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Simple Summary: Hypoxia-inducible factors (HIFs) play an important role in the adaptation of
animals to high-altitude hypoxia. In high-altitude indigenous species, variation in the hypoxia-
inducible factor-1 alpha (HIF-1α) gene has been reported in Tibetans, yaks and Tibetan horses, but
has not been investigated in Tibetan sheep, and is not known if it might affect high-altitude hypoxia
adaptation in these sheep. In this study, Kompetitive Allele-Specific PCR (KASP) was used for
genotyping of ovine HIF-1α and investigated the effect of variation in HIF-1α on the high-altitude
hypoxia adaptation of Tibetan sheep. The results suggest that ovine HIF-1α variants may promote
the ability of oxygen utilization in Tibetan sheep and it may serve as a genetic marker for improving
high-altitude hypoxia adaptability.

Abstract: The Tibetan sheep is an indigenous species of the Tibetan plateau and has been well
adapted to high-altitude hypoxia. In comparison to lowland sheep breeds, the blood gas indicators
have changed and the HIFs signaling pathway is activated in Tibetan sheep. These phenotypic and
genetic alterations in Tibetan sheep are thought to be an important basis for adaptation to high-
altitude hypoxia and variation in genes encoding the subunits that make up HIFs, such as HIF-1α can
affect blood gas indicators. In this study, exons 9, 10, 12 of the HIF-1α gene were sequenced to find
variations and 3 SNPs were detected, and these 3 SNPs were genotyped by KASP in 341 Hu sheep
and 391 Tibetan sheep. In addition, 197 Hu sheep, 160 Tibetan sheep and 12 Gansu alpine merino
sheep were used for blood gas indicators analysis. The results showed significant differences between
the blood gas indicators of high-altitude breeds (Tibetan sheep and Gansu alpine merino sheep) and
low-altitude breeds (Hu sheep), implying that the differences in blood gas indicators are mainly
caused by differences in altitude. The haplotype combinations H2H3 and H1H3 were more frequent
in the Tibetan sheep population, H2H3 increases O2 carrying capacity by increasing hematocrit
and hemoglobin concentrations; H1H3 makes O2 dissociate more readily from oxyhemoglobin by
decreasing partial pressure of oxygen and oxygen saturation. These results suggest that variants
at the HIF-1α promote the ability of oxygen utilization in Tibetan sheep, which may underpin the
survival and reproduction of Tibetan sheep on the Tibetan plateau.

Keywords: Tibetan sheep; blood gas indicators; HIF-1α; high-altitude hypoxia; adaptation

1. Introduction

The Tibetan Plateau is the highest region on Earth with an average altitude of over
4000 m and extreme environmental conditions [1], representing more than 25% of the
territory of China, inhabited by many unique high-altitude animals including Tibetan
sheep. With long-term adaptation, Tibetan sheep compared to those at the plain are more
capable of adapting to the harsh environment, especially hypoxia. Therefore, Tibetan sheep
becomes an ideal model to study adaptation to high-altitude hypoxia.
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Oxygen is an essential substrate for life activities, at an altitude of 3000 m, the avail-
able O2 is less than 70% of sea level [2]. To cope with the low O2 concentration at high
altitudes, phenotypic and genetic alterations have occurred in Tibetan sheep, and the
hypoxia-inducible factors (HIFs) signaling pathway play a vital role in these changes [3].
HIFs is a family of proteins that function as master regulators of genes transcription in
the cellular response to hypoxia, which is composed by one of three hypoxia-inducible
expression subunit α (HIF-1α, HIF-2α, or HIF-3α) and a constitutively expressed subunit
β (HIF-β). Under normoxic conditions, HIF-α was hydroxylated via interactions with
prolyl hydroxylase domain (PHDs) proteins, which provide a binding locus for the von
Hippel-Lindau (VHL) protein and causes HIF-α degradation. However, under hypoxic
conditions, the hydroxylation is prevented, stabilized HIF-α dimerization with HIF-β and
binding with hundreds of target genes to initiate transcription [4], such as erythropoietin
(EPO), hemoglobin (HB), and vascular endothelial growth factor (VEGF), etc.

Therefore, the subunits that make up HIFs, such as HIF-1α can affect the adaptation
of Tibetan sheep to high altitude hypoxia. High HIF-1α expression is associated with
high-altitude hypoxia adaptation in Tibetan pigs [5], and HIF-1α detected in selection signal
analysis is associated with high-altitude hypoxia adaptation in Tibetan sheep [6,7]. How-
ever, the contribution of HIF-1α variation to high-altitude hypoxia adaptation of Tibetan
sheep is unclear. In this study, two high-altitude breeds (Tibetan sheep and Gansu alpine
merino sheep) and one low-altitude breed (Hu sheep) were used as research materials.
Differences in blood gas indicators, an important aspect of mammalian adaptation to high-
altitude hypoxia [8], were compared between these breeds. The reason for selecting a group
of breeds from high-altitude and a breed from lowlands was to avoid breed-specific fea-
tures. Furthermore, based on polymorphism predictions of the ENSEMBL database, exons
9, 10, 12 of the HIF-1α gene were selected for sequencing to find variants, and detected
variants were genotyped by Kompetitive Allele-Specific PCR (KASP) in Tibetan sheep and
Hu sheep. In the end, association analysis was performed between blood gas indicators
and genotypes as well as haplotype combinations.

2. Materials and Methods

The animal study was approved by the Animal Care Committee at Gansu Agricultural
University (approval number GAU-LC-2020-056). All experiments for these sheep were
conducted according to animal protection and use guidelines established by the Ministry
of Science and Technology of the People’s Republic of China (Approval number 2006-398).

2.1. Study Objects and Blood Gas Indicators Measure

Three hundred and ninety-one Tibetan sheep and 341 Hu sheep were used to study
for variation in three exons (9, 10, 12) of HIF-1α. Among these sheep, 160 Tibetan sheep,
197 Hu sheep, and an additional 12 Gansu alpine merino sheep were used for blood gas
indicators analysis. All these sheep were healthy ewes around 3 years old. The Tibetan
sheep and Gansu alpine merino sheep live in Maqu County and Tianzhu County, Gansu
Province, China, respectively, all over 3000 m above sea level, and the Hu sheep live in
Yuqian Town, Zhejiang Province, China, below 100 m above sea level.

Jugular vein blood was collected from each sheep using a 5 mL sodium heparin
tube, and a portion was loaded onto TFN paper (Munktell Filter AB, Falun, Sweden)
for extracting DNA by the two-step procedure [9]. The remaining blood was used to
directly measure blood gas indicators by i-STAT blood gas analyzer (Abbott, Chicago, IL,
United States), including pH, partial pressure of oxygen (pO2), oxygen saturation (sO2),
partial pressure of carbon dioxide (pCO2), total carbon dioxide (tCO2), hematocrit (Hct),
hemoglobin (Hb) concentration, and glucose (Glu) concentration. The half-saturation
oxygen partial pressure (p50) of each sample was calculated by pH, pO2, and sO2 as an
indicator of blood oxygen affinity according to the formula of Lichtman et al. [10], which
represented the pO2 at 50% saturation of Hb.
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2.2. PCR Amplification and Genotyping

The primers for the three exons were designed using Primer 5.0 (Table 1). Genomic
DNA of 20 Tibetan sheep was used to amplify the three exons followed by sequencing
all amplicons. The primer synthesis, amplification, and sequencing were performed by
Sangon Biotech Co., Ltd. (Shanghai, China). The sequencing results were blast to detect
SNPs, and KASP genotyping assays were performed by Gentides Biotech Co., Ltd. (Wuhan,
China). After the reaction, the fluorescence data was read using an enzyme labeler with
fluorescence resonance energy transfer (FRET) function, and the LGC-OMEGA software
was used to generate genotyping maps.

Table 1. Primer information for the three exons of HIF-1α.

Gene Exon Forward (5′→3′) Reverse (5′→3′)

HIF-1α 9 TCAGAGTCCTCCTCCTCCAA GGCCACAATGTCCAAATGAT
HIF-1α 10 TGCAGCAGCCATAAGTTGAG CCTGAAACATGGGACTGAGG
HIF-1α 12 TCTCAAGTGGCTGTGGGTTT GGGTTGGAAAGAGTTGGACA

2.3. Statistical Analyses

After successful HIF-1α genotyping using the KASP assay, allele frequencies, genotype
frequencies, polymorphism information content (PIC), homozygosity (Ho), heterozygos-
ity (He), and effective allele numbers (Ne) were calculated using formulas described by
Botstein et al. [11]. Hardy–Weinberg equilibrium (HWE) tests were performed using chi-
square (χ2) tests. Linkage disequilibrium analysis and construction of haplotypes were
performed using Haploview 4.2. One-way analysis of variance (ANOVA) and t-test was
performed to reveal the differences in blood gas indicators between the three breeds, and
genotype frequencies between Tibetan sheep and Hu sheep. The associations between the
different genotypes or haplotype combinations and blood gas indicators were analyzed
using the following general linear model by SPSS 19.0: Yijk = µ + Gi/Hi + Bj + Ak + εijk,
where Yijk represents the phenotypic observation, µ represents the population mean, Gi
or Hi represent the effects of genotype or haplotype combination, Bj and Ak represent the
effects of breed and altitude, and εijk represents random error. p < 0.05 or p < 0.01 indicates
significant or extremely significant differences.

3. Results
3.1. Differences in Blood Gas Indicators between Breeds

The blood gas indicators were measured using a blood gas analyzer, and the difference
between Tibetan sheep, Hu sheep, and Gansu alpine merino sheep was compared. The
results showed that the pO2, pCO2, sO2, Hct, Hb concentration, and tCO2 were lower in
Tibetan sheep and Gansu alpine merino sheep than in Hu sheep (p < 0.01 or p < 0.05). The
p50 and Glu concentration were higher (p < 0.05) and lower (p < 0.01) in Tibetan sheep than
in Hu sheep (Figure 1).

3.2. Variation of HIF-1α in Tibetan Sheep and Hu Sheep

Sequencing of exons 9, 10, 12 of the HIF-1α in 20 Tibetan sheep revealed SNPs at
g.76805181, g.76806025, and g.76808146, respectively (Figure 2). The three SNPs were
genotyped by the KASP assay and all three genotypes were present in both Tibetan sheep
and Hu sheep: GG, GA, AA/GG, GA, AA/TT, TA, AA, respectively (Figure 3). GG and AA
genotype frequencies at position g.76805181 were higher (p = 0.022) and lower (p = 0.012)
in Tibetan sheep than in Hu sheep, and the nucleotide transition from G to A led to a valine
to isoleucine amino acid change. The AA genotype frequencies at position g.76806025 were
lower (p = 0.008) in Tibetan sheep than in Hu sheep, and the nucleotide transition from G
to A did not result in amino acid change. The TT and TA genotype frequencies at position
g.76808146 were lower (p = 0.005) and higher (p = 0.023) in Tibetan sheep than in Hu
sheep, and the nucleotide transversion from T to A led to a serine to threonine amino acid
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change. G/G/T, A/A/T were the dominant allele at the three positions of Tibetan sheep
and Hu sheep, respectively (Table 2). Population genetic analysis of the three positions
in Tibetan sheep and Hu sheep revealed that g.76805181 and g.76806025 were moderately
polymorphic (0.25 < PIC < 0.5) and g.76808146 was lowly polymorphic (PIC < 0.25), and
the three positions were in HWE in both populations (p > 0.05) (Table 3).
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Figure 1. Differences in blood gas indicators between Tibetan sheep, Hu sheep and Gansu alpine
merino sheep. Partial pressure of carbon dioxide (pCO2) and partial pressure of oxygen (pO2) (A),
oxygen saturation (sO2) and hematocrit (Hct) (B), hemoglobin (Hb) concentration (C), half-saturation
oxygen partial pressure (p50) (D), total carbon dioxide (tCO2) and glucose (Glu) concentration (E) are
shown. * Indicates significant (p < 0.05) and ** indicates extremely significant (p < 0.01) differenced.
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Table 2. Frequencies of genotype and allele in three positions of HIF-1α gene in Tibetan sheep (TS)
and Hu sheep (HS).

Locus Genotype
Genotype Frequency

p Allele
Allele Frequency

TS (n) HS(n) TS HS

g.76805181 G > A
GG 0.319 a (120) 0.241 b (77) 0.022 G 0.569 0.491
GA 0.500 (188) 0.499 (159) 0.967 A 0.431 0.509
AA 0.181 b (68) 0.260 a (83) 0.012

g.76806025 G > A
GG 0.273 (102) 0.240 (80) 0.302 G 0.544 0.485
GA 0.542 (202) 0.491 (164) 0.180 A 0.456 0.515
AA 0.185 B (69) 0.269 A (90) 0.008

g.76808146 T > A
TT 0.749 B (293) 0.834 A (281) 0.005 T 0.859 0.911
TA 0.220 a (86) 0.154 b (52) 0.023 A 0.141 0.089
AA 0.031 (12) 0.012 (4) 0.075

Genotype frequencies within rows that do not share a lowercase superscript letter (a or b) or uppercase superscript
letter (A or B) are different at p < 0.05 or p < 0.01.

Table 3. Population genetics analysis of three positions of HIF-1α gene in Tibetan sheep (TS) and Hu
sheep (HS).

Locus Breed PIC 1 He 2 Ho 3 Ne 4 HWE 5

g.76805181
G > A

TS 0.370 0.490 0.510 1.963 p > 0.05
HS 0.375 0.500 0.500 1.999 p > 0.05

g.76806025
G > A

TS 0.373 0.496 0.504 1.985 p > 0.05
HS 0.475 0.500 0.500 1.998 p > 0.05

g.76808146
T > A

TS 0.213 0.242 0.758 1.320 p > 0.05
HS 0.149 0.162 0.838 1.194 p > 0.05

1 Polymorphism information content; 2 heterozygosity; 3 homozygosity; 4 effective allele numbers; 5 Hardy–
Weinberg equilibrium.

Linkage disequilibrium and haplotype analysis revealed that the three SNPs were in a
strong linkage state (Figure 4). Six and eight haplotypes were constructed in the Tibetan
sheep and Hu sheep populations, respectively, combining these haplotypes formed four
haplotype combinations with frequencies greater than 0.03 (Table 4).
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Table 4. Haplotypes and haplotype combinations of three SNPs of HIF-1α gene.

Haplotype SNP1 SNP2 SNP3
Frequency/% Haplotype

Combination
Frequency/%

TS HS TS HS

H1 (AAT) A A T 0.416 0.473 H1H1 0.173 0.224
H2 (GGT) G G T 0.403 0.422 H1H2 0.168 0.200
H3 (GGA) G G A 0.138 0.052 H1H3 0.057 0.025
H4 (GAT) G A T 0.020 0.010 H2H2 0.162 0.178
H5 (AGT) A G T 0.020 0.007 H2H3 0.056 0.022
H6 (AAA) A A A 0.029
H7 (GAA) G A A 0.002 0.006
H8 (AGA) A G A 0.001

3.3. Association Analysis of Genotype and Haplotype Combinations with Blood Gas Indicators

The association analysis between genotype and blood gas indicators found that the
individuals with AA genotypes at position g.76805181 had higher pO2 and sO2 than
individuals with GA and GG genotypes (p < 0.05), while the p50 was lower than individuals
with GG genotype (p < 0.05). The individuals with AA genotypes at position g.76806025 had
higher pO2 and sO2 than individuals with GA genotypes (p < 0.05), while the Hct and Hb
concentrations were lower than individuals with GG genotype (p < 0.05). The individuals
with TT genotype at position g.76808146 had higher pO2 and sO2 than individuals with
TA genotype (p < 0.05), while the tCO2 was higher than individuals with AA genotype
(p < 0.05; Figure 5).
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Figure 5. Association analysis of genotype at the g.76805181, g.76806025 and g.76808146 positions of
the ovine HIF-1α gene with partial pressure of oxygen (pO2) (A), oxygen saturation (sO2) (B), half-
saturation oxygen partial pressure (p50) (C), hematocrit (Hct) (D), hemoglobin (Hb) concentration
(E) and total carbon dioxide (tCO2) (F). * Indicates significant difference between the genotypes
(p < 0.05).

The association analysis between haplotype combinations and blood gas indicators
found that the pO2 of H1H1 was higher than that of H1H3 (p < 0.05), the sO2 of H1H1 and
H2H2 was higher than that of H1H3 and H2H3 (p < 0.05), the Hct and Hb concentration of
H1H1 were lower than that of H2H3 (p < 0.05), and the tCO2 of H1H1, H1H2, and H2H2
was higher than that of H2H3 (p < 0.05; Figure 6).
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4. Discussion

In this study, blood gas indicators were measured in 160 Tibetan sheep, 197 Hu sheep,
and 12 Gansu alpine merino sheep. The results showed that the Hct, Hb concentration,
pO2, sO2, pCO2, and tCO2 were lower in Tibetan sheep and Gansu alpine merino sheep
than in Hu sheep (p < 0.01 or p < 0.05). The p50 and Glu concentration were higher (p < 0.05)
and lower (p < 0.01) in Tibetan sheep than in Hu sheep. (Figure 1). None of these indicators
were different in Tibetan sheep and Gansu alpine merino sheep (p > 0.05), except for
tCO2, suggesting that the blood gas indicators of Tibetan sheep and Gansu alpine merino
sheep, indigenous animals inhabiting the Tibetan plateau, differ significantly from those of
Hu sheep inhabiting the plains. This implies that the differences in blood gas indicators
between Tibetan sheep and Hu sheep are mainly caused by differences in altitude.

Similarly, both Hct and Hb concentrations were lower in Tibetans than in lowlan-
ders [12,13]; similar results were also found in the Tibetan horse [14]. The reduced Hct
and Hb concentrations found in the Tibetan sheep and other species lead to reduced blood
viscosity, it is a blunted response to hypoxia, likely facilitates blood circulation, and higher
blood flow contributes to Tibetans overcoming the high-altitude hypoxia environment [15].
In addition to this, pO2 and sO2 decrease with ambient O2 pressure decreases, which is one
basis for defining high altitude [16]. The lower pO2, sO2, Hct, and Hb concentration, means
fewer available O2 and O2 carriers, however, the animals inhabiting the high altitudes
tend to use and deliver O2 more efficiently, thus the energy supply of highlanders, such as
Sherpas and Tibetans, is mainly through glucose oxidation and glycolysis, especially the
latter. Because carbohydrates can provide more ATP than fatty acids when consuming per
molecule of O2 [17,18], namely, high-altitude hypoxia can lead to lower plasma glucose [19],
which is consistent with the results of this study. The p50 indicates blood oxygen affinity,
high p50 means that oxyhemoglobin more easily releases O2 into the tissues, thus increasing
the efficiency of oxygen delivery [20]. Compared to other high-altitude sojourners, Tibetans
exhibit higher resting ventilation [21]. It was also found that the resting respiratory rate of
Tibetan sheep at an altitude of 3500 m was higher than that of Small Tail Han sheep at an
altitude of 1500 m (p < 0.05) [22]. This is because the lower ambient O2 pressure stimulates
the respiratory center to increase resting ventilation [23], leading to more exhaled CO2,
that is, lower pCO2 and tCO2 in venous blood. In aggregate, these changes in blood gas
indicators help Tibetan sheep and Gansu alpine merino sheep to overcome chronic hypoxia.

HIF-1α is a key regulator of adaptation to high-altitude hypoxia. This study found
that the AA genotype frequencies at positions g.76805181 and g.76806025, TT at position
g.76808146 in the Tibetan sheep population were lower than those in the Hu sheep popu-
lation (p < 0.05 or p < 0.01; Table 2); all these genotype individuals were associated with
higher pO2 and sO2 (p < 0.05). In addition, AA individuals at position g.76805181 had lower
p50 compared to GG individuals (p < 0.05); AA individuals at position g.76806025 had
lower Hct and Hb compared to GG individuals (p < 0.05), and TT individuals at position
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g.76808146 had higher tCO2 compared to AA individuals (p < 0.05; Figure 5). Due to the
nucleotide transition at position g.76805181 from G to A leading to a valine to isoleucine
amino acid change, this non-synonymous variation may affect the protein structure and
further affect its function. When p50 is elevated, the oxygen dissociation curve shifts to the
right, leading to a decrease in hemoglobin–oxygen affinity, easier dissociation of oxygen
from oxyhemoglobin, and alleviation of tissue hypoxia, the lower pO2 and sO2 facilitates
this process to proceed. Since high hemoglobin–oxygen affinity does not increase the organ-
ism’s high-altitude adaptability [24], on the contrary, organisms may adapt to the hypoxic
environments by decreasing hemoglobin–oxygen affinity, that is, increasing p50. These
results suggest that GG individuals at position g.76805181 release O2 more efficiently to
tissues by decreasing pO2 and sO2 while increasing p50. Erythrocytosis occurs in lowland
sojourners at altitudes >4300 m, with pathologically elevated Hct and Hb concentration [25],
but increased Hct and Hb concentrations in a moderate range are conducive to increased
oxygen transfer efficiency. The GG individuals at position g.76806025 might increase the
Hct and Hb concentrations within reasonable limits, causing more effective oxygen delivery
of Tibetan sheep. Glycolysis produces less CO2 and is more active in high-altitude indige-
nous animals than in lowland animals [18]. The AA individuals at position g. 76808146
associated with lower tCO2 (p < 0.05), which may be due to the more active glycolysis
in these individuals, the nucleotide transversion from T to A at this position leading to a
serine to threonine amino acid change, this non-synonymous variation may have a minor
influence on this process.

The analysis of individual SNP is less useful when studying the effect of genetic
variation on phenotype, while haplotypes analysis can provide a richer amount of informa-
tion. In this study, four haplotype combinations with frequencies greater than 0.03 were
constructed. Association analysis with blood gas indicators showed that Hct and Hb con-
centrations of H2H3 were higher than that of H1H1 (p < 0.05), tCO2 lower than that of H1H1
(p < 0.05), while pO2 and sO2 of H1H1 were higher than that of H1H3 (p < 0.05; Figure 6).
Increased Hct and Hb concentrations with altitude allowed for greater oxygen-carrying
capacity, but too high Hct and Hb concentrations can lead to a series of chronic mountain
sickness. Adaptation to high-altitude hypoxia is the result of the body responding and
balancing in various ways, such as increased heart rate [26], pulmonary ventilation [21,22],
and blood volume [27], thickened arterial walls [28], and shifts in metabolic preferences [18].
Increased heart rate requires lower blood viscosity, otherwise, it will lead to pulmonary
hypertension, therefore, Hct and Hb concentrations in high-altitude indigenous animals are
even lower than in lowland animals. Moreover, the Hct and Hb concentrations in Tibetan
sheep and Gansu alpine merino sheep were lower than in Hu sheep, but total Hb mass
may increase through increased blood volume [27]. Therefore, the increase in Hct and Hb
concentrations within a reasonable range is conducive to the adaptation to high-altitude hy-
poxia. The high frequency of H2H3 individuals in the Tibetan sheep population had higher
Hct and Hb concentrations along with lower tCO2, suggesting that these individuals have a
strong O2-carrying capacity and a preference for glycolysis, which allows O2 utilization for
more demanding life activities, such as nomadism and reproduction. Prophase O2 delivery
in vivo includes binding and dissociation from Hb, increased pulmonary ventilation, heart
rate, and total blood volume to ensure that there is enough O2 available to bind Hb in
hypoxic environments. Dissociation of O2 often occurs in tissues with lower pO2; in other
words, lower pO2 facilitates O2 dissociation from oxyhemoglobin. The high frequency of
H1H3 individuals in the Tibetan sheep population had lower pO2 and sO2, suggesting that
these individuals have a higher O2 delivery capacity.

5. Conclusions

This study showed that the g.76805181, g.76806025, and g.76808146 variants were as-
sociated with increased oxygen delivery and utilization efficiency. Haplotype combinations
H2H3 and H1H3 were more frequent in the Tibetan sheep population, H2H3 increased
O2-carrying capacity by increasing Hct and Hb concentrations and was significantly as-
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sociated with low tCO2, possibly promoting glycolysis. H1H3 makes O2 dissociate more
readily from oxyhemoglobin by decreasing pO2 and sO2, which together influence oxygen
metabolism and enable Tibetan sheep to overcome the survival challenges of hypoxia on
the Tibetan plateau.

Author Contributions: Conceptualization, P.Z., S.L. and Y.L.; funding acquisition, S.L. and Y.L.;
project administration, J.W., X.L. and Z.Z.; performed experiments, P.Z., Z.H., Q.X. and H.S.; data
analyzed, P.Z.; writing, P.Z. and S.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the fund for Basic Research Creative Groups
of Gansu Province (17JR5RA137), the Fuxi Young Talents Fund of Gansu Agricultural University
(Gaufx-03Y04) and the Projects of Gansu Agricultural University (GSAU-ZL-2015-033).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Gansu Agricultural University (protocol code GAU-LC-2020-056, 14 August 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Huitong Zhou for comments on this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thompson, L.G.; Yao, T.; Mosley, T.E.; Davis, M.E.; Henderson, K.A.; Lin, P.N. A High-Resolution Millennial Record of the South

Asian Monsoon from Himalayan Ice Cores. Science 2000, 289, 1916–1919. [CrossRef] [PubMed]
2. Beall, C.M. Adaptation to High Altitude: Phenotypes and Genotypes. Annu. Rev. Anthropol. 2014, 43, 251–272. [CrossRef]
3. Wei, C.; Wang, H.; Liu, G.; Zhao, F.; Kijas, J.W.; Ma, Y.; Lu, J.; Zhang, L.; Cao, J.; Wu, M.; et al. Genome-wide analysis reveals

adaptation to high altitudes in Tibetan sheep. Sci. Rep. 2016, 6, 26770. [CrossRef]
4. Prabhakar, N.R.; Semenza, G.L. Adaptive and Maladaptive Cardiorespiratory Responses to Continuous and Intermittent Hypoxia

Mediated by Hypoxia-Inducible Factors 1 and 2. Physiol. Rev. 2012, 92, 967–1003. [CrossRef]
5. Gan, M.; Shen, L.; Fan, Y.; Guo, Z.; Liu, B.; Chen, L.; Tang, G.; Jiang, Y.; Li, X.; Zhang, S.; et al. High Altitude Adaptability and

Meat Quality in Tibetan Pigs: A Reference for Local Pork Processing and Genetic Improvement. Animals 2019, 9, 1080. [CrossRef]
[PubMed]

6. Liu, J.; Yuan, C.; Guo, F.; Wang, Y.; Zeng, X.; Ding, Z.; Lu, Z.; Renqing, D.; Zhang, H.; Xu, X.; et al. Genetic signatures of
high-altitude adaptation and geographic distribution in Tibetan sheep. Sci. Rep. 2020, 10, 18332. [CrossRef]

7. Zhang, Y.; Xue, X.; Liu, Y.; Abied, A.; Ding, Y.; Zhao, S.; Wang, W.; Ma, L.; Guo, J.; Guan, W.; et al. Genome-wide comparative
analyses reveal selection signatures underlying adaptation and production in Tibetan and Poll Dorset sheep. Sci. Rep. 2021,
11, 2466. [CrossRef] [PubMed]

8. Beall, C.M.; Cavalleri, G.L.; Deng, L.; Elston, R.C.; Gao, Y.; Knight, J.; Li, C.; Li, J.C.; Liang, Y.; McCormack, M.; et al. Natural
selection on EPAS1 (HIF2α) associated with low hemoglobin concentration in Tibetan highlanders. Proc. Natl. Acad. Sci. USA
2010, 107, 11459–11464. [CrossRef] [PubMed]

9. Zhou, H.; Hickford, J.G.H.; Fang, Q. A two-step procedure for extracting genomic DNA from dried blood spots on filter paper for
polymerase chain reaction amplification. Anal. Biochem. 2006, 354, 159–161. [CrossRef]

10. Lichtman, M.A.; Murphy, M.S.; Adamson, J.W. Detection of mutant hemoglobins with altered affinity for oxygen. A simplified
technique. Ann. Intern. Med. 1976, 84, 517–520. [CrossRef]

11. Botstein, D.; White, R.L.; Skolnick, M.; Davis, R.W. Construction of a genetic linkage map in man using restriction fragment
length polymorphisms. Am. J. Hum. Genet. 1980, 32, 314–331. [CrossRef]

12. Simonson, T.S.; Yang, Y.; Huff, C.D.; Yun, H.; Qin, G.; Witherspoon, D.J.; Bai, Z.; Lorenzo, F.R.; Xing, J.; Jorde, L.B.; et al. Genetic
Evidence for High-Altitude Adaptation in Tibet. Science 2010, 329, 72–75. [CrossRef] [PubMed]

13. Yang, J.; Jin, Z.; Chen, J.; Huang, X.; Li, X.; Liang, Y.; Mao, J.-Y.; Chen, X.; Zheng, Z.; Bakshi, A.; et al. Genetic signatures of
high-altitude adaptation in Tibetans. Proc. Natl. Acad. Sci. USA 2017, 114, 4189–4194. [CrossRef] [PubMed]

14. Liu, X.; Zhang, Y.; Li, Y.; Pan, J.; Wang, D.; Chen, W.; Zheng, Z.; He, X.; Zhao, Q.; Pu, Y.; et al. EPAS1 gain-of-function mutation
contributes to high-altitude adaptation in Tibetan horses. Mol. Biol. Evol. 2019, 36, 2591–2603. [CrossRef] [PubMed]

15. Erzurum, S.C.; Ghosh, S.; Janocha, A.J.; Xu, W.; Bauer, S.; Bryan, N.S.; Tejero, J.; Hemann, C.; Hille, R.; Stuehr, D.J.; et al. Higher
blood flow and circulating NO products offset high-altitude hypoxia among Tibetans. Proc. Natl. Acad. Sci. USA 2007, 104,
17593–17598. [CrossRef] [PubMed]

16. Otten, E.J. High altitude: An exploration of human adaptation. J. Emerg. Med. 2003, 25, 345–346. [CrossRef]

http://doi.org/10.1126/science.289.5486.1916
http://www.ncbi.nlm.nih.gov/pubmed/10988068
http://doi.org/10.1146/annurev-anthro-102313-030000
http://doi.org/10.1038/srep26770
http://doi.org/10.1152/physrev.00030.2011
http://doi.org/10.3390/ani9121080
http://www.ncbi.nlm.nih.gov/pubmed/31817035
http://doi.org/10.1038/s41598-020-75428-4
http://doi.org/10.1038/s41598-021-81932-y
http://www.ncbi.nlm.nih.gov/pubmed/33510350
http://doi.org/10.1073/pnas.1002443107
http://www.ncbi.nlm.nih.gov/pubmed/20534544
http://doi.org/10.1016/j.ab.2006.03.042
http://doi.org/10.7326/0003-4819-84-5-517
http://doi.org/10.1016/0165-1161(81)90274-0
http://doi.org/10.1126/science.1189406
http://www.ncbi.nlm.nih.gov/pubmed/20466884
http://doi.org/10.1073/pnas.1617042114
http://www.ncbi.nlm.nih.gov/pubmed/28373541
http://doi.org/10.1093/molbev/msz158
http://www.ncbi.nlm.nih.gov/pubmed/31273382
http://doi.org/10.1073/pnas.0707462104
http://www.ncbi.nlm.nih.gov/pubmed/17971439
http://doi.org/10.1016/S0736-4679(03)00209-9


Animals 2022, 12, 58 10 of 10

17. Ge, R.L.; Simonson, T.S.; Cooksey, R.C.; Tanna, U.; Qin, G.; Huff, C.D.; Witherspoon, D.J.; Xing, J.; Zhengzhong, B.; Prchal, J.T.; et al.
Metabolic insight into mechanisms of high-altitude adaptation in Tibetans. Mol. Genet. Metab. 2012, 106, 244–247. [CrossRef]

18. Horscroft, J.A.; Kotwica, A.O.; Laner, V.; West, J.A.; Hennis, P.J.; Levett, D.Z.H.; Howard, D.J.; Fernandez, B.O.; Burgess, S.L.;
Ament, Z.; et al. Metabolic basis to Sherpa altitude adaptation. Proc. Natl. Acad. Sci. USA 2017, 114, 6382–6387. [CrossRef]

19. Kelly, K.R.; Williamson, D.L.; Fealy, C.E.; Kriz, D.A.; Krishnan, R.K.; Huang, H.; Ahn, J.; Loomis, J.L.; Kirwan, J.P. Acute
altitude-induced hypoxia suppresses plasma glucose and leptin in healthy humans. Metabolism 2010, 59, 200–205. [CrossRef]

20. Sun, K.; Zhang, Y.; Alessandro, A.D.; Nemkov, T.; Song, A.; Wu, H.; Liu, H.; Adebiyi, M.; Huang, A.; Wen, Y.E.; et al. Sphingosine-
1-phosphate promotes erythrocyte glycolysis and oxygen release for adaptation to high-altitude hypoxia. Nat. Commun. 2016,
7, 12086. [CrossRef]

21. Zhuang, J.; Droma, T.; Sun, S.; Janes, C.; Mccullough, R.E.; Mccullough, R.G.; Cymerman, A.; Huang, S.Y.; Reeves, J.T.; Moore,
L.G. Hypoxic ventilatory responsiveness in Tibetan compared with Han residents of 3658 m. J. Appl. Physiol. 1993, 74, 303–311.
[CrossRef] [PubMed]

22. Wang, G.; He, Y.; Luo, Y. Expression of OPA1 and Mic60 genes and their association with mitochondrial cristae morphology in
Tibetan sheep. Cell. Tissue Res. 2019, 376, 273–279. [CrossRef]

23. Ivy, C.M.; Scott, G.R. Control of breathing and ventilatory acclimatization to hypoxia in deer mice native to high altitudes. Acta.
Physiol. 2017, 221, 266–282. [CrossRef]

24. Tashi, T.; Feng, T.; Koul, P.; Amaru, R.; Hussey, D.; Lorenzo, F.R.; RiLi, G.; Prchal, J.T. High altitude genetic adaptation in Tibetans:
No role of increased hemoglobin–oxygen affinity. Blood Cells Mol. Dis. 2014, 53, 27–29. [CrossRef] [PubMed]

25. Beall, C.M. Two routes to functional adaptation: Tibetan and Andean high-altitude natives. Proc. Natl. Acad. Sci. USA 2007, 104,
8655–8660. [CrossRef]

26. Rao, M.; Li, J.; Qin, J.; Zhang, J.; Gao, X.; Yu, S.; Yu, J.; Chen, G.; Xu, B.; Li, H.; et al. Left Ventricular Function during Acute
High-Altitude Exposure in a Large Group of Healthy Young Chinese Men. PLoS ONE 2015, 10, e116936. [CrossRef]

27. Stembridge, M.; Williams, A.M.; Gasho, C.; Dawkins, T.G.; Drane, A.; Villafuerte, F.C.; Levine, B.D.; Shave, R.; Ainslie, P.N. The
overlooked significance of plasma volume for successful adaptation to high altitude in Sherpa and Andean natives. Proc. Natl.
Acad. Sci. USA 2019, 116, 16177–16179. [CrossRef] [PubMed]

28. Wang, D.; Zhang, H.; Li, M.; Frid, M.G.; Flockton, A.R.; McKeon, B.A.; Yeager, M.E.; Fini, M.A.; Morrell, N.W.;
Pullamsetti, S.S.; et al. MicroRNA-124 Controls the Proliferative, Migratory, and Inflammatory Phenotype of Pulmonary
Vascular Fibroblasts. Circ. Res. 2013, 114, 67–78. [CrossRef]

http://doi.org/10.1016/j.ymgme.2012.03.003
http://doi.org/10.1073/pnas.1700527114
http://doi.org/10.1016/j.metabol.2009.07.014
http://doi.org/10.1038/ncomms12086
http://doi.org/10.1152/jappl.1993.74.1.303
http://www.ncbi.nlm.nih.gov/pubmed/8444707
http://doi.org/10.1007/s00441-018-2975-y
http://doi.org/10.1111/apha.12912
http://doi.org/10.1016/j.bcmd.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24618341
http://doi.org/10.1073/pnas.0701985104
http://doi.org/10.1371/journal.pone.0116936
http://doi.org/10.1073/pnas.1909002116
http://www.ncbi.nlm.nih.gov/pubmed/31358634
http://doi.org/10.1161/CIRCRESAHA.114.301633

	Introduction 
	Materials and Methods 
	Study Objects and Blood Gas Indicators Measure 
	PCR Amplification and Genotyping 
	Statistical Analyses 

	Results 
	Differences in Blood Gas Indicators between Breeds 
	Variation of HIF-1 in Tibetan Sheep and Hu Sheep 
	Association Analysis of Genotype and Haplotype Combinations with Blood Gas Indicators 

	Discussion 
	Conclusions 
	References

