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The number of vertebrae, especially thoracic vertebrae, is an important economic trait
that may influence carcass length and meat production in animals. However, the genetic
basis of vertebrae number in sheep is still poorly understood. To detect the candidate
genes, 400 increased number of thoracic vertebrae (T14L6) and 200 normal (T13L6)
Kazakh sheep were collected. We generated and sequenced 60 pools of genomic DNA
(each pool prepared by mixing genomic DNA from 10 sheep with the same thoracic
traits), with an average depth of coverage of 25.65x. We identified a total of 42,075,402
SNPs and 11 putatively selected genomic regions, including the VRTN gene and the
HoxA gene family that regulate vertebral development. The most prominent areas of
selective elimination were located in a region of chromosome 7, including VRTN, which
regulates spinal development and morphology. Further investigation indicated that the
expression level of the VRTN gene during fetal development was significantly higher
in sheep with more thoracic vertebrae than in those with a normal number of thoracic
vertebrae. A genome-wide comparison between sheep with increased and normal
numbers of thoracic vertebrae showed that the VRTN gene is the major selection locus
for the number of thoracic vertebrae in sheep and has the potential to be utilized in sheep
breeding in the future.

Keywords: sheep genome, resequencing, selective-sweep analysis, variation in sheep vertebrae number, VRTN gene

INTRODUCTION

The mammalian spine is divided into different vertebral regions based on morphology and function
along the head-to-tail axis, and these regions include the cervical (C), thoracic (T), lumbar (L),
sacral (S), and caudal (Cd) regions (Schimandle and Boden, 1994). The number and morphology
of vertebrae are usually conserved in a given species. However, variation in the number of
thoracolumbar vertebrae regions has been observed in humans (Jones and German, 2014), pigs
(King and Roberts, 1960), and mice (Zhu et al., 2012). Variation in the thoracolumbar region has
been reported for commercial choice in pig breeding, and selection for such variation succeeded
in raising the vertebral number and meat production of the bacon pig (Berge, 1948; Galis, 1999;
Vasiliou et al., 2000; Hirose et al., 2013; Molofsky et al., 2013; Burgos et al., 2015; Yang et al., 2016;
Brito etal., 2017; Duan et al., 2018). In addition, the number of vertebrae is genetically related to the

Frontiers in Genetics | www.frontiersin.org

1 July 2019 | Volume 10 | Article 674


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.00674
https://www.frontiersin.org/journals/genetics#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00674&domain=pdf&date_stamp=2019-07-18
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:hushengwei@163.com
mailto:niweiwonderful@sina.com
mailto:yu.jiang@nwafu.edu.cn
https://doi.org/10.3389/fgene.2019.00674
https://www.frontiersin.org/article/10.3389/fgene.2019.00674/full
https://www.frontiersin.org/article/10.3389/fgene.2019.00674/full
https://www.frontiersin.org/article/10.3389/fgene.2019.00674/full
https://loop.frontiersin.org/people/586906
https://loop.frontiersin.org/people/671524

Lietal

Genetic Selection for Thoracic Number

number of teats, which contributes to improving the maternal
capacity of livestock (Duijvesteijn et al., 2014; Lopes et al., 2014).
There is rich variation in the number of vertebrae in sheep as
well as pigs. Zhang et al. found that adding a thoracic or lumbar
spine can increase the length of the Mongolian sheep spine by
2.4 or 3.5 cm, and multi-spine Mongolian sheep can affect the
meat production of sheep by improving carcass length, carcass
weight, length of the dorsal longus, and eye muscle area (Chen
et al,, 2012; Zhang and Si, 1997; Zhang et al,, 1998). A study of
European sheep breeds (Texel, Scottish Blackface, Texel x Mule,
and Poll Dorset x Mule) by Donaldson et al. have shown that
multi-vertebral traits can significantly increase the length of
the body (and carcass) (Donaldson et al., 2013; Donaldson et al.,
2014). The results of these studies are consistent with those of
our previous reports showing that multi-vertebral variation
may contribute to the performance of Kazakh sheep (Li et al,,
2017), but one study showed that the number of rib pairs has
little impact on meat production traits. However, an increased
number of thoracic vertebrae will result in an increased number
of rib pairs, which is a valuable economic trait in sheep due to the
preference for lamb chops.

A large number of studies on variations in vertebrae number
in pigs (Vasiliou et al., 2000; Fan et al., 2013; Hirose et al., 2013;
Molofsky et al., 2013; Burgos et al., 2015; Yang et al., 2016; Yan
etal, 2017; Duan et al., 2018) have shown that the VRTN gene
strongly accelerates the development of additional thoracic
vertebrae in pigs by enhancing the function of circadian
oscillators. Further studies indicate that the 291-bp insertion in
the upstream regulatory region of VRTN affects the expression
level of this gene and leads to an increase in the number of
porcine thoracic vertebrae (Fan et al., 2013). Rubin et al. used
resequencing and selective-sweep analysis to find that the
NRG6A1 gene controlled the number of lumbar vertebrae in pigs
(Mikawa et al., 2011; Rubin et al., 2012). In addition, sequencing
analysis of 10 breeds of pigs (three Western and seven Chinese
breeds) showed that point mutations in NR6AI can affect the
number of lumbar vertebrae in pigs (Yang et al., 2009). These
studies have a positive impact on the selection of multi-spine
large-scale pigs.

As an excellent local breed in China, Kazakh sheep has
the characteristics of resistance to rough feeding, strong
adaptability, and large body size. In order to meet the needs
of production, herders consciously select larger individuals for
breeding. In this breeding process, individuals with increased
numbers of thoracic vertebrae may be subject to certain
selection pressures due to their larger size. Information on the
genetics of the vertebrae number in sheep is still lacking. To
identify selective sweeps of candidate mutations related to an
increased number of thoracic vertebrae of sheep, we performed
genome-wide resequencing and a genome-wide comparison
between increased and normal numbers of thoracic vertebrae
in sheep, and then we functionally characterized the candidate
genes. Our study not only screened the major genes controlling
the number of thoracic vertebrae in sheep and promoted
the development of new varieties of thoracic sheep but also
enriched the genomic data of sheep.

MATERIALS AND METHODS

Animals

We collected Kazakh sheep (8-10 months old) that were to be
slaughtered in various regions of Xinjiang, China, and they were
slaughtered at the slaughterhouse of Hualing Animal Husbandry
Base in Urumgqi. After the slaughterhouse used the electric shock
to stun the sheep, these sheep were slaughtered using the neck
bleeding method and then cut along the head-to-tail axis; all
muscles were removed, leaving only the skeleton. The sheep
were numbered, and the number of vertebrae was studied and
recorded. The chest muscle tissues of 400 increased number of
thoracic vertebrae (T14L6) and 200 normal (T13L6) Kazakh
sheep were collected. For collecting spinal column samples
(spinal tissue at the end of the thoracic vertebrae) during the
fetal period, 12 pregnant ewes (uncertain thoracic number)
were selected from a sheep population, and T13L6 or T14L6
fetuses were obtained from the slaughtered pregnant ewes. The
fetuses were surgically removed in a sterile environment. The
length of each fetus was measured and grouped based on size to
approximate similar ages in T13L6 versus T14L6 samples (a total
of 12 fetuses were selected; Supplementary Table S1). All of
the samples were placed in cryovials and immediately frozen in
liquid nitrogen. Then, they were transferred to a —80°C freezer
until the genomic DNA or total RNA was extracted.

DNA Library Construction and Sequencing
Genomic DNA was extracted from the frozen muscle tissues of
Kazakh sheep using a kit following the manufacturer’s protocol.
Forty pools (T14L6) and 20 pools (T13L6) of genomic DNA
were prepared by mixing equally genomic DNA from 10 sheep
with the same thoracic traits. Approximately 5 pg of DNA from
each pool was used to construct a library and renamed (SG-1
to SG-40 composed the T14L6 group, and SG-41 to SG-60
were designated as the T13L6 group). These DNA samples were
randomly sheared into 350-bp fragments using a Covaris crusher
(Thermo Fisher, Waltham, USA). DNA library construction was
performed using a TruSeq genomic library construction kit
(Illumina, USA) as recommended by the manufacturer. Paired-
end sequencing was performed using an Illumina HiSeq PE150
(Illumina, USA) after the constructed libraries were tested for
quality using an Agilent 2100 (Agilent, California, USA). To
ensure the quality of bioinformatics analysis, the raw data were
filtered using a series of rigorous steps, which included the
removal of joint sequences, sequences for which the number
of undetected bases of single-end sequencing exceeded 10% of
the total length of the sequence, and sequences with low-quality
bases with a mass value of Q < 5 in the single-end sequencing
and that exceeded 50% of the total length of the sequence. The
remaining high-quality clean reads were used in the subsequent
bioinformatics analysis.

Variation Detection and Annotation
To detect variations, we used BWA (http://bio-bwa.
sourceforge.net/) (Jia et al., 2013) software to efficiently map
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the high-quality clean reads obtained as described above to
the reference genome [GCF_000298735.2, National Center
for Biotechnology Information (NCBI)] by recording their
genomic positions. Next, we used SAMtools software to
compare the results of the alignment after removing repeats,
and a Bayesian model was employed to detect polymorphic
sites (Li et al., 2009; Zhou et al., 2015). Furthermore, to obtain
a high-quality mutation set, we filtered out single nucleotide
polymorphisms (SNPs) with a sequencing error rate > 1% and
intervals < 5 bp, and we retained those SNPs for which the
reads had support values between one-third and two times the
average depth. ANNOVAR software was used to functionally
annotate the detected genetic variants (Wang et al., 2010) with
gene-, region-, and filter-based annotations and for other
functionalities.

Selective-Sweep Analysis

To identify potential signals of selection that occurred during
the breeding of T14L6 sheep, we calculated the Fg; value and
H, ratio of the variations observed in the whole genome and
measured the differences between the two thoracic vertebral
traits. The candidate selective sweeps were identified using the
allele counts at the identified SNP positions by searching the
genome for regions with a high fixation index (Fg;) (Weir and
Cockerham, 1984) and low pooled heterozygosity (H,) (Rubin
et al., 2010; Stephan, 2010). We used the high-quality SNPs
obtained as described above for further analysis to determine
the signals of selection that led to changes in the number of
thoracic vertebrae in sheep. First, allele counts were determined
using custom-made scripts. Second, the Fg; values and H, ratio
were calculated in sliding 50-kb windows with a step size of 10
kb between sheep with 14 thoracic vertebrae and sheep with
13 thoracic vertebrae. In addition, the Fy, was calculated using
an estimator introduced by Karlsson et al., (2007). To avoid
spurious selection signals, we discarded windows containing
fewer than 10 informative sites from the subsequent analysis.
The resulting Fg;. values and H, ratio were then Z transformed.
Selective sweeps were extracted from the extreme tail of the
distribution by applying cutoffs of Z(Fy) > 5 and Z(H, ratio)
> 5 (Axelsson et al, 2013). The regions detected by both
methods were identified as the final selective sweeps (take the
intersection of the windows of the Z score > 5 of the two methods
as candidate regions). To avoid selective-sweep fragmentation,
adjacent selective sweeps were combined. Both the Fg; and H,
ratio were co-screened for strong selection signals to screen for
target genes.

Analysis of the Expression Level of the
VRTN Gene in Sheep Fetuses

The thoracic vertebral tissues were dissected from frozen
sheep fetuses and used for total RNA extraction using TRIzol
(Invitrogen, CA, USA) according to the manufacturer’s
protocol. The amount and purity of RNA were detected using a
Bioanalyzer 2100 system and an RNA 6000 Nano Kit (Agilent,
CA, USA). cDNAs were synthesized from the purified RNAs

using an RT-PCR kit (TaKaRa, Dalian, China). The sequence of
the sheep VRTN gene (Gene ID: 101106594) was downloaded
from the NCBI website, and Primer 5.0 software was used to
design primers for this gene. The information on the primers
is presented in Supplementary Table S2. For the expression
level of the VRTN gene in sheep fetuses with different numbers
of thoracic vertebrae, quantitative real-time polymerase chain
reaction (RT-qPCR) was performed using SYBR Green (TaKaRa
Biotech, Dalian) according to the manufacturer’s protocol.
The expression level of the VRTN gene was normalized to
that of linear B-actin (Peletto et al., 2011). Three independent
replications were performed with triplicate samples. RT-qPCR
was performed using the following reaction system: 10 ul of
SYBR Premix Dimer Eraser (TaKaRa, Dalian, China), 2 ul of
cDNA, 0.6 pl of upstream and downstream primers, and 6.8
ul of RNase-free ddH,0. RT-qPCR was performed using the
following thermocycling conditions: an initial denaturation
at 95°C for 30 s, followed by 55 cycles of 95°C for 10 s, 58°C
for 10 s, and 72°C for 10 s, using a LightCycler 480 II system
(Roche, Mannheim, Germany). The expression levels of these
genes were determined using SYBR Green real-time PCR.
Data were then analyzed using the equation 2AACt (Livek and
Schmittgen, 2001).

RESULTS

Whole-Genome High-Throughput
Sequencing of Kazakh Sheep

To identify the candidate genes associated with increased
numbers of thoracic vertebrae in sheep, 400 samples with the
T14L6 trait and 200 samples with the T13L6 trait were collected
throughout Xinjiang, China (Figure 1). Forty pools (T14L6) and
20 pools (T13L6) of genomic DNA were prepared by mixing
genomic DNA from 10 sheep with the same thoracic traits.
Sequencing of pools of genomic DNA was performed with 25.65-
fold coverage of the sheep genome using an Illumina HiSeq
PE150 system (Supplementary Table S3), which generated a
total of 4,215.15 Gb of raw data. After inspecting the raw data
for quality, we filtered out the low-quality and joint sequences,
resulting in 4,207.35 Gb of clean data. The effective sequencing
rate was 99.81%, indicating that the data had high quality and
could be used for further in-depth analysis (Supplementary
Table S4).

Genome Variation Analysis

To detect variations in the T14L6 and T13L6 sheep genomes,
we used BWA software to efficiently map the high-quality
clean reads to the reference genome and obtained the genomic
position of each read. Then, SAMtools software was employed
to sort and remove duplicate sequences of these matching
matches and identify polymorphic sites. After mapping the
reads to the reference genome, we identified 42,075,402 SNPs
(Supplementary Table S5), which is similar to the number of
SNPs identified by current sheep resequencing studies (Pan et al.,
2018; Bolormaa et al., 2019). A higher level of polymorphism was
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FIGURE 1 | The morphology of the sample. There are two kinds of vertebrae in Kazakh sheep. T13L6 (left) and T14L6 (right). The green arrow indicates where the
13th thoracic vertebra is located, and the red one represents the position of the 14th thoracic vertebra.

observed in the sheep genome of both T14L6 and T13L6 sheep.
We filtered out the low-quality SNPs and used ANNOVAR
software to functionally annotate the detected genetic variations
to obtain a variation set.

Selective-Sweep Analysis

To detect recently strongly selected signals, we searched the sheep
genome for areas with reduced heterozygosity (H,) and increased
genetic distance (Fg;). To separate the selected true signal from
the signal of the randomly fixed large genomic region during
sheep breeding, we set the threshold for detecting the true signal
to be greater than 200 kb. A total of 11 [Z(Fy) > 5 and Z(H,
ratio) > 5] putative selected genomic regions distributed across
eight chromosomes containing 28 genes were identified (Table 1,
Figure 2, Supplementary Figure S1, and Supplementary
Table S6). Interestingly, we found that these genes included VRTN
and the HoxA gene family, which regulate vertebral development
(Kostic and Capecchi, 1994; Horan et al., 1995; Yang et al., 2016).
We further focused on the region with a strong selection signal
(with the highest H, ratio and second F; values) on chromosome
7 [82,260,000-82,660,000 bp, Z(H, ratio) = 11.82 and Z(Fg;) =
41.44] (Figure 2A). This region harbors the VRTN gene, which is

related to spinal development and morphology (Supplementary
Table S7). The results indicated that the heterozygosity of the
VRTN gene in the T14L6 sheep was significantly lower than that
in the T13L6 sheep (Figure 2B, Supplementary Table S8, and
Supplementary Table S9).

Analysis of Expression Levels of the

VRTN Gene

We analyzed the expression level of VRTN in thoracic vertebral
tissues at different times during sheep fetal development by
RT-qPCR. Interestingly, we found that the expression level of
the VRTN gene in T14L6 thoracic vertebrae (Figure 3A) was
significantly higher than that in T13L6 thoracic vertebrae (p
< 0.05) (Figures 3B, C). In addition, VRTN expression levels
were inversely correlated with the fetal development stage of
sheep. Our results are consistent with the results of previous
studies reporting that VRTN expression levels are positively
correlated with the number of thoracic vertebrae in mice and
pigs but negatively correlated with fetal developmental stages
(Duan et al., 2018). These results also help to show that VRTN
is the major gene regulating the number of thoracic vertebrae
in sheep.

TABLE 1 | Genomic regions identified as candidate selective sweeps. The maximum statistics for Z-transformed Fgr and Z-transformed H, ratio (He13/Hp14) in

each region.

Chr Start End Max(Z(Fs;)) Max(Z(H; ratio)) Candidate genes

2 103950000 104070000 6.960778 7.281002 MTMR9, LOC105608545,
LOC101118164

3 31880000 31980000 7.720198 7.653394 NCOA1

3 102450000 102570000 6.669204 5.888367 INPP4A

4 68790000 68890000 6.235270 5.845450 HoxA13, LOC105606592, HoxA11,
HoxA10, HoxA9, LOC105606599,
HoxA3, HoxA5, HoxA4

4 101840000 101930000 8.030730 9.242812 TRIM24

7 82270000 82640000 41.194798 11.822053 BBOF1, ALDHEAT, LIN52, VSX2,
ABCD4, VRTN, SYNDIG1L, NPC2

7 89280000 89400000 16.083480 6.280792 TSHR

8 52220000 52280000 5.782953 5.851114 CEP162

14 156240000 156320000 9.035530 7.638793 ITFG1

17 51180000 51250000 6.299107 5.510096 LOC106991703

19 2130000 2240000 16.327960 8.775768 LOC105603333
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DISCUSSION

In animal husbandry production, animals exhibiting good
traits have been historically selected for further breeding.
Therefore, artificial breeding of animals with superior traits for
an extended period of time results in a decrease in the number
of polymorphisms within that particular species (Gibbs et al.,
2009), and the identification of these selected regions may
facilitate mapping trait-related genomic regions. To identify
the selected signals associated with an increase in the number
of thoracic vertebrae in sheep, large-scale resequencing of
Kazak sheep with T14L6 and T13L6 traits was performed in
this study. Selective-sweep analysis showed that 11 putative
selected regions in the sheep genome were associated with the
increase in the number of thoracic vertebrae. These regions
contain genes that are related to the development and growth of
thoracic vertebrae. Among these genes, seven genes belonging

to the Hox family have higher selection signals, and mutations
in this gene family can lead to morphological imbalances and
spinal variations in animals (Mallo et al,, 2010). There is strong
evidence that the TSHR gene can regulate bone morphogenesis
and bone density (Van et al., 2008), and TSHR knockout mice
display high-turnover osteoporosis (Jiang et al., 2006). The
ALDHG6A]I gene can regulate the development of the spinal cord,
and the loss of this gene causes stunting (Vasiliou et al., 2000;
Molofsky et al., 2013). The VRTN gene regulates the formation
and development of thoracic vertebrae (Vasiliou et al., 2000;
Hirose et al., 2013; Molofsky et al., 2013; Burgos et al., 2015). The
NPC2 and INPP4A genes play important roles in regulating the
normal functioning of spinal cord neurons (Sasaki et al., 2010;
Walkley and Suzuki, 2004). These results also show that our
sequencing has accurately screened genomic regions that are
associated with variations in the number of thoracic vertebrae
in sheep.
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FIGURE 3 | Analysis of VRTIN gene expression levels in different fetal stages
for two spine traits. (A) Legend of spine traits during fetal development: T14
(top) and T13 (bottom). (B) Reverse transcription Polymerase Chain Reaction
(RT-PCR) ampilification of p-actin and VRTN (on the left is T13 and on the right
is T14, both from the same period of fetal sheep). The order of electrophoresis
is marker (TakaRa DL500; 500, 400, 300, 200, 150, 100, and 50 bp), negative
control, p-actin, and VRTN. (C) Heat maps of VRTN gene expression in T13
(top) and T14 (bottom) fetuses (p < 0.05). Red indicates high expression, and
green indicates low expression. p-Actin was used as a control. The numbers
on either side represent the length of the fetus. The unit is mm.

By studying the region of chromosome 7 that exhibited the
highest selection signals, we have associated the VRTN gene
with the morphology and number of thoracic vertebrae in
sheep. Analysis of genome-wide heterozygosity has indicated
that the base heterozygosity of the VRTN gene in T14L6 sheep is
significantly lower than that in T13L6 sheep. Fan et al,, (2013) and
Zhang et al., (2015) have shown that the VRTN gene, as a novel
transcription factor, can affect the number of thoracic vertebrae
in pigs. In this study, we used RT-qPCR to quantitatively study
the VRTN gene in fetal Kazak sheep thoracic vertebrae. The
expression level of the VRTN gene in sheep fetuses with more
thoracic vertebrae was significantly higher than that in sheep

fetuses with normal vertebrae numbers (p < 0.05). Specific
mechanisms and causal mutational genotypes require more
in-depth and meticulous research in the future.

In summary, we conducted a genome-wide comparison
between increased and normal numbers of thoracic vertebrae to
identify genes that affect spinal development and morphology.
Consistent with a previous study in pigs, the VRTN gene was
related to the number of thoracic vertebrae in sheep. Our results
have indicated that the VRTN gene may be a new candidate gene
for breeding sheep with more thoracic vertebrae.

DATA AVAILABILITY

All the sequences have been deposited in the Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra) with the accession
codes PRJNA479525. In addition, all the data are also available
from the corresponding author on reasonable request.

ETHICS STATEMENT

All experimental operations and surgical procedures for the
sheep involved in this study were performed in accordance with
the “Regulations for the Management of Laboratory Animals”
(Chinese State Council No. 676; revised in March 2017) and
were carried out with approval from the Animal Protection
and Use Committee of Shihezi University (SU-ACUC- 08032).

AUTHOR CONTRIBUTIONS

CL, XL, ML, Y], WN, and SH conceived and designed the
experiment and analyzed and interpreted the data. CL, XL, ML,
Y], WN, and SH wrote the manuscript. CL, XL, YX, MZ, HL,
BW, YZ, LL, RY, and YU collected samples and data. CL, XL, and
ML participated in RNA extraction and analysis. All authors read
and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science Foundation
of China (NSFC) (31660644, 31660718, 31822052 and 31572381),
Young innovative talents (CXRC201603 and 2016BC001), the
Recruitment Program of Global Young Experts (1000Plan).

ACKNOWLEDGMENTS

We thank all contributors of the present study. This work was
supported by the National Natural Science Foundation of China
(NSEC) (31660644, 31660718, 31822052, and 31572381) and
Young Innovative Talents (CXRC201603 and 2016BC001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2019.00674/
full#supplementary-material

Frontiers in Genetics | www.frontiersin.org

July 2019 | Volume 10 | Article 674


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.ncbi.nlm.nih.gov/sra
https://www.frontiersin.org/articles/10.3389/fgene.2019.00674/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00674/full#supplementary-material

Lietal

Genetic Selection for Thoracic Number

REFERENCES

Axelsson, E., Ratnakumar, A., Arendt, M. L., Magbool, K., Webster, M. T.,
Perloski, M., et al. (2013). The genomic signature of dog domestication reveals
adaptation to a starch-rich diet. Nature 495, 360-364. doi: 10.1038/nature11837

Berge, S. (1948). Genetical researches on the number of vertebrae in the pig.
J. Anim. Sci. 7 (2), 233-238. doi: 10.2527/jas1948.72233x

Bolormaa, S., Chamberlain, A. J., Khansefid, M., Stothard, P,, Swan, A. A., Mason, B.,
etal. (2019). Accuracy of imputation to whole-genome sequence in sheep. Genet.
Sel. Evol. 51 (1), 1. doi: 10.1186/s12711-018-0443-5

Brito, L. E, McEwan, J. C., Miller, S., Bain, W., Lee, M., Dodds, K., et al. (2017).
Genetic parameters for various growth, carcass and meat quality traits in a
New Zealand sheep population. Small Rumin. Res. 154, 81-91. doi: 10.1016/j.
smallrumres.2017.07.011

Burgos, C., Latorre, P, Altarriba, J., Carrodeguas, J. A., Varona, L., Buesa, P. L.,
et al. (2015). Allelic frequencies of NR6A1 and VRTN, two genes that affect
vertebrae number in diverse pig breeds: a study of the effects of the VRTN
insertion on phenotypic traits of a Duroc x Landrace-Large White cross. Meat
Sci. 100, 150-155. doi: 10.1016/j.meatsci.2014.09.143

Chen, Q., Zhang, L., Zhao, J.,and Ma, Y. (2012). DNA methylation analysis of exon-1
of the ovine HOXC-8 gene in Mongolian sheep using bisulphite sequencing.
J. Appl. Anim. Res. 40 (3), 198-202. doi: 10.1080/09712119.2012.658059

Donaldson, C. L., Lambe, N. R., Maltin, C. A., Knott, S., and Bunger, L. (2013).
Between- and within-breed variations of spine characteristics in sheep. J. Anim.
Sci. 91, 995-1004. doi: 10.2527/jas.2012-5456

Donaldson, C. L., Lambe, N. R., Maltin, C. A., Knott, S., and Biinger, L. (2014).
Effect of the Texel muscling QTL (TM-QTL) on spine characteristics in
purebred Texel lambs. Small Rumin. Res. 117 (1), 34-40. doi: 10.1016/j.
smallrumres.2013.11.020

Duan, Y., Zhang, H., Zhang, Z., Gao, J., Yang, J., Wu, Z., et al. (2018). VRTN is
required for the development of thoracic vertebrae in mammals. Int. J. Biol. Sci.
14 (6), 667. doi: 10.7150/ijbs.23815

Duijvesteijn, N., Veltmaat, J. M., Knol, E. E, and Harlizius, B. (2014). High-
resolution association mapping of number of teats in pigs reveals regions
controlling vertebral development. BMC Genomics 15 (1), 542. doi:
10.1186/1471-2164-15-542

Fan, Y, Xing, Y. Y., Zhang, Z., Ai, H.,, Ouyang, Z., Ouyang, J., et al. (2013). A
further look at porcine chromosome 7 reveals VRTN variants associated
with vertebral number in Chinese and Western pigs. PloS One 8, e62534. doi:
10.1002/(SICI)1097-010X(19990415)285:1<19::AID-JEZ3>3.0.CO;2-Z

Galis, E (1999). Why do almost all mammals have seven cervical vertebrae?
Developmental constraints, Hox genes, and cancer. J. Exp. Zool. 285 (1), 19-26.
doi: 10.1002/(SICI)1097-010X(19990415)285:1<19::AID-JEZ3>3.0.CO;2-Z

Garnett, T., Appleby, M. C., Balmford, A., Bateman, L. J., Benton, T. G., Bloomer, P,
et al. (2013). Sustainable intensification in agriculture: premises and policies.
Science 341, 33-34. doi: 10.1126/science.1234485

Gibbs, R. A., Taylor, J. E, Van Tassell, C. P., Barendse, W., Eversole, K. A,
Gill, C. A,, et al. (2009). Genome-wide survey of SNP variation uncovers
the genetic structure of cattle breeds. Science 324, 528-532. doi: 10.1126/
science.1167936

Hirose, K., Mikawa, S., Okumura, N., Noguchi, G., Fukawa, K., Kanaya, N., et al.
(2013). Association of swine vertnin (VRTN) gene with production traits in
Duroc pigs improved using a closed nucleus breeding system. Anim. Sci. J. 84,
213-221. doi: 10.1111/§.1740-0929.2012.01066.x

Horan, G. S., Ramirez-Solis, R., Featherstone, M. S., Wolgemuth, D. ], Bradley, A.,
Behringer, R. R. (1995). Compound mutants for the paralogous hoxa-4, hoxb-4,
and hoxd-4 genes show more complete homeotic transformations and a dose-
dependent increase in the number of vertebrae transformed. Genes Dev. 9, 1667—
1677. doi: 10.1101/gad.9.13.1667

Jia, G. Q,, Huang, X. H., Zhi, H., Zhao, Y., Zhao, Q,, Li, W. ], et al. (2013). A
haplotype map of genomic variations and genome-wide association studies
of agronomic traits in foxtail millet (Setaria italica). Nat. Genet. 45, 957-961.
doi: 10.1038/ng.2673

Jiang, S. D., Jiang, L. S., and Dai,, L. Y. (2006). Mechanisms of osteoporosis in spinal
cord injury. Clin. Endocrinol. 65, 555-565. doi: 10.1111/].1365-2265.2006.02683.x

Johnson, M. L., and Kamel, M. A. (2007). The Wnt signaling pathway and
bone metabolism. Curr. Opin. Rheumatol. 19, 376-382. doi: 10.1097/
BOR.0b013e32816e069

Jones, K. E.,and German, R. Z. (2014). Ontogenetic allometry in the thoracolumbar
spine of mammal species with differing gait use. Evol. Dev. 16, 110-120. doi:
10.1111/ede.12069

Karlsson, E. K., Baranowska, I., Wade, C. M., Hillbertz, N. H. S., Zody, M. C,,
Anderson, N, et al. (2007). Efficient mapping of mendelian traits in dogs through
genome-wide association. Nat. Genet. 39, 1321-1328. doi: 10.1038/ng.2007.10

King, J. W. B., and Roberts, R. C. (1960). Carcass length in the bacon pig; its
association with vertebrae numbers and prediction from radiographs of the
young pig. Anim. Sci. 2, 59-65. doi: 10.1017/50003356100033493

Kostic, D., and Capecchi, M. R. (1994). Targeted disruptions of the murine
Hoxa-4 and Hoxa-6 genes result in homeotic transformations of components
of the vertebral column. Mech. Dev. 46, 231-247. doi: 10.1016/0925-4773(94)
90073-6

Li, C. Y, Zhang, X. Y., Cao, Y., Wei, J. C., You, S., Jiang, Y., et al. (2017). Multi-
vertebrae variation potentially contribute to carcass length and weight of Kazakh
sheep. Small Rumin. Res. 150, 8-10. doi: 10.1016/j.smallrumres.2017.02.021

Li, H., Handsaker, B., Wysoker, A., Fennell, T, Ruan, J., Homer, N, et al. (2009).
The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-
2079. doi: 10.1093/bioinformatics/btp352

Livek, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2-AACt method. Methods 25, 402-8.
doi: 10.1006/meth.2001.1262

Lopes, M. S., Bastiaansen, J. W., Harlizius, B., Knol, E. F, and Bovenhuis, H. (2014).
A genome-wide association study reveals dominance effects on number of teats
in pigs. PloS one 9 (8), €105867. doi: 10.1371/journal.pone.0105867

Mallo, M., Wellik, D. M., and Deschamps, J. (2010). Hox genes and regional
patterning of the vertebrate body plan. Dev. Biol. 344, 7-15. doi: 10.1016/j.
ydbi0.2010.04.024

McLaren, A., and Michie, D. (1958). Factors affecting vertebral variation in mice.
J. Embryol. Exp. Morphol. 6, 645-659.

Mikawa, S., Sato, S., Nii, M., Morozumi, T., Yoshioka, G., Imaeda, N., et al. (2011).
Identification of a second gene associated with variation in vertebral number in
domestic pigs. BMC Genetics 12, 5-18. doi: 10.1186/1471-2156-12-5

Mikawa, S., Morozumi, T., Shimanuki, S., Hayashi, T., Uenishi, H., Domukai, M.,
et al. (2007). Fine mapping of a swine quantitative trait locus for number of
vertebrae and analysis of an orphan nuclear receptor, germ cell nuclear factor
(NR6A1). Genome Res. 17, 586-593. doi: 10.1101/gr.6085507

Molofsky, A. V., Glasgow, S. M., Chaboub, L. S., Tsai, H. H., Murnen, A. T,
Kelley, K. W, et al. (2013). Expression profiling of Aldh1l1-precursors in the
developing spinal cord reveals glial lineage-specific genes and direct Sox9-
Nfe2l1 interactions. Glia 61, 1518-1532. doi: 10.1002/glia.22538

Pan, Z., Li, S., Liu, Q, Wang, Z., Zhou, Z., Di, R,, et al. (2018). Whole-genome
sequences of 89 Chinese sheep suggest role of RXFP2 in the development of
unique horn phenotype as response to semi-feralization. GigaScience 7 (4),
giy019. doi: 10.1093/gigascience/giy019

Peletto, S., Bertuzzi, S., Campanella, C., Modesto, P., Maniaci, M. G., Bellino, C.,
etal. (2011). Evaluation of internal reference genes for quantitative expression
analysis by real-time PCR in ovine whole blood. Int. J. Mol. Sci. 12, 7732-7747.
doi: 10.3390/ijms12117732

Ren, D. R,, Ren, ], Ruan, G. E, Guo, Y. M., Wu, L. H,, Yang, G. C,, et al. (2012).
Mapping and fine mapping of quantitative trait loci for the number of vertebrae
in a White Duroc x Chinese Erhualian intercross resource population. Anim.
Genet. 43, 545-551. doi: 10.1111/j.1365-2052.2011.02313.x

Rohrer, G. A., Nonneman, D. J., Wiedmann, R. T., Schneider, J. E. (2015). A study
of vertebra number in pigs confirms the association of vertnin and reveals
additional QTL. BMC Genetics 16, 1-9. doi: 10.1186/s12863-015-0286-9

Rubin, C. J., Megens, H. J., Barrio, A. M., Magbool, K., Sayyab, S., Schwochow, D.,
et al. (2012). Strong signatures of selection in the domestic pig genome. Proc.
Nat. Acad. Sci. 109, 19529-19536. doi: 10.1073/pnas.1217149109

Rubin, C.J., Zody, M. C,, Eriksson, J., Meadows, J. R., Sherwood, E., Webster, M. T.,
et al. (2010). Whole-genome resequencing reveals loci under selection during
chicken domestication. Nature 464, 587-591. doi: 10.1038/nature08832

Sasaki, J., Kofuji, S., Itoh, R., Momiyama, T., Takayama, K., Murakami, H., et al.
(2010). The PtdIns (3, 4) P2 phosphatase INPP4A is a suppressor of excitotoxic
neuronal death. Nature 465, 497-501. doi: 10.1038/nature09023

Schimandle, J. H., and Boden, S. D. (1994). Spine update. The use of animal
models to study spinal fusion. Spine 19, 1998-2006. doi: 10.1097/
00007632-199409000-00023

Frontiers in Genetics | www.frontiersin.org

July 2019 | Volume 10 | Article 674


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1038/nature11837
https://doi.org/10.2527/jas1948.72233x
https://doi.org/10.1186/s12711-018-0443-5
https://doi.org/10.1016/j.smallrumres.2017.07.011
https://doi.org/10.1016/j.smallrumres.2017.07.011
https://doi.org/10.1016/j.meatsci.2014.09.143
https://doi.org/10.1080/09712119.2012.658059
https://doi.org/10.2527/jas.2012-5456
https://doi.org/10.1016/j.smallrumres.2013.11.020
https://doi.org/10.1016/j.smallrumres.2013.11.020
https://doi.org/10.7150/ijbs.23815
https://doi.org/10.1186/1471-2164-15-542
http://doi.org/10.1002/(SICI)1097-010X(19990415)285:1<19::AID-JEZ3>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-010X(19990415)285:1<19::AID-JEZ3>3.0.CO;2-Z
https://doi.org/10.1126/science.1234485
https://doi.org/10.1126/science.1167936
https://doi.org/10.1126/science.1167936
https://doi.org/10.1111/j.1740-0929.2012.01066.x
https://doi.org/10.1101/gad.9.13.1667
https://doi.org/10.1038/ng.2673
https://doi.org/10.1111/j.1365-2265.2006.02683.x
https://doi.org/10.1097/BOR.0b013e32816e06f9
https://doi.org/10.1097/BOR.0b013e32816e06f9
https://doi.org/10.1111/ede.12069
https://doi.org/10.1038/ng.2007.10
https://doi.org/10.1017/S0003356100033493
https://doi.org/10.1016/0925-4773(94)90073-6
https://doi.org/10.1016/0925-4773(94)90073-6
https://doi.org/10.1016/j.smallrumres.2017.02.021
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.pone.0105867
https://doi.org/10.1016/j.ydbio.2010.04.024
https://doi.org/10.1016/j.ydbio.2010.04.024
https://doi.org/10.1186/1471-2156-12-5
https://doi.org/10.1101/gr.6085507
https://doi.org/10.1002/glia.22538
https://doi.org/10.1093/gigascience/giy019
https://doi.org/10.3390/ijms12117732
https://doi.org/10.1111/j.1365-2052.2011.02313.x
https://doi.org/10.1186/s12863-015-0286-9
https://doi.org/10.1073/pnas.1217149109
https://doi.org/10.1038/nature08832
https://doi.org/10.1038/nature09023
https://doi.org/10.1097/00007632-199409000-00023
https://doi.org/10.1097/00007632-199409000-00023

Lietal

Genetic Selection for Thoracic Number

Stephan, W. (2010). Genetic hitchhiking versus background selection: the
controversy and its implications. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365,
1245-1253. doi: 10.1098/rstb.2009.0278

Thornton, P. K., and Herrero, M. (2010). Potential for reduced methane and carbon
dioxide emissions from livestock and pasture management in the tropics. Proc.
Nat. Acad. Sci. 107, 19667-19672. doi: 10.1073/pnas.0912890107

Van, Der, Deure, W. M., Uitterlinden, A. G., Hofman, A., Rivadeneira, E, Pols, H. A.,
et al. (2008). Effects of serum TSH and FT4 levels and the TSHR-Asp727Glu
polymorphism on bone: the Rotterdam Study. Clin. Endocrinol. 68, 175-181. doi:
10.1111/§.1365-2265.2007.03016.x

Vasiliou, V., Pappa, A., and Petersen, D. R. (2000). Role of aldehyde dehydrogenases
in endogenous and xenobiotic metabolism. Chem. Biol. Interact. 129, 1-19. doi:
10.1016/S0009-2797(00)00211-8

Walkley, S. U.,, and Suzuki, K. (2004). Consequences of NPC1 and NPC2 loss
of function in mammalian neurons. Biochim. Biophys. Acta Biophys. Incl.
Photsynth. 1685, 48-62. doi: 10.1016/j.bbalip.2004.08.011

Wang, K., Li, M. Y., and Hakonarson, H. (2010). ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic Acids Res.
38, e164. doi: 10.1093/nar/gkq603

Weir, B. S., and Cockerham, C. C. (1984). Estimating F-statistics for the analysis of
population structure. Evolution 38, 1358-1370. doi: 10.1111/j.1558-5646.1984.
tb05657.x

Yan, G, Qiao, R., Zhang, E, Xin, W, Xiao, S., Huang, T, et al. (2017). Imputation-
based whole-genome sequence association study rediscovered the missing QTL for
lumbar number in Sutai pigs. Sci. Rep. 7 (1), 615. doi: 10.1038/s41598-017-00729-0

Yang, G., Ren, J., Zhang, Z., and Huang, L. (2009). Genetic evidence for the
introgression of Western NR6A1 haplotype into Chinese Licha breed
associated with increased vertebral number. Anim. Genet. 40 (2), 247-250. doi:
10.1111/j.1365-2052.2008.01820.x

Yang, J., Huang, L. S., Yang, M., Fan, Y., Li, L., Fang, S. M., et al. (2016). Possible
introgression of the VRTN mutation increasing vertebral number, carcass
length and teat number from Chinese pigs into European pigs. Sci. Rep. 6,
19240. doi: 10.1038/srep19240

Zhang, L. C,, Lin, X,, Liang, J., Yan, H., Zhao, K. B., Na, L., et al. (2015). Quantitative
trait loci for the number of vertebrae on Sus scrofa chromosomes 1 and 7

independently influence the numbers of thoracic and lumbar vertebrae in pigs.
J. Integr. Agric. 14, 2027-2033. doi: 10.1016/52095-3119(15)61084-X

Zhang, L. L., and Si, Q. B. L. G. (1997). A study on the population genetics of
multiver tebral genes in Mongolia sheep. Hereditas (s1), 67-69. doi: 10.16288/j.
y¢z2.1997.51.027

Zhang, L., Luo, X., and Zhang, S. (1998). The lengths of thoracic and lumbar
vertebrae and the performance of Mongolia sheep. J. Inner Mong. Inst. Agric.
Ani. Husb 19 (3), 1-5.

Zhang, Z., Sun, Y., Du, W,, He, S., Liu, M., and Tian, C. (2017). Effects of vertebral
number variations on carcass traits and genotyping of Vertnin candidate gene
in Kazakh sheep. Asian Australas. J. Anim. Sci. 30 (9), 1234. doi: 10.5713/
ajas.16.0959

Zhou, L., Wang, S. B, Jian, J. B., Geng, Q. C., Wen, ], Song, Q. ], et al. (2015).
Identification of domestication-related loci associated with flowering time and
seed size in soybean with the RAD-seq genotyping method. Sci. Rep. 5, 9350.
doi: 10.1038/srep09350

Zhou, Z. K., Jiang, Y., Wang, Z., Gou, Z. H,, Lyu, ], Li, W. Y,, et al. (2015).
Resequencing 302 wild and cultivated accessions identifies genes related to
domestication and improvement in soybean. Nat. Biotechnol. 33, 408-414. doi:
10.1038/nbt.3096

Zhu, H., Zhao, J. Z., Zhou, W. R,, Li, H. J., Zhou, R. ],, Zhang, L. L., et al. (2012).
Ndrg2 regulates vertebral specification in differentiating somites. Dev. Biol.
369, 308-318. doi: 10.1016/j.ydbio.2012.07.001

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Li, Li, Li, Ni, Xu, Yao, Wei, Zhang, Li, Zhao, Liu, Ullah, Jiang
and Hu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

July 2019 | Volume 10 | Article 674


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1098/rstb.2009.0278
https://doi.org/10.1073/pnas.0912890107
https://doi.org/10.1111/j.1365-2265.2007.03016.x
https://doi.org/10.1016/S0009-2797(00)00211-8
https://doi.org/10.1016/j.bbalip.2004.08.011
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1038/s41598-017-00729-0
https://doi.org/10.1111/j.1365-2052.2008.01820.x
https://doi.org/10.1038/srep19240
https://doi.org/10.1016/S2095-3119(15)61084-X
https://doi.org/10.16288/j.yczz.1997.s1.027
https://doi.org/10.16288/j.yczz.1997.s1.027
https://doi.org/10.5713/ajas.16.0959
https://doi.org/10.5713/ajas.16.0959
https://doi.org/10.1038/srep09350
https://doi.org/10.1038/nbt.3096
https://doi.org/10.1016/j.ydbio.2012.07.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Whole-Genome Resequencing Reveals Loci Associated With Thoracic Vertebrae Number in Sheep

	Introduction

	Materials and Methods

	Animals

	DNA Library Construction and Sequencing

	Variation Detection and Annotation

	Selective-Sweep Analysis

	Analysis of the Expression Level of the VRTN Gene in Sheep Fetuses


	Results

	Whole-Genome High-Throughput Sequencing of Kazakh Sheep

	Genome Variation Analysis

	Selective-Sweep Analysis

	Analysis of Expression Levels of the VRTN Gene


	Discussion

	Data Availability

	Ethics Statement

	Author Contributions

	Funding

	Acknowledgments

	﻿Supplementary Material

	References



