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Abstract

The Illumina BovineSNP50 BeadCligatures54,001 informative single nucleotide pgt
morphisms EN) that uniformly span the entire bovine genomé@&mong them, 52,255 SNPs
have locations assigned in the current genome asserBbdyi (4.0), inluding19,294 (37%)
intragenic SNP#§.e., locatedwithin geney and 32,961 (63%) intergenic SN{Ps., located
between genes).While the SNPs represented on thélumina Bovine50KBeadChip are
evenly distributed along each bovine chromosome, there are over 14,000 genes that have no
SNPs placed on the current BeadChigernel densityestimation a nonparametric method

was usedn the present studyto identify SNPpoor and SNFich regions on ach bovine
chromosome.With bandwidth = 0.05 Mb, we observed that most regitiase SNPdensities

within 2 standard deviations of the chromosome SNP density mean. The SNP density on
chromosome X was the most dynamic, with more than 30 St regions ad at least 20
regions with no SNPs. Genotygdng ten water buffalo usinghe lllumina BovineSNP50
BeadChip revealed that 41,870tbé 54,001 SNPs are fully scored on all ten water buffalo, but
6,771 SNPs are partially scored on one to nine animals. Bty scored and partially/no
scored SNPs are clearly clustered with various sizes on each chromosome. However, among
43,687 bovine SNPs that were successfully genotyped on nine and ten water buffalo, only
1,159 were polymorphic in the species. Thesautesindicate that the SNPs sites, but not the
polymorphismsare conserved betweetwo species. Overall, our present study provides a
solid foundation to further characterize the SNP evolutionary process, thus improving u
derstanding of withinand betwe@-species biodiversity, phylogenetics and adaptionrio e
vironmental changes.

Key words: SNPs, kernel density plots, call frequency plots, cross species transferability, evol-
tionary process

Introduction

Like other mammals, cattle possess a large contributed by the Baylor College of Medicine on b e-
amount of single nucleotide polymorphisms (SNPs)in  half of the Bos taurussequencingproject using a single
their genome. The current NCBI dbSNP collection breed, Hereford cattle. The same team also provided
contains more than 2.2 million bovine SNPs an additional 114,958 SNPs discovered by comparing
(http://www.ncbi.nlm.nih.gov/projects/genome/gu random shotgun reads from individual s of six diverse
ide/cow/ ). Among them, ~2.1 million SNPs were cattle breeds to the Hereford genome assembly. Based
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on 126,800 BAC (bacterial artificial chromosome)end

sequences and 1,091,070 BAC shotgun reads released

by the ENCODE project [1] and the Bovine HapMap
project [2], Matukumalli and colle agues [3] identified
89,832 unique putative SNPs for cattle. Expressed
sequence tags (ESTs) derived from different sources of
samples were also used to mine putative SNPs
representing coding regions of the bovine genome [4].
In order to further enhance broad discovery of SNPs
for wide utility, Van Tassell and colleagues [5] d e-
veloped a deep sequencing approach on reduced e-
presentation libraries derived from different target
populations. The approach relies on next generation
sequencing, which was performed on an lllumina
Genome Analyzer. Using DNA samples of 66 cattle
representing three populations, the authors produced
nearly 50 million sequences, which identified 62,042
putative SNPs and estimated their allele frequencies
in cattle.

All of these publicly available SNP data made it
possible for the lllumina scientists and collaborators
to develop an informative and high -density SNP ge-
notyping microarray for community use [3]. The | I-
lumina BovineSNP50 BeadChip (lllumina Inc., San
Diego, CA) is comprised of 54,001 SNP probes. After
testing a panel of 576 animals, including 392 animals
from 14 taurine dairy and beef breeds, 73 animals
from three breeds of predominantly indicine bac k-
ground, 48 animals from two breeds that are tau-
rinexindicine composites, and 45 animals from two
African breeds, Matukumalli et al [3] found that the
average call rate for individual samples was greater

than 97.5% and 85% of samples had call rates above
98.8%. The authors also observed that 51,383 (~95%)

of the 54,001 calledSNPs were polymorphic among
the 558 cattle with an average minor allele frequency

of 0.26. To date, the BovineSNP50 BeadChip has been

used in cattle for genomic evaluation [6-7], identific a-
tion of copy number variation [8], paternity validation
[9], and whole genome association studies for Myco-
bacterium avium subsp. paratuberculosis infection
[10-11] and growth [12]. The chip has also been used
to estimate genetic variability between American and
European bison [13].

Catttle (Bos tauru$ and water buffalo (Bubalus
bubalig belong to the subfamily Bovinae. The former

species was domesticated between 8,000 and 10,000

years ago [14], while domestication of the latter spe-
cies occurred at least 7,000 years ago [15]. For cemt
ries, both animals have been hevily used for produ c-
tion of power, milk and meat to benefit human soci e-
ty. Although both species shared a common ancestor
approximately 16.9 million years ago [16], their ph e-
notypic divarication has continued to present time.

For example, a cow can produce 5 to 10 times more
milk than a buffalo, but buffalo milk contains more
total solids (18 8 23 % as compared to 13 16% in cow
milk) (ftp://ftp.fao.org/docrep/fao/010/ah847e/
ah847e.pdf). Water buffalo meat flavor is similar to
beef, but contains about one-half the amount of cho-
lesterol, and less than onefourth the amount of fat,
particularly saturated fat. Water buffaloes are able to
subsist on a low quality, high roughage diet and are
resistant to most of the internal and external parasites
that affect cattle. Therefore, the primary goal of this
study was to test and evaluate the crossspecies
transferability of SNPs from cattle to buffalo in a
mammalian model system. In order to do so, we used
the Illumina BovineSNP50 BeadChip as described
above. Our report here represents the largest SNP
transferability study between these two species at the
whole genome level. In particular, characterization of
cross-species SNP transferability might provide new
insights into understanding molecular mechanisms of
SNP divergence and genome evolution associated
with the phenotypic divergence between these two
species.

Materials and Methods

Water Buffalo DNA Preparation and Genoty p-
ing on lllumina Bovine50SNP BeadChips. Basic n-
formation on the 54,001 SNPs on the llumina Bov i-
neSNP50 BeadChip (lllumina Inc., San Diego, CA),
including SNP name, chromosome, and map location
was downloaded from the lllumina website (lllumina
Inc., San Diego, CA). Among these SNPs, 1,672e-
main unassigned to any bovine chromosome, while 74
SNPs have information on chromosome, but without
specified locations. In the present study, blood sam-
ples were collected from water buffalo and used for
DNA extraction. Blood was collected into vacutainer
tubes that contained EDTA as the anticoagulant.
Thereafter, DNA was extracted from 200 pL of whole
blood with the GenElute Blood Genomic DNA e x-
traction kit (Sigma, St. Louis, MO) according to the
manufacturerds instructi
samples were genotyped at GeneSeek (Lincoln, NE)
on the BovineSNP50 genotyping BeadChip.

Genotype Quality Control Process on Water
Buffalo Samples. GeneSeek (Lincoln, NE) performed
a quality control check on our water buffalo samples
for their Illumina BovineSNP50 BeadChip genotypes.
A custom-generated (using >500 Holstein cattle)
cluster file was applied and then the markers were
filtered by a specific set of criteria. All markers were
individually inspected if they fell into the filtered
set. Call rates below 80%, AB R Mean below 0.1,
Cluster Separation below 0.13, AB T Mean below 0.2
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or above 0.8, Gentrain score below 0.3, or Het Excess
below -0.7 or above 0.7 usually cause a marker to be
examined, unless there is a valid explanation for ex-
cluding one or more criteria. Because of the small
number of samples this was applied as completely as
possible. It should be understandable that there are
noticeable differences between individual breeds of
cattle and surely there are even more differences le-
tween cattle and water buffalo. Fortunately, we only
observed three SNPs in our water buffalo data set that
had a cluster separation score of less tha 0.13.

Bovine Reference Genome Assembly (Btau_4.0)
The Bovine Genome Sequencing and Analysis Ca-
sortium [17] has led to genome sequencing and its
assembly for cattle. The current assembly (Btau4.0)
combined both BAC and whole -genome shotgun
(WGS) sequences, which were then placed on chro-
mosomes by employing different mapping methods.
The Consortium estimated that the bovine genome
size is ~2.87 Gbp, and the current assembly covers at
least 92% of the genome. As the SNP map locations
are based on theBtau_4.0 assembly, we downloaded
the gene information from the Cow Genome Re-
sources at National Center for Biotechnology Infor-
mation (NCBI) (Bovine Genome Resources). The n-
formation includes gene symbol, start position, stop
position, orientation on the chromosome, and gene
description.

SNP Density Estimation along Each Bovine
Chromosome. A non-parametric, kernel density es-
timation method was used to describe the distribution
of the number of SNP markers along the bovine ge-
nome. Let X1 x2€ Xn~ f be anindependent and ide n-
tically -distributed sample of a random variable X,
where X; is the observable location, say in bp, of the
i-th SNP marker. Then, its kernel density estimator is:

= 1.0  ax-
f(x) = ha ngT)g
i ¢ é . 1)
where h>0 is a smoothing parameter called the
bandwidth (BW), and K(Q) is some kernel, taken to be
a standard Gaussian function with mean zero and
variance 1in the present analysis.

o ~ (X')q)z
ax-x o 1 2

K 5 e 2n é. (2)
&h 2

In the above, h is a free parameter, which may
exhibit a strong influence on the resulting kernel den-
sity estimates (plots). The kernel density plots showed
similar patterns with BW = 1M or less, but the density
plots tend to be over-smoothed with BW=5M and
beyond. Thus, we choose to present the results b-

tained with BW=0.05M. This also corresponds to the
fact that the 54,000 SNPson the Illumina B o-

vine50KBeadchip have an average spacing of 51.5 Kb
on the bovine genome.

Call Frequency Plots. Let x; be a map position
pertaining to SNP i, and y; be a measure of call fie-
quency, for i =1 ,..6LORVESS (locally weighted
scatterplot smoothing) was used to portray the rela-
tionship between x;6 and y;0,ss follows:

y =9(x) €

where g is a smoothing function and E is a ran-
dom variable with mean 0 and constant scale.
LOWESS is a nonparametric curve- or func-
tion -fitting technique [18-19], in which the fit at point
x is made using only points in the neighborhood of x.
Thus, this method has weaker assumptions about the
form of the relationship , as compared to parametric
methods, and allows the relationship to be described
more closely to its true form, as revealed by the data.

In this analysis, LOWESS starts with a local p o-
lynomial (a k-NN type fitting) least squares fit and
then uses robust methods to obtain the final fit. First, a
polynomial regression is fit in a neighborhood of x.
This is equivalent to finding 3/ R r*!that minimizes

é .(3)

1.0 a

—aW ( X)aey -

nig C
where W,i(x) denote k-NN weights. Then, the res-
duals & and the scale parameter £= mediar( B
are computed, and robustness weights aredefined as:

3 %
abv x ¢ é (4
j® =

d =K (E6E) é .(5)
where:
el_5 Ry .
K(z)=11 (-2, 7 o é . (6)
t o otherwise

Finally, the analysis fits the polynomial regre s-
sion in (4) but with weights  &W.i(x).

A noteworthy feature of the above procedure is
that we do not need to define a global function of any
form to fit a model to the data, but the fit is made | o-
cally only using a segment of the data. Mathemati-
cally,dlocal 6 is defined by t
the largest integer no greater than fxn, where f is the
smoother span. The value of f gives the proportion of
points in the plot which influence the smooth at each
value. In general, a larger value of f gives more
smoothness. Thus, the good choice off is a value
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which is as large as possible that minimizes the va-
riability in the smoothed points without distorting the
pattern in the data. By this standard, we empirically
decided that f=0.001 be usedin the present analysis.

Results

Genome Anchored Features ofthe lllumina B o-
vine50SNP BeadChip. The current annotation of the
bovine genome (Btau_4.0) indicates that the gene
count on bovine chromosomes ranges from 273 genes
on chromosome 27 to 1,535 genes on chromosome 3,
while the number of SNPs on the lllumina B ovi-
neSNP50 BeadChip varies from 740 SNPs on cto-
mosome X to 3,339 SNPs on chromosome 1 (Figure 1).
Overall, there are far more lllumina SNPs than genes
on most chromosomes, but the difference between
SNP and gene counts onchromosomes 18, 19 and 23s
not dramatic. The number of lllumina SNPs is less
than the number of genes on chromosome X. Our

analysis indicated that 19,294 SNPs (37%)re intra-
genic (i.e., located within bovine genes) and 32,961
SNPs (63%)are intergenic (i.e., located between bo-
vine geneg. The number of SNPsby genes and by
intergenic regions was extrapolated from dow n-
loaded data and is shown in Figure 2. Over 14,000
genes in the bovine genome have zero intragenic
SNPs and theremaining genes have between 1 and 44
intragenic SNPs. In the latter category, most genes
have between 1 and 6 intragenic SNPs around 6,000
bovine genes hawe only 1 intragenic SNP; more than
1,500 genes have 2 intragenic SNPsL,459 genes have
between 3 and 6 intragenic SNPs the remaining genes
contain between 7 and 44 intragenic SNPs. On the
other hand, every intergenic region is covered by at
least 1 SNP. over 4,500intergenic regions have only 1
SNP, nearly1,500 include 2 SNPs2,719 have between
3 and 10 SNPs the remaining intergenic regions have
between 11 and 58 SNPs (Figure 2).
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Figure 1. Overall distribution of SNPs and genes on each bovine chromosome.
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Figure 2. Distribution of genes having no (0) and a varying numdfentragenic and intergenic SNPs on the lllumina

BovineSNP50 BeadChip.

Chromosome Wide SNP Density Dynamics of
the Illlumina Bovine50SNP BeadChip. The kernel
density plots showed similar patterns with BW = 1M
or less, but the density plots tend to be flat with
BW=5M and beyond (data not shown). As lllumina
claimed that these 54,001 SNPs have an average
spacing of 51.5 Kb, we choose to present the results
obtained with BW=0.05M (50 Kb). The means for the
whole genome averageand by each chromosome, and
two times the standard deviations of the chromosome
mean were plotted on each kernel density plot
(BW=0.05M). Empirically, we defined a SNP-rich re-
gion along the chromosome as the region at which the
computed kernel density value was above two times
the standard deviation of the chromosome SNP den-
sity mean. Likewise, a region along the chromosome
was considered SNP-poor if the point fell below two
times the standard deviation of the chromosome SNP
density mean. As shown in Figure 3, bovine chromo-

lllumina BovineSNP50 BeadChip, 41,870 (77.5%) were
successfully genotyped on all 10 water buffalo DNA
samples (call frequency = 1), while 5,360 (9.9%) had
no calls (call frequency = 0) (Table 1). The remaining
6,771 (2.6%) SNPs had calls on various numbers of
water buffalo samples, including 733 bovine SNPs on
one animal, 560 on two animals, 512 on three, 470 on
four, 458 on five, 546 on six, 703 on seven, 972 on
eight, and 1,817 on nine water buffalo samples, e-
spectively (Table 1). We also observed that 78.27% of
the intragenic SNPs across the genome had a call
frequency of 1.0, whereas 77.13% of intergenic SNPs
had a call frequency of 1.0 The chisquared test
showed that the difference (78.27%77.13%=1.13%) is
significantly different from zero (P = 0.0059). Hav-
ever, 9.79% of all intragenic SNPs across the genome
had no calls, while 10% of intergenic SNPs had a call
frequency of 0. On the basis of chromosomes,the
percentage of SNPs with a call frequency of 1 rarged

somes 3, 11, 13, 16, 17, 19, 20, 22, and 28 have almostfrom 74.3 on bovine chromosome 27 (BTA27) to 81.1

no SNP-rich regions, but still possess various numbers
of SNP-poor regions. When the low point of the
SNP-poor regions approaches zero, it indicates that
this region has no SNPs placedon the lllumina Bov i-
neSNP50 BeadChip. Chromosome X shows the
greatest SNP density dynamics, because it harbors
more than 30 SNRrich regions and also has at least 20
regions with no SNPs (Figure 3).

Call Frequency of the Bovine 54,001 SNPs on
Water Buffalo Samples. Among 54,001 SNPs on the

on chromosome X (BTAX), while the percentage with
a call frequency of 0 varied from 4.7 on BTAX to 11.5
on BTA27. Most interestingly, each bovine chromo-
some can bedivided into cluster regions of SNPs w ith
high or low call frequencies (Figure 4). For example,
BTAS8 contains seven cluster regions of SNPs with a
call frequency of 1 and seven cluster regions of SNPs
that had calls on water buffalo samples ranging from
0to 9 animals.
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Figure 3. Kernel density plots of SNRm the lllumina BovineSNP50 BeadChipchromosomes
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Figure 4. Call frequency plots of bovine SNPs on water buffalo samples. The chromosome size can be seenin
Figure 3. The six scale marks on the top of each chromosome represent 0 (left most), 20, 40, 60, 80 and 100% (right most)
of call frequency.

Table 1. Statistics for different subsetd$ 54,001 bovine Polymorphic Status of the Bovine 54,001 SNPs
SNPs grouped by number of buffalo with a scored genotype&dn Water Buffalo Samples. Among 41,870 bovine
SNPs that were successfully genotyped on all 10 water

No. of  No. of No. of Poly-  No. of SNPs  Heterozygote

bovine  water morphic that are Hete- % buffalo DNA samples, only 926 (2.2%) are polymor-
tShNPS in buffalo SNPs in water rozygous on phic in water buffalo, including 254, 132, 95, 80, 82, 58,
eset witha buffalo all called ani- . . ;
genotype mals 59,52, 60, and 54 SNPs with minor allele frequencies
gﬁ,;esdmfm of 0.05. 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and
set 0.50, respectively (Supplemental Table 1). However,
5360 0 386 of these 926 SNPs called on all 10 water buffalo

413 413 100

33 1 DNA samples have minor allele frequencies O0. 10 and
560 2 314 252 80.25 .

512 3 245 171 69.80 are probably too rare to be useful in water buffalo.

470 4 217 128 58.99 While only 926 SNPs were polymorphic in all ten

458 5 190 104 54.74 samples, there were 6,771 bovine SNPs that had calls

546 6 196 95 48.47 on one to nine water buffalo samples; of these, 2,277

703 7 235 106 45.11 : ) .

972 8 934 76 3248 (33.6%) are polymorphic markers in the species. h-

1817 9 233 53 22.75 terestingly, 1,398 of these SNPs were heterozygous on

41,870 10 926 32 3.46 all called animals (Table 1). Although the hetero-

zygous status decreased from 100% when all 413
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