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Abstract 
 
Mildly deleterious mutations initially contribute to the diversity of a population but 

later they are selected against at high frequency and are eliminated eventually.  

Using over 1500 complete human mitochondrial genomes along with those of 

Neanderthal and Chimpanzee, I provide empirical evidence for this prediction by 

tracing the footprints of natural selection over time.  The results show a highly 

significant inverse relationship between the ratio of nonsynonymous- to synonymous 

divergence (dN/dS) and the age of human haplogroups.  Furthermore this study 

suggests that slightly deleterious mutations constitute up to 80% of the 

mitochondrial amino acid replacement mutations detected in human populations 

and that over the last 500,000 years these mutations have been gradually removed.  

 
 



The neutral theory of molecular evolution suggests that the genetic 

polymorphisms in a population and the long-term evolutionary changes in the genomes 

are two different aspects of the same evolutionary process (Kimura 1983).  According to 

this theory the rate of protein evolution and the extent of amino acid polymorphisms are 

largely determined by the rate of neutral amino acid mutations.  Therefore, the ratio of 

nonsynonymous divergence (dN) to synonymous divergence (dS) between species is 

expected to be equal to the ratio of nonsynonymous diversity to synonymous diversity 

within the population of a species.   Contrary to this prediction studies on animal 

mitochondrial protein coding genes showed that this ratio (ω = dN/dS) observed within 

species was much higher than that estimated between species (Nachman et al. 1996; Rand 

and Kann 1996; Hasegawa et al. 1998).  The presence of slightly deleterious mutations in 

populations was attributed to explain this discrepancy.  Furthermore, variation in the rate 

of evolution between short- and long-term evolutionary histories of species has also been 

suggested (Ho et al 2005).  Although these studies highlight the difference in the 

evolutionary process at population and species levels, such dichotomous information is 

insufficient to understand the actual shift in the evolutionary process over time.  

Therefore in the present study I examine the relationship between the footprints of 

selection and the temporal history of human populations. 

For this purpose I assembled a dataset of 1512 complete mitochondrial genomes 

belonging to 18 haplogroups and the genomes of Neanderthal, and chimpanzee 

(Supplementary figure S1).  The coalescence time (tMRCA) of each haplogroup was 

estimated by the program, MCMCcoal using a rate of 3.2 × 10-8 substitution per site per 

year (Rannala and Yang 2003). The ωs (dN/dS) were estimated using (Yang 2007) 



(Table1).  For human-Neanderthal and human-chimpanzee comparisons pair-wise 

divergences at nonsynonymous- and synonymous sites were used. 

 The ωs of haplogroups and species comparisons were plotted as the function of 

the coalescence/divergence times. A highly significant inverse relationship of ω with 

time is shown in Figure 1A (Spearman’s coefficient, ρ = -0.89, P = 0.0002, n = 20).  This 

correlation remains significant even after excluding the human-chimpanzee comparison 

(ρ = -0.87, P = 0.0002, n = 19).  To examine any methodological biases that may have 

influenced the results, the number of nonsynonymous (N) and synonymous changes (S) in 

each haplogroup tree were counted using PAUP (Swofford 2003) (Table 1).  The ratio of 

nonsynoymous- to synonymous changes (N/S) also produced a similar and highly 

significant result (ρ = -0.80, P = 0.0006, n=19) when plotted against the coalescence 

times (Figure 1B).  Human-chimpanzee comparison was not included in this analysis 

because of the high divergence between them, which leads to underestimation of 

synonymous changes resulting from multiple hits.  To estimate the coalescence time 

independent of synonymous positions the mitochondrial hyper-variable region (HVR I) 

was used.  The relationship of ω with coalescence times obtained using HVR I is 

qualitatively similar and highly significant (Supplementary figure S2). 

The average ω observed for the young haplogroups of < 50 Kyr is 5.8 times 

higher than that estimated for the human-chimpanzee pair (0.23 vs 0.04) (Figure 2 and 

Table 1).  Within human populations the average ω of the young haplogroups is 28% 

higher than that of the groups aged between 50-100 Kyr (0.18) and 64% higher than that 

of the >100 Kyr old African haplogroups (0.14).  The ω for the human-Neanderthal 

comparison (0.12) is only slightly higher than that of the African haplogroups.  However 



this estimate could be influenced by effects of the much smaller population sizes of 

Neanderthals (Green et al. 2006). 

Previous studies on animal mitochondrial genes (Nachman et al. 1996; Rand and 

Kann 1996; Hasegawa et al. 1998) and on bacterial (Rocha et al. 2006) and viral (Holmes 

2003) genomes observed a high ω within the population of a species or between closely 

related species.  This general pattern that is present in widely different organisms cannot 

be explained by any lineage or population specific effects such as relaxed selective 

constraints or reduction/expansion in population size.  However these results are in fact 

predicted by the neutral theory, which suggests that deleterious alleles can contribute 

significantly to the heterozygosity but they are selected against at high frequency and 

being prevented from becoming fixed (p46, Kimura 1983).  Therefore the presence of 

mild to moderately deleterious mutations in the population is the most likely explanation 

for the elevated ω. The present study elucidates this and shows a gradual decline in the 

fraction of such mutations over time.  Apparently the young populations harbor a mixture 

of mutations with varying degrees of detrimental effect on fitness and the relative time of 

removal of these mutations depends on the magnitude of the effect.   

The ω of the human-chimpanzee comparison suggests that ~4% of the 

nonsynonymous mutations are neutral as they had been fixed in these species.  This 

implies that on an average 83% of the nonsynonymous mutations present in the young 

haplogroups (t < 50 Kyr, ω  = 0.23) are slightly deleterious and even after 500 Kyr 

(human-Neanderthal divergence, ω = 0.12) these mutations constitute ~67%.  The 

ω estimates are suggestive of the strength of selection based on the assumption of neutral 

evolution in synonymous sites.  Although selection in synonymous sites of human genes 



is known to be weak due to the small population size (Subramanian 2008), a recent study 

suggests that over 98% of the synonymous sites of human mitochondrial genes are 

largely free from selection (Yang and Nielsen 2008).  Therefore assuming a weak 

selection in synonymous sites is unlikely to influence the results significantly. 

The present study provides a neutral or nearly neutral explanation (Kimura 1983; 

Ohta 1992) for the ephemeral presence of slightly deleterious replacement mutations in a 

population.   Such mutations result in high ω estimates in recent human haplogroups (see 

Kivisild et al. 2006).  Therefore investigations suggesting adaptive evolution should 

consider the relative age of the population as a much higher ω is generally expected for 

very young haplogroups. 

Methods 

The mitochondrial genome sequences of human haplogroups were obtained from 

GenBank.  Only mitogenomes that have been explicitly mentioned as a particular 

haplogroup were included.  Genomes that did not form a monophyletic group with the 

respective haplogroup were excluded.  The sequences were aligned by CLUSTAL-W 

(Larkin et al. 2007).  Concatenated cDNA and RNA alignments of 1535 mitogenomes 

belonging to 22 haplogroups, Neanderthal, Chimpanzee and Bonobo were used to 

construct a Neighbor-Joining tree (Saitou and Nei 1987) based on the Tamura-Nei 

distance (Tamura and Nei 1993) using MEGA (Tamura et al. 2007) (Supplementary 

figure S1).  However for further analysis only haplogroups with > 10 genomes were 

included and the final dataset contained 1512 mitogenomes genomes belonging to 18 

haplogroups (Table 1). 



The coalescence distance (root height) of the most recent common ancestor 

(MRCA) for each haplogroup was estimated by MCMCcoal (Rannala and Yang 2003), 

using the synonymous sites (fourfold degenerate sites) of the 12 protein coding genes 

coded by the heavy strand of the mitochondrial DNA.  The gene coded by the light 

strand, ND6 was not included due to the difference in mutation patterns between the 

strands (Hasegawa et al. 1998).  Based on the synonymous divergence between human-

chimpanzee (0.45 substitutions per site) and assuming a 7 Mya divergence time the 

evolutionary rate was estimated as 3.2 × 10-8 substitution per site per year.  Using this 

rate, the time of the most recent common ancestor (tMRCA) of each haplogroup was 

determined (Table 1).  Although the tMRCA estimates are based on simple Jukes-Cantor 

model, using the GTR+Gamma model employed in the program BEAST (Drummond 

and Rambaut) produced similar relative estimates (Supplementary table S1).  Note that 

the results of this study only depend on the relative ages of the haplogroups rather than 

absolute time.  

The ratio of nonsynonymous- to synonymous divergence for each haplogroup was 

estimated by the single dN/dS ratio model of PAML (Yang 2007) using an NJ model tree.  

For human-Neanderthal and human-chimpanzee comparisons pair-wise divergence at 

synonymous and nonsynonymous sites were estimated using PAML.  To obtain the list of 

synonymous changes (S) and nonsynoymous changes (N) in each haplogroup tree, the 

parsimony setting of PAUP was used (Swofford 2003).  For this purpose the zerofold 

degenerate sites and fourfold degenerate sites were used respectively. 

Supplementary Material 

Supplementary materials are available at Molecular Biology and Evolution online. 
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Figure Legend 

Figure 1.  (A) The log-log relationship between the coalescence/divergence time and the 

ratio of nonsynonymous- to synonymous divergence (ω=dN/dS).  Each data point 

denotes a haplogroup and the two points at the far right are the human-Neanderthal and 

human-Chimpanzee comparisons.  The relationship is highly significant (Spearman’s 

coefficient, ρ = -0.89, P = 0.0002, n=20), which is true even after excluding the human-

chimpanzee comparison (ρ = -0.87, P = 0.0002, n=19).  (B) The log-log relationship 

between the coalescence/divergence times and the ratio of the number of 

nonsynonymous- to synoymous changes (N/S).   Spearman’s coefficient, ρ = -0.80, P = 

0.0006, n=19.  The human-chimpanzee comparison is not included in this analysis.  The 

best fitting linear regression lines are shown. 

Figure 2.  Average ω (dN/dS) estimated for the haplogroups with coalescence times of < 

50 Kyr (X, V, W, I, G, J and B), 100-150 Kyr (A, C, D, T, H, U and K-UK) and >150 

Kyr (L0, L1, L2 and L3).  Errors bars are 95% confidence intervals.  The differences 

between the means (of any two groups) are highly significant (P < 0.01) using a two 

tailed Mann-Whitney U test. 



Table 1. Estimates of coalescence times, ω (dN/dS) and the ratio of nonsynonymous 
(N) – to synonymous changes (S) 

Haplogroup/        
Species pair 

Number of  
Genomes 

tMRCA (Kyr) ω=dN/dS N/S 

A 97 50.2 0.17 1.26 
B 31 49.6 0.21 1.50 
C 48 58.0 0.20 1.21 
D 28 61.2 0.17 0.91 
G 11 36.7 0.21 1.00 
H 357 73.4 0.17 1.10 
I 29 32.1 0.27 1.91 
J 106 47.5 0.24 1.71 

K (UK) 195 89.3 0.17 1.00 
L0 35 158.2 0.16 0.92 
L1 33 125.9 0.15 0.93 
L2 94 123.1 0.14 0.81 
L3 92 101.4 0.13 0.76 
T 97 67.2 0.16 0.90 
U 127 77.8 0.20 1.19 
V 61 20.3 0.22 2.22 
W 51 28.0 0.17 1.17 
X 20 18.4 0.31 3.50 

Human-Neanderthal - 492.6 0.12 0.57 
Human-Chimpanzee - 7000.0 0.04 - 
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