Fellowship Training
I. Title and Abstract:
Title: Integrated metabolomic and genomic approach to metabolic variation across horse breeds
Rationale: Equine Metabolic Syndrome (EMS) is defined by a clustering of clinical signs, namely
hyperinsulinemia, insulin resistance and adiposity, which predispose horses to the development of laminitis.
Certain breeds appear to be more susceptible to EMS, while other breeds seem to be at lower risk. Genetic
selection in horses has resulted in metabolic and athletic phenotypes that allowed horses to efficiently perform
different types of work. These underlying metabolically efficient, or “thrifty” alleles, in particular those that
regulate energy intake, storage and use, coupled with changes in equine husbandry practices in recent times,
including dense high caloric feed and limited exercise, may explain much of the increasing prevalence of equine
metabolic disease phenotypes in modern environments.
Hypothesis/Objectives: We hypothesize that breed differences in key metabolic phenotypes are due to high
frequencies of alleles that modify metabolic traits. Our objectives are to 1) further dissect the metabolic
differences between breeds at the molecular level using total serum metabolite profiling; and 2) use these breedspecific molecular metabolic profiles to identify candidate genes underlying breed metabolic differences.
Study Design: In Objective 1 serum metabolite profiles will be analyzed before and after an oral sugar test in
274 horses from 5 breeds with distinct metabolic phenotypes. These data will be used to 1) identify the
metabolites and metabolic pathways that are significantly different between breeds using functional annotation
and mapping of metabolites to known pathways, pathway and metabolite set enrichment analysis, network
analysis, and pathway activity profiling; and 2) to correlate the metabolite/pathway differences with the
previously identified breed differences in key hormonal and biochemical measurements. In Objective 2 candidate
genes responsible for metabolic differences between breeds will be identified by using high-density SNP
genotype data to locate genomic regions and specific haplotypes that are highly differentiated between breeds.
Metabolites and metabolic pathways that are significantly different between breeds will then be used to provide
context for narrowing the focus to specific candidate genes within these genomic regions.
Preliminary Data: Our data demonstrate significant differences among Morgans, Arabians, Welsh ponies,
Tennessee Walking Horses and Quarter Horses in EMS-defining metabolic traits (e.g. insulin dynamics, lipid
metabolism, adipokines) that mirror EMS risk. We have also demonstrated the use of SNP genotype data to
identify regions of breed differentiation/selection across a wide breed panel, and across Quarter Horses and Welsh
Ponies, and provided examples in the GYS1 and MSTN genes that selection for certain performance traits results
in near-fixation of alleles that alter energy metabolism. Finally, we have demonstrated the potential for serum
metabolomic data to lead to insight into the metabolic differences between horses and clinical phenotypes.
Expected Results: We expect to detect major breed differences in metabolites/metabolic pathways that are
correlated to previously identified biochemical and hormonal differences. We also expect to identify and prioritize
candidate genes within genomic regions of interest that influence a spectrum of metabolic traits, particularly the
susceptibility to metabolic syndrome.
Budget and Timeline:
objective.

Approximately one year is required to achieve each

Potential Impact for Animal Health: Elucidating the evolution of the genetic basis of metabolic efficiency and
metabolic syndrome is a novel, unexploited approach to the study of the genetic basis of obesity, energy
dysregulation and EMS. This project will provide novel insights into disease biology, allowing the identification
of new therapeutic targets, and increasing our understanding of the pathophysiology of EMS and its associated
clinical features. Moreover, the identification of genes underlying the EMS phenotype will also directly impact
equine health by allowing for the development of genetic tests to identify horses at risk for the development of
obesity and laminitis prior to the onset of clinical disease.

July 15th, 2015
To the Scientific Advisory Board – Fellowship Training Proposal
I am a Postdoctoral Research Associate in the Equine Genetics and Genomics Laboratory at the University of
Minnesota under the supervision of Drs. Molly McCue and James Mickelson. I have been working in this
laboratory since the Fall semester of 2014, with the intent of taking further steps towards a successful career in
animal research. My goal is to obtain a tenure-track position at a major institution where I can establish a
laboratory to conduct research in the field of large animal genetics and genomics, as well as be involved in
teaching. My professional vision is to be part of a strong and collaborative program that provides me the
opportunity to perform cutting-edge research in animal health, disease and performance and to learn constantly
from my peers. I also have a passion for teaching, and would like to continue working with students both in the
classroom and in the laboratory, throughout my career.
I obtained my Bachelor’s degree in Biological Sciences from the University of Brasilia (Brazil) in 2005, and my
Ph.D. in Biomedical Sciences from Texas A&M University in 2014. I understood the importance of research early
on in my career, so while I was an undergraduate in Brazil, I was an intern at the Laboratory of Animal Molecular
Genetics at EMBRAPA, Brazil’s Federal Agricultural Research Institute. During that period, I worked on the
genetics of bovine and sheep reproduction, and this experience not only consolidated my passion for animal
research, but also provided me with knowledge that laid the foundation for my subsequent endeavors. After that, I
did another internship at the Laboratory of Uterine Biology and Pregnancy at Texas A&M University, where I
continued working on the genetics of sheep reproduction. Then, I decided to come back to the United States to
pursue a graduate degree in animal genetics.
My doctoral studies, conducted in the Molecular Cytogenetics and Genomics Laboratory at Texas A&M
University under the supervision of Dr. Terje Raudsepp, included generating a whole genome integrated map for
the alpaca (Lama pacos). This research project, funded by Morris Animal Foundation
allowed us to develop a genome-wide set of
molecular markers that successfully integrated the alpaca genome sequence assembly with the physical
chromosomal maps for this species. As part of this research project, and also with funds obtained from a
Veterinary Student Scholars Program Grant from Morris Animal Foundation awarded to me in 2011, we
successfully mapped candidate genes involved in deafness associated with depigmentation in alpacas. Therefore,
it is safe to say that Morris Animal Foundation played an instrumental role in the successful completion of my
doctorate, and for that I am very grateful.
During my undergraduate and graduate careers, I was either the author or co-author of a total of 24 publications in
national and international conference proceedings, as well as 12 articles in international peer-reviewed journals.
Moreover, I was fortunate to win several honors and awards including Outstanding Graduate Student and High
Impact Achievement awards from the Texas A&M College of Veterinary Medicine, and the U.S. Senator Phil
Gramm fellowship for excellence in research, teaching and as a scholar-mentor, among others.
Up until this point, my research background has been very diverse, ranging from the annotation of transposable
elements in a nematode species to my current research in the genetic basis of EMS, including bovine, sheep and
camelid studies. I believe that my experience has provided me with a skillset that will allow me to pursue
excellence in all aspects of my postdoctoral career, including research, grant and manuscript writing, and
communicating my findings to fellow researchers and to the public.
My postdoctoral research project aims at identifying candidate genes associated with Equine Metabolic
Syndrome, or EMS. The opportunity to work with equine genetics provided me with invaluable knowledge on the
potentially harmful outcomes of genetic diseases in horses. Moreover, I was able to understand the importance of
preventative approaches to genetic diseases, especially in the case of EMS, which can lead to fatal consequences
in affected horses. The identification of candidate genes associated with this syndrome is an important first step
towards early diagnostics and preventative measures that can be taken prior to the development of clinical signs. I

believe it also lays the foundation for the discovery of the pathophysiology of the disease, as well as of targets for
novel therapies that can greatly improve the health and welfare of potentially affected individuals.
Therefore, the research study presented in this Fellowship Proposal aims at identifying candidate genes associated
with the EMS phenotype and breed-specific metabolic profiles. In order to accomplish that, we will identify
genome-wide signatures of positive selection in four breeds with distinct metabolic profiles (Arabian, Morgan,
Quarter Horse and Welsh Pony) using genotyping data for 2 million SNP markers. Then, we will use a
comprehensive set of phenotypic, environmental and epidemiologic measurements, as well as breed-specific
global metabolic profiles derived from serum metabolomics analysis, to refine and prioritize the prioritize genes
and pathways associated with EMS phenotypes and distinct serum metabolic profiles in horses and ponies.
We anticipate that these findings will be critical to gain further knowledge on the genetic basis of this syndrome,
and for our long-term goal of developing genetic tests for early EMS diagnosis. I am confident that our
laboratory, which is well-known for its solid research history and use of cutting-edge technologies, will provide
me with the ideal facilities and human resources to conduct the proposed research study. My mentor, Dr. Molly
McCue, is a very successful DVM/PhD scientist who has dedicated years to studying the genetics of equine
metabolic diseases, having published her numerous findings in high impact journals. My co-mentor, Dr. James
Mickelson, is a well-established researcher who helped establish the field of equine genetics and genomics,
having played a significant role in developing and using the first ever genetic analysis tools in the horse.
With the help of previous Morris Animal Foundation funding, my interest and passion for animal research have
been translated into scientific knowledge and experience that allowed me to develop my career up until this point.
Continued support from Morris Animal Foundation will allow me to pursue my newfound interest in the genetic
basis of EMS, as well as support me in building my skills in equine genetics and taking further steps towards
developing my career as an independent investigator. Thank you in advance for your consideration of my
proposal.

Sincerely,

Felipe Avila, Ph.D.
Equine Genetics and Genomics Laboratory
College of Veterinary Medicine
University of Minnesota

Dear members of the Large Animal Scientific Advisory Board,
It is my distinct pleasure to write this mentor letter for Dr. Felipe Avila in support of his Morris Animal
Foundation Postdoctoral Fellowship proposal. I had the opportunity to recruit Felipe to our research group in the
fall of 2014. Since that time I've had the opportunity to become familiar with Felipe’s strengths and have watched
him step in and become an integral part of our research team.
Felipe came to our group with some background in reproductive genetics and cytogenetics but with genuine
interest in learning how to take advantage of high dimensional data sets and ‘omic technologies. The work done in
our lab and the focus of Felipe’s research thus far has required Felipe to acquire an entirely new set of skills in the
last ten months. His motivation and dedication to this task has been inspiring. It is not necessarily an easy
transition for a bench top scientist that has been heavily invested in molecular work to step away from pipettes
and into the world of computational biology. This transition has required Felipe to learn core computing skills
including some basic programming. While this transition results in a steep learning curve with many daily
opportunities for frustration, Felipe has maintained a remarkably positive attitude and has been tenacious in his
efforts.
Felipe has taken two large projects previously overseen by a senior postdoc in the laboratory and he has moved
both of these projects forward substantially, presenting at the International Plant and Animal Genome meeting
barely 4 months into his post-doc and having an abstract accepted for the Havemeyer Equine Genomics meeting
in July 2015. These projects, which focus on the identification of genomic regions highly differentiated between
breeds or undergoing positive selection, form the basis of the genomic preliminary data in Felipe’s post-doc
proposal. As part of this work, Felipe has learned how to manipulate and analyze single nucleotide polymorphism
(SNP) genotyping data and the analysis of whole genome sequence data, and has developed the genomic analysis
pipeline outlined in objective 2a. The work outlined in this proposal builds on the skills he has developed thus far,
and his preliminary data, by adding a functional high dimensional data set in the form of non-targeted serum
metabolomic data. This functional data will give Felipe the opportunity to explore new statistical analyses and to
tie molecular phenotypes to his genomic regions of interest; which will round out Felipe’s post-doctoral training.
At the completion of his postdoctoral training, Felipe will truly have a diverse research portfolio, with experiences
ranging from genome annotation and FISH mapping to high dimensional data analysis. Further, Felipe will have
had the opportunity to perform genetic research in a range of large animal species which fits with his long-term
goal of establishing a research lab focusing on large animal genetics and genomics. In addition to his diverse
training, Felipe has several other strengths which make him well-suited to become an independent investigator.
As mentioned above he is hard-working and tenacious, which is demonstrated not only by his work in my
laboratory, but also by his stellar academic record which includes primary or co-authorship on 12 articles in
international peer-reviewed journals. He also has excellent people skills, and has shown a talent for
teaching/mentoring while working with visiting/rotating PhD students and veterinary students in the lab.
As the primary mentor for Felipe’s postdoctoral fellowship I am committed to mentoring Felipe not only on his
research projects but also in his professional development. This includes supporting Felipe as he develops his
technical writing skills through mentored manuscript and grant writing experiences (such as this one). Further I
will support Felipe and his passion for teaching by identifying opportunities for him to become involved in
teaching during his postdoctoral training. Finally, as Felipe has mentioned in his training plan, I am committed to
helping him network in the professional community through opportunities to speak and professional contacts at
meetings, as well as through a number of visiting scientists that have visited/will visit the lab during his tenure
here. Our laboratory group meets almost weekly for 1 to 2 hours to discuss current literature, new data analyses,
or data from a specific student’s project. In addition, I meet with each student in my laboratory including Felipe
weekly in a one-on-one meeting to discuss data and/or troubleshoot ongoing projects.
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July 6, 2015
Dear Review Committee members:
It is my great pleasure to provide you with this letter in support of Dr Felipe Avila’s postdoctoral fellowship
application. I have known Felipe for approximately 9 months as a co-mentor of his outstanding work using dense
genotyping data from multiple breeds and populations to locate genomic loci of interest in a number of different
phenotypes in the horse. I have organized this letter according to your wishes.
Candidate accomplishments, perceived strengths, motivation, academic abilities and potential. Felipe came to us
having been trained by Terje Raudsepp who you know as one of the world’s most accomplished animal
geneticists from her work on horse and alpaca genomics and the genetics of reproduction and infertility. During
his time with Terje Felipe made advances in the alpaca genome and solved a problem in their karyotype that
puzzled cytogeneticists for decades. Felipe has authorship on 12 publications, with three of them as lead author
from his PhD, and I will leave it to you to count the many abstracts and presentations. It all adds up to a beautiful
portfolio presenting the first phase of his training towards becoming an independent scientist.
Felipe easily stepped into our group and made an immediate impact. He is very motivated to succeed and learns
new technologies very rapidly, enabling him to quickly go from a primarily laboratory based scientist at TAMU
to a computational biologist at Minnesota with an entirely different set of tools and an entirely different type of
data. He now has a handle on all the necessary approaches to working with dense genotyping data, analyzing it to
localize regions of reduced variation, scan these regions for underlying genes and develop databases to catalog
gene functions. And, I have no concerns about his ability to work with the metabolomic data that will be
generated in his fellowship proposal.
His current work is coming together nicely now in the areas of identifying loci of interest for metabolic traits
which in some ways is moving Felipe into a new area that relates more to animal health. We are thrilled that he
has already been invited to give platform presentations of his preliminary work at the Plant and Animal Genome
conference (Jan 2015) and the Havemeyer Horse Genomics Workshop (July 2015). I wish I had space to tell you
about more of the other types of loci he is identifying, such as regions of selection in different sub-types of
Quarter Horses that have different performance traits, loci under selection in Thoroughbreds and Standardbreds,
and potential size loci in drafts, ponies and miniature horses.
Lastly, here, Felipe is incredibly kind, calm, good-natured, generous, and polite. He is extremely well-organized,
logical and well-spoken. All of these traits are apparent in his one on one meetings, his oral presentations to our
group meetings, and his talk at the PAG meeting. They also come through in his day to day work where to make
progress in the very complex projects he is undertaking requires on organized dedicated workflow with multiple
stages going on at once and incredible patience to deal with time consuming computations on computer networks.
To conclude Felipe has all the tools necessary to become an outstanding independent researcher, able to utilize all
types of “omics” data, and I have no doubts whatsoever that he will achieve this goal.
Mentoring relationship. I am a co-mentor to Felipe with Molly McCue. Together Molly and I maintain a
dynamic, productive and internationally-recognized group of 6 – 8 grad students/postdocs/faculty/techs/vet
students in basic and applied equine genetics and genomics. Molly is Felipe’s primary mentor with clear strengths
in current methods of genome analysis and understanding of equine pathobiology. I consider my role as

Training Plan
I have several training objectives that will support my career development and provide me with the necessary
skills for success in this proposed study, as well as in my future in animal research. They include development of
technical research skills relative to metabolomics and genomics, and non-technical aspects such as writing,
networking, developing critical thinking skills, and academic competences.
Research training: based on previous training and experience, my skillset reflects that of a trained molecular
cytogeneticist and geneticist. Therefore, I seek to broaden my knowledge by incorporating different ‘omics’ tools
to my scientific repertoire. This fellowship will allow me to further develop my skills on computational biology
applied to genomics and dense genotyping data, which I have been learning since I started working in this
laboratory, in the Fall of 2014. Moreover, I am thrilled to gain a more in depth understanding of Equine Metabolic
Syndrome and its clinical phenotypes, as well as the use of metabolomics to address the pathophysiology of this
disease. I plan to learn and successfully apply the techniques listed in this research study, such as: the use of
bioinformatics tools to identify genomic signatures of selection; collection and analysis of various metabolic
measurements in horses; statistical analyses applied to ‘omics’ data, among others. For that, I plan to attend
workshops at the University of Minnesota’s Supercomputing Institute on handling and analyzing big genotyping
data and at the Center for Mass Spectroscopy and Proteomics on analysis of metabolomic data.
Technical writing: during this fellowship I will have to opportunity to write scientific reports, abstracts and
manuscripts stemming from our findings, with the guidance and input of my mentors, whom have extensive
experience with scientific writing. In addition to mentored writing of abstracts, manuscripts, and reports, I plan to
receive formal training in grant and manuscript writing through short courses offered at the University of
Minnesota, including the "Getting Started" and “Write Winning Grants” workshops, and the “Scientific Writing
Series” sponsored by the Center for Translational Science Institute.
Networking and development of critical thinking skills: I believe that the Equine Genetics and Genomics
Laboratory will provide me with the ideal environment to establish networks with other scientists, as well as
critical thinking skills. Drs. McCue and Mickelson mentor a large group of undergraduate and graduate students,
and laboratory technicians from various backgrounds including DVMs and veterinary medicine students. We hold
weekly meetings in which we discuss research articles, as well as the progress of our research projects. Being part
of a talented, multidisciplinary group is critical to learn various aspects of my project from veterinarians and
researchers alike, and to develop critical thinking skills by discussing outcomes and pitfalls, and by incorporating
inputs and/or suggestions to my work. Moreover, my mentors have an extensive array of collaborators, with
whom we exchange ideas, knowledge, and technologies. I also plan to attend and present my findings at national
and international scientific meetings and workshops (e.g. Plant and Animal Genome, Havemeyer Equine Genome
Workshop). My mentors will serve as networking facilitators at such meetings, helping me develop independent
collaborations which will be useful in my career as a researcher. Finally, it is worth to mention that I will have the
opportunity to work with Dr. Susan Van Riper at the University of Minnesota Informatics Institute, a nationally
recognized expert on statistical analysis of metabolomic data.
Mentoring plan: Dr. McCue D.V.M., M.S., Ph.D., a board-certified large animal internal medicine specialist
(DACVIM), will serve as my primary mentor. Dr. McCue is internationally recognized as a leader in equine
genetics and genomics. Her primary research focus is the genetics of neuromuscular and metabolic diseases
affecting the horse. Dr. McCue will provide guidance for questions related to the clinical phenotypes and various
metabolic measurements, analysis of the large scale datasets (SNP and metabolomic data), statistics, and biologic
interpretation of results. She will also provide guidance and critical evaluation for reports, abstracts, and
publications related to this work. Dr. Mickelson M.S., Ph.D., as my co-mentor, will provide independent opinions
on data acquisition and analysis, adding context to results from his extensive expertise in genetics, biochemistry,
and biology. It is worth to mention that the technology used to genotype the animals in this study - the 2 million
equine SNP array - was developed by Drs. McCue and Mickelson.
Institutional environment: apart from the human resources available from the talented, multidisciplinary group of
mentors and fellow students which I am part of, the laboratory is equipped with all the necessary, cutting edge
resources for the completion of this research study. Computing resources available in the lab include 7 Windows
computers with a dual installed Linux virtual machine, containing all the software needed for the proposed
analyses. Additionally, the laboratory maintains an account with the University of Minnesota Supercomputing
Institute (MSI) which includes access to the Computational Genetics and Basic Sciences computing laboratories.
Finally, all metabolomics analytical work will be performed at the University of Minnesota Center for Mass
Spectroscopy and Proteomics.
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July 10, 2015
To the Large Animal Scientific Review Board,
It is my distinct pleasure to provide you with this letter in support of Dr. Felipe Avila’s postdoctoral
fellowship application.
Felipe proposes to continue his postdoctoral training with Drs. McCue and Mickelson, who comprise an
established and very successful research team with a history of mentorship of both graduate and postdoctoral
students. The team they have formed is a leader in the field of applying state-of-the-art high-throughput
genomics approaches to identify and understand genes and mutations that underlie important health, disease
and performance traits in horses. Their team is integrated, highly productive, and scientifically rigorous. This
team invests heavily in preparing students for technical proficiency, basic sciences comprehension, and
grantsmanship. Dr. Avila could not have selected a better program in which to continue his training in a
career leading him to a position as an independent scientist in animal health and disease.
Our College’s research program emphasizes three Signature Research programs in Comparative Medicine,
Emerging and Zoonotic Disease and Population Systems. Animal genomics research (both large and small
animal) occupies a key position in the Comparative Medicine program. I would also like to note that the
University of Minnesota as a whole has invested heavily in support of genomics, proteomics, metabolomics
and computational biology work through its core facilities and infrastructure that has enabled groups such as
the equine genomics group to have established themselves and propose higher order and complex projects
such as Dr. Avila’s. Further, Dr. McCue, the primary mentor for this proposal, is uniquely positioned to help
Dr. Avila access these University resources with her intimate involvement with the newly formed University
of Minnesota Informatics Institute (UMII) as both a member of the UMII Scientific Advisory Board and as a
UMII Transdisciplinary Research Faculty Fellow.
As the chair of Dr. McCue’s home department I will do everything possible to ensure that Dr. Avila’s
training is well-structured and he has the physical resources necessary to achieve his training goals.
To conclude, the college is strongly supportive of this training fellowship, which brings together a strong
candidate and a solid mentoring team to work on an important disease in the horse. Please do not hesitate to
contact me with any questions.
Sincerely,

Thomas Molitor, PhD
Distinguished Teacher
Professor and Chair,
Veterinary Population Medicine
College of Veterinary Medicine

July 10, 2015
RE: Salary Verification for Morris Animal Foundation Fellowship Proposal

To Whom It May Concern:
Dr. Felipe Avila is a Postdoctoral Research Associate who joined the Equine Genetics and
Genomics Laboratory, Department of Veterinary Population Medicine, in August of 2014. We
are requesting an annual salary of
indirect costs for his position.
The requested salary rate is in line with salaries paid to postdocs in the College of Veterinary
Medicine
This salary rate is also below NIH guidelines for a
fellow with his equivalent experience.

Respectfully,

Natalie L. Dillon
Administrative Director
University of Minnesota
Veterinary Population Medicine

III. Resubmission Summary
N/A

IV. Name, Institution and Email Address
Fellow:
Felipe Fagundes de Avila, PhD
Postdoctoral Research Associate
Department of Veterinary Population Medicine
College of Veterinary Medicine
University of Minnesota

Mentor:
Molly McCue, DVM, MS, PhD, Diplomate of ACVIM
Associate Professor
Department of Veterinary Population Medicine
College of Veterinary Medicine
University of Minnesota

Co-Mentor:
James Mickelson, MS, PhD
Professor
Department of Veterinary Biosciences
College of Veterinary Medicine
University of Minnesota

1. Hypothesis and Objectives. Equine Metabolic Syndrome (EMS) is defined by a clustering of clinical signs,
namely hyperinsulinemia, insulin resistance and adiposity, which predispose horses to the development of
laminitis1,2. Certain breeds (Morgan, Arabian, Welsh Pony, Tennessee Walking Horse) appear to be more
susceptible to EMS, while other breeds (Quarter Horse) seem to be at lower risk3. Our preliminary data
demonstrate significant breed differences in EMS-defining metabolic traits (e.g. insulin dynamics, lipid
metabolism, adipokine concentrations) that mirror EMS risk. We hypothesize that breed differences in these key
metabolic phenotypes are due to high frequencies of alleles that modify metabolic traits within breeds. The goals
of this proposal are to 1) further dissect the metabolic differences between breeds at the molecular level using
total serum metabolite profiling; and 2) use these breed-specific molecular metabolic profiles to identify candidate
genes underlying breed metabolic differences.
Objective 1: Determine the molecular basis of breed metabolic variation by connecting metabolic pathways
to the hormonal and biochemical differences between breeds. Global serum metabolite profiles will be
analyzed before and after an oral sugar test in 274 horses from 5 breeds with distinct metabolic phenotypes. These
data will be used to 1) identify the metabolites and metabolic pathways that are significantly different between
breeds using functional annotation and mapping of metabolites to known pathways, pathway and metabolite set
enrichment analysis, network analysis and pathway activity profiling; and 2) correlate the metabolite/pathway
differences with the previously identified breed differences in key hormonal and biochemical measurements.
Objective 2: Identify candidate genes responsible for metabolic differences between breeds. In objective 2a,
genomic regions and specific haplotypes that are highly differentiated between breeds will be identified using
high-density SNP genotype data from the breeds in objective 1. In objective 2b, metabolites and metabolite
pathways that are significantly different between breeds will be used to provide functional context for narrowing
the focus to specific candidate genes within these genomic regions.
Combined, this project will expand our knowledge of the metabolic and genomic bases for across-breed
differences in metabolic profiles and how they relate to EMS physiological and clinical phenotypes, and as a
result greatly increase our understanding of the complex biology of EMS.
2. Justification, Significance and Literature Review. EMS refers to a cluster of clinical abnormalities
minimally represented by three criteria: documented or suspected insulin resistance (IR), obesity and/or increased
regional adiposity, and a predisposition to laminitis1,2. Other reported abnormalities include hypertriglyceridemia,
dyslipidemia, increased low-density lipoprotein concentrations, hyperleptinemia, arterial hypertension, and
increased systemic inflammatory markers4-7, although there is disagreement between studies8. Using
morphometric, biochemical and hormonal phenotypes combined with epidemiologic and environmental data from
610 horses/ponies, we have demonstrated that variability in metabolic phenotypes is due to both environmental
and individual factors, including genetics (preliminary data). In addition, these data highlight the fact that while
breeds can share key metabolic features of EMS, they can also differ in the magnitude of these responses or of
other features, such as fasting insulin, triglyceride, non-esterified fatty acid and adipokine concentrations. We
hypothesize that the differences in the severity and secondary features of the EMS phenotype between breeds are
the result of the variable frequencies of genetic risk alleles within breeds. Thus, the heterogeneity of the EMS
phenotype across individuals and breeds is a result of the combination of underlying genetic alleles, the
interactions between these alleles and the environment, and the resulting molecular pathophysiology. In this
proposal, we build upon our ongoing work on the genetics of individual metabolic variation to focus on the
molecular and genetic differences underlying breed-specific metabolic profiles.
Intense selective breeding in domestic animals leads to the fixation of phenotypic traits within breeds. Since
domestication, selection in horses has included metabolic and athletic phenotypes that allowed horses to
efficiently perform different types of work. Thus, many modern breeds likely have alleles segregating at high
frequency or approaching fixation (i.e., 100% frequency) that modulate energy utilization by mechanisms such as
enhanced anaerobic and/or aerobic metabolism, increased muscle mass and strength, increased cardiovascular and
respiratory fitness, localized accumulation of adipose tissue, and improved economy of locomotion, among
others9.These metabolically efficient or “thrifty” alleles, in particular those that regulate energy intake, storage
and use, coupled with changes in equine husbandry practices in recent times including dense high caloric feed and
limited exercise, may help explain the increasing prevalence of equine metabolic disease phenotypes in modern
environments. Our proposal is based on the hypothesis that genetic predisposition to the development of
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metabolic syndrome phenotypes in certain breeds is due to modern environments interacting with genotypes
selected for under different environmental pressures. Studies demonstrating the overlap between genetic loci
under selection in the human genome and loci conferring susceptibility to metabolic traits including obesity and
type 2 diabetes lend validity to this hypothesis10,11. Similarly, in the horse, we have identified selection for a
mutation in the GYS1 gene in Belgian draft horses, resulting in excess skeletal muscle glycogen associated with
Polysaccharide Storage Myopathy Type 1 in modern environments13 and selection at the myostatin (MSTN) gene
locus in Quarter Horses, which alters muscle fiber type proportions and which we hypothesize also alters many
aspects of muscle and adipose tissue energy metabolism (preliminary data). Elucidating the evolution of the
genetic basis of metabolic efficiency and metabolic syndrome across horse breeds is a novel, unexploited
approach to the study of the genetic basis of obesity, energy dysregulation and EMS.
The current lack of information regarding the genetic basis of and variation in EMS within and across breeds
restricts understanding of the pathophysiology, as well as limits the ability to predict disease risk and to identify
individuals who can benefit from management changes and/or therapeutic intervention prior to the onset of
disease/laminitis. To further untangle this complex phenotype, we propose collection of global serum
metabolomics data both before and after an oral glucose challenge in our large across-breed cohort of horses and
ponies. Non-targeted studies such as this provide unbiased data on the presence/absence and proportions of
metabolites contained within a sample, and will provide a snapshot into the metabolic state of these horses both
before and after a dynamic challenge (i.e., OST). Biologic differences between breeds will be explored by 1)
identification of breed differences in metabolite concentrations; 2) functional annotation, mapping and
visualization of metabolites within known predefined metabolic pathways; 3) pathway overrepresentation analysis
of significant metabolite lists; 4) metabolite set enrichment analysis; 5) the construction of metabolite networks
and network topology analysis; and 6) pathway activity profiling. Identified metabolic differences between breeds
will be linked to putative candidate genes through a set of analyses designed to detect regions of low genetic
diversity and positive selection in breeds of varying metabolic and EMS phenotypes.
We expect the major contribution of the proposed research to be the detection of breed differences in
metabolites/metabolic pathways that are correlated to previously identified biochemical and hormonal differences,
and the identification and prioritization of candidate genes that influence a spectrum of metabolic traits,
particularly the susceptibility to metabolic syndrome. These findings will provide novel insights into disease
biology, allowing the identification of new therapeutic targets, and increasing our understanding of the
pathophysiology of EMS and its associated clinical features. Moreover, the identification of genes underlying the
EMS phenotype will also directly impact equine health by allowing for the development of genetic tests to
identify horses at risk for the development of obesity and laminitis prior to the onset of clinical disease.
3. Preliminary Data.
Clinical and breed variation in metabolic phenotype. We have collected 11 phenotypes, epidemiologic and
environmental data from a total of 610 horses/ponies from 166 farms. These data include individuals from 5
breeds with distinct metabolic phenotypes (Arabians, Morgans, Quarter Horses,Tennessee Walking Horses and
Welsh Ponies). Using these data, we have been able to rigorously assess several key aspects of variation in
metabolic phenotypes and EMS, including: 1) how metabolic measures differ in horses when parsed by clinical
status (i.e., non-obese, non-laminitic [NO-NL], non-obese, laminitic [NO-L], obese, non-laminitic [O-NL], and
obese, laminitic [O-L] and 2) how individual (i.e., age, breed, gender, etc) and environmental (i.e., dietary
adaptation, exercise, etc) variables impact trait measures (Table 1).
Our data indicate that fasting insulin, triglycerides, and insulin 75 minutes post-oral sugar challenge (OST) are
consistently elevated, whereas adiponectin is consistently decreased in individuals with a history of laminitis,
regardless of obesity status, age, gender or breed (Table 1). In addition to differences between clinical groups,
we have also identified significant differences in the relevant biochemical measurements between breeds
regardless of clinical phenotype (Table 2). For example, Quarter Horses have significantly lower fasting insulin
and insulin OST, and lower leptin in relation to other breeds, whereas Welsh Ponies tend to have higher insulin
OST. Moreover, Welsh Ponies have significantly higher fasting serum triglyceride and NEFA concentrations than
horses as a whole (data not shown), even after correction for obesity and laminitis status. Heritability estimates
from whole genome SNP genotype data in Morgans indicate many of these traits are highly heritable (Table 1).
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metabolomic profiles comprised 646 biochemical compounds, of which 506 were of known identity. Statistically
significant differences between ID and CON, or between baseline and post OST, were identified for > 130
biochemicals, including hexoses (glucose, mannose, fructose), metabolites involved in the tricarboxylic acid cycle
(citrate, fumarate, malate), fatty acid metabolism (palmitoleate, eicosapentanoate, palmitolycarnitine,
laurylcarnitine), and branched-chain amino acid oxidation (4-methyl-2-oxopentanoate, 3-methyl-2-oxoalerate and
isovalerylglycine). These data demonstrate the potential for serum metabolomic data to lead to insight into the
metabolic differences between horses and clinical phenotypes.
4. Experimental Methods and Design.
Objective 1: Determine the molecular basis of breed metabolic variation by connecting metabolic pathways
to the hormonal and biochemical differences between breeds.
Rationale. Global serum metabolomics data collected both before and after an oral glucose challenge in an acrossbreed cohort of horses and ponies will provide a comprehensive and unbiased approach to understanding the
molecular physiology/pathophysiology of breed phenotypic variation/EMS by providing data on the proportions
of all measureable metabolites. Further, annotation and assembly of metabolite data into pathways and networks
and correlation of these pathways/networks to hormonal and biochemical differences between breeds can
potentially pinpoint the molecular alterations leading to, or resulting from, hormonal/biochemical differences
(e.g., the effects of hyperinsulinemia, etc). Metabolites, metabolite ratios, and networks/pathways will also
provide a more precise foundation for investigation of the genetic component of metabolic trait variation in
objective 2.
Experimental Methods and Design. Fasting and 75 min post oral glucose challenge (OST) serum samples from
274 previously-phenotyped individuals from 5 breeds (39 Arabians, 75 Morgans, 46 Quarter Horses, 39
Tennessee Walking Horses and 75 Welsh Ponies) will be used. Based on power calculations performed in
Metaboanalyst for multivariate models using preliminary metabolomic data, to determine group (i.e. breed)
differences with a specificity of 0.95 and a sensitivity of 0.85, the number of needed individuals per group is 3875 depending on the desired confidence interval (i.e., 90% vs 95%)19-21
All analytical work will be performed at the U of M Center for Mass Spectroscopy and Proteomics. Samples will
be deproteinized and aliquots lyophilized22. An initial QC analysis to assay technical, sample preparation and
biologic variability will be used to set acceptable QC limits. Then, raw data will be pre-processed to provide
structured data and appropriate format for subsequent analysis using Progenesis QI23 (for UHPLC-MS) or
XCMS24 (for GC-MS) software. Background subtraction will be performed as indicated by initial QC
investigation. Data will be auto-scaled (i.e., mean centered and divided by the sample standard deviation) to avoid
skewing due to dynamic range differences, and log-transformed to ensure normality, if necessary (i.e., for
regression-based analyses). Sample and feature outliers will be removed and missing values will be imputed22.
Unidentified metabolites of statistical interest will be subjected to secondary fragmentation and resulting patterns
searched against existing spectral libraries containing annotated fragmentation patterns.
Statistical differences between breeds and correlations between metabolic features and continuous measured
outcome variables (i.e., INS, INS OST, TG, GHR, APN, etc)26 at each time point (baseline and post-OST) will be
performed in MetaboAnalyst19-21. Comparison of temporal profiles (i.e. fasting and post-OST) will be evaluated
using the MetATT tool using multivariate empirical Bayes time series analysis (MEBA)27. These analyses will
identify differences between breeds, time points, and the interactions between breed and time point.
Biological patterns, functions and metabolic pathways differences will be further explored by functional
annotation, mapping and visualization of metabolites within known predefined metabolic pathways using
MBRole28 and Interactive Pathways Explorer (iPath)29, with data from KEGG30, HMDB31, PubChem
(pubchem.ncbi.nlm.nih.gov), and ChEBI32 databases. Pathway overrepresentation analysis and metabolite set
enrichment analysis will be performed using MESA. The construction of metabolite networks and network
topology analysis and pathway activity profiling will be performed with MetPA and PAPi, respectively. The
differences in metabolites, pathways, networks and pathway activity estimates between breeds will highlight key
metabolic functions that are differentiated by breed.
Expected outcomes and potential pitfalls. We expect to identify up to several thousand metabolites, as observed in
the human serum metabolome project26. Several dozen to hundreds of metabolites may differ significantly by
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breed or temporal sampling, and several metabolites and metabolic pathways are likely to be correlated to
phenotypic measurements such as INS, INS OST, APN, LEP, TG, etc.
Objective 2. Identify candidate genes responsible for metabolic differences between breeds.
Rationale. Domestic animal breeds originate through artificial selection in which breeders work to fix desirable
phenotypic traits. In the horse, there is evidence that this selection process has focused on metabolic and athletic
traits that have resulted in several breeds that are metabolically efficient, and by extension at high risk for the
development of EMS. When the alleles underlying these traits reach high frequency or become fixed with in a
breed, genetic association studies lose their power to identify these loci. To identify high allele frequency loci
harboring alleles responsible for breed differences in metabolic traits, we first identify genomic regions within
each breed where there is evidence of decreased genetic diversity and haplotype differentiation relative to other
breeds, which together suggest that the region harbors genes/alleles responsible for breed phenotypic
differentiation. Then, we identify the genes present in these genomic regions of interest (ROIs) (objective 2a). In
objective 2b, we capitalize on the breed differences in metabolic phenotypes identified in objective 1 to prioritize
genes within these ROIs. Gene lists from ROIs will be prioritized for further association investigation using the
metabolic pathways that are different between breeds and correlated with key hormonal measures. Identification
of putative metabolic pathways and candidate genes that result in breed phenotypic differences constitutes a key
step in linking certain phenotypes to causal genotypes and is critical to understanding the complex biology
underlying EMS.
Experimental Methods and Design - Objective 2a. Genomic ROIs will be identified in all breeds using an Fstbased statistic (di) calculated in non-overlapping 10 kb regions across the genome, with regions in the top 1% of
the empirical data picked as putative regions of genomic differentiation (preliminary data) 15,16. Haplotype
sharing within and specific haplotypes within ROIs will be delineated by the hapQTL method of quantifying local
haplotype sharing33 for which we will choose significant SNP markers with –log (Bayes Factor) > 5 with at least 2
significant markers overlapping the above regions. Finally, extended haplotype homozygosity analysis will be
conducted to identify core haplotypes containing putative causative alleles34,13. The BioMart software suite
(www.biomart.org) will be used to query the Ensembl database and create lists of genes located within the
haplotype boundaries identified above. The equine genome (EquCab2) and syntenic regions of the human genome
sequence (GRCh37) will be queried to ensure candidate genes are not missed due to inaccurate annotation of
EquCab2. Gene ids, gene structure information including start and end positions and exonic regions will be
retrieved. All genes will be annotated with gene ontology (GO) terms to facilitate identification of genes with
relevant biologic function.
Experimental Methods and Design - Objective 2b. Mapping and annotation of metabolites to known metabolic
pathways in objective 1 using MBRole and iPath allow for changes in metabolite concentrations to be linked to
the gene products (and subsequently genes) that are involved in metabolic pathways. Genes in ROIs for a given
breed will be prioritized as candidate genes if the gene’s product plays a role in the formation of the metabolites
or in pathways that are different within the breed. Metabolite correlation networks (MetPA) can also be used to
prioritize genes when metabolites do not map to canonical pathways. In this instance, breed-specific sub-networks
containing genes identified within ROIs will be extracted from the metabolite networks. The biological coherency
of the subnetwork will be assessed by calculating the average metabolite interaction weight between all possible
interactions21, and used to reconstruct biochemical pathways related to breed metabolic differences.
Expected results and potential pitfalls. As shown in preliminary results, there may be many dozens of loci
showing differentiation between the 5 breeds which contain compelling genes in pathways highlighted by
metabolomic analysis. We anticipate that the myostatin locus on ECA18 will be highlighted as a major driver of
the metabolic differences in QHs as compared to other breeds, and as such should serve as a ‘proof of principle’
positive control and that the ECA6 locus in Welsh ponies may provide another major target. It is possible that we
do not identify any genes within genomic ROIs that are strongly correlated with breed-specific networks. In this
circumstance, we will simply use differential network analysis to identify candidate genes for further
investigation, regardless of ROIs.
Timeline. Objective 1: Sample preparation and submission; months 1-6. Serum metabolite profile analysis;
months 6-12. Objective 2a: Identification of signatures of selection; months 12-14. Objective 2b: Candidate
gene prioritization; months 14-20. Manuscript(s) preparation: months 20-24.
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Morris Animal Foundation
Animal Involvement Justification
(From the proposal guidelines, single-spaced, no page limit)
Morris Animal Foundation (MAF) is dedicated to funding scientifically sound, relevant and humane
studies that specifically address the health and well-being of animals. All studies receiving funding must
follow MAF’s Health Study Policy for Animals Involved in Research (adopted October 18, 2008), which
was written to ensure that each and every animal involved in a MAF funded health study receives excellent,
compassionate care throughout the study. MAF shall not fund health studies which require euthanasia as
an endpoint or the induction of disease or injury, unless the nature of the disease or condition to be studied
is of such significance for improving animal health that such means are justified, and that meaningful
information can be obtained in no other way. Furthermore, MAF will not fund any study that induces or
allows pain or distress unless such pain or distress can be controlled by appropriate anesthetic, analgesic,
tranquilizing drugs, or nursing care. Click here for the full Health Study Policy.
A. If this study does not involve live animals please indicate here by N/A: ____NA_______
B. Does this study involve biological samples, tissues, etc.? ____YES_____
If yes, describe in detail what samples will be used and where & how they will be (or were) acquired. Note:
Morris Animal Foundation reserves the right to request a copy of the Institutional Animal Care and Use
Committee (IACUC) application/approval and other relevant applications/approvals (e.g., wildlife permit)
covering the original collection of samples, including archived samples. MAF reserves the right to request
IACUC (or equivalent) review and approval for any Foundation study regardless of the Institution’s
requirements. This would include the use of archived samples as well as clinical trials.
ALL SAMPLES HAVE BEEN COLLECTED AS PART OF PRIOR STUDIES. Information regarding
prior collection is provided below. Blood samples were collected before and 75 minutes after an oral
sugar test from the jugular vein.
C. If this study involves live animals, succinctly address the following: (please restate the questions and
directives).
1. What species will be studied? EQUINE
2. State the status of your IACUC application/approval. All recipients of MAF funding will be required to
submit the entire IACUC protocol and document. A copy of the IACUC approval should not be included
with the application, but it is required before funding can be awarded.
Samples were collected under the University of Minnesota IACUC protocol # 1109B04448

approved 10/16/11 (M McCue PI)
3. List the USDA category for pain and distress (B, C, D, E): __C____
Note: Any study beyond category C will require review by MAF’s Animal Welfare Advisory Board
(AWAB). In general MAF does not fund studies beyond category C (category D studies will only be
considered if they conform with MAF’s Health Study Policy, category E studies will not be considered).
4. Does this proposal involve client-owned animals? ___YES_____
If yes, the protocol for client-owned animals must be approved by the appropriate peer review committee
before the project is funded. If this proposal involves client-owned animals, an informed client consent
form must be submitted with this proposal. For a suggested list of items to be considered in an informed
client consent form, click here.
Informed client consent attached.
5. Explain how animals will be acquired (e.g., client-owned, USDA licensed breeder, institutional “herds” or
“colonies”) and verify that the animals are suitable for the study (e.g., have no physiologic, physical or
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pharmacologic issues that would interfere with results)
6. How many animals will be used? __274 (for this study)____
a. Summarize numerical justification Based on power calculation –see experimental design
7. Does this study induce disease, injury, pain or distress in animals? Note: any study requiring the
induction of disease, injury, pain, or distress will have an additional evaluation by MAF’s AWAB.
If yes,
a. Defend the necessity of experimental design
Collection of blood samples is necessary for accurate phenotyping of horses and ponies for
metabolic traits. Samples have been previously collected (under the UMN IACUC referenced above
as well as under IACUC protocol #0804A30547, Approved 4/20/2010, renewed 4/21/2011).
b. Explain how pain and/or distress will be controlled
Jugular veniapuncture was performed by licensed veterinarians, and caused minimal distress.
c. Justify that no alternative, including clinical studies, can be used to accomplish study objectives and
the disease/condition to be studied is of such significance for improving the health of the species.
An alternative method to characterize the serum metabolites in horses of different breeds/
metabolic phenotype without the collection of blood samples is unavailable.
8. Explain the environment and housing conditions (quality of life) in which the animals will live (address
species-appropriate exercise, enrichment, socialization, veterinary care, etc.)
Animals are client owned and living in their normal environment.
9. What will happen to the animals upon completion of the study? N/A, animals are client owned
If adoption, explain the adoption process. Provide assurance that whenever possible and when in the
animal’s best interest, investigators shall make companion animals available for adoption at the end of the
study or return the animals to the owner/responsible agency in an environment that promotes animal
welfare and excellent quality of life.
10. If euthanasia, provide the following additional information (note: any study requiring euthanasia as an
endpoint will have an additional evaluation by a MAF’s AWAB.
i. Total number that will be euthanized and justification for numbers
ii. Method of euthanasia
iii. Justification that no alternatives can be used to accomplish study goal(s) and that the
disease/condition to be studied is of such significance for improving the health of the species that a
terminal endpoint is deemed necessary.
iv. Reason for euthanasia in lay language (this wording may be shared with staff, donors and media)
v. Provide objective criteria for determining when euthanasia is appropriate or necessary (note: Morris
Animal Foundation wants assurance that an animal will not be allowed to suffer and that
monitoring for pain and suffering is adequate)
Note: Morris Animal Foundation does not consider the use of CO2 alone to be an appropriate method
of euthanasia
Please note:
1. If an animal is used in an invasive study, MAF may require that a guarantee is provided, through principal
investigator and institutional signatures that the animal will not participate in any future invasive study or
procedure
2. MAF does not allow inclusion of ancillary data in MAF funded research that includes animal use
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protocols not in agreement with our Health Study Policy, even if it is obtained using other funding
sources.
3. Morris Animal Foundation considers euthanasia acceptable when an animal develops unanticipated
illness or injury that results in pain and suffering that cannot be alleviated with standard veterinary
interventions.
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Informed Client Consent Equine Metabolic Syndrome (EMS) Study
We are delighted that you have agreed to allow us to examine and obtain blood samples from your horses/ponies,
in addition to obtaining hay/pasture/feed samples, in order to determine if your horse(s) have a group of risk
factors for laminitis that have been termed Equine Metabolic Syndrome (EMS). We will use the results of this
study to determine early predictors for laminitis in horses and ponies. We will also save some of your horse’s
genetic material (DNA) so we can identify the underlying genetic causes that predispose horses to EMS. The
results will be made available to you. Identification of risk factors in your horses will allow you to identify high
risk horses and change their management, and hopefully prevent future episodes of laminitis. The results of our
study will be published in scientific journals without the identity of the farms involved or horses involved being
disclosed. Records will be kept confidential indefinitely.
The examination will consist of a physical examination of your horse, the determination of a body condition score
(BCS), measurements of height, circumference of the neck and girth and weight (estimated by weight tape). We
will also evaluate your horse for any signs of lameness/laminitis and will collect historical data regarding prior
episodes of laminitis. Digital photographs will be taken to allow assessment of BSC by a second researcher. We
will collect blood samples before and after an oral sugar test for measurement of glucose, triglyceride, free fatty
acid, insulin, GLP-1, C-peptide, and ACTH concentrations. The oral sugar test will be performed by
administering 50 g/kg dextrose as syrup by mouth using a dose syringe. All blood samples will be collected after
a short fasting period (approximately 6 hours). A portion of the blood samples will be used to extract DNA for
future genetic analysis. Serum and/or plasma will also be frozen for future studies on EMS phenotyping.
All of these procedures are routine and non-invasive. We do not anticipate any complications. Horses may
experience a slight discomfort from the needle when blood is sampled. If you notice any swelling at this site,
please contact us, and well will arrange for medical care if necessary and cover any costs incurred. Dextrose is a
non-structural carbohydrate and insulin resistant horses are more sensitive to non-structural carbohydrates (NSC)
and at higher risk for laminitis development when excess levels of NSC are consumed in the diet over a period of
time. However, the oral glucose tolerance test will only involve a one-time administration of dextrose in an
amount that is small enough to not place an insulin resistant horse at a higher risk of developing laminitis. The
amount of dextrose being administered is approximately equivalent to the amount of NSC in a typical grain meal.
We have performed this procedure in more than 500 horses without any complications.
Once you are enrolled in the study, the examination and blood collection will take approximately 90 minutes. We
may contact you in the future to follow-up with you regarding any bouts of laminitis your horse has experienced
after our visit.
The contacts for this study are Dr. Molly McCue (612) 624-9320 or Dr. Ray Geor (517) 355-9593. Either the
researchers or the owner of the farms involved in this study have the right to withdraw at any time. The cost of
the examinations, blood measurements, and hay/pasture/feed analysis will be covered entirely by the research
team.
understand that there may be unforeseen risks
Informed consent: I,
involved in any research activity. If I have any concerns about the performance of this study I can contact the
Department Chairman at The University of Minnesota Dr. Tom Molitor at (612) 625-7755 or the Institution
animal care and use committee (IACUC).

Owner signature and date
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Investigator signature and date

VII. Recombinant DNA/Biohazards:
NA
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