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second model, the two main conditions were para-
metrically modulated by the two categories,
respectively (SOM, S5.1). The activation of the
precuneus was higher for hard dominance-solvable
games than for easy ones (Fig. 4A and table S10).
The activation of the insula was higher for the
highly focal coordination games than for less fo-
cal ones (Fig. 4B and table S11). Previous studies
also found that precuneus activity increased when
the number of planned moves increased (40, 41).
The higher demand for memory-related imagery
and memory retrieval may explain the greater
precuneus activation in hard dominance-solvable
games. In highly focal coordination games, the
participants may have felt quite strongly that the
pool students must notice the same salient fea-
ture. This may explain why insula activation cor-
relates with NCL

Participants might have disagreed about which
games were difficult. We built a third model to
investigate whether the frontoparietal activation
correlates with how hard a dominance-solvable
game is and whether the activation in insula and
ACC correlates with how easy a coordination
game is. Here, the two main conditions were para-
metrically modulated by each participant’s proba-
bility of obtaining a reward in each game (SOM,
$2.2 and S5.2). We found a negative correlation
between the activation of the precuneus and the
participant’s probability of obtaining a reward in
dominance-solvable games (Fig. 4C and table
S12), which suggests that dominance-solvable
games that yielded lower payoffs presented harder
mental challenges. In a previous study on work-
ing memory, precuneus activity positively cor-
related with response times, a measure of mental
effort (24). Both findings are consistent with the
interpretation that subjective measures reflecting
harder tasks (higher efforts) correlate with acti-
vation in precuneus. A positive correlation between
insula activation and the participant’s probability
of obtaining a reward again suggests that co-
ordination games with a highly salient feature
strongly activated the “gut feeling” reported by
many participants (Fig. 4D and table S13). A
previous study found that the subjective rating of
“chills intensity” in music correlates with activa-
tion of insula (42). Both findings are consistent
with the interpretation that the subjective inten-
sity of how salient a stimulus is correlates with
activation in insula.

As mentioned, choices were made significant-
ly faster in coordination games than in dominance-
solvable games. The results of the second and
third models provide additional support for the
idea that intuitive and deliberative mental pro-
cesses have quite different properties. The “slow
and effortful” process was more heavily taxed
when the dominance-solvable games were harder.
The “fast and effortless” process was more
strongly activated when coordination was easy.
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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. Worley®

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.

omesticated cattle (Bos taurus and Bos
taurus indicus) provide a significant source
of nutrition and livelihood to nearly 6.6

billion humans. Cattle belong to a clade phyloge-
netically distant from humans and rodents, the
Cetartiodactyl order of eutherian mammals, which
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first appeared ~60 million years ago (/). Cattle
represent the Ruminantia, which occupy diverse
terrestrial environments with their ability to
efficiently convert low-quality forage into energy-
dense fat, muscle, and milk. These biological
processes have been exploited by humans since
domestication, which began in the Near East some
8000 to 10,000 years ago (2). Since then, over 800
cattle breeds have been established, representing an
important world heritage and a scientific resource
for understanding the genetics of complex traits.
The cattle genome was assembled with
methods similar to those used for the rat and sea
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urchin genomes (3, 4). The most recent assem-
blies, Btau3.1 and Btau4.0, combined bacterial
artificial chromosome (BAC) and whole-genome
shotgun (WGS) sequences. Btau3.1 was used for
gene-specific analyses. Btau4.0, which includes
finished sequence data and used different map-
ping methods to place the sequence on chromo-
somes, was used for all global analyses other
than gene prediction. The contig N50 (50% of
the genome is in contigs of this size or greater)
is 48.7 kb for both assemblies; the scaffold N50
for Btau4.0 is 1.9 Mb. In the Btau4.0 assembly,
90% of the total genome sequence was placed
on the 29 autosomes and X chromosome and
validated (3). Of 1.04 million expressed sequence
tag (EST) sequences, 95.0% were contained in
the assembled contigs. With an equivalent gene
distribution in the remaining 5% of the genome,
the estimated genome size is 2.87 Gbp. Compar-
ison with 73 finished BACs and single-nucleotide
polymorphism (SNP) linkage data (5, 6) con-
firmed this assembly quality with greater than
92% genomic coverage, and fewer than 0.8% of

O Unique B
1 Homologs (E-value <1e-3)
0 Other orthologs

B.tau
C.fam

147
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SNPs were incorrectly positioned at the resolu-
tion of these maps (3, 4).

We used the cattle genome to catalog protein-
coding genes, microRNA (miRNA) genes, and
ruminant-specific interspersed repeats, and we
manually annotated over 4000 genes. The
consensus protein-coding gene set for Btau3.1
(OGSvl), from six predicted gene sets (4),
consists of 26,835 genes with a validation rate
of 82% (4). On this basis, we estimate that the
cattle genome contains at least 22,000 protein-
coding genes. We identified 496 miRNA genes
of which 135 were unpublished miRNAs (4).
About half of the cattle miRNA occur in 60 ge-
nomic miRNA clusters, containing two to seven
miRNA genes separated by less than 10 kbp (fig.
S2). The overall GC content of the cattle genome
is 41.7%, with an observed-to-expected CpG
ratio of 0.234, similar to that of other mammals.

The cattle genome has transposable element
classes like those of other mammals, as well as
large numbers of ruminant-specific repeats (table
S4) that compose 27% of its genome. The

14,345
(12,592) } 68

=261
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Fig. 1. Protein orthology comparison among genomes of cattle, dog, human,
mouse, and rat (Bos taurus, Canis familiaris, Homo sapiens, Mus musculus,
Rattus norvegicus, representing placental mammals), opossum (Monodelphis
domestica, marsupial), and platypus (Ornithorhynchus anatinus, monotreme).
(A) The majority of mammalian genes are orthologous, with more than half
preserved as single copies (dark blue); a few thousand have species-specific
duplications (blue); another few thousand have been lost in specific lineages
(orange). We also show those lacking confident orthology assignment (green),
and those that are apparently lineage specific [unique (white)]. Placental-
specific orthologs are shown in pink. Single- or multiple-copy genes were

defined on the basis of representatives in human, bovine, or dog; mouse or
rat; and opossum or platypus. (B) Venn diagram showing shared orthologous
groups (duplicated genes were counted as one) between laurasiatherians
(cattle and dog), human, rodents (mouse and rat), and nonplacental mammals
(opossum and platypus) on the basis of the presence of a representative gene
in at least one of the grouped species [as in (A)]. (C) Distribution of ortholog
protein identities between human and the other species for a subset of strictly
conserved single-copy orthologs. (D) A maximum likelihood phylogenetic tree
using all single-copy orthologs supports the accepted phylogeny and quantifies
the relative rates of molecular evolution expressed as the branch lengths.
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consensus sequence of Bov-B, a long interspersed
nuclear element (LINE) lacked a functional open
reading frame (ORF), which suggested that it was
inactive (7). However, Bov-B repeats with intact
ORF were identified in the genome, and their
phylogeny (fig. S4) indicates that some are still
actively expanding and evolving. Mapping chro-
mosomal segments of high- and low-density
ancient repeat content, L2/MIR [a LINE/SINE
(short interspersed nuclear element) pair] and
Bov-B, and more recent repeats, Bov-B/ART2A
(Bov-B—derived SINE pair), revealed that the
genome consists of ancient regions enriched for
L2/MIR and recent regions enriched for Bov-B/
ART2A (fig. S7). Exclusion of Bov-B/ART2A
from contiguous blocks of ancient repeats sug-
gests that evolution of the ruminant or cattle ge-
nome experienced invasions of new repeats into
regions lacking ancient repeats. Alternatively,
older repeats may have been destroyed by inser-
tion of ruminant- or cattle-specific repeats. AGC
trinucleotide repeats, the most common simple-
sequence repeat (SSR) in artiodactyls (which
include cattle, pigs, and sheep), are 90- and 142-
fold overrepresented in cattle compared with hu-
man and dog, respectively (fig. S10). Of the
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Fig. 2. Examples of EBRs. Ferungulate-, artiodactyl-,
and primate-specific EBRs on HSA1 at 175 to 247
Mbp (other lineage-specific EBRs not shown).
Homologous synteny blocks constructed for the
macaque, chimp, cattle, dog, mouse, rat, and pig
genomes were used for pairwise comparisons (4).
White areas correspond to EBRs. Arrows to the right
of the chromosome ideogram indicate positions of
representative cattle-specific; artiodactyl-specific
(specific to the chromosomes of pigs and cattle);
ferungulate-specific (cattle, dog, and pig); primate-
specific (human, macaque, and chimp); and
hominoid-specific (human and chimp) rearrange-
ments. Opossum is shown as an outgroup to the
eutherian clade, which allows classification of
ferungulate-specific EBRs.

AGC repeats in the cattle genome, 39% were
associated with Bov-A2 SINE elements.

A comparative analysis examined the rate of
protein evolution and the conservation of gene
repertoires among orthologs in the genomes of
dog, human, mouse, and rat (representing placen-
tal mammals); opossum (marsupial); and platy-
pus (monotreme). Orthology was resolved for
>75% of cattle and >80% of human genes (Fig.
1A). There were 14,345 orthologous groups with
representatives in human, cattle, or dog; mouse
or rat; and opossum or platypus, which represent
16,749 cattle and 16,177 human genes, respec-
tively, of which 12,592 are single-copy orthologs.
We also identified 1217 placental mammal—
specific orthologous groups with genes present in
human, cattle, or dog; mouse or rat; but not opos-
sum or platypus. About 1000 orthologs shared
between rodents and laurasiatherians (cattle and
dog), many of which encode G protein—coupled
receptors, appear to have been lost or may be
misannotated in the human genome (Fig. 1B).
Gene repertoire conservation among these mam-
mals correlates with conservation at the amino
acid—sequence level (Fig. 1C). The elevated rate
of evolution in rodents relative to other mammals
(8) was supported by the higher amino acid se-
quence identity between human and dog or cattle
proteins relative to that between human and rodent

Table 1. Changes in the number of genes in innate
immune gene families. Many of the B-defensin genes
are present in unassigned scaffolds, i.e., they are not
yet part of the current assembly. The exact number of
{3-defensin genes is uncertain. Interferon subfamily
pseudogenes predicted on the basis of frame-shift
mutations or stop codons within the first 100 amino
acids of the coding sequence have been excluded from
the table. The IFNX genes represent a newly discovered
subfamily of IFN and are so named for convenience.
BPI, Bactericidal and/or permeability-increasing;
RNase, ribonuclease; LBP, lipopolysaccharide-binding
protein; ULBP, UL16-binding protein.

Genfe Bovine Human  Murine
family
Cathelicidin 10 1 1
RNase 21 13 25
BPI-like 13 9 11
BPI/LBP 3 2 2
B-Defensin ~106 39 52
Interferon
subfamilies
IFNK 1 1 1
IFNE 1 1 1
IFNB 6 1 1
IFNA 13 13 14
IFNW 24 1 0
IFNT 3 0 0
IFNX 3 0 0
IFNL 0 3 2
IFNZ 0 0 2
C-type lysozyme 10 1 3
ULBP* 30 3 1
431).

proteins. However, maximum-likelihood analysis
of amino acid substitutions in single-copy ortho-
logs supports the accepted sister lineage relation of
primates and rodents (/) (Fig. 1D).

Alternative splicing is a major mechanism for
transcript diversification (9), yet the extent of its
evolutionary conservation and functional impact
remain unclear. We used the cattle genome to
analyze the conservation of the most common
form of alternative splicing, exon skipping, de-
fined as a triplet of exons in which the middle
exon is absent in some transcripts, in a set of
1930 exon-skipping events across human, mouse,
dog, and cattle (4). We examined 277 cases, with
different conservation patterns between human and
mouse, in 16 different cattle tissues with reverse
transcription polymerase chain reaction (4). These
splicing events were divided into a shared set (163
in both human and mouse) and a nonshared set
(114 in human but not in mouse). Of the 277, we
detected exon-skipping for 188 cases in cattle (table
S5), which suggested that the majority of genes
with exon-skipping in human were present and
regulated in cattle and that, if an event is shared
between human and mouse, it was more likely to be
found in cattle. It was estimated that at most 40% of
exon-skipping is conserved among mammals; thus,
our data agree with the upper bound from previous
analyses with human and rodents [e.g., (10)].

We constructed a cattle-human Oxford grid
(fig. S12) (4) to conduct synteny-based chromo-
somal comparisons, which reinforced that human
genome organization is more similar to cattle's
than rodents' because most cattle chromosomes
primarily correspond to part of one human chro-
mosome, albeit with multiple rearrangements
[e.g., (11)]. In contrast, the cattle-mouse Oxford
grid shows poorer chromosomal correspondence.
Lineage-specific evolutionary breakpoints were
identified for cattle, artiodactyls, and ferungulates
(a group encompassing artiodactyls and carni-
vores, represented by cattle, pig, and dog) and are
shown with cattle (fig. S11) and human sequence
coordinates (Fig. 2) (4). Primate, dog, rodent,
mouse, and rat lineage-specific breakpoint posi-
tions were similarly identified. A total of 124 evolu-
tionary breakpoint regions (EBRs) were identified
in the cattle lineage, of which 100 were cattle- or
ruminant-specific and 24 were artiodactyl-specific
(e.g., Fig. 2). Nine additional EBRs represent pre-
sumptive ferungulate-specific rearrangements. Bos
taurus chromosome 16 (BTA16) is populated with
four ferungulate-specific EBRs, which suggests
that this region was rearranged before the Artio-
dactyla and Carnivora divergence (Fig. 2). Such
conserved regions demonstrate that many inver-
sions that occurred before the divergence of the
camivores and artiodactyls have probably been
retained in the ancestral form within the human
genome. In contrast to the cattle genome, a pig
physical map identified only 77 lineage-specific
EBRs. Interchromosomal rearrangements and in-
versions characterize most of the lineage-specific
rearrangements observed in the cattle, dog, and pig
genomes.
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An examination of repeat families and in-
dividual transposable elements within cattle-,
artiodactyl- and ferungulate-specific EBRs showed
a significantly higher density of LINE-LI1 ele-
ments and the ruminant-specific LINE-RTE re-
peat family (12) in cattle-specific EBRs relative
to the remainder of the cattle genome (table S6).
In contrast, the SINE-BovA repeat family and
the more ancient tRNA"-derived SINE repeats
(13) were present in lower density in cattle-
specific EBRs, similar to other LINEs and SINEs
(table S7). The differences in repeat densities
were generally consistent in cattle-, artiodactyl-
and ferungulate-specific EBRs, with the excep-
tion of the tRNA“"-derived and LTR-ERVL
repeats, which are at higher densities in artiodac-
tyl EBRs compared with the rest of the genome.

The tRNA“"-derived SINEs originated in the
common ancestor of Suina (pigs and peccaries),
Ruminantia, and Cetacea (whales) (/3), which
suggests that tRNA“M-derived SINEs were
involved in ancestral artiodactyl chromosome re-
arrangements. Furthermore, the lower density of
the more ancient repeat families in cattle-specific
EBRs suggests that either more recently arising
repeat elements were inserted into regions lack-
ing ancient repeats or that older repeats were
destroyed by this insertion (table S7). The repeat
elements differing in density in EBRs were also
found in regions of homologous synteny, which
suggests that repeats may promote evolutionary
rearrangements (see below). Differences in repeat
density in cattle-specific EBRs are thus unlikely
to be caused by the accumulation of repeats in
EBRs after such rearrangements occur. We
identified a cattle-specific EBR associated with
a bidirectional promoter (figs. S14 and S15) that
may affect control of the expression of the
CYB5R4 gene, which has been implicated in
human diabetes and, therefore, may be important
in the regulation of energy flow in cattle (4).

We identified 1020 segmental duplications
(SDs) corresponding to 3.1% (94.4 Mbp) of the
cattle genome (4). Duplications assigned to a
chromosome showed a bipartite distribution with
respect to length and percent identity (fig. S16),
and interchromosomal duplications were shorter
(median length 2.5 kbp) and more divergent (<94%
identity) relative to intrachromosomal duplications
(median length 20 kbp, ~97% identity) and tended
to be locally clustered (fig. S17). Twenty-one of
these duplications were >300 kbp and located in
regions enriched for tandem duplications (e.g.,
BTA18) (fig. S18). This pattern is reminiscent of
the duplication pattern of the dog, rat, and mouse
but different from that of primate and great-ape
genomes (74, 15). On average, cattle SDs >10 kbp
represent 11.7% of base pairs in 10-kbp intervals
located within cattle-specific EBRs and 23.0% of
base pairs located within the artiodactyl-specific
EBRs. By contrast, in the remainder of the genome
sequence assigned to chromosomes the fraction of
SDs was 1.7% (P < 1 x 10~ %), These data indicate
that SDs play a role in promoting chromosome
rearrangements by nonallelic homologous recombi-

nation [e.g., (/6)] and suggest that either a
significant fraction of the SDs observed in cattle
occurred before the Ruminant-Suina split, and/or
that the sites for accumulation of SDs are non-
randomly distributed in artiodactyl genomes.

SDs involving genic regions may give rise to
new functional paralogs. Seventy-six percent
(778 out of 1020) of the cattle SDs correspond
to complete or partial gene duplications with high
sequence identity (median 98.7%). This suggests
that many of these gene duplications are specific
to either the artiodactyla or the Bos lineage and
tend to encode proteins that often interface with
the external environment, particularly immune
proteins and sensory and/or olfactory receptors.
Several of these gene duplications are also
duplicated in other mammalian lineages (e.g.,
cytochrome P-450, sulfotransferase, ribonuclease
A, defensins, and pregnancy-associated glyco-
proteins). Paralogs located in segmental duplica-
tions that are present exclusively in cattle may
have functional implications for the unique phys-
iology, environment, and diet of cattle.

An overrepresentation of genes involved in
reproduction in cattle SDs (tables S8 and S9) is
associated with several gene families expressed in
the ruminant placenta. These families encode the
intercellular signaling proteins pregnancy-associated
glycoproteins (on BTA29), trophoblast Kunitz
domain proteins (on BTAI13), and interferon tau
(IFNT) (on BTAS8). A gene family encoding
prolactin-related proteins (on BTA23) was only
identified in the assembly-dependent analysis of
SDs. These genes regulate ruminant-specific aspects
of fetal growth, matemal adaptations to pregnancy,
and the coordination of parturition (/7, 18). Al-
though type I interferon (IFN) genes are primarily
involved in host defense (/9), IFNT prevents regres-
sion of the corpus luteum during early pregnancy,
which results in a uterine environment receptive to
early conceptus development (20).

Signatures of positive selection (obtained by
measurement of their rates of synonymous and
nonsynonymous substitutions) identified 71 genes
(4), including 10 immune-related genes (i.e.,
IFNAR2, IFNG, CD34, TREMI, TREMLI,
FCERIA, IL23R, IL24, IL15, and LEAP?). As pre-
viously mentioned, immune genes are overrepre-
sented in SDs (see Table 1 and fig. S20). Examples
of genes varying in cattle relative to mouse include
a cluster of B-defensin genes, which encode anti-
microbial peptides; the antimicrobial cathelicidin
genes [which show increased sequence diversity of
the mature cathelicidin peptides (27)]; and changes
in the numbers of interferon genes (22) and the num-
ber and organization of genes involved in adaptive
immune responses in cattle compared with human
and mouse (4). This extensive duplication and di-
vergence of genes involved in innate immunity may
be because of the substantial load of microorga-
nisms present in the rumen of cattle, which increases
the risk of opportunistic infections at mucosal sur-
faces and positive selection for the traits that enabled
stronger and more diversified innate immune re-
sponses at these locations. Another possibility is
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that immunity may have been under selection due
to the herd structure, which can promote rapid dis-
ease transmission. Also, immune function-related
duplicated genes have gained nonimmune functions,
e.g., [FNT (see above), and the C-class lysozyme
genes, which are involved in microbial degradation
in the abomasum (see below).

There has been substantial reorganization of
gene families encoding proteins present in milk.
One such rearrangement affecting milk compo-
sition involves the histatherin (HSTN) gene with-
in the casein gene cluster on BTAG6 (fig. S21). In
the cattle genome, HSTN is juxtaposed to a
regulatory element (BCE) important (23) for -
casein (CSN2) expression, and as a probable
consequence, HSTN is regulated like the casein
genes during the lactation cycle. This rearrange-
ment that led to the juxtaposition of HSTN next to
the BCE is also the probable cause of deletion of
one of the two copies of 0-S2-like casein genes
(CSN1S24) present in other mammalian genomes
(24). The biological implications of this change
in casein gene copy number are not yet clear.

Additionally, the cattle serum amyloid A (SAA)
gene cluster arose from both a laurasiatherian
SD and a cattle-specific EBR, which resulted in
two mammary gland—expressed SAA3-like genes,
SAA3.1 and SAA3.2 on BTA29, and an SAA43-like
gene on BTA15 (fig. S21). SAA3.2 has been
shown to inhibit microbial growth (25). Two ad-
ditional milk protein genes were associated with
SDs: cathelicidin (CATHL!) and B,-microglobulin
(B2M)—part of the neonatal Fc receptor (FcRn)
that transfers immunoglobulin IgG across epithelial
cells of many tissues including the gut and
mammary gland (26, 27). 1gG is the predominant
immunoglobulin in cow’s milk compared with IgA
in human milk (28). Unlike humans, who acquire
passive immunity from the mother via placental
transfer of immunoglobulins during pregnancy,
calves acquire passive immunity by ingestion of
IgG in milk (28). B2M is also redistributed in
epithelial cells upon calving, and it protects IgG
from degradation (26). A genetic variant of B2M has
negative effects on passive immune transfer (29).
The additional copy of the gene encoding B2M
might be associated with the abundance of IgG in
cows’ milk and an increased capacity for uptake in
the neonatal gut. Considering that the passive trans-
fer of immunity to the calf is one of the important
functions of milk, it is striking that lactation-related
genes affected by genomic rearrangements often
encode immune-related proteins in milk.

Cattle metabolic pathways demonstrated a
strong degree of conservation among the compre-
hensive set of genes involved in core mammalian
metabolism (4) and permitted an examination of
unique genetic events that may be related to
ruminant-specific metabolic adaptations. How-
ever, among 1032 genes examined from the hu-
man metabolic pathways, five were deleted or
extensively diverged in cattle: PLA2G4C (phospho-
lipase A2, group IVC), FAAH? (fatty acid amide
hydrolase 2), IDI2 (isopentenyl-diphosphate delta
isomerase 2), GSTT2 (glutathione S-transferase
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theta 2), and TYMP (thymidine phosphorylase),
which may be adaptations that impact on fatty
acid metabolism (PLA2G4C and FAAH2); the
mevalonate pathway (synthesis of dolichols, vita-
mins, steroid hormones, and cholesterol) (ID12);
detoxification (GST72); and pyrimidine metabo-
lism (TYMP). Phylogenetic analysis shows that
PLA2G4C was deleted ~87 to 97 million years
ago in the laurasiatherian lineages (fig. S22).
Strikingly, ~20% of the sequences from two
abomasum (last chamber of the cattle stomach)
EST libraries (a total of 2392 sequences) corre-
spond to three C-type lysozyme genes. Lysozyme
primarily functions in animals as an antibacterial
protein, which suggests that they probably func-
tion in the abomasum (similar to the monogastric
stomach) to degrade the cell walls of bacteria
entering from the foregut (30). The cattle genome
contains 10 C-type lysozyme genes (table S14
and fig. S23), and EST evidence (fig. S23) shows
that six of the seven remaining C-type lysozyme
genes are expressed primarily in the intestinal
tract, which suggests additional roles for the
encoded proteins in ruminant digestion.

In summary, the biological systems most af-
fected by changes in the number and organization
of genes in the cattle lineage include reproduction,
immunity, lactation, and digestion. We highlighted
the evolutionary activity associated with chromo-
somal breakpoint regions and their propensity for
promoting gene birth and rearrangement. These
changes in the cattle lineage probably reflect meta-
bolic, physiologic, and immune adaptations due to
microbial fermentation in the rumen, the herd
environment and its influence on disease transmis-
sion, and the reproductive strategy of cattle. The
cattle genome and associated resources will
facilitate the identification of novel functions and
regulatory systems of general importance in mam-
mals and may provide an enabling tool for genetic
improvement within the beef and dairy industries.
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Genome-Wide Survey of SNP
Variation Uncovers the Genetic

Structure of Cattle

The Bovine HapMap Consortium*

Breeds

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.

he emergence of modem civilization was

I accompanied by adaptation, assimilation,
and interbreeding of captive animals. In

cattle (Bos taurus), this resulted in the develop-

*The full list of authors with their contributions and affiliations
is included at the end of the manuscript.
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ment of individual breeds differing in, for ex-
ample, milk yield, meat quality, draft ability, and
tolerance or resistance to disease and pests. How-
ever, despite mapping and diversity studies (/—5)
and the identification of mutations affecting some
quantitative phenotypes (6-8), the detailed genetic
structure and history of cattle are not known.

Cattle occur as two major geographic types,
the taurine (humpless—European, African, and
Asian) and indicine (humped—South Asian, and
East African), which diverged >250 thousand
years ago (Kya) (3). We sampled individuals
representing 14 taurine (n = 376), three indicine
(n = 173) (table S1), and two hybrid breeds (n =
48), as well as two individuals each of Bubalus
quarlesi and Bubalus bubalis, which diverged
from Bos taurus ~1.25 to 2.0 Mya (9, 10). All
breeds except Red Angus (n = 12) were rep-
resented by at least 24 individuals. We preferred
individuals that were unrelated for >4 genera-
tions; however, each breed had one or two sire,
dam, and progeny trios to allow assessment of
genotype quality.

Single-nucleotide polymorphisms (SNPs) that
were polymorphic in many populations were pri-
marily derived by comparing whole-genome se-
quence reads representing five taurine and one
indicine breed to the reference genome assembly
obtained from a Hereford cow (10) (table S2).
This led to the ascertainment of SNPs with high
minor allele frequencies (MAFs) within the dis-
covery breeds (table S5). Thus, as expected, with
trio progeny removed, SNPs discovered within
the taurine breeds had higher average MAFs
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Fig. 1. (A) Population structure assessed by InStruct. Bar plot, generated
by DISTRUCT, depicts classifications with the highest probability under
the model that assumes independent allele frequencies and inbreeding
coefficients among assumed clusters. Each individual is represented by a
vertical bar, often partitioned into colored segments with the length of
each segment representing the proportion of the individual's genome
from K = 2, 3, or 9 ancestral populations. Breeds are separated by black

lines. NDA, N'Dama; SHK, Sheko; NEL, Nelore; BRM, Brahman; GIR, Gir;
SGT, Santa Gertrudis; BMA, Beefmaster; ANG, Angus; RGU, Red Angus;
HFD, Hereford; NRC, Norwegian Red; HOL, Holstein; LMS, Limousin; CHL,
Charolais; BSW, Brown Swiss; JER, Jersey; GNS, Guernsey; PMT, Piedmontese;
RMG, Romagnola. (B) Principal components PC1 and PC2 from all SNPs.
Taurine breeds remain separated from indicine breeds, and admixed breeds
are intermediate.
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