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Abstract

Copy number variation (CNV) is an important component of genomic structural variation and plays a role not only in evolutionary
diversification but also in domestication. Chinese cattle were derived from Bos taurus and Bos indicus, and several breeds presumably
are of hybrid origin, but the evolution of CNV regions (CNVRs) has not yet been examined in this context. Here, we of CNVRs, mtDNA
D-loop sequence variation, and Y-chromosomal single nucleotide polymorphisms to assess the impact of maternal and paternal B.
taurus and B. indicus origins on the distribution of CNVRs in 24 Chinese domesticated bulls. We discovered 470 genome-wide CNVRs,
only 72 of which were shared by all three Y-lineages (B. taurus: Y+, Y2; B. indicus: Y3), whereas 265 were shared by inferred taurine or
indicine paternal lineages, and 228 when considering their maternal taurine or indicine origins. Phylogenetic analysis uncovered eight
taurine/indicine hybrids, and principal component analysis on CNVs corroborated genomic exchange during hybridization. The
distribution patterns of CNVRs tended to be lineage-specific, and correlation analysis revealed significant positive or negative co-
occurrences of CNVRs across lineages. Our study suggests that CNVs in Chinese cattle partly result from selective breeding during
domestication, but also from hybridization and introgression.

Key words: CNV, Y-chromosomal SNPs, mtDNA D-loop, parental origin.

Introduction played a role in the evolution of sexual dimorphism (Novembre
and Ramachandran 2011) and facilitated gene neofunctiona-
lization or subfunctionalization during evolutionary diversifica-
tion (Adler et al. 2014).

Several investigations of cattle CNVs have been conducted,
focusing mostly on breed-specific patterns of CNV (Bae et al.
2010; Fadista et al. 2010; Liu et al. 2010; Hou et al. 2011;
Stothard et al. 2011; Zhan et al. 2011; Bickhart et al. 2012;
Jiang et al. 2012, 2013). However, modern breeding practices

Cattle have a long history of domestication and selective
breeding (Bradley et al. 1996). Several cattle genomes have
been published in recent years (Elsik et al. 2009; Canavez et al.
2012), and so systematic investigations of genomic changes
accompanying the domestication process—such as breed-
specific genomic differentiation, hybridization, and introgres-
sion—have become feasible, including the identification of
genome-wide single nucleotide polymorphisms  (SNPs)

(Decker et al. 2009 Gibbs et al. 2009; Jansen et al. 2013; commonly used in the cattle industry include artificial insem-
McTavish et al. 2013) and copy number variations (CNVs) ination and hybridization of breeds (thereby introducing more
(Liu et al. 2010; Pollinger et al. 2010). Genic CNV regions variation in CNVs), for example, when importing foreign ex-
(CNVRs) have the potential to affect phenotypes through cellent cattle sperm for insemination of Chinese cows (Li, Xie,
the disruption of gene dosages, unmasking of recessive alleles, et al. 2013). This highlights the necessity for additional, com-
and loss of regulatory elements or regulatory polymorphisms parative investigations of lineage-specific patterns of CNVs.
(Weischenfeldt et al. 2013). Furthermore, gene duplications Moreover, artificial selection during the domestication process
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or in modern breeding programs leads to rapid genomic evo-
lution (Novembre and Ramachandran 2011; Parsch and
Ellegren 2013), and it remains imperative to understand the
links between domestication history and artificial selection,
genomic changes (including CNVs), and phenotypic diver-
gence in production animals (Kijas et al. 2009; Novembre
and Ramachandran 2011). Selection for phenotypic traits as-
sociated with high CNV of certain genomic regions, for exam-
ple, could help explain why some CNVs are present in
domestic animals despite the predicted loss of redundant
gene copies with time (Liu et al. 2010; Zhang et al. 2014).

With 28 recognized breeds, China is particularly rich in ge-
nomic resources for research on cattle (Qiu et al. 1988). The
high degree of phenotypic and genomic differences between
breeds is partly due to a long domestication history and ad-
aptation to different local/climatic conditions throughout
China (Chan et al. 2010; Jansen et al. 2013). Another impor-
tant source of variation is the origin of breeds from either
Bos taurus (taurine) or Bos indicus (indicine cattle):
Phylogeographic studies on sequence variation of maternally
(mitochondrial) and paternally inherited (Y chromosomal)
markers found Chinese cattle to be divided into two main
clades (taurine and indicine), the ancestors of which likely
originated from the Near East and the Indian subcontinent,
respectively (MacHugh et al. 1997). Today, taurine cattle are
dominant in northern China and indicine cattle in southern
China (Chen and Qiu 1993; Lai et al. 2006; Lei et al. 2006; Jia
et al. 2007, 2010). Analysis of Y-chromosome SNPs identified
three haplotypes, namely Y (taurine origin), Y> (taurine) and
Y3 (indicine) (Gotherstrom et al. 2005), and subsequent inves-
tigations using Y-SNPs and Y-STRs confirmed that Y, domi-
nated in the north (91.4%) and Y3 in the south of China
(90.8%) (Li, Zhang, et al. 2013). A number of studies also
suggest that hybridization and introgression of taurine and
indicine cattle occurred, especially in central parts of China,
but inferences were mostly made on the basis of mtDNA and
Y-chromosomal information only (Lai et al. 2006; Jia et al.
2010; Li, Xie, et al. 2013). Y-chromosomes and mtDNA, how-
ever, generally lack recombination and thus, are of limited use
to unravel patterns of genome evolution after hybridization
and artificial selection (McTavish et al. 2013).

With an increasing number of genomic data sets being
published every year, genome-wide markers are increasingly
utilized to analyze the evolutionary/genomic histories (some-
times including domestication effects) not only of model spe-
cies such as Drosophila fruit flies (Emerson et al. 2008),
humans (Novembre and Ramachandran 2011) and chimpan-
zee (Gatto et al. 2006), but also of nonmodel organisms (Qu
et al. 2013) and increasingly domestic animals: Cattle
(MacHugh et al. 1997; Gibbs et al. 2009; McTavish et al.
2013), sheep (Kijas et al. 2009), dogs (Pollinger et al. 2010),
horses (McCue et al. 2012; Metzger et al. 2013), and pig (Li,
Tian, et al. 2013). In cattle, SNPs have been applied to study
their genomic diversity and to make inferences about their

domestication history, and a recent study corroborated cross-
breeding of taurine and indicine cattle in central Asia (Decker
et al. 2014). However, to the best of our knowledge, breed-
specific differences in CNV, and especially the evolution of
CNVRs after hybridization between taurine and indicine
cattle, have not yet been addressed. In our present study,
we inferred the origins (taurine or indicine) of 24 Chinese
bulls from 12 different breeds (supplementary table ST,
Supplementary Material online) based on Y-chromosomal
SNPs (Ginja et al. 2009) and mtDNA D-loop sequence variation
(Jia et al. 2010) and reanalyzed a genome-wide CNV data
set generated by means of microarray-based comparative
genomic hybridization (array CGH) (Zhang et al. 2014).
Simultaneously considering the maternal and paternal origins
of those breeds allowed interpreting breed-specific differences
in CNVR in light of their domestication history that involved
not only prolonged artificial selection but also hybridization
between distant lineages (Lai et al. 2006; Jia et al. 2010).

Materials and Methods

Sample Collection

We collected blood samples of n =24 bulls from 12 typical and
common cattle breeds throughout China (supplementary
table S1 and fig. S1, Supplementary Material online): Anxi
(AX), Bohaihei (BH), Chinese Holstein (HD), Jiaxian (JX),
Jinnan (N), Hainan (HN), Luxi (LC), Mongolian (MG),
Nanyang (NY), Qinchuan (QQ), Wannan (WN), and
Zaosheng cattle (ZS). Of these, MG, AX, and ZS stemmed
from the northern range of China, HN and WN from southern
parts, whereas the others came from central China (supple-
mentary fig. S1, Supplementary Material online). BH is the
only black breed and HD is the main dairy cow breed in
China. For our quantitative real-time polymerase chain reac-
tion (qPCR) approach, we additionally collected five pure
Angus bulls (AG)—an introduced breed—from Shaanxi
Province as reference samples of confirmed taurine origin.
Sample collection was carried out in accordance with the eth-
ical guidelines approved by the Animal Care Commission of
the College of Animal Science and Technology, Northwest A
& F University. Genomic DNA was extracted (Sambrook and
Russell 2001) and purified from whole blood using the DNA
purification kit (Plus Minipreps DNA Purification System;
Promega, Beijing, China), and quantified using spectrophoto-
metry and agarose gel electrophoresis.

Y-Chromosomal and mtDNA (D-loop) Haplotyping

We determined Y-chromosomal haplotypes of the 24 bulls
according to previously published protocols (Li, Xie, et al.
2013; Li, Zhang, et al. 2013). In brief, two primer pairs were
used for PCR amplification (supplementary table S2,
Supplementary Material online), and after purification PCR
products were Sanger-sequenced by Sangon Biotech
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(Shanghai, China). We distinguished Y; from Y,- and Ys-
haplotypes based on the SNP (C/A, position 423 in
AY936543) of UTY-19, and Y3 from Y7 and Y, by using the
SNP (T/C, position 655 in AF241271) of ZFY-10.

Maternal haplotypes of 19 bulls were determined by
sequencing the entire D-loop (supplementary table S2,
Supplementary Material online, for primers), and sequences
were aligned using ClustalW (Larkin et al. 2007). The clades of
taurine and indicine origins inferred by means of a maximum-
likelihood tree following the Tamura—Nei model (Tamura and
Nei 1993) with 1,000 bootstrap replicates calculated using
MEGAG6 (Tamura et al. 2013), and the general time reversible
(GTR) substitution model (Gatto et al. 2006) in MrBayes v.3.2
(Ronquist et al. 2012). For another n=5 individuals, no infor-
mation could be retrieved as we ran out of DNA isolate as a
result of the CNV analyses.

Array CGH Platform and Data Analysis

The 24 Chinese bulls were included in our CGH array ap-
proach described elsewhere (Zhang et al. 2014), and one
Angus bull was used as the reference sample. CNV calling
for copy number gains and losses was based on log, signal
intensity (Olshen et al. 2004): Segments with mean |log, ra-
tios| > 0.5 and covering at least five consecutive probes were
considered to represent CNVRs. Chromosome (i.e., karyo-
gram) plotting, heat map drawing, indicator analysis (De
Caceres et al. 2012), and nonmetric multidimensional scaling
(NMDS) were carried out using the R-packages ggbio, heat-
map.2, indicspecies, and vegan, respectively. Principal compo-
nent analysis (PCA) was performed in STAMP v.2.02 (Parks
and Beiko 2010). A phylogenetic tree was constructed based
on binary data (CNVR present/absent) in MrBayes v.3.2
(Ronquist et al. 2012) using the GTR substitution model
(Gatto et al. 2006).

Validation of CNVRs by Using qPCR

We performed gPCR analysis to validate copy number differ-
ences detected by our CGH approach on CFX-96 Real-Time
PCR Detection System (Bio-Rad). The primers were designed
by using Beacon Designer (PREMIER Biosoft, USA) or from the
previous paper (Fadista et al. 2010; Zhang et al. 2014) (sup-
plementary table S5, Supplementary Material online). Two
control primers (Primer1 and Primer7, in supplementary
table S5, Supplementary Material online), which served as
an internal standard, were coamplified with the correspond-
ing test primers. PCR reaction was done in a volume of 20 pl
containing 20ng of genomic DNA, 0.4 uM of each primer,
and SYBR Premix Ex Taq Il reagents (TaKaRa Biotechnology,
Dalian, China). Three replicate reactions were performed for
primer pairs, and a comparative CT method was used to cal-
culate the copy number. The AACt values were determined
by comparing test samples and Angus reference (two-copy

state) with internal control. Finally, the relative copy number
for each sample was calculated as 272" (Zhang et al. 2014).

Results
Identifying Y-Chromosomal and mtDNA Lineages

Distinguishing taurine from indicine cattle based on morpho-
logical characteristics can lead to misclassifications, and
Y-chromosomal SNPs in combination with mitochondrial se-
guence variation are widely accepted for exploring the pater-
nal and maternal origins of cattle (Ginja et al. 2009; Jia et al.
2010; Li, Zhang, et al. 2013). By combining SNPs of the
Y-chromosomal UTY and ZFY genes, we could unambiguously
assign n=24 bulls to two taurine Y-chromosomal haplotypes
(Y4, n=2; Y5, n=13) and an indicine haplotype (Y3, n=9;
supplementary table S2, Supplementary Material online).

Likewise, we analyzed the maternal origins of the studied
bulls in a Bayesian phylogenetic approach, based on Sanger-
sequenced mtDNA (D-loop) amplicons, which divided the
samples into two major clades (i.e., taurine, n=38; indicine,
n=11; fig. 1a). Combining information from both analyses
on the taurine/indicine clustering, we inferred 11 samples to
have unambiguous taurine or indicine origin, that is, both
parents had the same origins (supplementary table S2,
Supplementary Material online). In eight samples from five
central Chinese breeds (BH, JN, JX, NY, and QQ), however,
we found a mismatch between paternal and maternal infor-
mation and classified those bulls as hybrids (supplementary
table S2, Supplementary Material online). In summary, we
confirmed northern breeds to be of taurine origin, southern
breeds to be of indicine origin, whereas central Chinese
breeds appear to be of hybrid origin (supplementary fig. S1,
Supplementary Material online).

CNVRs in Different Clades of Cattle

Emerson et al. (2008) demonstrated that the genome-wide
distribution of CNVs varied significantly among genomic re-
gions of Drosophila melanogaster. In our present study, we
identified 356 CNVRs in the n=24 examined bulls that could
be mapped to chromosomes 1 through 29, the X-
chromosome and the mitochondrion, amounting to
38.8Mb (i.e., 1.33% of the 2,918.1 Mb Btau_4.0 cattle
genome [Elsik et al. 2009]; fig. 2). When including the 114
unassigned sequences, the total number of 470 discovered
CNVRs (62.1Mb) corresponds to 2.13% of the cattle
genome. We inferred 314 sequence losses, 112 gains, and
44 cases of combined losses and gains within the same
CNVR (table 1 and supplementary table S3, Supplementary
Material online). Eighty-two CNVRs were unique, that is,
found in only one individual, whereas 388 CNVRs were
shared by at least two individuals, 48 of which had a fre-
guency >0.5 (table 1).
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Fic. 1.—Phylogenetic trees of Chinese bulls derived from (a) mitochondrial (D-loop) sequence variation and (b) CNVR information (present/absent).
Putative hybrids of taurine and indicine cattle (based on the D-loop and Y-chromosomal SNPs) are marked with “*". Posterior probabilities/bootstrap values

are shown if >0.5 or >50.

We found a significant difference in the composition
of the 469 CNVRs (excluding one CNVR in mtDNA)
in our n=24 samples (Cochran’s Q-test: Q.3 463=135.4,
P=2.2 x 10~'®). When considering the three Y-chromosomal
haplotypes, CNVRs were more frequent in Y- and Ys-haplo-
types than in Yq-bulls (table 1 and supplementary fig. S2,
Supplementary Material online). We compared the extent of
CNVR-sharing and found that 105 CNVRs were shared by Y,
(105/125; 84%) and Y, (105/390; 27%), 254 by Y, (254/390;
65%) and Y3 (254/324; 78%), 83 by Y, (83/125; 66%) and Y3
(83/324; 26%), and 72 by all three Y-haplotypes (supplemen-
tary fig. S2a, Supplementary Material online). We considered
the paternal (and maternal) taurine/indicine origins of the ex-
amined bulls and found 265 (and 228) CNVRs to be shared by
taurine and indicine cattle, 145 (and 60) to be unique to tau-
rine and 59 (and 166) to indicine cattle (supplementary fig.
S2b and ¢, Supplementary Material online).

Phylogenetic Analysis Based on CNVRs

To shed light on the potential evolutionary contributions of
CNVs to the formation of major cattle breeds in China, we
conducted Bayesian phylogenetic analysis of the different
breeds based on CNVR information. Individuals of the same
breed clustered closely in the phylogenetic tree (fig. 1b), which
was corroborated by sample correlation plot analysis (supple-
mentary fig. S3b, Supplementary Material online).

A geographic pattern emerged in which the northern (tau-
rine) samples (MG and AX cattle) clustered together and were
separated from others; a similar pattern was apparent for a
southern cluster (WN, HN, and LC breeds) of indicine decent
(fig. 1b and supplementary fig. S3a, Supplementary Material
online). Analysis of variance (ANOVA) confirmed that the
grouping of taurine and indicine cattle was statistically signif-
icant; that is, ANOVA yielded significant results for the com-
parisons of Y; + Y3 versus Y3 (F;, 468=6.49, P=0.011), and
Yq- versus Y,- versus Ys-haplotypes (F,, 463=6.65,
P=0.0013). The position of putative hybrid samples in the
CNVR phylogenetic tree (fig. 1b) was partly in accordance
with their inferred maternal (e.g., BH803 in the taurine
clade and NY9172 in the indicine clade) or paternal origins
(e.g., IN2 and QQ63307 in the taurine clade). In the eight
hybrids, six samples clustered in the taurine clade of the
CNVR-based tree, but in the indicine clade in the mtDNA
(D-loop)-based tree. This suggests that introgression of indi-
cine into taurine cattle in central Chinese breeds was mainly
female-mediated, involving indicine cows and taurine bulls.

PCA to Detect Hybridization and Introgression

In another approach to explore the effects of hybridization
among breeds, we performed PCA using CNVR information.
Plotting the samples according to their paternal Y-chromo-
somal or maternal mt-haplotype uncovered intermediate po-
sitions of putative hybrid individuals (marked with * in fig. 3)
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bulls (purple: gains, yellow: losses, black: both) is given.

Table 1
Summary Statistics for CNV in Chinese Bulls (n=24)

Paternal Sample Count Unique Gains Losses Both Total Length (kb)
Haplotype Size (n)

Y; (taurine) 2 69 (37.0) 55 (37.5) 30 (15.0) 38 (19.0) 1 (0.5) 10,497 (152)

Y, (taurine) 13 337 (25.9) 87 (6.7) 90 (6.9) 218 (16.8) 29 (2.2) 44,785 (133)

Ys (indicine) 9 251 (27.9) 47 (5.2) 65 (7.2) 178 (19.8) 8 (0.9) 32,895 (131)
Total 24 470 (19.6) 82 (3.4) 112 (4.7) 314 (13.1) 44 (1.8) 62,073 (132)

Note—Numbers in parentheses are normalized by sample size or CNVR counts.

between the taurine and indicine clusters. The central Chinese
QQ breed, for example, has recently received foreign (taurine)
sperm during artificial insemination (Li, Xie, et al. 2013), which
explains why QQ63307 (with an indicine maternal back-
ground) had a large number of Y;-specific CNVRs and,
as an exception among the hybrid bulls, was placed in the
Y1/Y, cluster (figs. 1b and 3 and supplementary fig. S4a,
Supplementary Material online). It is interesting to note that
JN16 with indicine parents (maternal type: indicine; paternal
type: Ys) clustered in the taurine group. Overall, our results
were in good agreement with our a priori predictions regard-
ing the distinctness of northern and southern breeds as well as
ongoing hybridization and introgression in central parts of

China and, more generally, validate the use of CNVR informa-
tion to study the domestication history and evolution of cattle
breeds.

NMDS to Identify Lineage-Specific CNVRs

To examine the contribution of lineage-specific CNVRs to the
observed differentiation between breeds in more detail, we
applied a powerful statistical approach derived from commu-
nity ecology, namely NMDS (Dixon 2003), which visualizes
similarity between individuals in complex data sets.
Congruent with the results from phylogenetic analyses and
PCA, samples were generally divided into two groups of
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taurine and indicine cattle (supplementary fig. S4a and b,
Supplementary Material online). We used indicator analysis
(De Caceres et al. 2012) to detect CNVRs that were statistically
more abundant in groups than expected by chance (table 2
and supplementary table S4, Supplementary Material online)
and thus identified 63 indicator CNVRs. Twenty of these cor-
responded to specific paternal Y-haplotypes, 24 to the pater-
nal taurine/indicine grouping, 9 to maternal taurine/indicine
haplotypes, and 40 to CNVR-clades of taurine and indicine
origin as inferred in our Bayesian phylogenetic analysis
(fig. 1b; P<0.05 in all cases). Finally, rerunning the NMDS
using only indicator CNVRs resulted in a much stronger clus-
tering (supplementary fig. S4c—f, Supplementary Material
online).

Validation of Selected CNVRs by Quantitative Real-Time
PCR

Five CNVRs were selected to validate our CGH results.
CNVR117 and CNVR209 were chosen as examples of line-
age-specific CNVRs, whereby CNVR117 and CNVR226 had
already been examined in previous studies, and data were
reanalyzed in this study (Fadista et al. 2010; Zhang et al.
2014), and CNVR217 and CNVR283 were chosen as examples
of CNVRs with low and high frequencies of occurrence, re-
spectively (table 2). We designed five primer pairs for gPCR
amplification, and two primer pairs for our internal reference
(supplementary table S5, Supplementary Material online). In
all five assays, qPCR confirmed the patterns predicted from

our prior analyses on CNV (see above), demonstrating the re-
liability of our results (supplementary table S5, Supplementary
Material online). We selected CNVR117 for additional valida-
tion of its specificity to bulls showing the Y;-haplotype (see
results from our indicator analysis) using a larger sample size
(n=29) including n=5 Angus bulls of known taurine (Y;)
origin (supplementary table S2, Supplementary Material
online), and found all Y;-bulls to shown more copy numbers
than Y, or Ys-bulls (supplementary table S6 and fig. S5,
Supplementary Material online). This result underscores the
validity of using CNVR117 to distinguish Y, from Y, or Ys-
bulls.

Co-Occurrence of Different CNVRs

We investigated positive (Spearman’s correlation coefficient
rs>0.6, P<0.01) and negative links (r; < —0.6, P < 0.01) be-
tween different CNVRs, as statistically significant links may be
indicative of correlated selection on different genomic regions
in the different breeds, as well as random genetic drift and
subsequent breed-specific accumulation of certain CNVR
combinations. Significant positive and negative links de-
creased strongly at CNVRs with prevalence greater than
3/24 (i.e., CNVRs present in more than 3 of the 24 bulls;
supplementary table S7 and fig. S6, Supplementary Material
online), which likely reflects our sample of n=1-3 individuals
per breed and implies that most “links” are driven by breed-
specific CNVR patterns (i.e., the contribution of single or few
breeds led to the statistically significant results). Likewise,
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Table 2
Lineage-Specific CNVRs in Paternal (Y-Chromosomal) and Maternal (mtDNA) Haplotypes
CNVRs Frequency in Groups Significance
(Indicator Analysis)
Y, Y2 PT Pl MT M cT a

CNVR68 0.00 0.31 0.27 0.78 0.00 0.64 0.25 0.88 Ys*, PI*, MI**, Cl**
CNVR99 0.00 0.00 0.00 0.33 0.00 0.18 0.00 0.38 Ys*, PI*, CI*
CNVR162 0.00 0.00 0.00 0.33 0.00 0.18 0.00 0.38 Ys*, PI*, CI*
CNVR355 0.00 0.00 0.00 0.33 0.00 0.18 0.00 0.38 Ys*, PI*, CI*
CNVR469 0.00 0.00 0.00 0.44 0.25 0.18 0.19 0.13 Ys*, PI**
CNVR213 0.00 0.00 0.00 0.33 0.13 0.18 0.06 0.25 Ys*, PI*
CNVR308 0.00 0.00 0.00 044 0.00 0.27 0.06 0.38 Ys*, PI*
CNVR468 0.00 0.00 0.00 0.33 0.13 0.18 0.06 0.25 Ys*, PI*
CNVR409 0.00 0.31 0.27 0.89 0.25 0.55 0.31 0.88 Y3**, PI**, CI*
CNVR10 0.00 0.15 0.13 0.78 0.38 0.36 0.25 0.63 Y3**, Pl**
CNVR326 0.00 0.54 0.47 0.78 0.38 0.64 0.38 1.00 Yo+Y3*, Cl**
CNVR117 0.00 0.92 0.80 1.00 0.75 0.82 0.81 1.00 Yo+ Y3**
CNVR126 0.00 0.85 0.73 0.78 0.75 0.73 0.63 1.00 Y2 +Y3*
CNVR56 1.00 0.77 0.80 0.22 0.88 0.27 0.88 0.00 Y1+ Yo**, PT*, CT***
CNVR209 1.00 0.62 0.67 0.00 0.38 0.27 0.56 0.13 Yo+ Y **%, PT**
CNVR395 1.00 0.38 0.47 0.11 0.50 0.18 0.50 0.00 Yq,*, CT*
CNVR416 1.00 0.38 0.47 0.00 0.50 0.27 0.44 0.00 Y. **, PT*, CT*
CNVR41 1.00 0.31 0.40 0.00 0.38 0.09 0.38 0.00 Yo **
CNVR172 1.00 0.23 033 0.11 0.38 0.09 0.38 0.00 Yq*
CNVR440 1.00 0.38 0.47 0.22 0.63 0.36 0.50 0.13 Yq*
CNVR96 0.50 0.38 0.40 0.22 0.63 0.18 0.50 0.00 cT*
CNVR165 0.50 0.46 0.47 0.11 0.38 0.27 0.50 0.00 cT*
CNVR12 0.50 0.77 0.73 0.1 0.75 0.27 0.75 0.00 PT**, CT**
CNVR123 0.50 0.38 0.40 0.00 0.13 0.27 0.38 0.00 PT*
CNVR200 0.00 0.54 0.47 0.00 0.38 0.18 0.31 0.25 PT*
CNVR227 1.00 0.92 0.93 0.44 0.75 0.64 0.88 0.50 PT*
CNVR224 0.00 0.23 0.20 0.67 0.00 0.55 0.13 0.88 PI*, MI*, Cl***
CNVR76 0.00 0.08 0.07 0.56 0.13 0.27 0.06 0.63 PI*, CI**
CNVR389 0.50 0.00 0.07 0.56 0.00 0.36 0.06 0.63 PI**, Cl**
CNVR322 0.00 0.08 0.07 0.67 0.13 0.36 0.19 0.50 PI**
CNVR26 0.50 0.31 0.33 0.78 0.38 0.45 0.38 0.75 PI*
CNVR146 0.00 0.00 0.00 0.33 0.13 0.09 0.06 0.25 PI*
CNVR379 0.50 0.62 0.60 1.00 0.75 0.73 0.69 0.88 PI*
CNVR75 0.50 0.46 0.47 0.89 0.38 0.82 0.44 1.00 MI*, Cl**
CNVR170 0.50 0.54 0.53 0.89 0.38 0.91 0.50 1.00 MI**, CI*
CNVR27 0.00 0.31 0.27 0.56 0.00 0.45 0.31 0.50 MI*
CNVR60 0.00 0.38 0.33 0.33 0.00 0.45 0.19 0.63 Mi*
CNVR199 0.00 0.23 0.20 0.44 0.00 0.36 0.19 0.50 MI*
CNVR338 0.50 0.31 0.33 0.44 0.00 0.45 0.31 0.50 MI*
CNVR421 0.00 0.31 0.27 0.22 0.00 0.45 0.13 0.50 MI*
CNVR228 0.00 0.31 0.27 0.67 0.13 0.55 0.13 1.00 Clx**
CNVR254 0.00 0.15 0.13 0.33 0.00 0.36 0.00 0.63 Clx**
CNVR366 0.00 0.15 0.13 0.56 0.00 0.36 0.06 0.75 Cl¥**
CNVR399 0.00 0.46 0.40 0.67 0.25 0.55 0.25 1.00 Clx**
CNVR405 0.00 0.38 0.33 0.78 0.25 0.55 0.25 1.00 Clx**
CNVR62 0.00 0.08 0.07 0.33 0.00 0.27 0.00 0.50 Cl**
CNVR95 0.00 0.46 0.40 0.78 0.38 0.55 0.31 1.00 Clx*
CNVR307 0.00 0.08 0.07 044 0.00 0.27 0.00 0.63 Cl**
CNVR331 0.00 0.08 0.07 0.44 0.00 0.27 0.00 0.63 Cl**
CNVR20 0.00 0.08 0.07 0.22 0.00 0.18 0.00 0.38 (@
CNVR23 0.50 0.69 0.67 0.78 0.75 0.64 0.56 1.00 cr*
CNVR38 0.00 0.15 0.13 0.11 0.00 0.27 0.00 0.38 cr*

(continued)
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Table 2 Continued

CNVRs Frequency in Groups Significance
(Indicator Analysis)
Y, Y, PT Pl MT Y]] cT a
CNVR46 0.00 0.15 0.13 0.11 0.00 0.27 0.00 0.38 cr*
CNVR47 0.00 0.08 0.07 0.22 0.00 0.18 0.00 0.38 (@
CNVR69 0.00 0.15 0.13 033 0.00 0.27 0.06 0.50 a=
CNVR221 0.00 0.08 0.07 0.22 0.00 0.27 0.00 0.38 cr*
CNVR323 0.00 0.08 0.07 0.22 0.00 0.18 0.00 0.38 =
CNVR344 1.00 0.38 0.47 0.89 0.38 0.73 0.44 1.00 a=
CNVR371 0.00 0.23 0.20 0.22 0.13 0.36 0.06 0.50 cr*
CNVR397 0.00 0.38 0.33 0.56 0.38 0.45 0.25 0.75 a=
CNVR407 0.50 0.62 0.60 0.89 0.88 0.64 0.56 1.00 =
CNVR438 0.00 0.38 0.33 0.56 0.25 0.45 0.25 0.75 cr*
CNVR461 0.00 0.15 0.13 033 0.13 0.27 0.06 0.50 a=

Note.—Y-haplotypes indicate paternal taurine (PT; Y4, Y>) or indicine origins (PI; Y3). Mt-haplotypes indicate maternal taurine (MT) or indicine (MI) origins. Also given are

inferred CNVR-clades for taurine (CT) or indicine bulls (Cl).
*P <0.05, **P<0.01, ***P<0.001.

some breed/group-specific CNVRs were not found in other
breeds/groups, resulting in negative links.

However, we identified 20 positive and 6 negative links for
CNVRs with a prevalence >0.5 (supplementary table S8 and
fig. S6, Supplementary Material online), which cannot be ex-
plained by the contributions of specific CNVR combinations in
single breeds. These links partly reflect different origins from
taurine or indicine ancestors; for example, all CNVRs with a
frequency >0.5 that showed negative links were connected to
CNVR56, which was specific to taurine cattle (see also table 2).

Discussion

Strictly paternally (Y-chromosomal) (Cai et al. 2006; Li, Xie, et al.
2013) and maternally inherited (mitochondrial) markers (Lai
et al. 2006; Lei et al. 2006; Jia et al. 2010), both of which largely
lack recombination, are well established to infer the paternal
and maternal origins of cattle, respectively. Besides the two
genes analyzed here, previous studies used sequence variation
of the Y-chromosomal genes USPOY, ZFY, DDX3Y, and UTY to
determine the paternal origins of cattle breeds (Gotherstrom
et al. 2005; Li, Xie, et al. 2013; Li, Zhang, et al. 2013); however,
our present study demonstrates that SNPs of the two genes ZFY
and UTY were sufficient to unambiguously assign the 24 bulls
studied herein to three paternal haplotypes (Y4, Y, and Y3)—in
several cases (like Angus bulls) matching our a priori predictions.
A previous study reported breed-specific differences in mtDNA
D-loop sequence variation using a much larger data set of
Chinese cattle and detected four taurine (T1a, T, T3, and Ts)
and two indicine haplotypes (I, and I,) (Jia et al. 2010). Our
present study made use of the discriminatory power of D-loop
sequence variation to determine the maternal origins of breeds,
and our combined analysis not only identified two clades of
taurine and indicine origins but also confirmed hybrid status
of eight bulls stemming from Central China (Lei et al. 2006).

Crossbreeding of taurine and indicine in Chinese cattle breeds
occurred historically (Chen and Qiu 1993) and is likely to in-
crease in the future as regional interconnectivity increases.
Hybridization is expected to introduce additional variation into
cattle genomes, for example, due to recombination and assort-
ment, and our different analyses on CNVRs (like PCA and
NMDS) support this view, as a considerable degree of overlap
between taurine and indicine groups suggests admixture of B.
taurus and B. indiicus.

Y-chromosomal and mtDNA markers are of limited use for
reconstructing the evolutionary and/or domestication history
of a given species as they do not allow tracing complex pat-
terns of genome evolution (Ginja et al. 2009). Therefore, tra-
ditional methods, based on Y-chromosomal and mtDNA
sequence variation, failed to unravel evolutionary processes
shaping cattle genomes, although those markers are invalu-
able to detect crossbreeding of cattle breeds (Cai et al. 2006;
Lai et al. 2006; Ginja et al. 2010). Our present study exempli-
fies the utility of genome-wide CNVRs, determined through
whole-genome CGH arrays, to study the domestication his-
tory and genome evolution of cattle breeds, and our results
are in good agreement with the results of a recent study using
genome-wide SNPs (Decker et al. 2014). Given financial and
time constraints of population-wide cattle genome sequenc-
ing, the method presented in this study offers a convenient
and useful novel approach that provides a high number of
polymorphic positions over the entire genome and thus rep-
resents an elegant alternative to other approaches based on
SNPs, or microsatellite length polymorphisms.

Our strategy of combining the analysis of CNVRs with anal-
yses of the paternal and maternal origins of cattle enabled us
to trace signatures of mosaic genomic evolution (O'Brien et al.
2014). For example, an interesting finding in our present study
was that one bull JN16), which was inferred to be of indicine
paternal and maternal origin, was placed into the taurine
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clade when analyzing CNVRs (fig. 1b). This finding sug-
gests that complex crossbreeding and backcrossing after
hybridization of the two lineages—possibly in combination
with selection for preferable phenotypic traits associated
with CNVRs—may affect patterns of genomic introgression.
Based on our observations of lineage-specific distribution pat-
terns and (positive and negative) co-occurrences of different
CNVRs, we argue that our findings at least in part reflect se-
lection during the domestication history of cattle. Signatures
of domestication and artificial selection have left their imprints
in the cattle genome, as determined through SNPs (Kijas et al.
2009; Habier et al. 2010).

The Y;-haplotype is nowadays dominant in north-central
Europe, and the Y,-haplotype prevails in central Europe
(Edwards et al. 2011), whereas in Chinese breeds, Y, and
Y3 dominate in the north and south, respectively (Li, Zhang,
et al. 2013). A previous study found the Y;-haplotype to orig-
inate from European aurochs, specifically, from introgression
after hybridization with local domestic cattle (Gotherstrom
et al. 2005). Our results indicate that some CNVRs tend to
be specific to (or to occur at a higher frequency in) haplotype
lineages or taurine/indicine groups, which could be inter-
preted as a signature of divergent selective regimes during
their domestication history, even though genetic drift and
random fixation of CNVRs certainly also need to be consid-
ered. For example, using a larger sample size we confirmed
that CNVR117 was specific of Y;-bulls. European aurochs,
from which the Y;-haplotype is derived, may have conferred
higher copy numbers of CNVR117 compared with the Y, and
Y3 groups, and future studies will need to elaborate on the
guestion of how this variation affects phenotypic traits and
whether and how selection for those traits may be responsible
for higher copy numbers of CNVR117 in Y;-cattle.

Linking genomic structural variation to phenotypic differ-
ences and physiological performance remains a major chal-
lenge, and so answering the question of whether and how
artificial selection may have affected CNVR evolution during
the domestication of cattle will greatly benefit from future
studies trying to link CNV to individual’s development, physi-
ology, behavior, and morphology.

Supplementary Material

Supplementary figures S1-S6 and tables S1-58 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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