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Next generation sequencing platforms have democratized genome

sequencing. Large genome centers are no longer required to produce
genome sequences costing millions. A few lanes of paired-end sequence

on an IIlumina Genome Analyzer, costing < $10,000, will produce more

sequence than generated only a few years ago to produce the human and

cow assemblies. The de novo assembly of large numbers of short reads
into a high-quality whole-genome sequence is now technically feasible
and will allow the whole genome sequencing and assembly of a broad

spectrum of ruminant species. Next-generation sequencing instruments
are also proving very useful for transcriptome or resequencing projects
in which the entire RNA population produced by a tissue, or the entire

genomes of individual animals are sequenced, and the produced reads are

aligned to a reference assembly. We have used this strategy to examine

gene expression differences in tissues from cattle differing in feed efficiency,

to perform genome-wide single nucleotide polymorphism discovery for the

construction of ultrahigh-density genotyping assays, and in combination
with genome-wide association analysis, for the identification of mutations

responsible for Mendelian diseases. The new 800K SNP bovine genotyping

assays possess the resolution to map trait associations to the locations of

individual genes and the 45 million polymorphisms identified in > 180X

genome sequence coverage on over 200 animals can be queried to identify

the polymorphisms present within positional candidate genes. These
new tools should rapidly allow the identification of genes and mutations

underlying variation in cattle production and reproductive traits.

Introduction

The higher ruminants are believed to have rapidly speciated in the Mid-Eocene, resulting in

five distinct extant families: Antilocapridae, Giraffidae, Moschidae, Cervidae, and Bovidae.

While there are about 200 species of ruminants (Hackmann & Spain 2010), few have been

domesticated (cattle, goats, sheep, bison, yaks, buffalo, deer, etc) and the phylogeny describing

the evolutionary relationships among species has yet to be fully resolved (Decker et al. 2009).

Similarly, the history of domestication and breed formation within a species such as cattle is
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poorly understood. In fact, the number and location of prehistoric domestication events for

the extinct aurochs (Bos primigenius) has been controversial, and the ancestry of many of the

modern breeds of cattle is unknown (Decker et al. 2009). Knowledge of these relationships

is of more than academic and conservation interest since the evolutionary history of breeds

and species will shed insight into the genes and pathways which control phenotypes which

are either shared or diverged among species or breeds. For example, Angus and Shorthorn
cattle both accumulate large amounts of intramuscular fat (marbling) and their close genetic

relationship as breeds suggests that the genetic mechanisms underlying marbling (loci at which

naturally occurring variants induce phenotypic effects and allele frequencies at these loci) are

quite similar. On the other hand, Angus and Wagyu cattle are both black-hided and marble

highly but are distantly related (Decker et al. 2009). Since the cattle phylogeny contains few

black-hided breeds and the propensity to marble varies dramatically among the more recently
formed breeds, there are two possible explanations for these phenomena. In the case of coat

color, either independent mutations have occurred at a single gene (e.g., Melanocortin 1 recep-

tor, MC1 R) leading to black coat color (Klungland et al. 1995), or mutations in two independent
genes within the same (melanocortin) pathway have occurred (Candille et al. 2007). On the
other hand, marbling is inherited as a quantitative trait and for the breeds to have similar high

means, either the same genes control variation in both breeds (with allele frequency distribu-

tions that generate similar means), or the breeds share a core of identical genes and also breed
specific genes for which variation contributes to within breed variation, and the similarity of

breed means. These hypotheses are testable by a number of different approaches. However,

the point to be made here is that the superimposition of phenotypes on phylogenies (species

or breed trees) allows the identification of experimental models which can contribute to the

eludication of the genes and pathways responsible for variation within populations and the

evolution of population specific phenotypes.

Genetic analysis within a species

Monogenic phenotypes

Hypotheses concerning the mode of inheritance and al lelism (whether or not a mutation within
the same gene is responsible for a phenotype) can be determined by pedigree analysis and

by making experimental crosses. For example, we characterized a fatal movement disorder of

Chinese Crested dogs that was clinically and pathologically indistinguishable from a condition

known as canine multiple system degeneration that had previously been recognized in Kerry

Blue Terriers (O'Brien et al. 2005). We showed that the disease segregated as an autosomal

recessive and by making crosses between Chinese Crested and Kerry Blue Terrier carriers of
the disease allele, we were able to show that mutations within the same gene were responsible

for the disease in both breeds. Since both diseases are recessive and are likely due to the loss

of gene function, this result also strongly suggests that the disease is identical in both breeds

and not simply that the disorder was clinically and pathologically indistinguishable between

the breeds. Because microsatellite loci (primarily dinucleotide repeat polymorphisms which
could be amplified by PCR and scored on a fragment size analyzer) were plentifully available

in dog, we were able to perform a linkage analysis within an extended family and localize the

disease locus to a 15 Mb region of dog chromosome 1. This region was subsequently fine-

mapped using additional markers and more distantly related affected dogs to reduce the size

of the interval harboring the disease locus to less than 1 Mb. Because the sequence assembly

for the dog genome (a Boxer) had just become available, we were able to identify and then
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sequence exons from candidate genes (e.g., PARK2) within this region; however, we are yet

to identify the causal mutation underlying this disease. The reasons for this are that: 1) The
region contains 27 genes and a number of these could be viable candidates, 2) Although we

targeted exons for sequence analysis, we really have no idea what kind of mutation we are

looking for — it could certainly be noncoding or a duplication of a coding region — neither of
which would be detected by our exon sequencing strategy, and 3) the region is large and until

very recently there have been no straightforward or cost-effective methods for sequencing large

targeted regions of DNA from individuals.

When individuals belong to extended nuclear families, linkage analysis tests the concord-

ance between phenotype and genotype to establish linkage of the disease locus to a specific

chromosomal region. For example, if the disease is known to be inherited as a fully penetrant

autosomal recessive we would expect all affected progeny within a family to have inherited
the same combination of chromosomal fragments from each of their parents in the region of

the disease locus and all unaffected progeny to have inherited different chromosomal combina-

tions. Because only a single meiosis separates parents and progeny there is only a very limited
opportunity for recombination to rearrange the parental chromosomal haplotypes (combination

of alleles present on a single chromosome or region of a chromosome) present in the progeny

and the size of the chromosomal region harboring the disease locus is determined by the

number of affected progeny included in the mapping population. Additionally, the resolution

of detection of recombination breakpoints is determined by the resolution of the marker map
used to perform the linkage analysis. Until very recently, microsatellites were used for almost

all linkage analyses and these markers could only be multiplexed in groups of 6-8, meaning

that 40-50 separate PCR reactions had to be performed on each individual's DNA to achieve

a genome-wide marker map density of one marker per 10 Mb. Not only is microsatellite
genotyping slow and tedious, but it is expensive at a cost of $0.25-$1 per produced genotype.

The evolutionary history of the majority of domesticated livestock species differs dramati-

cally from that of human. Modern humans arose from a small effective population size some

100,000 years ago and the population has recently been rapidly expanding, leading to a rela-

tively large current effective population size (Ne 7,000, Tenesa et al. 2007). On the other
hand, the domestication of all livestock species occurred within the last 10,000 years (Loftus

et al. 1994, Giuffra et al. 2000), breed societies were formed only within the last 200 years,

and the population bottlenecks created by these events have led to relatively small current
effective population sizes in cattle (Ne '-----100-200, Bovine HapMap Consortium 2009). As a
consequence, many monogenic traits, such as disease are caused by novel rare mutations within

human populations, but within a domesticated ruminant species, the majority are caused by

a single founder event and all copies of the disease allele within a population are identical by

descent to the allele present in the founder individual. Since the original mutation occurred

on a single chromosome (with a specific haplotype surrounding the disease allele) which

has subsequently been rearranged by recombination within descendants, we expect that all

individuals with a fully penetrant autosomal recessive disease are actually homozygous for a

small core haplotype that is identical to that present in the founder individual. The size of this

haplotype can be quite small if the mutation is old and many generations of recombination

have occurred since the occurrence of the original mutation and microsatellite mapping usually
does not possess the resolution to detect these core haplotypes.

Recently, high density single nucleotide polymorphism (SNP) genotyping assays have been

developed for several ruminant species including cattle (Matukumalli et al. 2009) and sheep
(Magee et al. 2010). While these first generation assays allow the detection of genotypes at

—50,000 loci, second generation assays allowing the detection of 777,000 SNPs now
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available for cattle (http://www.illumina.com/documents/%5Cproducts%5Cdatasheets°/05Cd

atasheet_ bovineHD.pdf). These assays allow a completely different approach to the mapping

of genes influencing monogenic and polygenic loci within species based upon the linkage

disequilibrium (LD) between loci that are physically close together on a chromosome. LD is

usually measured as the squared correlation coefficient between alleles that are present at two
different loci, and the extent of this correlation is influenced by the age of the two mutations

and the evolutionary history of the population. In populations such as human, which have large

effective population sizes, the correlation between two loci that are old and have moderately
high allele frequencies is quite low, whereas in domesticated ruminant populations, these

correlations are much larger (Bovine HapMap Consortium 2009). Thus, we would expect that

the core haplotypes harboring a disease mutation in, e.g., cattle populations would be quite

large and that the resolution of the BovineSNP50 assay (Matukumalli et al. 2009) would be
sufficient to detect regions of homozygosity in affected animals that might be only quite dis-

tantly related. This is, in fact, exactly the case, and the assay allows the rapid localization of

recessive disease mutations by case control genome-wide association (GWA) analysis which

seeks to identify genomic regions in which all affected individuals are homozygous for a core

haplotype, and unaffected individuals are not homozygous for this haplotype (Charlier et al.
2008, Meyers et al. 2010).

The approach can be modified in a rather interesting way to detect regions of the genome

that have undergone recent selective sweeps within a population. Strong selection for a phe-

notype determined by genotype at a single locus will result in the rapid fixation of a single
allele at the causal locus. However, because only relatively few generations of selection (from

an evolutionary perspective) are required to drive the selected allele to fixation, we expect

LD to drag relatively large flanking chromosomal regions to fixation in the process. Thus, the

signature of a selective sweep is the loss of variability within the genome in a region flanking

a strongly selected allele in all individuals within a population (Nielsen et al. 2005). As time
passes following the selective sweep new mutations or migration into the population will allow
the accumulation of variation in the region, however, variation will remain reduced within the

selected region for a very large number of generations. For example, the locus responsible for

the presence or absence of horns in cattle (the polled locus) was first mapped to the centromeric

end of chromosome 1 (BTA1) by Georges et al. (1993) and was subsequently fine mapped to a
1 Mb region of this chromosome (Drogemuller et al. 2005, Wunderlich et al. 2006). Horns are
inherited as a recessive with the horned phenotype being ancestral and the polled allele being

derived. Strong selection within a breed to produce only polled cattle should have produced a

selective sweep for the polled allele leaving a strong signature of selection detectable as loss of

polymorphism within the region of the genome harboring this gene. To test this, we examined

the minor allele frequencies (MAF, frequency of the rarer of the two alleles present at each

SNP) of 54,442 SNPs scored in 3,668 registered Angus bulls to identify genomic regions in

which losses of diversity suggested the presence of strong selective sweeps. Strong evidence
of a selective sweep was found between 1.71-2.01 Mb (UMD3.0 assembly) on BTA1 where

11 consecutive SNP spanning 301 kb had MAF <0.005 (Figure 1). While 7,964 of the 54,442

tested SNP (14.6%) had MAF < 0.005, the probability that 11 consecutive SNP would have
small MAF is vanishingly small (despite the fact that they are not inherited independently) and

this suggests that a strong recent selective sweep was focused on this region of the Angus ge-

nome. Not coincidentally, this region is located within the 1 Mb region identified as harboring
the polled locus by Drogemuller et al. (2005).

The largest region of the Angus genome (555 kb) in which 10 consecutive SN Ps possessed

MAF <0.008 was on BTA12 from 25.88-26.43 Mb and contains 8 annotated genes which

clearly warrant further investigation as to their involvement in the determination of various
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Fig. 1. Minor allele frequency for 116 BovineSNP50 SNP loci mapped to the first 5 Mb
of bovine chromosome 1 in the UMD3.0 sequence assembly scored in 3,668 registered
Angus bulls. The plot reveals a region of 11 consecutive SNPs spanning 301 kb with minor
allele frequency less than 0.005 within the 1 Mb region previously shown to harbor the
horn/poll locus (Drogemul ler et a/. 2005).

phenotypes. At the center of this interval is CNGB1 in which mutations have been found to

be responsible for an autosomal recessive form of retinitis pigmentosis in human (Bareil et

al. 2001). Interestingly, the region harboring the MC/ R locus on BTA18 which is responsible

for black/non-black coat color possessed 5 consecutive SNP with MAF < 0.008 and spanned

320 kb suggesting that selective sweeps of similar intensity occurred for black coat color and

polled in Angus cattle. The fact that MAF 0 in these intervals is most likely due to genotyp-

ing error which is similar in magnitude to these allele frequencies; however, it could also be

due to the incomplete elimination of the recessive alleles at these loci, the accumulation of

new mutations or the introgression of new haplotypes —all of which are testable hypotheses.

Polygenic phenotypes

There have been many linkage and LD mapping experiments performed in cattle to identify

loci that contribute to variation in quantitative (polygenic) traits such as growth, carcass quality,

feed efficiency and fertility using families produced either within breeds (McClure et a/. 2010),

by crosses between breeds (Kim et a/. 2003) or by the analysis of populations of individu-

als in the absence of pedigree information (Barendse et al. 2007). Linkage analysis to detect

quantitative trait loci (QTLs) requires the assembly of families of individuals in which the phe-

notypes of progeny which inherited differing combinations of parental alleles are statistically

contrasted to detect the presence of nearby genes of large effect on the phenotype. As with

linkage analysis to detect monogenic trait loci, the resolution of the chromosomal intervals

detected to harbor QTL is usually quite poor with confidence intervals often spanning 50% or

Minor

Allele

Frequency
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more of a chromosome due to limits to the numbers of progeny produced within families (Kim

et al. 2002). However, linkage analysis of QTLs suffers from two additional shortfalls (Sellner

et al. 2007). First, the only loci that can be detected are those for which the parents happen

to be heterozygous, which means that many QTL will go undetected within any one experi-

ment simply due to lack of parental heterozygosity. Second, the magnitude of QTLs that can

be detected (statistical power of the experiment) is also limited by family size. The majority of

early linkage analyses which employed microsatellite genotyping of half-sib, back cross or F2
families used only a few hundred progeny and typically detected no more than 3-5 QTLs per

analyzed trait. The largest such analysis was performed by McClure et al. (2010) who scored

402 marker loci (predominantly microsatellites) in 38 Angus half-sib families comprising 1,622

steers and an extended pedigree of 1,769 Angus sires and detected an average of 48.1 QTL

per analyzed trait. This result is in remarkable agreement with the estimate of 50-100 genes

predicted to underlie variation in quantitative traits in dairy populations assuming that the

polymorphisms in these genes were neutral with respect to fitness (Hayes & Goddard 2001).

GWA analysis utilizes SNPs evenly spaced throughout the genome to detect the presence

of nearby QTLs. In its simplest form, the analysis is performed one SNP at a time by perform-

ing an F-test to establish if the mean phenotype differs among individuals with different SNP

genotypes. Because the presence of LD requires that alleles at the QTL and SNP locus be cor-

related, the distribution of QTL genotypes present within each of the SNP genotype classes

differs (Figure 2). Consequently, even though the flanking SNP locus itself generally has no

effect on phenotype, a test to determine whether the phenotypic mean differs among individu-

als with different SNP genotypes will be significant if there is a large effect QTL nearby that is

in strong LD with the tested SNP. This turns out to be a rather important assumption because

manipulation of the formulae in Figure 2C shows that for two loci to be in very strong LD it is

necessary (but not sufficient) that they have very similar allele frequencies. However, the vast

majority of genotyping assays are designed to include only SNPs that have high MAF in the

populations in which the assay is intended to be used. Therefore, by definition, these assays are

designed to detect only those common variants that underlie phenotype within any genotyped

population. This, at least in part, explains the missing heritability in human GWA studies (Maher

2008) where common SNP variants are used to detect rare causal variants (and they don't!).

Similarly, the extent of LD estimated within the genomes of species using these assays (e.g.,

BovineHap Project 2009) is misleading because what is actually being estimated is the linkage

disequilibrium between common variants separated by specific physical distances. While the

true distributions of QTL effects that underlie quantitative traits in livestock are unknown, in

all likelihood they are biased towards common variants. Hayes & Goddard (2001) empirically

estimated that 17 and 35% of the largest effect QTL explained 90% of the genetic variance

in dairy and swine, respectively. Thus, 50K common SNPs appear to be sufficient to perform

GWA studies within breeds of ruminants for the purpose of identifying the genes of large effect

which explain the majority of genetic variation within quantitative traits.

We used the BovineSNP50 assay to genotype 3,240 animals from 5 beef breeds (Table 1)

with Warner-Bratzler shear force (WBSF) measures of beef tenderness. We also genotyped 7

SNPs in a 150 kb region spanning calpastatin (CAST) on BTA7 and 43 SNPs in a 208 kb region

spanning calpain (CAPN1) on BTA29. Both genes have previously been shown to be associ-

ated with WBSF in several beef breeds. Because pedigree relationships within populations can

result in the stratification of samples into families that result in spurious associations in GWA

(MacLeod et al. 2010), we performed a more sophisticated analysis in which a genomic rela-

tionship matrix was estimated for each breed group using the animal's genotypes and all SNP

effects were simultaneously estimated by best linear unbiased prediction (VanRaden 2008).

Figure 3 shows the standardized estimated SNP allele substitution effects in the 4 breeds with
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Fig. 2. Affect of LD between loci on multilocus genotype frequencies. A) Representation of

a chromosomal architecture with two SNPs flanking a QTL with LD r,2 and r,+12 between

each SNP and the QTL, respectively, B) QTL is defined such that genotypes have different

mean phenotypes (genotypic values), C) Manifestation of LD is the overrepresentation of

two haplotype classes and underrepresentation of the remaining two haplotype classes by

an amount D (the covariance between alleles at the two loci) relative to the expectation

under independence of alleles at the two loci, and D) Effect of LD on QTL genotype

frequencies within each of the SNP genotype classes.

Table 1. Estimates of genetic parameters for Warner Bratzler Shear Force in 5 beef breeds. Each breed was sepa-




rately analyzed using an animal model incorporating a gender x herd-of-origin x slaughter contemporary group and

using a genomic relationship matrix estimated from 40,645 SNPs.




Warner-Bratzler Shear Force (kg)




Breed




cr=,




h=

Angus 651 0.2184 0.2036 0.52

Charolais 695 0.2275 0.2664 0.46

Hereford 1,095 0.1500 0.7325 0.17

Limousin 283 0.0723 0.7227 0.09

Simmental 516 0.0580 0.6917 0.08

Total 3,240





largest sample sizes. Remarkably, these plots show little concordance between the regions

harboring WBSF quantitative trait loci (QTL) across breeds with the exception of the effect of

CAPN1 which is large in all breeds. Similar results have been seen when performing GWA for

milk traits in Jersey and Holstein populations (Dorian Garrick, pers. comm.) and suggest either

that different QTL are responsible for trait variation in different breeds, or that the resolution of
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Fig. 3. Manhattan plots of SNP allele substitution effects for WBSF for 40,645 SNPs in
4 breeds. Genomic locations of CAST (BTA7) and CAPN1 (BTA29) are indicated by red
arrows.

the BovineSNP50 assay is not sufficient to detect the QTLs which are for the most part identi-

cal across breeds, but differ in LD with nearby SNPs due to breed specific differences in MAF.

We believe the latter explanation to be the most likely, since the average genome-wide SNP

spacing in this study was 65 kb except for the region on BTA29 harboring CAPN1 which had

an average SNP spacing of 4.8 kb and produced one strongly associated SNP in all 5 breeds
with the same allele being desirable across all breeds. Nevertheless, this is a very important

issue which must be resolved before significant further efforts are made to identify the genes

that underlie quantitative traits in domesticated ruminant species.

Gene hunting

The process of identifying the genes and mutations that underlie QTL has been hampered by

the lack of genome sequences from which to identify suitable candidate genes, the large size
of the QTL regions identified by linkage analysis and the inability to sequence large regions

of genomic DNA to hunt for polymorphisms which may be responsible for trait variation

(Sellner et al. 2007). Following 20 years of QTL mapping in cattle, very few genes and muta-

tions underlying QTL have been identified — DGAT1 and ABCG2 with effects on milk traits

in dairy cattle and perhaps CAST and CAPN1 with effects on beef tenderness, although the

causal mutations within these genes do not appear to have been identified. This situation ap-

pears to be about to quickly change. Genome sequences assembled from long-read Sanger

sequencing have been produced for the cow (Bovine Genome Sequencing and Analysis Con-

sortium 2009; Zimin et al. 2009) and genome projects are underway in buffalo, sheep and

deer. High-density genotyping assays have been developed for sheep and cattle which allow
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large numbers of samples to be rapidly genotyped for large numbers of SNPs. These assays al-

low the localization of QTL by LD analysis which generally results in far smaller QTL regions

than are produced in linkage analyses. Finally, next-generation sequencing technologies are

revolutionizing many aspects of biological and genomic research, and in particular, make it

possible to very simply sequence large chromosomal intervals to seek polymorphisms which
may underlie monogenic or polygenetic traits. By simply resequencing the entire genome

of a disease-affected individual and focusing only on the sequences that align to the region

harboring the disease locus, all mutations present within the region (relative to the reference

sequence) can be identified. While this approach may sound wasteful, it is a very effective way
to rapidly identify candidate mutations and allows the examination of the candidate region for

duplications and deletions. To identify candidate mutations underlying an autosomal recessive

neurological disease in dogs, we first mapped the disease locus by GWA to a small region of
canine chromosome 4 and then produced a 9X average depth sequence coverage of the entire

genome of an affected dog using just four lanes of a single Illumina Genome Analyzer Ilx (GA

Ilx) flow cell at a total cost of under $10,000. The dog was homozygous by descent for the

disease causing region of chromosome 4 and Figure 4 shows a view of the sequence pile up
for the L0C489223 gene from this dog when aligned by NextGENe (http://www.softgenetics.
com/NextGENe.html) to the CanFam2 Boxer dog assembly. This figure shows two mutations

leading to amino acid substitutions within this gene which become candidates for the disease-
causing mutation. The final step to this analysis is to genotype mutations detected within the

candidate region to establish (by concordance with disease phenotype) which of the detected

polymorphisms is causal. If the candidate region is large, there may be many hundreds or even

thousands of detected polymorphisms and currently, there is no inexpensive genotyping plat-
form which allows simultaneously assaying this number of polymorphisms in a few hundred

individuals to establish the identity of the causal polymorphism. This appears to be the single

remaining limitation to the detection of the genes and polymorphisms which underlie disease

and quantitative trait variation.

Genomic selection

Fortunately, for the purpose of implementing marker-assisted selection of livestock for almost

any trait (including fertility) it is not necessary to identify the genes which underlie genetic

variation in the trait. Probably the most important breakthrough in genetic improvement in the

last 25 years has been the recent demonstration that Genomic Selection (GS) first proposed

by Meuwissen et al. (2001) can be effectively implemented within breeds of cattle using the

BovineSNP50 assay. GS is a methodology to predict animals' breeding values from high-density
SNP panels which utilizes a two-stage approach in which animals with phenotypes and geno-

types are first used in a training analysis to establish relationships between individual SNPs

and trait variation (the normalized values of these SNP effects are shown in Figure 3) and then

the inferred breeding value prediction equations are validated in independent populations. In

subsequent generations, the breeding values of animals may be estimated at birth from their

BovineSN P50 genotypes and the prediction equations. This technology has revolutionized dairy

cattle breeding worldwide and genetic progress in milk production is expected to double due
to the decrease in generation interval that has been achieved by a reduced need to progeny

test young bulls and the high accuracies of the molecular estimates of breeding value (Hayes

et al. 2009, VanRaden et al. 2009).

The technology is also being deployed within the US beef industry, however, the much

lower use of artificial insemination (Al) within the industry and the broader composition of
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Fig. 4. Screenshot of a NextGENe browser view showing a 14X depth of coverage of

sequence produced from a dog homozygous for genomic region on canine chromosome

4 harboring an allele causal for an autosomal recessive neurological disease reveals two

charged amino acid substitutions in L0C489223. The dog was whole genome sequenced

to an average depth of 9X and the only sequence used for mutation discovery was that

which aligned to the region of the Boxer reference sequence which was established by

LD analysis as harboring the disease causing allele.

breeds employed for U.S. beef production have slowed adoption relative to the dairy industry.
First, it has been very difficult to assemble the large training populations needed to develop

models with high predictive power. In Angus, the numerically most important beef breed in

the US, we have now genotyped only 3,668 registered bulls —far less than the 8,000 Holsteins

genotyped when GS was deployed within the dairy industry. Second, the majority of com-

mercial beef animals are bred by natural service and the cost of genotyping young bulls must
be amortized over a much smaller number of progeny that are produced by Al sires. It has

been vital in the beef industry to reduce the cost of DNA testing to enable GS to be deployed

broadly within the industry. When we first developed molecular breeding value prediction

equations using genetic evaluations provided by the American Angus Association (AAA) and
41,028 BovineSNP50 SNPs genotyped in 1,710 registered Angus bulls, we developed a re-

duced set of 384 SNPs which were predictive of breeding values for marbling, ribeye muscle

area, backfat thickness and yearling weight to reduce the cost of DNA testing. Validation was

performed by genotyping an independent set of 285 bulls and estimating genetic correlations

between molecular estimates of breeding value and estimates produced in a multivariate mixed

linear model analysis using progeny data (MacNeil et al. 2010). Despite the small numbers of
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tested SNPs, these correlations were 0.65, 0.58, 0.50 and 0.54, respectively. Based upon these
results, the AAA now delivers "combined" estimates of genetic merit based upon all sources
of available data (molecular, pedigree and phenotype) to the US beef industry. GS has swept
through the US beef and dairy industries within less than three years of the development of the
BovineSNP50 assay and the technology has been seamlessly adopted by both industries. How-
ever, the Angus national genetic evaluation system is now run weekly rather than bi-annually
to allow rapid delivery of DNA test results to producers. This rate of technology adoption is
almost unprecedented within animal agriculture and is driven by two factors: 1) the technology
has been demonstrated to work in dairy cattle, and 2) it provides information that producers
desire and for which they are willing to pay.

Genetic analysis across species

Because we cannot make viable crosses between the majority of ruminant species, we cannot
use traditional mapping approaches to identify the genes responsible for the phenotypic differ-
ences that have evolved following speciation events. In fact, until recently it has been difficult
to even reconstruct the evolutionary history of species such as the ruminants which rapidly
radiated. Decker et al. (2009) have shown that tools developed to detect variation within a spe-
cies such as the BovineSN P50 assay can be accurately applied as tools to explore orthologous
single nucleotide sequences among closely related species. While SNPs remain variable within
a species for no more than 1-2 million years with one allele becoming fixed either due to drift
or selection, it appears that recurrent mutations occur at the same loci within different species
and that different alleles become fixed within different lineages. Thus, genotyping tools such as
the BovineSNP50 assay are capable of detecting the nucleotide that is present at the position
in an outgroup species' genome that is orthologous to each SNP within the bovine genome.
Remarkably, as genetic distance from cow increases, these nucleotides are not all identical
(representing the nucleotide present in the genome of the common ancestor of all advanced
ruminants). Of the 40,843 bovine SNP used to study the evolution of 61 higher ruminant
species, Decker et al. (2009) found that 21,019 were phylogenetically informative among the
non-cattle species. This result suggests that there are likely to be a very large number of dif-
ferences between the genome sequences of ruminants and even if whole genome sequences
existed for every ruminant species, sequence-based GWA which attempted to identify mutations
concordant with species' phenotypes are likely to reveal large numbers of loci consistent with
the phenotype differences among species. Despite this, many causal mutations responsible
for the differences among species (along with many false positives) will be among the set of
congruent genotypes and may point to gene targets for study within hybridized species (e.g.,
Bison x Cattle) or for mutation studies within transgenic models.

The more usual form of analysis will be to compare gene content between species to identify
othologs shared between all ruminants versus those that are lineage specific (including dupli-
cated genes) and to identify genes putatively under selection as manifested by differing rates
of synonymous and non synonymous substitutions. This approach was employed to identify
innate immunity genes specific to the cattle lineage, some of which appear to be under strong
selection within the species (Bovine Genome Sequencing and Analysis Consortium 2009).
However, there are a number of problems inherent to this form of analysis. The divergence
between species can make it difficult to establish gene orthology (same gene descended from
a common ancestor) —although this is not likely to be an issue for the higher ruminants which
are diverged by about 29 million years. A more important problem is that the majority of rumi-
nant genes can only be identified by prediction programs or through their similarity to better
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studied human genes. Naturally, this means that lineage specific genes are those that are most

likely to be missed in this form of analysis. Finally, with only a single representative sequenced

within each species, we have no idea about which sites are variable within a species and this

makes it difficult to estimate the synonymous versus nonsynonymous substitution rates within

genes. However, the next few years are likely to result in the generation of enormous amounts

of genome and transcriptome sequence within entire clades of species which will change the

way that we study biology.

Tools and reagents

SNPs and SNP chips

The identification of SNPs within species for which very little genomic information is available

is now relatively straight forward. By the next-generation sequencing of reduced representation

libraries produced either by restriction digestion of genomic DNA and fragment size selection

(Van Tassell et al. 2008) or tissue transcript libraries from individual animals or pools of animals,

it is now possible to rapidly identify hundreds of thousands of SNPs and simultaneously estimate

MAF. More recently, to generate SN Ps for the design of 800K SNP Illumina and Affymetrix

assays, we used an Illumina GA Ilx to sequence 5 mate-pair and 5 paired-end genomic DNA

libraries for each of: 1) a pool of 10 Brahman (Bos taurus indicus), 2) a pool of 15 Hanwoo

(Korean Bos taurus taurus), and 3) 3 individual high-impact Angus bulls (Table 2). Sequence

data were trimmed, filtered and aligned to the UMD3.0 sequence assembly for polymorphism

discovery using NextGENe and resulted in the discovery of more than 20 million putative

SNPs (Table 2). Other public efforts led to the identification of over 45 million polymorphisms

in 200 individuals or pools of individuals sequenced to varying depths. The identification of

the same SNPs within different individuals or breeds testifies to the validity of these loci and

avoids the problem of sequencing errors being identified as SNPs. Such SNPs provide the

foundation for the design of high density genotyping assays which are straightforward but very

expensive to develop using IIlumina Infinium or Affymetrix Axiom chemistry due to the high

cost of oligonucleotide synthesis. Thus, it remains to be seen whether these assays will have

broad species utilization in the future, or if the cost of genotyping will decrease to the point

that genome-wide genotypes will be produced by sequencing.

Table 2. Generation of whole genome sequence data from 3 cattle breeds within the authors' laboratory

at the University of Missouri.

Library GAllx Post-Filter Total Genome Aver- Unfiltered SNPs




Lanes Reads Bases Coverage age Read and Indels




(million) (billion) (2.685Gb=1X) Length (bp) (million)

Brahman (N=10) 13 454.4 32.942 12.27 72.12 19.9'

Hanwoo (N=15) 16 497.5 35.221 13.11 70.97 18.7'

Angus (N=3) 34 1,179.3 97.304 36.23 78.92 14.8'

B/R New Design 036 9 310.0 23.565 8.77 75.18




GDAR SVF Traveler 234D 17 591.0 52.813 19.66 87.50 7.2k

N Bar Emulation EXT 9 278.3 20.926 7.79 74.08




All Libraries 98 2,131.2 165.467 61.61 75.97




'Delivered to Affymetrix and/or Illumina based upon 47X total genome coverage
kBased upon the current 19.66X coverage for this animal
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Also of importance is the fact that these SN Ps and sequences will nearly all be placed within

the public domain over the coming 12 months which will produce a public resource of very

considerable value. Researchers interested in the diversity within specific genes can query

these data to extract the information they need without the need for expensive and costly

resequencing projects.

De novo genoine sequences and sequence annotation

The current sequence assemblies for agricultural species are all in early iterations and contain

significant errors including contigs assembled to the wrong chromosomes, inverted scaffolds

and rudimentary annotations. Currently, the animal used to produce the bovine genome

sequence assembly (Hereford, Ll Dominette 01449) is being sequenced to a much greater

depth on an IIlumina GA Ilx using mate-pair and paired-end libraries to provide a much greater

depth of sequence coverage which will be reassembled along with the existing Sanger reads

by the Salzberg group at the University of Maryland. However, the annotation of the assembly

requires a great deal of work and transcript libraries produced from a large number of tissues

at different stages of development need to be sequenced in RNA-seq experiments to identify

the genes and splice variants present within the genome (Mortazavi et al. 2008).

It now appears to be feasible to generate de novo genome sequence assemblies from short-

read sequencing technologies (Ruiqiang et al. 2010) and the increasing read-lengths and

decreasing costs per Gb of sequence will undoubtedly lead to a rapid increase in the number

of de novo sequence assemblies produced for ruminants. Furthermore, we will also begin to

see many more 100 genome or 1,000 genome projects for individual species which will assist

us to identify important functional variants and genomic regions that are under strong selec-

tion. Knowledge of the regions within a genome that are variable will also greatly assist in the

comparison of genomes between species.

Other applications of next - generation sequencers

Next-generation sequencing instruments are powerful tools for examining genome-wide phe-

nomena. In addition to sequencing DNA and RNA populations, methodologies have been

developed which allow the capture (and identification by sequencing) of genomic regions

to which proteins such as transcription factors bind (CHIP-seq, Johnson et al. 2007), which

are methylated (e.g., reduced representation bisulphate sequencing, Meissner et al. 2007),

or which are physically close together within cells derived from specific tissue types (Hi-C,

Lieberman-Aiden et al. 2009). These tools will revolutionize our understanding of genome

organization and function.

Conclusions

Next-generation sequencing technologies are having enormous impacts in fundamental biology

and applied animal agriculture. As competing technologies emerge and the cost of sequencing

decreases, we will begin to see the genomes and transcriptomes of closely related- ruminants

sequenced, and comparative analyses will point to the genes, structural differences and polymor-

phisms responsible for the evolution of phenotypic differences between species. Furthermore,

many representatives from different breeds and species will be sequenced, which will lead to

a much better understanding of the fundamental causes of genetic variation within a species.
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While this information will enable genetic improvement within species utilizing existing genetic
variation, it will also guide the engineering of transgenic animals with increased adaptation to
changing production environments, disease resistance, reproductive and productive capabili-
ties (Fahrenkrug et al. 2010). Both approaches to animal improvement will be needed to meet
the world's human dietary needs in the very near future.
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