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SNP discovery and allele frequency estimation by deep
sequencing of reduced representation libraries

Curtis P Van Tassell', Timothy P L Smith?, Lakshmi K Matukumalli'?, Jeremy F Taylor", Robert D Schnabel?,
Cynthia Taylor Lawley®, Christian D Haudenschild®, Stephen § Moore®, Wesley C Warren” & Tad $ Sonstegard'

High-density single-nucleotide polymorphism (SNP) arrays have
revolutionized the ability of genome-wide association studies to
detect genomic regions harboring sequence variants that affect
complex traits. Extensive numbers of validated SNPs with known
allele frequencies are essential to construct genotyping assays
with broad utility. We describe an economical, efficient, single-
step method for SNP discovery, validation and characterization
that uses deep sequencing of reduced representation libraries
(RRLs) from specified target populations. Using nearly

50 million sequences generated on an Illumina Genome Analyzer
from DNA of 66 cattle representing three populations, we
identified 62,042 putative SNPs and predicted their allele
frequencies. Genotype data for these 66 individuals validated
92% of 23,357 selected genome-wide SNPs, with a genotypic
and sequence allele frequency correlation of r = 0.67. This
approach for simultaneous de novo discovery of high-quality
SNPs and population characterization of allele frequencies

may be applied to any species with at least a partially

sequenced genome.
RECEIVED 3 JANUARY: ACCEPTED 28 JANUARY: PUBLISHED ONLINE 24 FEBRUARY 2008: DOL:10.
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W Bovine SNF map

B Following stochastic tumor initiation
B High-content TF analysis

W A yeast genome library

B Resolving RNA dynamics with NMR
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The Genome Sequence of Taurine
Cattle: A Window to Ruminant
Biology and Evolution

The Bovine Genome Sequencing and Analysis Consortium,* Christine G. Elsik,*
Ross L. Tellam,” Kim C. 'u'\.'(:hrlta‘;.r3

To understand the biology and evolution of ruminants, the cattle genome was sequenced to about sevenfold
coverage. The cattle genome contains a minimum of 22,000 genes, with a core set of 14,345 orthologs
shared among seven mammalian species of which 1217 are absent or undetected in noneutherian
(marsupial or monotreme) genomes. Cattle-specific evolutionary breakpoint regions in chromosomes
have a higher density of segmental duplications, enrichment of repetitive elements, and species-specific
variations in genes associated with lactation and immune responsiveness. Genes involved in metabolism
are generally highly conserved, although five metabolic genes are deleted or extensively diverged from
their human orthologs. The cattle genome sequence thus provides a resource for understanding
mammalian evolution and accelerating livestock genetic improvement for milk and meat production.

24 APRIL 2009 VOL 324 SCIENCE www.sciencemag.org

Genome-Wide Survey of SNP
Variation Uncovers the Genetic
Structure of Cattle Breeds

The Bovine HapMap Consortium*

The imprints of domestication and breed development on the genomes of livestock likely differ
from those of companion animals. A deep draft sequence assembly of shotgun reads from a single
Hereford female and comparative sequences sampled from six additional breeds were used to
develop probes to interrogate 37,470 single-nucleotide polymorphisms (SNPs) in 497 cattle from
19 geographically and biologically diverse breeds. These data show that cattle have undergone a
rapid recent decrease in effective population size from a very large ancestral population, possibly
due to bottlenecks associated with domestication, selection, and breed formation. Domestication
and artificial selection appear to have left detectable signatures of selection within the cattle genome,
yet the current levels of diversity within breeds are at least as great as exists within humans.

24 APRIL 2009 VOL 324 SCIENCE
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éResoIving the evolution of extant and extinct
gruminants with high-throughput phylogenomics

Jared E. Decker?, J. Chris PiresP, Gavin C. Conant?, Stephanie D. McKay?, Michael P. Heaton<, Kefei Chend, Alan Cooperd,
Johanna Vilkkie, Christopher M. Seabury’, Alexandre R. Caetano9, Gary S. Johnson", Rick A. Brenneman’,

} Olivier HanottelX, Lori S. Eggert?, Pamela Wiener!, Jong-Joo Kim™, Kwan Suk Kim", Tad S. Sonstegard®,

8 Curt P. Van Tassell°, Holly L. NeibergsP, John C. McEwan9, Rudiger Brauning?, Luiz L. Coutinho’, Masroor E. Babars,

:-i Gregory A. Wilsont, Matthew C. McClure?, Megan M. Rolf?, JaeWoo Kim?, Robert D. Schnabel®, and Jeremy F. Taylora"

j 18644-18649 | PNAS | November 3, 2009 | vol. 106 | no. 44 www.pnas.org, cgi/doi/10.1073/pnas.0904691106

678 individuals from 61 Pecoran species
— 48 breeds of cattle

e 40,843 SNPs... 39,695 parsimony informative
characters
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Breed Code Breed/Population N
AN Angus 6,448
HFD Hereford 1,521
LM Limousin 2,604
CHA Charolais 796
SIM Simmental 824
TXLH Texas longhorn 45
SH Shorthorn 108
HO Holstein 18,904
AYR Finnish Ayrshire 516
JER Jersey 93
BB Arrowhead Ranch 169
CSP Custer State Park 60
EINP Elk Island National Park 106
HL Hook Lake Wood Bison 11
WBNP Wood Buffalo National Park 12
FNBB Fort Niobara 27
SHBB Sully's Hill 40
WCNP Wind Cave National Park 44
YNP Yellowstone National Park Bison 20
JACK Jackson Bison 20
GAUR Gaur 47
YAK Yak 17
Bjav Banteng 4
Bbub Water buffalo 12
Scaf Cape buffalo 8

Scan Congo buffalo 3
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") DAYID: Gene Functional Classification - Mozilla Firefox

File Edit Miew History Bookmarks Tools  Help

i; - c X (R Eig:j % IEI|http:,f,l'da\-'id.abcc.nctirF.gDVIgenedene.jsp T? d I'.'"V|G|:u:ugle )'T‘-'

|.2] Most: Yisited e Local Weather Foreca... H I Division of IT: MU Fac... "" Google Calendar E Mizzou - University of .. B8 animal Genomics - Div... B3 Welcome to Facebook YouTube - Broadcast .. >

J Tl DAVID: Gene Functional Classification I = |
| JETeCt JPEETES Gene Group 1 Enrichment Score: 2.87 RG

1 r CYP2ZC1a cytochrorNe P450, family 2, subfarily C, polypeptide 18
List Manager Help - \‘:I _ . _
2 r LOC539048 similar to cyWochrorme P450, family 26, subfamily ©, polypeptide 1
3 |_ LOC509506 similar to Cytdchrome P450, family 4, subfamily F, polypeptide 2
4 r CYP2C19 cytochrome P4§0, family 2, subfarily C, polypeptide 19
SEISEt et tos 5 r LOCE40627 similar to Cytodhrome P450, family 2, subfamily ©, polypeptide 57
[} r CYP2Zeal cytochrorme P490 family 26, subfarmily &4, polyvpeptide 1
Femove - .
7 |_ LOC5054a65 iimilar to cytoclrome P450 2C92
Show Gene List & | CYPZCET cytochrome P430, family 2, subfammily C, polypeptide &7
9 r LOCEZ22146, LOCTE5540 sirnilar to cytoghrome P450, family 2, subfamily €, polvpeptide 19
10 r LOC511498 cytochrome RS0, family 2, subfamily ¢
11 |_ CTYP4F3 cytochromg P450, family 4, subfamily F, polypeptide 3

Gene Group 2 Enrichment Score: 2,47 RG

1 r LOCE13519 ribosomalMgrotein L3; similar to ribosormal protein L3

2 r RPS27L ribosomal prigein S27-like

3 || LOCE25649 similar to ribo&mal protein LZ7; ribosornal protein LZ7

4 r LOCTE3067 similar to ribosdrnal protein L9; similar to 605 ribosomal protein L9; ribosormal protein L3
s T wocrea DI e Sl Al O L S
G r MRPL43 mitochondrial ghosomal protein 143

7 [T RPL1igA

g r MRPLI4 ritochongdal ribosomal protein L34

=
4
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¥%) DA¥ID: Gene Functional Classification - Mogzilla Firefox =181l o
File Edit ‘ew History Bookmarks Tools Help
6 e c % (R ;ig:j % IE_|http:.l’.l’david.abcc.ncifcrf.gov,l’genezgene.jsp o I"'lV|GoogIe )
8] Mast Visited m Local Weather Fareca... HI Division of IT: MU Fac... '-.l Google Calendar E Mizzau - University of .. B8 animal Genamics - Div... 3 Welcome to Facehaak ¥ouTube - Broadcast ... »
Jﬂ_ DAYID: Gene Functional Classification | l T]l DAYID: Gene Functional Classifica... &3 F
Gene Group 2 Enrichment Score: 1.67 RG ;I
1 | tgg;fi;ég’ LoEaEse, similar to ribosomal protein $15a; ribosomal protein S154; ribosomal protein S15a J
2 r MRPS23 mitochondrial ribosomal protein £23
s T e i S ¥ et et s AR
4 r LOCS5256449 similar to ribosormal protein L27; ribosoral protein L27
5 r MRPL34 mitochondrial ribosomal protein L34
6 r MRPS34 rnitochondrial ribosomal protein 534
7 r MRPL43 mitochondrial ribosomal protein 143
g r RPL35A ribosomal protein L35a
9 r LOCE13245 ribosomal protein S23; similar to ribosomal protein 23
10 r REL24D1 ribosoral L24 domain containing 1
11 Il ACNI ACM3 hornolog (5, cerevisiael: similar to ACH3 homolog
1z r MRPS35 imitochondrial ribosormal protein S35
13 r LOCE07Z271 similar to ribosomal protein L4; ribosoral protein L4
14 | UBASZ ubiguitin ; polyubiquitin ubiquitin A-52 residue ribosomal protein fusion product 1
15 [ RPsZ7L ribosomal protein S27-like
16 - RPL3L ribosomal protein L3-like
17 r MRPLSS rnitochondrial ribosormal protein LSS
15 r LOCTEE541 ribosomal protein L7; similar to ribosomal protein L7; similar to 605 ribosomal protein L7
19 r LOCS22203 similar to Ribosomal protein L22-like 1; ribosomal protein L22-like 1
20 - PTRHZ peptidyl-tRMNA hydrolase 2
21 r RPS3A similar to 405 ribosomal D_rotein S3a; similar to ribosomal protein S3a; ribosormal protein S34;
similar to Ribosormal protein 534
55 r LOCS14680 Is.iiggilszr;;glmr%?e?igll_].aisiimﬂ:r:’ 'r:.iobgifoorsnoanlﬂgtl.;;oiﬁeligel‘.:ﬁa: hypothetical protein LOC100138915;
23 r LOCA13519 ribosomal protein L3 sirilar to ribosornal protein L3
24 - LOC7E4243 ribosormal protein L34; similar to ribosomal protein L34
25 r LOCT83067, LOCS07784  similar to ribosornal protein L3 similar to 605 ribosarnal protein L9: ribosomal protein L2
26 - MRPL1S mitochondrial ribosomal protein L16 LI
Diome i
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Percent Avg Num  Avg Percent Cow

Pop Non introgressed Introgressed Introgression Avg Block Size Blocks DNA
CSPC 0 21 100.0% 4,324,735 5.33 0.43%
JACK 0 7 100.0% 4,024,869 3.86 0.25%
CSPH 1 38 97.4% 5,892,443 5.89 0.58%
ABR 12 144 92.3% 4,322,273 5.03 0.42%
SHBB 4 35 89.7% 4,466,352 291 0.25%
FNBB 2 9 81.8% 4,258,448 4.78 0.37%
WCNP 28 74 72.5% 4,412,274 2.53 0.19%
WBNP 10 1 9.1% 2,338,716 1.00 0.04%
EINP 74 3 3.9% 3,115,064 1.33 0.06%
HL 5 0 0.0% 0 0 0
YNP 19 0 0.0% 0 0 0
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8027

8231

8232

8213

8139

0

0

Total
Introgressed
Bp

parentl
400024060
400200830
400200830
400201280

400201280

parent2
400200790
400200750
400200770
400200700

400201070

There is hope...

Sire

Num Num Sire Percent
SNPs Blocks Introgression

191

70

70

Sire

4

0.63%

0.02%

0.02%

0.23%

0.23%

Dam
Num
SNPs

214

113

192

113

125

Dam
Num
Blocks

8

Dam Percent
Introgression

0.72%
0.36%
0.65%
0.28%

0.35%
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CSP
CYTB V98A
46 'V, 36 A (44%)
Species Location
Pre-taurus Yenisei, South Russia

Bison priscus  Alyoshkina Zaimka, Siberia, Russia
Bison priscus  Yukon, Canada

Bis. Bonasus France

Bovid species X Mezmaiskaya, North caucasus, Russia
Bovid species X Rasik 1, Urals, Russia

Pre-taurus Harbin, Northeast China

Pre-taurus Yenisei, South Russia

Bubalus Bubalis Yunnan, China

CYTB V98A

Age
12300 +/-40 yrs BP
20k yrs BP
20k yrs BP
few hundred yrs BP
>59400 yrs BP
12565 +/-55 yrs BP
8260 +/-25 yrs BP
12300 +/-40 yrs BP
9k yrs BP

:/lanimalgenomics.missouri.ed 3
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PLANNING

MUCH WORK REMAINS TO BE DONE BEFORE WE CAN ANNOUNCE
OUR ToTAL FAILURE TO MAKE ANY PROGRESS.
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