Positive selection on mitochondrial haplogroup M9a in

Tibet

Siqi Huang, Chuan-Chao Wang, Hui Li*

State Key Laboratory of Genetic Engineering and Ministry of Education Key, Laboratory of
Contemporary Anthropology, Collaborative Innovation Center for Genetics and Development, School of
Life Sciences, Fudan University, Shanghai, 200438, China.

*Corresponding author. Tel: +86 21 51630427 (H.Li). E-mail addresses: LHCA @Fudan.edu.cn

Abstract: Tibetan is considered as a good population example for analyzing the mechanism of possible
adaptive evolution in the special highland environment (e.g., high attitude, hypoxia, and extreme cold). There
might be many genetic variations contributed to this adaption. Mitochondrial DNA (mtDNA) variations might
be important for the adaption given its role in coding core subunits of oxidative phosphorylation in mitochondria.
Mitochondrial haplogroup M9a reaches the highest frequency in Tibetans and therefore is most probable to be
selected for. In this study, we collected 152 complete mtDNA genomes belonging to haplogroup M9a. By whole
sequence analyses we found the existence of adaptive selection for ND5 (C12362T) and CYB (A15671G) genes
in Tibetans. Meanwhile, we predicted the enhancement of stability upon mutations. These mutations may have
certain effect on OXPHOS function and might be important in highlands adaptation.
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Introduction

Tibetan population is a good candidate for studying the genetic mechanism of highland adaptation, since they
live on the highest plateau in the world. In this special environment, including thin oxygen and extreme coldness,
Tibetan people are also famous for their living ability without suffering from chronic mountain diseases and
frostbite. All the above traits are distinct characteristics of well adaptation to extreme environment of highland.
To answer how Tibetans adapt well to the extreme environment of highland, previous studies of humans on
the Tibetan plateau have identified statistical signatures of positive selection in different sets of loci. Tibetans
have also shown different genetic patterns compared with lowland populations on several genes, such as HIF-1a,

a hypoxia-inducible transcription factor (Suzuki et al. 2003), endothelial nitric oxide synthase (eNOS) (Droma et



al. 2006), ACE (Droma et al. 2008), and EPASI, which directly targets on lysyl oxidase (LOX) gene and be
responsible for extracellular matrix protein cross-linking of amnion (Hanaoka et al. 2012). Functional mutations
in these genes can all indicate the adaptations in highland. However, given the fact of genetic diversity, Tibetans’
good ability of adapting to highland may be caused by mutations more than currently studied. Besides, since that
trait is relevant to the generation of energy and the respiratory chain, genetic markers closely linked to these
functions might be studied as well.

Thus, we chose mtDNA haplogroup as the candidate of our study. First, mtDNA is a better genetic marker,
since it presents in thousands of copies per cell, and is capable of encompassing various percentages of mutant
and normal molecules (or heteroplasmy) (Wallace et al. 2005). Such characteristics of mtDNA have provided
variable resources for the operation of natural selection. In addition, since selection may have caused the
haplogroup to flourish in the new environment, different mtDNA haplogroups may be functionally different in
its specific region (Ruiz-Pesini et al. 2004; 2006). Thus, we suppose that mtDNA haplogroup is a good
candidate for studying the relationship between Tibetan population and their high latitude living conditions.

In former researches, Sherpa people, one of the special population living on the Tibetan Plateau with
extraordinary mountaineering, was chosen as a good candidate for hypoxia adaption (Suzuki et al. 2003; Droma
et al. 2006; Droma et al. 2008; Hanaoka et al. 2012). Recently, a research has utilized mtDNA to unveil the
secret why Sherpa population could survive in highland, and established the connection between mtDNA
haplogroup and highland adaption (Kang et al. 2013). In that research, haplogroup M9a, A4e3a (18.4%) and
C4a3bl (18.4%) showed high frequency among all the samples. Especially, 54% samples belong to haplogroup
M, and 34% of those belong to M9a, consisting of the majority parts of Sherpa population. After careful analysis,
two nonsynonymous mutations (G3745A and T4216C) were found in two Sherpa-specific lineages A4e3a and
C4a3bl. They might have certain effect on Complex I function and therefore are candidate variants for mtDNA
adaptation of Sherpas. However, no candidate variants for mtDNA adaption of haplogroup M9 were found.
Actually, haplogroup M9a’b traced its origin in North Asia/ northern China (Peng et al. 2011) and its
sub-haplogroup M9a is well-known for its high frequency in Tibetan Plateau, which indicates the good fitness
between this haplotype and highland environment. It is possible that during the course of human evolution, other
events like genetic drift has interfered the signal of selection, so that variants of haplogroup M9a could not be
detected in the above research. Thus, we suppose that study on people belonging to haplotype M9a could better
illustrate the mechanism how Tibetans adapt to highland environment.

Moreover, to better illustrate the adaptation during peopling in Tibet Plateau, the analysis of stability changes
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upon mtDNA variants is of great importance. The mtDNA encompasses the 13 core protein subunits that define
the efficiency of the mitochondrial energy generating system oxidative phosphorylation (OXPHOS) (Wallace et
al. 2005; Wallace et al. 2007). Hence, the stability changes on those proteins might influence the systemic
function of energy production, metabolic rate modulation, oxygen utilization, and hypoxia adaptation.

To identify the potential adaptive variants of whole mtDNA, in this study, we sequenced the entire
mitochondrial genomes specifically of 152 people belonging to haplogroup M9a. After manually picking
mutations of different population, we managed to find unique and frequent nonsynonymous mutations in Tibet
population according to the result of phylogenetic tree and median-joining network. The SVM algorithm was
further used to predict the stability changes upon the mutations we found. Also, we constructed Bayesian
Skyline Plots (BSP) and the time to the most recent common ancestor (TMRCA) of Tibet population to reveal
the operation of positive selection.

According to our result, the nonsynonymous mutations (T12362C andG15671A) harbored on Tibetan
population are included in the coding-region of mtDNA, and might have certain effect on Complex I and
Complex V function of respiratory chain. Thus, we proposed that they were candidate variants for mtDNA

adaptation of Tibetans and might reveal the mechanism how Tibetans adapt to plateau well.

Method

Populations and Samples

We collected 152 samples belonging to haplogroup M9a and its sub-haplogroups from published papers. All

these samples were maternally unrelated and mainly from Tibet, Japan, and Southeast Asia (Figure 1).

Haplogroup Assignment and data analysis

We aligned complete sequences to RSRS by Mega5.05 (Tamura et al. 2011) and manually checked, then
assigned them to the haplogroups according to PhyloTree Build 16 (van Oven and Kayser 2009; Behar et al.
2012). As in PhyloTree, positions 309.1C(C), 16182C, 16183C, 16193.1C(C), and 16519 were not used for

haplogroup assignment as these were subject to highly recurrent mutations.



Figure 1 Geographic locations of populations surveyed in this study. For more details regarding the populations, refer to
Appendix A.

We then excluded hyper variable region (Appendix A) and made the Neighbor-joining (NJ) unrooted tree of
haplogroup M9a by Mega5.05 (Tamura et al. 2011) with 152 samples. The model we adopted was Kimura
2-parameter, including both transitions and transversions and completely deleting gaps or missing data, and we
ran 100 replications of bootstrapping method. We then constructed the median-joining network by Network v4.6

(Bandelt et al. 1999) also using the 152 samples with their coding region sequences.

Neutralitytest

We first used DnaSP 5.10.01 (Libradoet al. 2009; Rozas 2009) to detect whether the samples have experienced
selection in both Tibet and Japan population. Tajima’s D test, Fu and Li’s test were all used to confirm the
results (Tajima 1989; Fu et al. 1993).

We then constructed Heat map to test if Tibet population bears much stronger effect of adaptive selection. We

set the variable D as the difference value between neutrality result of Tibet and Japan (D=#Tibet-#Japan), and
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used different colors to indicate the D values on eight genes (CO1, CO2, ATP6,CO3,ND4,NDS5, ND6, and
CYB) by five methods in all. The rest five genes were excluded in this research due to the lack of

polymorphisms.

Selection Analysis by Population and Gene-specific Variation

According to the results of Heat map and mutation frequency, we supposed that ND5 and ATPS8 variations might
experience adaptive selection. We then conducted the nonsynonymous and synonymous analysis on ND5 and
ATPS genes to figure out the actual effect of selection on mtDNA variation (Sun et al. 2007; Mishmaret al. 2003;
Ruiz-Pesini et al. 2004; Kivisild et al. 2006; Elson et al. 2004; Yang et al. 2000). In general, when positive
selection dominates, the Ka/Ks (Nonsynonymous and synonymous substitutions) ratio is greater than 1; in this
case, persity at the amino acid level is favored, likely due to the fitness advantage provided by the mutations.
Conversely, when negative selection dominates, the Ka/Ks ratio is less than 1; in this case, most amino acid
changes are deleterious, and therefore, are selected against. When the positive and negative selection forces
balance each other, the Ka/Ks ratio is close to 1.The sites of nonsynonymous and synonymous substitutions

were identified by DnaSP 5.10.01 (Librado P et al. 2009; Rozas J. 2009).

Structural Prediction and Analysis

We then picked out specific variations in Japan and Tibet and their coding proteins from the network and
phylogenetic tree. We then used SSPro and SSPro8 to predict the secondary structures of these proteins
(peptides) (Pollastri et al. 2002). Based on the predictions, we manually compared the differences caused by the
variations. For high structures, the coordinates of alpha-C were first calculated by 3Dpro in PDB forms (Cheng
et al. 2005), while information about other atoms was provided by MaxSprout (Holm et al. 1991). ND2, CYB,
ATP6, and ATP8 were simulated with their full length protein. Due to the test limitation of protein length, the
structure changes of ND4 were predicted based on 60-459aa from its N-terminal, and the first 400aa from
N-terminal of ND5 was taken into consideration. All the results were subsequently analyzed using Rasmol
(Sayle et al. 1995). Stability change of each protein upon single-site mutations was calculated using SVM

algorithm, which was exploited by Capriotti et al. (2005).

Coalescence age and population expansions estimates



The coalescence time of Japanese and Tibetan expansion was estimated using r statistic-based method and
Bayesian MCMC method. For r statistic-based method, standard deviation was calculated following Saillard et
al. (2000). Then TMRCA of each expansion was estimated using Soares rate for mtDNA coding regions
(576-16023) (Soares et al. 2009), and a corrected rate of Mishmar’s rate for coding regions respectively. For
Bayesian MCMC analysis, the time of each distinct expansion was estimated using BEAST v1.8.0 (Drummond
and Rambaut 2007). Each MCMC sample of each cluster with distinct expansion was based on a run of 10
million generations sampled every 1,000 steps with the first one million generations regarded as burn-in. We
used the HK'Y+G model of nucleotide substitution without partitioning the coding region. A strict clock was
used and prior substitution rate was assumed to be normally distributed, with a mean of 1.90x10® subs/site/year
and an SD of 1.92x10” subs/site/year adopted from former published values (Zheng et al. 2012). Specifically,
the BSPwas constructed according to a relatively high rate 1.90x10°® subs/site/year, making our results more
reliable because higher rate would result in lower time estimates. Each run was subsequently analyzed using

Tracer v1.6.

Result

M9a phylogenetic tree based on mtDNA genome information

We constructed the phylogeny of haplogroup M9a (mainly M9al) with152 sequenced mtDNA genomes from
East Asia (especially Tibet and parts of East Europe(Figure 1). Discerned from the overall structure of the tree
(Appendix B), most basal branches of M9a were distributed in Southeast Asia (4/5) with the exception of M9al,
this pattern suggested that M9a might originate from the south (just as Kang et al. 2013). The geographic
distribution of M9al was rather complicated. Although this haplogroup did bear some genetic imprints of
southern origin by harboring a basal lineage (i.e. 12817 and 12818) from southern China, this haplogroup had
actually diffused to northern China (M9alala and M9alalcla), Japan (M9alala),southwestern China, Tibet and
northeast part of the South Asian Subcontinent (M9alblb and M9alalclb), among which southern Himalaya
region bears the most M9alalclb haplogroup. Based on this pattern, it seems that haplogroup M9al had most
likely been involved in some northward and westward dispersal(s) in East Asia, which is consistent with the

finding of Peng et al. 2011.

Phylogeographic distribution



The phylogenetic tree of haplogroup M9a provided a basis for us to perform a well-defined phylogeographic
analysis of this haplogroup. To better characterize the demographic history of M9a, we constructed the
median-joining network (Bandelt et al. 1999) based on all 152 M9a mtDNAs (Figure 2). Similar to the
observation from the phylogenetic tree (Appendix B), the median-network (based on the information of coding
region) showed that within haplogroup M9alb, the basal lineages were mainly restricted to Southeast Asia,
central India, and northern China including Tibet, whereasM9alb1 spread not only in the above regions, but also
in northeast India and Bangladesh (Figure 2).

The basal lineages belonging to M9ala*were mainly found in southern China (Figure 2). One of its
derivatives, haplogroup M9ala2, displayed a restricted distribution in southwestern China, Tibet, and northeast

India (Figure 2; Appendix C), and presented a similar pattern to that of haplogroup M9alalclb.

Southern Asia(i.e. Northeast India
and Southern Himalaya)

Northern China

Tibet (Xizang)
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Figure 2 Median-joining network of coding region haplotypes observed in 152 M9a mtDNAs. (a) The median-joining
network based on mtDNA coding region sites. The geographic origin of samples is shown by different colors corresponding
to their respective locations by name, and the star-like expansion populations of Japan and Tibet are circled by red dotted

line.



These results are also supported by recent research (such as that of Kang et al. 2014). Nevertheless,
haplogroup M9alala showed a distinct distribution pattern: most of M9alalbasal lineages were distributed in
northern China, southwestern China, southern Himalaya, northeast India, central India, and Japan, whereas its
major sub-haplogroup M9alalc was prevalent in northern China, southwestern China, and Japan (Figure 2;
Appendix C). Remarkably, the M9alal lineages found in Tibet were mostly clustered into haplogroup

M9alalclb (54.55%), which might imply the possible operation of selection.

Neutrality tests on whole samples and those in major regions

In our research, the network represents a typical star-like pattern of lineage expansion. The two major nodes,
which suggest the origin of expansion, are made up of Japanese and Tibetan samples respectively. Thus, we
used Tajima’s D, Fu and Li’s D and F analyses (Tajima 1989; Fu et al. 1993) according to the model of neutral
selection to test whether selections happened in the above two populations. All values turned out to be negative,
which suggests that the values are more deviated from neutral model and have significant differences
statistically. Then, we conducted the same tests on single gene and compared the result within Japan and Tibet.
For eleven genes, except ND5 and CYB, the results for Japanese and Tibetan samples are almost all negative and
the same in absolute value, which is compatible with purifying selection theory. However, we note that for ND5
and CYB, the values generated by all methods tend to be less negative (closer to zero) within Tibetans than those
of Japanese (Appendix D).In addition, by calculating the difference value between Japan and Tibet results,
ATP6.,ND5, and CYB are the only three genes whose D-value is much higher than the average by all methods

(Figure 3), that is, people in Tibet might experience the adaptive selection.



Meanwhile, we found that ND5 C12362T and CYB A15671G mutations are most frequent in Tibet (80% and
76% respectively); while no specific mutations were found in Japanese. It is also interesting that the above
variants are the decisive mutation for haplogroup M9alb. Thus, we did further Ka/Ks analysis on ND5 and CYB
genes (Sun et al. 2007; Mishmar et al. 2003, Ruiz-Pesini et al. 2004; Kivisild et al. 2006; Elson et al. 2004;
Yang et al. 2000) in the samples that belong to haplogroupM9alb to double check whether these variations are
adaptive. The common value for Ka/Ks of ND5 is 0.5, while that of sample 12924 (Tibetan) is 0.682. Also,
Ka/Ks result of CYB gene turns out to be 0.113, whereas, that value of 12932 (Tibetan) is 0.163. Thus, we can
propose that C12362T and A15671G bear the evidence of adaptive evolution in Tibetan highlands, which is

possibly driven by the local environment (high latitude, hypoxia, extreme cold, etc.) (Meiklejohn et al. 2007;

Rozas et al. 2009; Librado et al. 2009).

Genes encoded by mitochondrial DNA
4
3

CYB

TajimaD FuLiD"* FuLiF* FuLiD FuLiF
Methods for testing the operation of selection

Figure 3 Heat map of difference values between Tibet and Japan population. The y-axis is the list of 8 genes encoded
by mitochondrial DNA. The x-axis is the five methods for testing the operation of selection. The difference value between
Tibet and Japan population (D=#Tibet-#Japan) is indicated by different colors, and the corresponding values are listed
besides. Refer to Methods for detailed settings.

Protein analyses on variances detected in Tibet



To further illustrate the effects of gene mutations on their encoding proteins, we predicted and then analyzed the
structural changes upon ND5 C12362T and CYB A15671Gmutations. We found that some structural parameters
have changed since the mutations took place.

NDS5 C12362T is notable in Tibetan populations with its unique existence and high frequency. The ninth
threonine (Thr) turns into isoleucine (Ile) because of the mutation. Although the two amino acids are both
neutral, threonine is hydrophilic amino acid because of its hydroxyl group, while isoleucine is hydrophobic and
aliphatic. Substitutions of turns and folds as well as alpha helix were observed around the mutation site
according to secondary structures (Pollastri et al. 2002) (Appendix E). The prediction for high structures shows
that there is remarkable difference between proteins with and without the mutation according to the former
researches on protein structure prediction and structural genomic. (Cheng et al. 2005; Holm et al. 1991; Sayle et
al. 1995). The groups become much tighter and the interaction is stronger owing to mutations (Figure 4a and 4b,

Table 1).

Table 1 Structural Parameter of ND5, CYB Proteins between ancestral and derived alleles

ND5 ND5-TO1 CYB CYB-M309V
H-Bonds 297 286 292 291
Helices 20 19 18 18
Strands 0 2 0 0
Turns 27 25 31 29

We then used I-Mutant2.0 (Capriotti et al. 2005) to predict protein stability changes upon single point
mutations. It is a support vector machine (SVM)-based tool for the automatic prediction starting from the
mtDNA sequence whose result is clear to interpret, for example, the negative related G values imply the
decrease of stability (see Material and Method). It is important that AAG caused by ND5 C12362Tis 0.69,
which reflects the decrease in protein free energy and the increase in its stability. This positive value implies that
the mutation should be adaptive and related to the highland environment.

Another mutation found in Tibetan is CYB A15671G, which makes the 309th methionine (Met) change into
valine (Val). Being hydrophobic and aliphatic, the two amino acids are similar in properties and are both neutral.
What’s more, the mutation almost causes no difference in secondary structure with regard to alpha helix or
beta-sheet (Appendix E). However, the mutated protein tends to be loose in its domains, compared with the
higher structures (Figure 4c and 4d, Table 1). The stability of the protein is slightly decreased with AAG=-0.30.

Nevertheless, ND5 C12362T and CYB A15671G mutations take place simultaneously in most cases, which
10



might be caused by the package of protein subunits. It is also interesting that this mutation is often correlated
with ND4 G11778A mutation, which causes low penetrance of Leber’s Hereditary Optic Neuropathy (LHON)
(Bandelt HJ et al. 2005, Qu J et al. 2009). Thus, A15671G is also likely to be a possible signal of adaptive

evolution despite its effect of decreasing protein stability. Its mechanism needs further research.

Figure 4 Ribbon diagrams of original and mutated protein structures. Amino acids grouped to different domains are
shown in distinct colors. (a) and (b) Structures of ND5 and ND5-T9I, respectively. The 9th residues from N-end (Thr in ND5
and Ile in ND5-T9I) are indicated. (c) and (d) Structures of CYB and CYB-M309V, respectively. The 309th residues from

N-end (Met in CYB and Val in CYB-T9I) are indicated.

Coalescence age and population expansions estimates

The large number of M9a’b samples with complete mtDNA genome information, as well as the network,
allowed us to estimate the coalescence ages and expansions of haplogroup M9alb, which is decided by
variations C12362T and A15671G. We estimated the coalescence age of haplogroup M9alb to

beapproximately6.8to 17.5kya with geometric mean being 11.7kya (Figure 5a).
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We then constructed BSP for this haplogroup to describe the historical maternal effective variation trends.
BSPs estimate effective population size through time from random sequences of a population. However,
haplogroups in general do not equate to population data, but the signals associated with a haplogroup might
nevertheless reveal demographic processes in the populations carrying it, as previously suggested (Achilliet al.
2013; Soares et al. 2012).The main purpose of this analysis was to provide BSPs based on population of
haplogroup M9alb. It is clear that this haplogroup experienced a distinct trend of growth about 5kya and
extended to 2.5 kya (Figure 5b). However, these ages must be received with caution (Cox. 2008; Endicott et al.

2009).
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Figure5 Coalescence age estimates and mtDNA Bayesian skyline plot showing the size trend of Haplogroup M9alb.
(a) TMRCA for Haplogroup M9alb. The blue bars show the 95% confidence interval. Detailed settings refer to Methods. (b)
BSP for Haplogroup M9alb. The thick solid line is the median estimate and the thin lines (blue) show the 95% highest
posterior density limits. Detailed settings refer to Methods. Refer to Methods for detailed settings.

The time of the expansion lineage estimated was then compared to previous coalescence age estimate (Figure
5a and 5b). As a result, haplogroup M9alb originated more than 10 kya, while it experienced a significant
increase in population size only about 5 kya, which happens to be the time when Tibetans began to live in
plateau. It then implied that the expansion might be driven by the mutations observed and there might be

adaptive selection.

Discussion

Adjustment of Results on Neutrality Test

We have applied a number of tests of selection, including Tajima’s D test, Fu and Li’s test (Tajima 1989; Fu et
al. 1993) as well as the Ka/Ks analysis on single-gene (Nei et al. 1986;Elson et al. 2004), to the coding regions
of 51 human mtDNAs that encompass two major populations (Tibetan and Japanese). Evidence for selection
was only found in some of the tests. Furthermore, it is often difficult to “isolate” the effects of selection from
other processes, such as recent population expansions or bottleneck effects. Nevertheless, the preponderance of
evidence (Peng et al. 2011; Kang et al. 2013) indicates that positive selection operated on the coding region of
the Tibetan mitochondrial genome. Moreover, selection appears to have influenced the pattern of sequence
divergence for most, and perhaps all, of the 13 protein-encoding genes, especially on gene ND5 and CYB (Rand
et al. 1996; Hasegawa et al. 1998). These conclusions are supported by other recent analyses, such as those of
Moilanen and Majamaa (2003) and Moilanen et al. (2003).

Thus, further functional experiment should be fundamental to validate the adaptive biochemical changes

induced by T12362C and A15671G, in case that these two variants were neutral mutations.

Potential Adaptation Mechanism for ND5 and CYB Variants

Interpreted by Bioenergetics, both ND5 C12362T (T9I) and CYB A15671G (M309V) found in the study, tend to

be more stable in structure and property after mutations, indicating the operation of adaptive selection. And
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potential adaptation mechanisms for ND5 and CYB variants are supported by other recent analyses. (Drose et al.
2012; Murphy et al.2009; Brand et al. 2010; Chandel et al. 2000; Guzy et al.2005; Guzy et al. 2007; Klimova et
al. 2008). However, the effect of variation on activity of holoenzyme assembling needs to be further studied.
Moreover, according to phylogenetic analysis, ND5 C12362T (T9I) and CYB A15671G (M309V) both define
the haplogroup M9alb, which might also be an evidence of adaptive selection.

When associated with energy production, the result is also in accord with the above conclusions. OXPHOS is
a system that generates ATP to supply the demand of body and entitles mitochondria to be an energy-producing
organelle (Baradaran et al. 2013). If the consisting units of OXPHOS (for example, ND5 and CYB) tend to be
stable in structures, the consumption of ATP would be decreased and the stability and functions of other units of
Complex could be maintained with less energy. Especially under extreme environment (high altitude, cold, and
hypoxia), the synthesis of ATP can reduces and its utility can be more efficient. In addition, the stability of
OXPHOS units might promote heat generation for the resistance of extreme cold.

In our study, the stability of ND5 C12362T (T9I) and CYB A15671G (M309V) increase after mutation, this

might influence the energy metabolism, indicating the adaptive selection in Tibetan.

Evidence of Selection from Population Genetics

We also analyzed the association between two mutations (C12362T, A15671G) from population genetics.
From our result, haplogroup M9alb, which is defined by C12362T and A15671G, experienced a significant
increase in population size only about 5 kya. It was long after its origination: over 10 kya (Figure 5a and 5b).

According to many archaeological evidences, Tibetans were believed to first live in plateau approximately 5
kya (Chen et al. 2015), which happens to be the time when population size of haplogroup M9alb began to
increase. In addition, Tibetans seemed to have experienced selective constraints of low oxygen concentration in
extreme high altitude.

By comprehensively analyzing the two mutations from both gene level and population genetic level, we seem
to find out the way how Tibetans successfully adapt to plateau environment. It is encouraging that such result

can be applied to other biologic and medical fields, such as overcoming altitude sickness from gene level.

Conclusion

Our comprehensive phylogeographic analyses of mtDNA haplogroup M9a and the protein structures for
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variances revealed that ND5 C12362T and CYBA15671Gmutations had certain effect on Complex I and
Complex III function and thus are selected for in Tibetan highlands. This adaptive selection is mainly driven by
the specific geometric environment (attitude, climate changes, etc.), and consequently, leads to a significant

increase in population size.
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