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| ntr oduction

Over the past several years, scientists from the United States and
around the world have been using a technique called DNA sequencing to unlock
the genetic code of many different organisms. With code in hand, scientists can
design sophisticated experiments that will inform our understanding of how an
organism develops and functions. To date, they have carried out partial or
complete DNA sequencing on human, mouse, rat, bacterial, and plant genomes.
A magjor finding that was confirmed from these efforts is that most biologic
functions are genetically conserved within and between species. This means
that by studying related organisms, we acquire biologic knowledge that is
broadly applicable. Sequencing the genomes of different kinds of organisms
sheds more light on biologic understanding than would, for example, sequencing
the genome of only a single type of organism. In essence, the more organisms
that are sequenced, the greater the intellectual yield will be. Once sequenced,
the DNA provides scientists with important clues about the genes and proteins
that are required to create and sustain related organisms.

Why not sequence every organism scientists can get their hands on?
Unfortunately, sequencing is very expensive and time consuming. At thistime,
obtaining a draft sequence of a mammalian genome costs as much as 100
million dollars and can take up to a year. Consequently, scientists,
policymakers, and funding agencies must select carefully among the organisms
they will sequence, depending on the kind of knowledge sought. Two major
categories of animals that are primed for extensive genomic exploration are
domesticated farm animals such as pigs, sheep, chickens, cattle, horses, and
companion animals such as dogs and cats. Both groups have a number of
appealing attributes that make them appropriate candidates for genomic analysis.

Copyright © National Academy of Sciences. All rights reserved.
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They offer great potential for advancing human and animal health knowledge,
improving animal production practices, and they have an economic benefit. For
example, scientists can attempt to locate or approximate the gene or genes that
confer disease resistance, which is useful in reducing health maintenance costs
in animal production operations. Moreover, in some instances these animals
have a sentimental value that distinguishes them from other organisms.

Recognizing the important contributions that genomic analysis can
make to agriculture, production and companion animal science, evolutionary
biology, and human health with respect to the creation of models for genetic
disorders, the National Academies convened a group of individuals to plan a
public workshop that would: (1) assess these contributions; (2) identify potential
research directions for existing genomics programs, and (3) highlight the
opportunities of a coordinated, multi-species genomics effort for the science and
policymaking communities. Their efforts culminated in a workshop sponsored
by the U.S. Department of Agriculture, Department of Energy, National Science
Foundation, and the National Institutes of Health. The workshop was convened
on February 19, 2002. The goal of the workshop was to focus on domestic
animal genomics and its integration with other genomics and functional
genomics projects (see Box 1-1). The following is a summary and synthesis of
the discussion, prepared by a science writer as a factual account of what
occurred at the workshop.

Box 1-1 Goals of the Workshop

Experts from recently completed genome sequencing projects as well
as those engaged in current efforts, along with policymakers and stakeholders,
were brought together to participate in aworkshop designed to:

1. provide a forum for exchange among the diverse communities of
genomics and functional genomics experts,

2. elicit discussions of research directions in animal genomics that
would benefit agriculture and society while leading to greater biologic
understanding;

3. identify opportunities and obstacles that might be encountered in
developing a coordinated, multi-organism functional and comparative genomics
effort that would include domestic animals.

Copyright © National Academy of Sciences. All rights reserved.
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The Value of Sequencing Domestic
Animal Genomes

Sequencing the genomes of domestic animals could be beneficial to
animal production practices, animal health and welfare, and to our
understanding of the genetic basis of diseases in both animals and humans.
Beyond these more applied areas of study, sequencing genomes also presents
opportunities for increasing our basic knowledge of the evolutionary pathways
of these and related species. The precise benefits will vary somewhat from
species to species, but in general they fall into three categories.

SEQUENCING FOR AGRICULTURE

The first, and most familiar category is the array of economic benefits
that farmers, ranchers, and pet owners could expect from the genetic sequencing
of their animals. For thousands of years, these animals have been bred for
desirable traits, including disease resistance and rapid growth in farm animals,
and the color of the coat or shape of the head in pets. The precision of
traditional, selective breeding islow and genetic change is poorly characterized.
Theoretically, with information from a sequenced genome, it will be possible to
have much more precision with breeding efforts and even to geneticaly
engineer specific traits by adding, removing, or altering individual genes.

In agriculture, the traits of interest are primarily production traits, noted
Steven Kappes, of the U.S. Department of Agriculture’s Agricultural Research
Service (USDA-ARS). “We have quite a list of traits that we look at within
farm animals,” said Kappes, director of U.S. Meat Animal Research Center in
Clay Center, Nebraska. “These include growth—both prenatal and postnatal—
reproduction, egg production, and carcass traits, including fat deposition within

Copyright © National Academy of Sciences. All rights reserved.
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and between the muscles, inside organs, and layered under the skin.” Other
production traits are meat tenderness and palatability, as well as milk
production.

Kappes pointed out that in many cases scientists already have found the
general location on a chromosome for a gene that expresses a particular trait in
an animal. Thetechnical term for the general location of a gene, which affectsa
particular trait that is measured on a quantitative scale, is a “quantitative trait
locus,” or QTL. “We have in excess of 30 QTLs in cattle for these different
traits,” Kappes said, plus asimilar number in pigs and a dozen or so in chickens.
Once a particular animal genome is sequenced, it might be possible to determine
which gene or genes affect a trait, and thus give breeders the information they
need to enhance the production traits of that animal.

SEQUENCING FOR ENHANCED
BASIC SCIENTIFIC UNDERSTANDING

Besides the agricultural benefits, genomic sequencing of domestic
animals will be important in a number of areas of basic science, particularly in
understanding the evolutionary relationships between species. “Nothing in
biology really makes sense except in light of evolution,” commented Stephen
O'Brien, chief of the Laboratory of Genomic Diversity and head of the Section
of Genetics at the National Cancer Institute (NCI). The genome of each species
is the end result of millions of years of mutation and natural selection. The
genome of every mammal alive today, for instance, can be traced back to the
genome of an ancestral mammal that lived some 200 million years ago, and the
genomes of the different species provide arecord of how the descendants of that
proto-mammal gradually diverged into many different forms, as well as a guide
to how today’ s mammals are related to one another.

When we explore the evolution of aliving species, we assume that its
presence here today is the result of that species successfully adapting and
negotiating the myriad of ecologic and environmental challenges over time,
O'Brien explained. “Nestled in the genomes of living species are the historic
footprints of the adaptive events that led them to where they aretoday.” In other
words, comparing the genomes of various mammals alive today might be the
best option for understanding how the species evolved as they did.

Several other evolutionary questions can be addressed by sequencing a
variety of mammals, O’'Brien said. “We don’t know which of the genes make us
human, as opposed to apes or as opposed to hon-ape primates, or as opposed to
other orders of mammals.” Only by sequencing the genomes of other animals
and comparing them gene by gene with the human genome will it be possible to
answer this fundamental question. Some preliminary comparisons between
humans and other mammals already have been made, said Harris Lewin of the

Copyright © National Academy of Sciences. All rights reserved.
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University of Illinois, and they illustrate the kinds of discoveries that could be
made by comparing full genomes. “When we do the comparisons, we find
things in other species that are either very rapidly evolving or are completely
missing from the genomes of humans. In the mouse, for example, there are 200
to 300 genes that are not present in humans or cattle.” By studying these genes,
Lewin said, researchers could uncover ways in which species evolution diverged
onto two or more different paths to achieve similar metabolic functions.

Furthermore, O’ Brien said, comparing the ways in which evolution has
structured different genomes should help researchers uncover the logic of that
organization. “We don't really know,” he said, “why the genes are arranged in
the way that they are—why they’re next to the ones that they are. We have
some clues in certain cases where the genes are clustered, but by and large we
don't really understand whether it was a random process or whether there was
an adaptive value to it.” By having a number of genomes to compare,
researchers might be able to find patterns in this structure across different
species of mammals and specul ate as to the arrangement of genes.

SEQUENCING FOR HUMAN HEALTH AND
MEDICAL RESEARCH

A third category of benefits to sequencing domestic animal genomes
could have more immediate practical applications. When the human genome
was sequenced, it was hailed as a mgjor step toward finding new medical
treatments and other means of benefiting human health, but it was only one step,
and there is much that remains unknown about the human genome and how it
structures human development. By sequencing the genomes of other mammals,
biomedical researchers seek to answer more of the remaining questions about
the human genome and its potential for improving human health.

What remains unknown about the human genome? First, although the
sequencing of the genome allows researchers to determine the genes that are
characteristic of humans, the functions of most of those genes remains unknown.
According to O’'Brien, “of the 30,000-odd genes that have been identified by
various algorithms,” only about 8,000 have been named and their functions
identified. Furthermore, he noted, the genes make up only part of the genome,
and the remainder is even more mysterious. “The genes are nested in a sea of
non-coding regions, including cryptic regulatory elements, promoters,
enhancers, silencers, transcription factor binding sites and all kinds of interesting
features that have been discovered and are yet to be discovered.”

Once a genome has been segquenced, there is still much more to do and
many questions to address, noted O'Brien. “And one of the ways in which we
are hoping to approach some of these questions is through applications of a
comparative sense.” That is, by studying the genomes of other species,

Copyright © National Academy of Sciences. All rights reserved.
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researchers expect to make inferences based on what is not yet understood about
the human genome.

To determine the function of human genes, for example, researchers
can look for similar genes in other animals whose functions are known. If
scientists have identified a particular gene in the mouse and know what it does,
they can search the human genome for a gene with a similar sequence and
surmise that the human gene probably has a function similar to the one in the
mouse. Thisis part of annotating—or creating a set of comments, notations, and
references describing the experimental and inferred information about a gene or
protein. Inits most elementary form, the human genome may be described as a
shorthand list of three billion “letters’—A, T, C, and G—each of them
representing one of four nucleic acid bases: adenine, thymine, cytosine, and
guanine, respectively. Bases are small, nitrogenous molecules, which in
deoxyribose nucleic acid (DNA) occur in pairs (base pairs). For example, in
DNA, only adenine/thymine, and cytosine/guanine, can pair together. But this
base sequence information, or code, is useful only to the extent that researchers
can interpret and apply it, which is why having other genomes available to study
isso valuable.

Harris Lewin offered one example of how the genome of another
organism can benefit the understanding of the human genome. He compared a
long stretch of human DNA with the corresponding stretch of DNA in the cow,
looking for similarities and differences. Because humans and cattle had a
common ancestor—although it was some 60 million years ago—it is generally
possible to align a stretch of DNA from one species with a stretch in the other
that shares the same genes and other features, and the pattern of similarities and
differences between the two stretches is very informative to the educated eye.
Over those 60 million years, random mutations accumulated in both the
ancestral line that led to humans and the one that led to cows, so that many of
the base pairs in their DNA are no longer the same. But some pairs are much
more likely to change than others. The bases that make up a gene, for instance,
are relatively resistant to change because most changes in the gene (known as
mutations) are detrimental to the animal—some are even fatal—and so natural
selection tends to conserve the pattern of bases in a gene. By contrast, in
stretches of DNA that have no apparent purpose—for instance, old genes that
are no longer functional—the mutations will accumulate unabated. The result is
a clear pattern of similarities and differences in the DNA of the two species.
Similar patterns suggest that an important function has been conserved between
the two species, different patterns suggest that function is not strongly
dependent upon the particular sequence of base pairs in that segment of the
DNA.

When Lewin compared the two corresponding stretches of DNA—one
from humans and one from cattle—he discovered something interesting. “ There
isa 12-kilobase region (i.e., one that is about 12,000 base pairs long) and if you

Copyright © National Academy of Sciences. All rights reserved.
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go through and you annotate the human genome sequence, you see absolutely
that there are no annotated genes in this region. So what is this region doing?’
Thereis clearly something important about that region, something so vital to the
functioning of the two species that its sequence has been mostly conserved over
60 million years, but nobody knowswhat it is.

Indeed, Lewin said, comparisons between the mouse and the human
genome have shown that “only 56 percent of the conserved sequences between
the mouse and the human could be accounted for by known features of genes.”
In other words, 44 percent of the DNA that has been conserved during the tens
of millions of years that mice and humans have been diverging lacks the usual
“landmarks’ that scientists typically are able to look for. “Thisis an extremely
important point,” Lewin said. “We have absolutely no idea what the functions
of theseregionsreally are.”

“We have a lot to understand about this type of conservation,” Lewin
continued. “Having the cattle sequence or the pig sequence or any other
mammalian genome from an animal that’s as distant from the primates as we
can get is going to help us to annotate these very interesting and compelling
regions of the genome.”

Beyond such comparative genomics, said Steven Kappes, scientists will
need to compare what is happening at the protein level in various species, or
what he termed “ comparative proteomics.” “I think we're going to find that this
is going to be a lot more informative than even comparative genomics—really
looking at what these genes are doing in different systems. And farm animals
provide a very unique perspective to identify these genes and determine gene
function.”

In the case of a gene called insulin-like growth factor 1 (IGF-1), for
example, researchers believed they knew the function of the protein produced
from the gene. But, Kappes said, “Then we started looking at more tissues and
all of a sudden it turned up in a lot more tissues than we ever expected. We
began to hypothesize what it was doing in these different tissues, and pretty soon
the true function of that gene and its corresponding protein became cloudier and
cloudier. So utilizing different animals will allow us to get at the true function
of that gene, and then allow us to break down what that gene product (or
protein) is doing in that biochemical pathway, and to look across different
organs and tissues at different developmental moments in the organism’s life, to
really identify how it’ s regulated and how it functions.”

In another case, Kappes said, a researcher discovered that a
reproductive hormone was playing a key role in the development of muscle in
an early embryo. “What is it doing in muscle development?’ This discovery
illustrated how little currently is known about the functions of many genes, but
with further analyses of different animals and their traits, Kappes noted, “we
will have a much better chance of truly understanding what they do.”

Copyright © National Academy of Sciences. All rights reserved.
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ADVANTAGESOF DOMESTIC ANIMALS
FOR COMPARATIVE GENOMICS

For researchers doing comparative genomics and comparative
proteomics, domestic animals have one strong advantage over most other
species. there is along history of studying these animals. Scientists are familiar
with their development, their resistance to disease, and determining how to work
experimentally with them in various ways. For example, Lewin said, “Almost
every human in-vitro fertilization fertility clinic employs methods that were first
developed for cattle and sheep. Artificial insemination, embryo transfer,
freezing semen, and sexing were all first developed for use in cattle and sheep.
Furthermore, if you look at the species in which cloning has been most
successful, it’s actually in the ruminants [cattle, sheep, and related animals]. So
application of functional genomic technology to early mammalian devel opment
using the cow and the sheep is going to be an extremely important tool to usin
our understanding the early events in nuclear reprogramming and what causes
embryosto live or die past a certain point, prior to and after implantation.”

As aresult of all the research done on domestic animals over the past
several decades, decoding the genomes of cows, pigs, and others will have
tremendous value for human medicine, Kappes said. “Comparative genomics
will utilize alot of the research background that we have done for the last forty
or fifty years.”

One area in which the genomes of domestic animals could be
particularly valuable, Lewin said, is biosecurity. “There is an awareness of the
problem that we're facing in risk to both human and animal health from
zoonotic pathogens such as anthrax. Understanding the genes involved and
creating awider array of genomic toolsis going to allow us to do the things that
we need to do to protect not only the animals, but the human population as
well.”

Such measures will include, Kappes said, learning about how the
organisms that cause disease interact with their hosts and how they are
transferred from host to host. “This isimportant for food security, food safety,
[defensive] biologic warfare and understanding the interactions of the microbe
and the animal. It is another area that we have not tapped very well and we will
see atremendous amount of information come out of that.”
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|dentifying Priorities

Ideally, researchers would like to have sequenced the complete
genomes of every animal of interest. In practice, however, that is not possible.
The worldwide sequencing capacity is, according to the workshop participants,
enough to sequence a complete mammalian genome every four to eight months,
given that entire full-time capacity was devoted to one species. So in theory
researchers could segquence the genomes of the major domesticated animals of
interest—cattle, pigs, dogs, cats, horses, sheep, chickens—within a few years.
But the redlity is that they likely will have to settle for much less. Moreover, it
must be noted that a completely sequenced genome typically is preceded by a
draft sequence, and draft sequences can vary in the extent of their completeness
and quality.

“The problem is the price tag” explained Stephen O'Brien. It's very
expensive to sequence a mammalian genome and estimated costs range from
fifty to as much as one hundred million dollars. Mark Guyer of the National
Institutes of Health (NIH) echoed O’'Brien's point: “We know how to build
sequencing capacity these days. It’'s not that difficult; it just takes money. The
question is, if you want the genomes of domestic animals of agricultural or other
importance sequenced, where' s the money going to come from?”’

So it is necessary to identify priorities, regarding which domestic
animal genomes should be sequenced first, and how well each should be
sequenced. Is it always important to sequence the complete genome, for
instance, or is it possible with some species to get by with a partial genome
sequence, choosing certain parts of the DNA and ignoring others? To obtain the
greatest accuracy, it is necessary to repeat the sequencing as many as six or eight
times, and each replication adds to the overall cost. The workshop participants
were asked to consider how such priorities might be set, taking into account not

9
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just scientific factors but also the practical aspects, such as how likely it is that
funding can be secured for sequencing a genome.

FINDING THE BALANCE BETWEEN SCIENTIFIC INTEREST
AND PRACTICAL NEEDS

One of the most important things in identifying which genomes to
sequence, O'Brien said, is to maintain a balance between the purely scientific
interest in various genomes and the practical benefits that can be gained from
sequencing them. “If we're going to get the resources for sequencing, we
cannot be so academic and ideal as to ignore the fact that it is taxpayers or
pharmaceutical companies who will have to write tens of millions of dollarsin
checks. We need to have benefits that will pay them back for their investment.
So there’ s always going to have to be a balance between scientific relevance and
things that have a payoff in other ways.”

Medical Relevance

In terms of funding potential, the most important practical criterion is
medical relevance, O’'Brien noted, since that is what the NIH is most interested
in, and it is the NIH that to date has been the major source of funds for genome
sequencing. To appea to the NIH, researchers interested in sequencing the
genomes of domestic animals will have to consider which work will address
issues of human health.

“The most important aspect, then,” O'Brien said, “is what can we do
with a species?” O’Brien noted how the mouse, for example, was selected in
part for its versatility for genetic manipulation. Scientists can develop lines or
families of mice by inducing mutations by “knocking out” genes (Knockouts are
the deactivation of specific genes, and are often created in laboratory organisms
such as yeast or mice so that scientists can study the knockout organism as a
model for a particular disease). They also can be used to develop stem cellsto be
delivered for medical research. Due to their small size and fast generation time,
mice are easy to breed and sustain in captivity and are inexpensive to maintain
in laboratories (compared to other mammals). These features allow researchers
to derive inbred lines for studies of genetic disorders. Mice also are used for
drug and vaccine trials. More recently, researchers have been able to develop
transgenic versions for even more research and investigation.

“Which of those things can we say about cattle?” asked O’Brien.
Which of those things can we say about the elephant? Which of those things
can we say about the other species we nominate?’

“In these terms, the pig genome is a natural choice for sequencing
because growth and development in the pig follows a very similar path to
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growth and development in ahuman. It is standard to dissect a fetal pigin high
school and college biology courses, for instance, because the organs of the fetal
pig are arranged in a way that is anatomically similar to those of a human.
There also are good arguments for sequencing the chicken. A great deal of
classic embryology has been done on chicken embryos, for example, so that
there is a large body of knowledge available for combining with knowledge
about the chicken genome.” O’Brien continued. A second reason for choosing
the chicken, O’'Brien said, concerns the major histocompatibility complex
(MHC), an important family of genes involved in the body’s immune system.
“In terms of comparative biology, we've learned a lot already about the MHC
because the MHC of the bird is a minimal form,” he said. “It’s something like
19 genes compared to 250 in the humans.”

Agricultural Relevance

After medical relevance, a second practical consideration in choosing
which genome to sequence is the agricultural value of the animal. “Clearly,”
O'Brien noted, “the things we eat are important to humans, and we need to have
better knowledge of some of these species, including the cattle, pigs and sheep.”
If one focuses strictly on agricultural value, a different ordering of priorities
emerges. In purely economic terms, cattle, pigs, and chickens are the most
important species to sequence, followed by horses and sheep. Cats and dogs
also must be taken into account because of the amount spent by their owners on
keeping them healthy.

Basic Scientific and Evolutionary Considerations

Asdiscussed by O'Brien, evolutionary considerations form the third set
of criteria. They have implications both for the task of annotating the human
genome, which will have many direct medical benefits, and for a better
understanding of how species evolved over tens of millions of years, which, as
an issue of basic science, will have more indirect benefitsin the future.

One key evolutionary factor to consider in choosing which genomes to
sequence is how closely related a species is to other species that have been or
will be sequenced. “The evolutionary aspect makes it important to cross arange
of vertebrates,” said one of the participants, “ because we don’t know which ones
are going to be important, which ones are going to be most informative.”

O’'Brien showed a diagram of the mammalian family tree, as
determined by a comparison of corresponding stretches of DNA among seventy
different mammalian species, work done by researchers at the University of
Cdlifornia, Riverside. He said, “there are four major mammalian radiations that
have happened since the divergence of the placental mammal away from the
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marsupials on the order of a hundred million years ago. Thus the primary
placental mammals are sorted into four major clades, or groups’ (see Box 3-1).

Box 3-1 Phylogenetic Relationships Among Modern Orders of
Placental Mammals

Cladisticsis a system of arranging taxa by the analysis of primitive and
derived characteristics, so that the arrangement will reflect a pattern of descent
among the species in question. Cladistics attempt to determine which
characteristics of the organisms are specialized, derived ones that truly reflect
recent common descent and it emphasizes such features, which are called
"shared derived characters", in classification. Following are the four clades with
examples of the animals found within them.

Crrder Clade Candidale species
Camivores (200 sop.) Cat (M, D8, AG)
Diesy (M, DM, DGy
Pangalines (7 =pp.]
Oidel-icac] ungudateg (17 8pp.) Horsa (E, DM, [{5)
Evan-ioed ungidatas Cow (K, E, DM, DG)
catacanns (209 spp Pag oM, E, DA DG

Shisap (M, E, DM, DG)
Dicdphin (0, B

Bats (977 GpR] Bat (DM, AG)
Cora insectivonas (S04 spp.) Shraw [AM, A5E)
Aodans (2052 spg ) Mouss (M, D, DG
Ral (M, Did, DiG)
Aabizis ardd pikas (§1 8pp.) Rabbil (E. O, AG)
Frimatas (#79 spo b Husmar (M, DI, AG)

Chimpanzes (M. DM, AG, CH)
Macacss (M, Ddd, AG CH)
Fligireg larmuns (2 2pp.)

Tres snrews [16 spp} Traa ghree (Al DG)
Sipths, antosiers, Armadillo (W, DM, GG, FH}
armadiliog (28 =op.) Seath (DM, QG FH)

Elaphants {2 spp. | Elaphant (DM, {5, FH)
Manataes (4 spp.)

Frgraes (7 spp.)

Aarceadk (1 &5

Elepham shrews (15 app | Elaphant shraw (DM, 05, FH)
Tannacs, goldan molar (44 200.) Tanras (A, DG, FH)
Marsupinls

SMoralramss

Reprinted from O'Brien, S. J, E. Eizirik, and W. J Murphy. 2001. On Choosing Mammdian
Genomes for Sequencing. Science. 292:2264-2266.

Presently, even-toed ungulates and cetaceans are being categorized into
afifth clade, Cetartiodactyla, on the premise that they are closely related. See J.
G. M. Thewissen, E. M. Williams, L. J. Roe, and S. T. Hussain, 2001. Skeletons
of Terrestrial Cetaceans and the Relationship of Whales to Artiodactyls. Nature
413:281; and Kimball’'s Biology Pages, available online at
www.ultranet.conmv/~jkimball/Biol ogyPages/V/Vertebrates.html .
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“Thefirst isagroup called Afrotheria, which consists of the elephants,
the manatees and the elephant shrews. Thiswas an African group of species.”

“The second was a South American group, Xenarthra, which includes the sloths,
anteaters and armadillos.”

“The third major clade, Euarchontoglires, includes the rodents, rabbits,
primates, tree shrews and flying lemurs.”

“The fourth group has the rest of the species. It contains all your
favorite species, such as the whales and the even-toed ungulates, the horses and
the carnivores, as well as the primitive tree shrews and the bats. This fourth
group, caled Laurasiatheria, is a widely dispersed group and includes all the
barnyard animals and the carnivores.”

To understand the evolution of mammals, O’'Brien said, researchers
would like to have the genome of at least one representative from each of the
four clades. That has not yet happened. “The three species that have already
been nominated for full genome sequencing—human, mouse and rat—are all
nested in a single clade,” he noted. “That means that three of the four
mammalian major clades are unrepresented entirely.”

That lack, O'Brien argued, offers a strong argument for sequencing at
least one or two domestic animals as representatives of the fourth clade, such as
cattle and perhaps one of the members of the order Carnivora —either a dog or a
cat. Evolutionary biologists also would like the sequences of representatives
from the first two clades—say, the elephant and the armadillo—but that interest
does not help researchers choose among domestic animals, since all of them sit
within the fourth clade.

There are other evolutionary considerations that do distinguish among
domestic animals, however. “Many species have a slow or conserved rate of
evolution,” O’Brien said. That is, the overall structure of their genomes has
changed relatively little from their distant ancestors. Thisistrue, for instance, of
cats and humans. “But there are other species that have a three- or four-fold
reorganization relative to the primitive mammalian genotype.” This is true of
mice and rats, dogs, and gibbons. “That shuffling of the genome just seems to
happen once in a while in a backdrop of very slow genome evolution. Why it
happens is an open question, but the point is, some species have a conservative
genome and other species have a very shuffled, derived genome that is
punctuated by global reorganization.” It would be valuable to sequence
genomes from both types of species.

“In addition to that,” he said, “some species have highly derived
morphometric (body-proportion) characteristics, such as the shrews. The
primitive mammals looked much like today’s insectivores. It looked like alittle
rodent.” Most other mammals look little like their distant ancestors. In
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choosing genomes to sequence, researchers might want to consider how
primitive aspecies characteristics are.

Other Criteria

In addition to the criteria of medical relevance, agricultural value, and
evolutionary significance, the workshop participants offered a variety of other
criteriathat could be considered in deciding which genomes to sequence.

“Genome sizeis anissue,” O'Brien said, “in a sense that it’s a little bit
cheaper to do a bat, which is on the order of 1.72 billion base pairs, which is a
little bit over half the size of the human genome.”

“It's important for this information to be useful,” added Ernest Bailey
of the University of Kentucky. “You need to have a community of scientists
that is prepared to use it. The elephant would be fascinating to do, but | don’t
know how many scientists will use that information.”

Daphne Preuss of the University of Chicago suggested that species be
chosen based on how easy it would be to use their genomes to trace the causes
of various genetic diseases. “In the human genetics community,” she said,
“gene discovery has been fueled by isolated populations that have discrete
genetic disorders. That'sreally been akey to driving gene discovery forward. |
think the species chosen should have genetic diversity as well as inbred
populations that reveal diseases. Unlike awild species like the elephant, where
the identifiable disease states would be very limited, domesticated animals are
really valuable in that way.”

Another consideration, Preuss suggested, should be the value of
different genomes in helping researchers to understand gene expression and
regulation. “In the human genome project,” she said, “it was surprising to
everyone that there were so few genes, and so a lot of people are now focusing
on gene regulation. We've got to understand these regulatory sequences to
understand the array of gene expression. If you go too far away in evolution,
you start to lose the ability to compare regulatory sequences. But there is also
value in going further away. So, in evolutionary terms, we need some species
that are close and some that are farther apart.”

Joachim Messing, director of the Institute of Microbiology at Rutgers
University, added that researchers should keep in mind how far along genomics
research already has come for various species. “We should think a little bit
about entry points,” he said, “that is, with what information is available for a
particular genome. Is there already a genetic map? Are there Expressed
Sequence Tags (ESTs — stretches of DNA used to identify functional genes)?
And so on.” Studies of ESTs, for example, can be done with relative ease at a
fairly low cost, and they can provide valuable information when annotating
genomic-based sequencing.
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There indeed is a difference among domestic animals in how far along
genetic mapping and sequencing work has come, said Steven Kappes. For
example, the number of ESTs varies from species to species. “Within GenBank
(the major repository of genetic sequences in the United States), cattle have the
most among farm animals, with 230,000 sequences. This is fifth in GenBank
behind humans, mouse, rat, and Drosophila (the fruit fly widely used in genetic
research). Pigsare about half of that. Chickens have only 44,000 (that had been
discovered in earlier research), but a United Kingdom effort has nearly finished
with sequencing 300,000, and those will become public, so that will
dramatically increase the numbers for the chicken. On sheep it’'srelatively few,
and only alittle more on horse.”

The story is similar for other resources usal in genetic mapping and
sequencing; cattle, pigs, and chickens are most advanced, while horses and
sheep lag behind. Thus mapping the sequences of the first three species could
be finished more quickly.

It might not be necessary to do a complete genome for each species,
Messing said, and so researchers who are prioritizing genome projects should
consider whether to sequence the entire genome for a particular animal. “We
should look at the extent of sequence coverage that we want to allocate to a
particular project,” he said, “either a complete sequence or to go for targeted
regions, which | think also has great value in terms of comparative genomics’
(see Box 3-2).

Box 3-2 Targeted Sequencing

Sequencing an entire mammalian genome is very expensive. Thus far,
the quality of a draft sequenced genome—nby using the “whole-genome shotgun
approach”’—has depended upon costs. Because basic “1X” coverage of a
genome can cost roughly $15 million, and because 6X coverage typicaly is
preferred, a draft sequence alone can cost nearly $100 million, and an additional
$90-125 million would be required to improve the draft to a high quality
finished version. Eric Green of the National Institutes of Health, however,
suggested an alternative: targeted sequencing, or sequencing only certain
portions of agenome that are of particular interest.

“A 1X shotgun sequence of a mammalian genome costs something on
the order of $10 to $15 million,” he said. “I think that that is a fairly accurate
number. So if you're thinking about 6X or 8X coverage, you quickly approach
$100 million per genome, at least by current technologies. And if they go for
$100 million a crack, there is going to be a limited set of organisms that can be
subjected to global sequencing.”

“1 think it is really important to recognize,” he continued, “that so far
the discussion has been a little bit, all, or none. It's either you're going to get
your organism up on that list and get it sequenced or elseit was going to forever
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belost. | don't think that’'s the case at all. And so | want to tell you thereisa
great, great value and great future in targeted sequencing efforts.”

Green described work done in his laboratory that involved comparing
corresponding stretches of DNA from the mouse and ten other species. The
technique demands the use of bacterial artificial chromosomes, or BACs. A
BAC isalong stretch of DNA from a human or another organism that is put into
a bacterium in the form of an artificial chromosome, so that when the bacterium
makes copies of itself, each copy has its own identical BAC, complete with the
DNA of interest. In this way, researchers easily can work with these long
stretches of DNA, making copies and comparing them with other bits of DNA.
If the entire genome is thought of as an encyclopedia containing the information
necessary to build an organism, Green said, each BAC corresponds to a single
page in the encyclopedia.

Working with these BACs, Green and coworkers were able to do a
comparative genome analysis on five different stretches of DNA taken from
eleven species. In doing so, he derived a great deal of information about the
relationships among the species while needing only small pieces of their
genomes, not the entire thing. “Certainly this provides a greater potential for
exploring a wider array of genomes,” he said. “You don’'t have to invest $100
million to get a little bit of sequence information about a particular region of a
particular organism.”

In the case of domestic animals, he suggested that targeted sequencing
would make it possible to investigate stretches of DNA that contain genes of
interest without sequencing the entire genome. “In these cases you start with
some chromosomal region of interest, for example, some region of the livestock
genome that may have a quantitative trait locus (QTL) that you’re interested in
studying. You're going to want to isolate and map that in overlapping BAC
clones and go through and systematically sequence each of those individual
BACs”

Such a strategy demands that collections of BACs be available for the
species under study, but, said Green, that does not appear to be a problem with
domestic animals. “The good news here is that both the NIH and the National
Science Foundation (NSF) have realized the importance of this, and, as aresult,
they are now either currently funding or soon will be funding major efforts to
generate dozens and dozens of new BAC librariesin the coming years.”

One drawback associated with targeted sequencing is that it assumes
beforehand which genes are deemed most important. Hence, the criteria for
selecting genes remain subjective. Although some suggestions for criteria were
discussed during the workshop, the participants did not discuss a uniform set of
standards.

In addition, Kappes noted, it will be necessary to decide how much
redundancy is needed in the genome sequence for each animal. (“Fold
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redundancy” reflects the average number of times each base pair has been
sequenced from independent DNA clones of the bacterium Escherichia coli.)
Will six- or eight-fold coverage be needed, or will it be possiblein some casesto
get by on much less? (The number of ‘folds' [i.e., 6-fold or 6X] refers to the
number of bases sequenced relative to the genome size [in base pairs] of an
organism. Depending on the number of genes estimated to be in the genome of
interest, researchers have to decide how much coverage they need to be
statistically secure in their efforts to identify genes.) “I think 6X hits it about
right for eutharian primate non-rodent species. The other species within that
clade we do not need to do as much, so we could back off on that. | am alittle
bit careful in saying that because Claire Fraser’s group has shown very well that
you miss a lot of things if you only do a rough draft so | think the jury is still
out. But we obviously have to be realistic in what it costs and how many
genomes we can do. | think we should start out with a moderate coverage in
some of these species and then back off as we go down the line.” (Lower fold
redundancy eventually might be possible due to the increased bioinformatics
tools and the increased number of comparative data sets from many species.
Hence, one might expect that new tools and increased data would allow one to
rely upon less sequence data.)

WHICH ANIMAL GENOMES SHOULD BE
CONSIDERED FOR SEQUENCING?

The workshop participants were not asked to rank the genomes of
domestic animals from most important to least, but they were asked which
genomes should be put under consideration. A number of participants expressed
the view that cattle, pig, and, perhaps, chicken genomes should be put at the top
of thelist for avariety of reasons, including agricultural value and helpfulnessin
understanding the human genome better.

“As far as farm animals are concerned,” O’'Brien said, “it would be
hard not to put the cow up on the top of the list with the people that are here at
this meeting, but the people interested in the pig genome make a pretty strong
argument, too. They have good opinions. Those are the two front-runners that |
see.... the second tier would certainly be chickens, sheep, perhaps even horses.”

Max Rothschild, of lowa State University, on the other hand, argued
for putting chickens in the top group. “It seems to me that pigs, cattle and
chickens are the three highest for domestic species,” he said. “But you can
argue on two grounds why the cow ought to be third on that list. 1t’s only first
on the list because it’s better organized but from a financial standpoint, most of
the meat consumed in the world is either poultry or pork. From a health
standpoint, chickens and pigs are more important. Certainly, pigs from a

Copyright © National Academy of Sciences. All rights reserved.



Exploring Horizons for Domestic Animal Genomics: Workshop Summary

http://lwww.nap.edu/catalog/10487.html

18 IDENTIFYING PRIORITIES

xenotransplantation perspective and certainly chickens from what we could
learn about immunology and some other things.”

There also was some disagreement about horses. “I’m a horse guy,”
Douglas Antczak of Cornell University’s College of Veterinary Medicine said,
“and | can't justify working on horses in genetics at all. They have only one
offspring per year, you can’'t superovulate them, they’re very large, they fight,
and they kick.”

But Ernest Bailey offered a different perspective: “The horse is
economically important in the United States, although not because it produces
food. It'simportant from a recreational standpoint. Many people regard it as a
companion animal, but | think the racing industry is quite large. There'salot of
money there and alot of money spent on health and animals.

“Furthermore, the horseis a separate family. I1t's a member of a family
that has ten different species, all with different chromosome numbers. There's
been a rapid chromosome evolution over a period of about two million years.
One of the experiments that will be interesting in the long run is to look at the
reasons for the chromosome evolution in the horse. There are ideas that gene
duplication is responsible. Do these kinds of gene duplications exist in the
different species?”’

Assuming that the cattle genome is sequenced, Kappes said, that would
take much of the pressure off the need to sequence the sheep genome. “The
sheep genome is very similar to cattle genome. There are only three different
changes in chromosomal organization between cattle and sheep and, basically,
when we find a gene in sheep on this particular location, we find the similar
genein cattle.”

As for domestic companion animals, the two natural choices are dogs
and cats, but there was a difference of opinion as to which genome would be
more useful to sequence. “The cat has been a favorite in my laboratory for
almost twenty years,” O’ Brien said, suggesting that it would be the better choice
for a number of reasons. “It's a model for many human hereditary diseases,
such as hemophilia, as well as several infectious diseases, such as leukemia.
There's an acquired immune deficiency syndrome (AIDS) virus in cats, feline
immunodeficiency virus (FIV). There's extensive medical surveillance and
literature. Finaly, the human genome and the cat genome are both very
primitive for their respective orders. That is to say, the ancestor of carnivores
look alot like a cat, and the ancestor of primates |looks alot like a human.”

An audience member echoed O’'Brien’s arguments: “One of my
preferences is the cat, and that’ s because of it being such a good model for FIV
and human immunodefiency virus (HIV) and because it is an animal we can do
drug therapieson.” Vivek Kapur, University of Minnesota, noted, “Cats share a
very large number of common pathogens with humans, as do pigs.”

But Anczak offered a counterpoint. “I’d like to speak for the dog over
the cat,” he said. “A dog has all the advantages that have already been
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mentioned in the cat and, in addition, it has behavioral and morphologic traits of
interest, which the cats don’t have.”

Finally, Harris Lewin proposed a couple of longshot candidates for
seguencing. “I will put a plug in here for fish, because fish realy are an
incredibly powerful tool for genetic mapping. You can get down to a half
centimorgan (unit for measuring the recombination frequency in DNA)
resolution and there are several groups around the world that are interested in
the fine mapping (high resolution genome mapping) of traits with fish.”

“I'll add that the honeybee is an incredibly interesting model for fine
mapping, because it has a very high recombination rate. One centimorgan is
about 50 kilobases (50,000 nucleotides), which is an incredible tool. It has a
very short generation interval as well, which is a powerful tool for fine mapping
of quantitative trait loci. | think that we may see a big push to sequence the
honeybee genome as well in the next few years.”
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Roles of Public, Private, and
Nongover nmental Organizationsin
Advancing Genomics Resear ch

In addition to the scientific issues surrounding domestic animal
genomics, workshop participants were asked to discuss more practical matters
relating to the roles of public, private, and nongovernmental organizations
(NGO) in coordinating domestic animal genomics research projects. How
should the sequencing work be divided up among the different types of
institutions? How should the information that comes from this work be
organized and managed?

PARTNERSHIP ISESSENTIAL FOR ADVANCING
ANIMAL GENOMIC RESEARCH

For Roger Wyse, Managing Director of Burrill & Company, and
Chairman of the Alliance for Animal Genome Research, the strongest approach
isto involve anumber of different entitiesin domestic animal genomics research
programs. “It's quite clear that what we're talking about here is not a stand-
aloneinitiative, but rather one that needs to be integrated across agencies to take
advantage of their structure and strengths.”  Although it will be more
complicated to coordinate efforts in such a broad coalition ranging from
government to the private sector, it is in practice the only viable option. For
example, scientists then can consider their research priorities and decide which
governmental agency is most appropriate for working with them, instead of
concentrating on an agency first and trying to present their research in such a
way that it fits the agency’ s agenda.

Presently, the role of the federal government in genomics research
remains important with respect to the opportunities that it offers for competitive
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research grants. Most of the support for basic research into domestic animal
genomes, such as determining the billions of individual base pairs that make up
the genetic sequence of each mammal, is likely to come from research grants,
said Wyse, and most of those grants will come from the federal government.
Thistype of funding has two important functions, Wyse said.

“We think it is very important to have the funding to increase the
knowledge base,” he said. So determining the cattle genome, for instance, is
valuableinitself. However, Wyse also noted the importance of securing human
resources, stating that “...it is equally important to get a competitive grants
program to allow us to build the human resources that are necessary for not only
doing the science, but commercializing the science.” The benefits of increasing
human resources in this field will be broad ranging, and spread across different
types of institutions, Wyse said. “If you are a small company now in the animal
genome space and you are looking to hire really good people, there aren’t very
many out there. It is going to be important that we populate our universities
with research funds so that we can train that next generation to do research in
thisarea.”

THE ROLE OF FEDERAL AGENCIES

The issue of which federal agencies most likely would provide the basis
for research on domestic animal genomes generated a great deal of discussion at
the workshop. Most of the federal funding for sequencing the human genome
came from two agencies, the National Institutes of Health (NIH) and the
Department of Energy (DOE). The NIH was interested in the human genome
because of its importance to medicine and improving human health, while the
DOE’s genome effort stemmed from its long interest in the threat that radiation
poses to human health—particularly its ability to cause genetic mutations. From
one perspective, the NIH and DOE are well positioned to oversee research into
domestic animal genomes, for they already have strong support for genomics,
some of which could be applied to domestic animal research. On the other hand,
NIH and DOE traditionally have focused on humans and on animals, such asthe
mouse, that serve as traditional laboratory models for disease, and domestic
animalstraditionally have not been part of their domains.

By contrast, the U.S. Department of Agriculture (USDA), with its
mission for improving agricultural productivity in the United States, would seem
to be appropriate for initiating further sequencing of domestic animal genomes,
but its budget requests and allocations traditionally have not accounted for
increased genomics research. Thus, workshop participants discussed the best
ways to match their research objectives to the goals and missions of these
various government agencies.
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Wyse suggested, for instance, that the USDA has a number of existing
programs that could be oriented toward research on domestic animal genomes.
However, “ we have not really used the competitive advantage of the structure
of an organization like USDA. For example, you have in it the Agricultural
Research Service, which is an in-house research unit and has the necessary
structure and budgets, has the ability to assign people to projects, and, most
importantly, has a rewards system that allows it to do directed kinds of activities
that can be both long-term high-risk or programs like managing germplasm. |
think we ought to take advantage of some of the structures that we've got in
place...Also at USDA is a competitive grants program that could be used to
move into (research determining) gene functions that are important in
applicationsin agriculture.”

On the other hand, as Jerry Dodgson of Michigan State University
pointed out, the USDA budget cannot accommodate genome programs for farm
animals. “We are talking about three mammals and the chicken, so we are
talking $340 million by today’s dollars. Unless we take a chunk out of the farm
subsidy pot, that becomes a big constraint.”

For that reason, one audience member suggested NIH as the most
appropriate starting point. “In light of NIH calling for proposals, | think what
we do iswork very hard to get NIH to see the value in sequencing farm animal
genomes.”

As for companion animals, such as dogs and cats, the USDA
Agricultural Research Service is not authorized by law to fund research on them.
In this case, there is no choice but to consider other non-agricultural agencies
such as NIH.

“As we think about the sequencing that needs to be done,” Wyse said,
“we need to establish the criteriaand the rationale” and then engage the “various
agencies, whether that’'s NIH, DOE, National Science Foundation (NSF), or
USDA. So animportant part of thisis thinking through what we want to do and
then using the competitive strengths and the missions of the various agencies to
appropriately support it.”

THE ROLE OF THE PRIVATE SECTOR

In order to address the later stages of basic research achieved through
competitive grants, Wyse said that participation by the private sector must be
considered as the research moves closer to commercial applications. He then
mentioned the role of venture capital and funding from corporations interested
in agriculture and human health.

“A lot of the fundamental knowledge that is going to be developed is
really to develop the knowledge on which you can form small companies that
people like us (venture capitalists) can invest in.” Wyse noted that venture
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capital is fairly new to agriculture, but made it clear that it is important because
these small companies become the source of moving basic knowledge towards
commercialization. Agricultural biotechnology represents a small fraction of the
amount invested by venture capitalists in U.S. companies. Still, Wyse said,
venture capitalists are just discovering agricultural biotechnology, and the
amount they invest in it should grow. “I would argue that it's going to be
critically important in the future.”

In addition to competitive grants from the federal government, and
venture capital, Wyse discussed the role of corporations interested in agriculture
and animal health. To date, he said, these companies have done relatively little.
The animal health industry, he said, “has been the weak sister of the big
pharmaceutical companies, and there hasn’t been alot of funding or initiative on
their side to develop new things on their own.”

According to Wyse, this is about to change. For example, “Thereis a
whole group of companiesin the germplasm development area. Those folks are
probably the furthest along in (terms of) thinking about genomics and how it can
be used to help them select superior animals. But the issues for them are the
profit margins that they have and the cost of doing both the basic work and some
of the assays that would be used in marker assisted breeding or gene-expression
profiling.”

THE ROLE OF A PUBLIC-PRIVATE PARTNERSHIP

To help define the roles of the public and private sector in domestic
animal genomics research, Wyse suggested a public—private consortium in
which private companies and research universities worked together. If the
consortium had well-defined goals and limited itself to precompetitive research
(work where companies or institutions are not averse to their competitors having
equal access to the results of their efforts), it would have a good chance of
success. Wyse believes that food and agricultural industries are prepared to be
strong partners in an alliance, because the companies are interested in
developing the technol ogies that they can apply. In particular, Wyse noted, the
companies that process food animals are “poised and ready to participate. |
would think that if we constructed the right kind of consortium, there might be
an opportunity for a public partnership across that sector.” It aso is likely, he
said, that various special-interest groups would support or help fund such a
consortium. Wyse identified the Canine Health Foundation as a prime example
of a special interest group that has accomplished a great deal with a relatively
small amount of resources and would be quite amenable to forming a
consortium.

Kevin Schultz of Merial supported the idea of such a consortium. “One
of the things that we've done as a company is to make a decision to do a lot
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more external interactions, rather than do everything internally. In fact, the
shareholder companies Aventis and Merck, who own Merial, have made similar
kinds of decisions. And so | think that there will be partners. It's clearly an
expensive venue and we've got discussions ongoing with certain companies
along those lines.”

Albert Paszek of Cargill showed support for the idea of a consortium as
well. “When it comes to animal genomics activity, everything is outsourced
anyway, and the major strategy that we operate under is massive collaboration
and sponsorship of projects at public institutions, including universities.”

Max Rothschild of lowa State University added that, historically,
consortia have been successful in the agricultural research area. “There’'s some
good evidence in the swine business that there have been good consortiums if
it's precompetitive. There was one in Europe at the start of the 1990s. | helped
organize one for QTLsin the mid-1990s.”

Finally, Wyse said, those interested in furthering domestic animal
genomics should consider highlighting the ultimate value of this research to
drugs and other human medical products. “ Part of the strategy will be playing
up the fact that the biotechnology companies that take the information you
generate and apply it to agriculture are actually going to build value in the
human health care market.” Because returns are higher in human than in animal
healthcare, and because the human healthcare market is much larger than its
animal counterpart, the applications that animal genomics research has to human
health will be an important consideration.

ALLOCATING WORK IN ANIMAL GENOMICS RESEARCH

In reflecting on the roles of government and the private sector,
workshop participants focused on one major question with respect to the role of
academia and its importance in creating a strong genomics research community:
How much of the sequencing and other routine work should be conducted
outside of an academic setting?

Over the past several years, for instance, several private companies
have begun to offer sequencing services. One such example is The Institute for
Genomic Research (TIGR), which is a nonprofit research institution located in
Rockville, Maryland. With banks of automated sequencing machines, such
centers can determine DNA sequences more quickly and cheaply than most
university sequencing projects. A number of workshop participants found it
sensible to use these specialized centers performing parts of the genomic
research that mostly are a matter of technique.

Several workshop participants agreed that a number of the routine
aspects of genomic research such as constructing BAC libraries or sequencing
should be contracted out to these specialized facilities while researchers and
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students spend more of their time investigating “more interesting things” such as
looking at gene function and gene expression and how those relate to the
important traits, phenotypes, or diseases that we are interested in, be they in
agriculture or in human health.

Others argued, however, that a university setting could be beneficial for
carrying out sequencing. “One of the downfalls of outsourcing all sequencing
activity,” said one audience member “isthe fact that you cannot encourage small
laboratories to train the next generation of scientists. You also discourage
people from using those data because they don't feel ownership or atietoit. |
understand the efficiencies of outsourcing, but there needs to be a happy
medium.”

A second audience member concurred. “Some of these species that we
are talking about—cattle and pigs included—don’t really have a community of
people built up who are working with these things. There needs to be a balance
between outsourcing and how much you give to academic institutions to
encourage that community development in graduate students, post-doctoral
fellows, and the like. There needs to be some recognition of the fact that the
community is not widely developed, and it’sin everyone's best interests that the
community be developed.”

But, said Claire Fraser, president and director of TIGR, there does not
necessarily have to be a choice between high efficiency and training new
scientists. “What's been set up at Baylor (College of Medicine) and what’'s been
set up at Washington University represent excellent examples of how you can
create high-throughput facilities to get this work done at the most efficient cost
yet, at the sametime, train students and train post-doctoral fellows. | don’t think
it'san either/or situation.”

Ultimately, Wyse concluded, those calling for a centrist approach seem
to have avalid argument. “There is abalance between doing routine sequencing
in an academic setting with faculty and graduate students and post-docs, versus
contracting it out to TIGR or someone else.”

But for the parts of the project with more intellectual content, most
seemed to agree that it makes sense to use university researchers. “It's been my
philosophy,” Wyse said, “that universities are better positioned to do the
competitive-grant functional-genomics work and the like, as opposed to the
basic sequencing. It seems to be a better fit with the university environment as
well asitsreward system.”
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Data Access

The final issue tackled by the participants was how best to work with
the tremendous amount of data that will be generated by domestic animal
genome projects. The data create a number of challenges, said Daniel Drell of
the U.S. Department of Energy (DOE). “These have to do with the
interoperability of data, the sharing of data in some cases, but, principaly,
organizing it in such a way that others can come along and add value to it in
some efficient ways.” So far, he said, “the genome projects have been largely
unsuccessful at dealing with many of these.”

APPROPRIATE TOOLS AND THE IMPORTANCE OF DATA ACCESS

One can frame the issue in terms of access to data, said Claire Fraser.
“When it comes to data access,” she said, “there are two ways to think about it.
One, are the data accessible in GenBank or someplace else? And the answer is
yes. But individual sequence reads or assembled data are only so useful. What
we really need in terms of data access, in order to empower all of the users that
areinterested in getting a hold of these data, are far better databases and tools to
really exploit the information. And | think this is an area that so far has been
more of an afterthought with these projects than it should have been.”

The result, she said, is that some genomics researchers end up having
easier access to the data than others. “We are seeing a bit of a genomics-divide
being created between those groups that are involved in generating the data and
have been forced to build the tools in order to manipulate it, and the more
typical user who doesn’'t necessarily have access to the same tools, (and) who
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doesn’t have bioinformatics expertise at his or her university. | think that’s one
of thereal problemsthat we need to address.”

The other problem, Fraser added, is that the various genome projects
generally make no allowance for taking care of the data they generate once the
project is finished. “For the most part, even for sequencing projects with
bi oinformatics support during the term of the project, that support ends when the
sequence is completed. There's been no plan put in place for how to maintain
and update all of thisinformation.”

“That problem is going to get even worse as we begin to accumulate
more data. There have been all sorts of models proposed, from letting peoplein
the community who are passionately interested in an organism do it on an ad hoc
basis, to having this done in a more centralized facility, to having thisdonein a
distributed way but with clear rules for interoperability. |I've even heard some
people go so far as to suggest that perhaps we need to come up with some sort of
tax on genome projects that goes to fund a bioinformatics trust managed by an
inter-agency group responsible for maintaining these databases.”

Several participants pointed out that in order to maximize the value of
the information generated by domestic animal genome projects, researchers and
information technology specialists will have to pay more attention to data
handling. In particular, programs need to be designed not only to maintain the
data and make it accessible to any researcher who needs it but also to make sure
the information can be integrated with new data and new understandings as they

appear.

THE CHALLENGE OF SCALING UP
IN RESPONSE TO INCREASES IN DATA

The biggest difficulty is the problem of scaling: A database must be
designed so that it continues to work, and work well, when the amount of datain
itisdoubled or increased by afactor of ten or twenty. That will be achallenging
job, Fraser noted.

“I"'m not convinced,” she said, “that any of the existing databases that
have been built so far to handle sequence information are robust enough to scale
to the level that we know we are going to need in going forward.” The
databases built to handle the sequence information are actually the easy part, she
said. “Wewould like to begin to add in functional information, either directly or
through links, to all of the existing gene and protein databases. When you start
thinking about doing that, the challenge goes up by several orders of
magnitude.”

Owen White, of The Institute for Genomic Research (TIGR), made a
similar point. “The National Center for Bioinformatics (NCBI) is doing a heroic
job,” he said. “They are doing an amazing job managing sequence data and
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publication data. That’s a specific data type, and they have a fighting chance of
scaling up for just the raw sequence information.

“But there' s another data type that alot of us are familiar with, whichis
annotation.  Annotation is kind of a generic term, but | usually mean
identification of all the genes and trying to give functional assignments to those
genes and trying to represent them well in a structured database. So if you've
got 500 microbial genomes and people want to come in and work with the data,
| would argue that we don’t really have representation systems for that type of
thing.”

While the problem of scaling up the databases that hold basic
information, such as sequences of base pairs, is chalenging but seemingly
solvable, no one yet has constructed databases that will be able to handle the
amount of annotation that likely will proliferate in the years to come.

STRUCTURING GENOME DATABASES

Workshop participants had various perspectives on how a system of
genome databases should be structured. White, for instance, offered a vision of
large central repositories that would handle all the data of one particular type—
say, information on how genes are expressed—for many different species. He
warned that it would not be feasible to have one mega-center handle all different
types of data for every type of organism, but he argued that if each center
focused on one type of data, it would work quite well.

“There are a number of reasons why | think this is a much more
attractive model,” he said. “Training becomes much easier, and there is reduced
reinvention of the wheel. Once you instantiate those infrastructures, they are
easy to apply to new organisms.”

Furthermore, he added, these data-specific centers should be able to
expand easily enough to accommodate ever-growing amounts of data. “I think
they are the only things that had a chance of scaling.” Suppose, he said, that
some individual research center had developed a good way to represent
expression information for the particular organism studied at that center.
“Hopefully they generalize their services enough so they can apply them to
another organism. Then if they instantiate what the standard operational
procedures are, they develop arelatively good training program, and they have a
robust representation system going on in the database. That's the hard part.
That is the energy of activation, so to speak. Then adding another organism is
actually much simpler.”

A member of the audience disagreed with White's suggestion,
however. For him, it made more sense to keep smaller, individualized databases
and devel op standards so that the various databases could exchange information
and work with each other almost as if they had a single database. “You don’t
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have to bring things into gigantic warehouses’ or try to federate databases. You
try to create a level of information that can be exchanged among databases. In
part, this goes along the lines of the discussions about whether you sequencein a
center only or distribute the work in order to create local communities of
scientists and train graduate students. Thisis particularly true in bioinformatics.
If you have only centers for collecting information, you develop no local skills
and no local studentsto use that information.”

“Centers like NCBI do an extraordinary job of archiving low-level
information,” he continued. “But in the plant community, for instance, there is
an immense difference in the interests of, say, the cereal genomicists versus just
the legume folks. The legume folks have a high interest in secondary
metabolism, symbiosis, and nitrogen fixation. Those are all functions that fit
within community exploration of data and creation of data models and data-
mining mechanisms appropriate to those. But they don't map onto cereals, and
if you try to force these into a one-size-fits-all model, you come down to a
lowest common denominator of things that are done well.” In short, having
different centers for different organisms allows each to specialize and take into
account the areas of interest for that particular organism. It might make sense to
accumulate certain types of information—generally the very basic, low-level
information—in one, large central repository, but the higher-level information,
with its sensitivity to the type of genome being considered, is better handled at
individual centers.

ALLOCATION OF RESOURCES FOR BIOINFORMATICS

No matter how the centers ultimately are organized, several participants
expressed the view that more resources must be allocated toward bioinformatics
if researchers are to be able to work with all the data that is being accumulated.
“If you want a system,” White said, “that can dynamically manage data that’s
coming in from several projects in paralel and have version dates and a help
desk and just a well-engineered system, we are talking about a completely
different magnitude of budget that’s required to do that.”
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L ooking Forward

Caird Rexroad of the U.S. Department of Agriculture’s Agricultural
Research Service commented, “It's well recognized within USDA, maybe
because of what's been done in the plant sciences with the plant genomics
initiative, that it is a very good time to be going forward with this (domestic
animal genome projects).” Still, there are no guarantees of success, and
workshop participants offered a variety of advice for how researchers could
improve the odds that domestic animal genome programs would grow. “What is
it,” asked Richard Gibbs of the Baylor College of Medicine, “that makes for a
genome to get all the way through these hoops and hurdles to get to the point
where it is going to be sequenced? So far the real issue has been advocacy. By
advocacy | mean someone who is really pushing for it and is working with
everybody else who isinterested in the organism.”

A STRATEGY FOR AN ANIMAL GENOME INITIATIVE

Ronald Phillips of the University of Minnesota offered seven factors
that he believed were instrumental in getting support for the Plant Genome
Initiative—a program that was developed in part from discussions among
officials from the USDA, NSF, and the National Academy of Sciencesin 1997
(see Box 6-1).

Thefirst point that Phillips presented was posed as a question, “Has the
science and technology matured to a point where you really could make a good
argument [to policymakers]? | think that's certainly the case with all of the
work reported here today.” While he noted the impressive advances in animal
genomics, he also acknowledged that there was much left to do. The challenges
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of functional genomics and proteomics are just beginning to emerge. Phillips
questioned whether some of the current techniques that are in use, such as
knockoutsin mice, are adequate for the challenges ahead. “ Are they adequate

Box 6-1 Factors That Contributed to the Establishment of the
Plant Genome Initiative

Science and technol ogy that had matured enough to deserve serious
consideration

An interagency approach

A scientific foundation

Support of stakeholders

Support of Congress

Key agency leadership

Input from a broad range of scientific experts from throughout the
world

Source: Ronald Phillips, University of Minnesota.

for what researchers are trying to do, or should they devise a system of
knockoutsin a species that isimportant, in terms of your future lists of candidate
species for sequencing?”’

“My second point that | thought was important for success of plant
genome initiative was the interagency approach.” By bringing together various
federal agencies such as the Department of Energy (DOE), USDA and National
Institutes of Health (NIH), identifying their common interests within animal and
microbial genomics, and preparing an interagency agenda for a research
initiative, Phillips suggested, discussion in the U.S. Congress will be stimulated.

Given the diversity of interests and the resources involved for genomic
research, politics are an inevitable component of the development of an
initiative. Phillips noted that the researchers and advocates should focus their
efforts on what they know and do best—the science. “The third point was it
should be science-based. Make your arguments based on science and let that
carry the day.”

“The fourth point was commodity support. The corn growers brought
thisto the fore. They went to Congress and Congress asked them, where do you
place thisin your order of priorities? And theysaid, number one. After that was
said, that was the end of the argument in many ways. It was a matter of how do
you get it done. They were convinced when the commaodity groups, particularly
corn growers, said that was important to them.”
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“The fifth important thing was having key congressional support. If
you have good goals and can get someone to articulate that, that’s helpful.”
Phillips also said that it would be key to show Congress that the work planned
under the initiative was not being duplicated elsewhere, for example, in the
private sector.

“Sixth is having key agency leadership, and | assume that will happen
with the interagency working group (representatives of the USDA, DOE, and
NIH have formed aworking group that is focusing on animal genomics research
program). The Office of Science and Technology Policy (OSTP) was extremely
important in our case. We had people who understood and really worked on our
behalf both here and abroad.”

“Finally, one of the important aspects was that we had discussions with
respected science sounding boards. The first thing we did was to have this kind
of meeting at the National Academy of Sciences. That was followed up with a
colloguium of abroader set of scientists held at National Academies facilitiesin
Irvine, California. We discussed it at a Gordon Conference (Gordon Research
Conferences provide an international forum for the presentation and discussion
of frontier research in the sciences), and particularly brought in the international
dimension there. We had discussions with the panel that was reviewing the
Arabidopsissituation. And they told usit could be speeded up by several years
with more funding. So, that became one of our priorities. | think Congress
respected the fact that we had talked to the best scientists in the world to design
this program. Finally, be sure you keep the international community involved,
not just in terms of some interactions, but, actually helping you work through
your goals.” By adopting a similar set of approaches, Phillips said, genome
researchers interested in domestic animals could improve their chances of
establishing and devel oping their own genome programs.
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Workshop Agenda

Exploring Horizons for Domestic Animal Genomics:
A Public Workshop

The National Academies
L ecture Room
2101 Constitution Avenue NW
Washington, DC 20418

Agenda
February 19, 2002

8:30AM Welcome and Introduction
Kim Waddell, Board on Agriculture and Natural
Resources

8:40 AM The Landscape of Comparative Genomicsin
Mammals

Stephen O’Brien, The National Cancer Institute,
National Institutes of Health

9:10 AM Animal Genomics Research in the U.S.—Where We
Are and Where We're Going
Steve Kappes, U.S. Department of Agriculture
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9:40 AM Livestock Genome Sequencing Initiative: Status and
Importance
HarrisLewin, University of Illinois

10:10-10:30 AM Break
10:30 AM Multi-Species Comparative Sequencing of Targeted

Genomic Regions
Eric Green, National Institutes of Health

11:00 AM The Rat Genome Sequencing Project
Richard Gibbs, Baylor College of Medicine

11:30 AM A Private Sector Perspective: Financing Innovation
Roger Wyse, Burrill & Company

12:00-1:00 PM Lunch

1:00-2:00 PM Priorities for Genome Sequencing: Which Species?

Group Discussion

2:00-3:00 PM What Are the Roles of the Public, Private, and NGO
Sectors for Advancing Genomics Research?
Group Discussion

3:00--3:15PM Break

3:154:15 PM How Can We Facilitate Data Sharing and A ccess?
Group Discussion

4:15-5:00 PM Summary and Wrap-up

5:00 PM Adjourn
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Professor
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Center

University of Kentucky
Lexington, KY

Guy F. Barbato

Associate Professor of
Physiological Genetics
Poultry Science Department
Penn State University
University Park, PA

Leah M. Becker

Government Relations
Representative

National Pork Producers Council
Washington, DC
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Jonathan E. Beever

Assistant Professor

Department of Animal Sciences
University of lllinois

Urbana, IL

Peter Brayton

Program Director

U.S. Department of Agriculture,
National Research Initiative
Competitive Grants Program
Animal Genome and Genetic

M echanisms Program
Washington, DC

John Byatt

Genomics Technical Leader
Monsanto

St Louis, MO

Anthony V. Capuco

Research Physiol ogist

U.S. Department of Agriculture,
Agricultural Research Service
Gene Evaluation and Mapping Lab
Beltsville, MD
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