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Abstract

As an important tool for population genetics and molecular anthropology, mitochondrial DNA (mtDNA) has long been used for
the studies of human origin and evolution. However, previous studies were mostly based on simple models of evolution, ignoring
the possible effects of natural selection upon mtDNA. In recent years, human mitochondrial genome was proved having
undergone strong effect of natural selection by an increasing number of evidences. Climate-induced adaptive selection has
contributed to shaping the current continent-specific distribution of mtDNA lineages. Strong purifying selection has also been
suggested by statistics of nonsynonymous versus synonymous mutations on mtDNA. Therefore, possible effects induced by
natural selection should be taken into account when we use mtDNA in human population genetic studies.
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1 INTRODUCTION

Maternal inherited mtDNA has long been used to investigate the human evolution and origin because of its high
mutation rate and the lack of recombination. Early studies neglected the natural selection because of their simple
models of evolution including the assumption that the divergence of human mtDNA is due to a molecular clock [1-3].
However, recent experiments find that the current distribution of mtDNA has been shaped by external factors, such
as climate [4]. More and more population geneticists and anthropologists have paid attention to natural selection on
mtDNA and begun studying the effect of both adaptive and purifying selection [5-11]. With the development of
biological technology in recent years, mtDNA data have been gradually accumulated and enable us to address this
issue step by step.

2 FEATURES OF MTDNA

Human mtDNA is a small (16.6-kb) circular genome coding for 13 subunits of the mitochondrial oxidative
phosphorylation system (OXPHOS: ATP6, ATP8, CO1, CO2, CO3, CYB, ND1, ND2, ND3, ND4, ND4L, ND5, and
ND6), 2 rRNAs (RNR1, and RNR2), and 22 tRNAs. Most unique features of mtDNA are its maternal inheritance
and lack of recombination [12]: the complexities imposed by recombination of paternal and maternal genomes can
be excluded in reconstructing evolutionary histories. Besides, groups of related haplogroups and haplogroup clusters
have defined branches of the phylogenetic tree for mtDNA, and many previous studies have indicated that the
geographical distribution of haplogroups in aboriginal populations is continent-specific [13].

Continent-specific distribution is one of the distinguished features of human mtDNA regardless of genetic admixture
in certain populations [14]. The seven most ancient haplogroups (designated by L0O-L6) are observed specifically in
Africa [15-19]. All non-African clades can be subdivided into two L3-derived haplogroups, M and N [20].
Afterwards, the haplogroup clusters HV, JT, KU, and IWX [1] were derived primarily from N and populated Europe,
while M and N dispensed equally to the radiation of mtDNA into Asian-specific haplogroups A, C, D, G, Z, and Y.
The American continent was covered from north-eastern Asia by individuals with haplogroups A, B, C, and D
[14,21].
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3 CLIMATE-INDUCED ADAPTIVE SELECTION

MtDNA population studies [19] have shown that human migrations and genetic drift were responsible for the current
distribution of maternal lineages across the world as well as the regional variation of human mtDNA’s. However, it
cannot explain the enrichment of lineages A, C, D, and G in arctic region and the fact that only two mtDNA lineages
(M and N) left Africa to colonize Eurasia. That contradiction thus gave rise to an alternative hypothesis: natural
selection.

In 2003, Mishmar et al. [21] analyzed 104 complete mtDNA sequences from all global regions and lineages (56
mtDNA sequences from the literature [22-26] and 48 additional individuals from African, Asian, European, Siberian
and Native American populations). It turned out to be a notable deviation from the standard neutral mode among
European, Asian, Siberian and Native American mtDNA variations, but not in African variation. They then
hypothesized that natural selection may play a role in shaping the regional differences between mtDNA lineages.
Principally speaking, natural selection would act through amino acid variants in the mtDNA OXPHOS polypeptides.
To detect how and to what extent selection influences, Mishmar et al. used DNASP ( DNA Sequence Polymorphism)
software to do the Ka/Ks analysis (the ratio of the number of substitutions causing amino acid replacements (nsyn
sites) per total possible nsyn sites (Ka) was divided by the number of silent substitutions (syn sites) per possible syn
sites (Ks)) [27,28]. The result showed that the value of Ka/Ks wasn’t 1, reflecting the effect of natural selection on a
particular mtDNA protein gene. What’s more, the study also found a dramatic correlation between increased amino
acid substitutions in particular genes of mitochondrial DNA and climate zone. By comparing the distribution of the
Ka/Ks ratios of the 13 mtDNA genes for mtDNA haplogroup lineages from three different geographic regions: the
tropical and subtropical zones (L0-L3); the temperate zone (H, V, U, J, T, I, X, N1b, W); the subarctic and arctic
zones (A, C, D, G, Z, Y, X), Mishmar et al. discovered dramatic differences in the amino acid sequences of
particular mtDNA genes. Increased amino acid sequence variation was found in ATP6, ATP8, CO3 and ND6 among
arctic mtDNA lineages. However, Africans were labelled high amino acid variation for ATP6, CYB, CO1, CO2,
ND1, ND2 and ND5.

While this experimental result pointed a new direction in analyzing human evolution and origin (afterwards many
other anthropologists casted light on natural selection [29,30]), it raised some novel questions. What role does
climate play in human mitochondrial DNA evolution? Whether the current studies and technology can support the
selection hypothesis substantially? Which plays a predominant role in mtDNA, adaptive selection or purifying
selection?

Previous studies have testified that selection has played a role in the differentiation of human mtDNA and climate
was probably the main driving factor [18,21,29,30]. However, C. Sun et al. refuted that these equivocal findings
were not supported by the subsequent studies [11,23,28]. One argument was the lack of a systematic investigation on
South Asia and Oceania—two important (sub) continents with distinct climates and matrilineal components [31-33].

To clarify this problem, Sun et al. collected 237 complete mtDNA sequences of indigenous lineages from South Asia,
Oceania and East Asia for the nonsynonymous (N) and synonymous (S) substitutions analysis [34]. They identified
an abnormal excess of nonsynonymous substitutions in ATP6 from East Asia haplogroup N (13/2 in N/S ratio) and a
relative surplus of nonsynonymous substitutions in ND5 from South Asia N, which might be interpreted as climate
adaptation. However, its counterpart, haplogroup M, did not show a similar pattern in the analysis, suggesting the
failure in detecting the imprint of climate adaptation. The result of this experiment did not support the selection
hypothesis. Sun et al. attributed this discrepancy to some limitations in Mishmar et al.[21] and Ruiz-Pesini et al.[30],
including the overweight sites of Nei-Gojobori, simplistic climate assumption, and overlooking of other effects[6].
Other demerits also stood out: (a) E. Ruiz-Pesini, et al. might incorrectly take the possibility of observed data as the
Fisher’s exact test value, causing the inaccuracy in comparing RFi and RF (replacement mutation frequency in
internal and terminal groups respectively) [30]. A revaluation of their data indicated that almost no meaningful
difference was detected, which agreed with Sun’s test results. (b) The pairwise comparison data sets from Mishmar
et al. evidently did not meet the prerequisite of the Wilcoxon ranked-sum test that the data taken into consideration
should be generated or obtained independently. Consequently, there would be a biased or void result. (c) The
lineages belonging to haplogroup X, which were mainly sampled from Europe (according to the temperate zone as
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suggested by Ruiz-Pesini et al.) were, however, inconsistently arctic-specific and grouped with the East Asian
haplogroups. As a result, the role of climate in human mtDNA wasn’t substantiated evidently.

Sun et al. also found evidence in time axis that the increase in N/S ratio was not so striking in their study (0.46 vs.
0.42) and Ruiz-Pesini et al. (0.53 vs. 0.41). They attributed this discrepancy to the underestimation of the N/S ration,
in that Elson et al. counted each homoplasy mutation only once. This result was definitely against the selective
hypothesis, since the deleterious mutations in terminal branches had been exposed to selection pressure for a
relatively shorter time and thus might not have been cleaned by selection. It was possible that terminal branches
contain more deleterious or nonsynonymous mutations than the internal branches [35,36]. So Sun et al. speculated
that the increase in N/S ratio in terminal branches might be slight.

According to Sun et al., climate was unlikely to be the driving force that shapes modern human mtDNA due to the
lack of the notable difference in N/S ratio in both spatial and time dimensions.

Along with Sun et al., many other anthropologists [37-39] also suggested that methods used to detect the selection
had deficiency and the results were not supported by the reanalysis of larger data sets [40]. However, in 2009, by
using a geographical framework, Balloux carried out the first direct test of the role climate and past demography
have played in shaping the current spatial distribution of mtDNA sequences worldwide [4].

To test the extent to which demography and climate have shaped the current distribution of mitochondrial sequence
diversity, Balloux used physical distance as a proxy and then analyzed the linear relationship between genetic
differentiation and geographical distance along landmasses as well as geographical distance from sub-Saharan Africa.
It turned out to well predict the genetic diversity of individual populations all over the world. In dealing with the data
(over 5000 hyper-variable segment | (HVS-I) sequences downloaded from the HVRBase++ online resource and 628
whole mtDNA genomes), Balloux used the MITOMAP database [41] to identify synonymous and non-synonymous
SNPs (Single Nucleotide Polymorphism). He applied a linear model with the distribution of worldwide
mitochondrial sequence diversity as the response variable and with distance and temperature as predictors to plot the
data. According to the results, distance from Africa along landmasses explained 18.3% of the variance in within-
population genetic diversity for the first hypervariable segment of mtDNA (HVS-1) (Fy10= 25.2, p<0.001). Besides,
HVS-1 genetic diversity was found to be strongly related to minimum temperature as well, which explained 7.8% of
variance (F1,107=10.2, p=0.002). Balloux also pointed out that distance from Africa and minimum temperature for the
sampled populations are not correlated (R? =0.010, F1107=1.3, p=0.254), in that when they accounted for the effect
of distance from Africa, the relationship between HVS-I diversity and minimum temperature remained significant
(R?=0.055, F1106=8.7; p=0.004). Considering that, Balloux explained that both distance from Africa (bottleneck or
founder effect) and low temperatures have reduced within-population mtDNA diversity at HVS-I.

4 PURIFYING SELECTION PLAYS THE PREDOMINANT ROLE

After testifying the effect of natural selection, scientists began to weigh which selection contributed more to the
shaping of human mtDNA distribution pattern. In an early study, Bazin et al. [42] compiled published animal
mitochondrial DNA sequences and observed that mtDNA polymorphism was independent from population size.
Thus they suggested that frequent episodes of natural selection are the cause of this discrepancy. When testing the
signature of positive selection in the mtDNA, Bazin et al. considered the ratio of Ka/Ks in whole mitochondrial
genomes of taxa with small versus large population sizes. It turned out that all Ka/Ks ratios were well below one,
indicating that purifying selection is the predominant force in mtDNA evolution. We further testified this result by
analyzing the ratio of Ka/Ks using the 16808 complete human mtDNA sequences downloaded from Phylotree
(http://www.phylotree.org/). The ratios were calculated in the way: Ka/ (Ka +Ks) [Figl].

With many studies concluded that mtDNA is subject to strong purifying selection, Stewart et al. discussed this issue
from the perspective of mtDNA transmission in the mammalian female germ line [43]. By using the mtDNA mutator
mouse to studying the fate of random mtDNA mutations in the mouse female germ line [44], they found that the
frequency of mutations which would change amino acids in mtDNA-encoded proteins was lower than expected
under a neutral model. This implies that mutations which are likely to affect an mtDNA-encoded protein are being
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strongly selected against. In trans-mitochondrial mice created by Fan et al., a point mutation that severely impaired
the function of a respiratory chain subunit was found to be eliminated rapidly from the maternal germ line [45]. That
severe mtDNA mutations are not transmitted to the offspring was also discovered in other laboratorys [46]. These
findings provide a strong evidence for the existence of purifying selection on mtDNA in the mouse germ line.
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Figl. Distribution of the relative selective constraints [Ka/ (Ka +Ks)] of the 13 human mtDNA genes calculated from the 16808
complete human mtDNA sequences. If Ka/ Ks>1, the positive selection would be predominant, while Ka/Ks=1 suggests a neutral
effect. However, the ratios of most genes in the figure are below 0.5, indicating the effect of purifying selection. The bottom and
top of the box are the first and third quartiles, and the thick lines inside the box are the medians. The ends of the whiskers
represent the minimum and maximum of all the data. Outliers are plotted as individual points.

Correspondingly, purifying selection may also has an important role in shaping human mtDNA sequence variation,
since there are pronounced similarities in the pattern of neutral versus non-neutral substitutions in protein coding
genes in mMtDNA sequences from humans. For example, Elson et al. [6] assembled a data set of 560 coding region
sequences and calculated Ka/Ks ratios and the neutrality index (NI) values to consider the action of selection on
individual mitochondrial genes. In this experiment, the NI for the African superclade sequences is 4.75, while the
value for the European mtDNAs is 1.39. The numbers of substitutions in the Asian mtDNAs are much smaller. Thus,
the relatively lower proportion of nonsynonymous substitutions in the evolutionarily older African mtDNAs
indicates that purifying selection has acted on the human mitochondrial genome during evolution. Evidence for
purifying selection was also obtained from their phylogenetically stratified contingency analyses of synonymous and
nonsynonymous substitutions. There was a highly marked “loss” of nonsynonymous substitutions among relatively
old site changes. The preponderance of evidence indicated the operation of purifying selection on the human
mitochondrial genome during evolution.

According to those studies, we could conclude that while both purifying and adaptive selection play an important
role in shaping human mtDNA, and the former one is the main force. However, as what tested in Bazin et al.’s study,
neither negative nor positive selection should be ignored during the research.

5 CONCLUSIONS

Supported by many solid evidences, natural selection has been confirmed to shape the evolution of the human
mitochondrial genome and purifying selection is the predominant force. Further researches should take great care
when using mtDNA data to date phylogenetic events, since the previous assumption of neutral theory may not hold
any longer. And as we keep digging the role of selection, this tiny piece of genetic information is likely to play a
more important role in the study of human evolution and population dispersal.
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