methods such as TPM (transcripts per million) or DESeg2's
size-factor approach correct for library depth and composition bias. Incorrect normalization can produce
spurious differential expression results.

Differential expression — Identifying genes whose expression levels differ significantly between conditions
(e.g., resistant vs. susceptible). Statistical packages like edgeR and DESeq?2 are used to assess differential
expression, reporting fold change and adjusted p-values. Biological interpretation requires pathway
enrichment analysis to determine functional relevance.

Pathway enrichment analysis — A statistical approach to determine whether a set of differentially expressed
genes is over-represented in known biological pathways. Tools such as
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