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MtZoa – a new mitochondrial protein

replacement matrix for metaozan

phylogenetics

Mitochondrial DNA is a crucial source of information

in the attempt to resolve the evolutionary relationships

among animals, but the answers we get can only be as

good as the methods we use. MtZoa is an amino-acid

replacement matrix estimated specifically to reflect the

evolutionary processes that have been in operation

within Metazoa over the past half-a-billion years or so

(Rota-Stabelli et al. 2009). MtZoa is intended for use

with metazoan-wide mitochondrial protein datasets,

and as such it fills the gap between the more

taxonomically restricted matrices such as MtArt for

arthropods (Abascal et al. 2007), and themore general

matrices such as the WAG matrix (Whelan and

Goldman 2001). The authors compare the perform-

ance of MtZoa with other static matrices and with the

mechanistic GTR model (which involves estimating

the entire replacement matrix from scratch for each

new dataset). As expected, MtZoa outperforms other

static matrices on the datasets for which it is intended.

Additionally, MtZoa outperforms the parameter-rich

mechanistic GTR model when performance is

measured by the Bayesian Information Criterion,

which penalises the inclusion of extra parameters. In

this respect, it will be interesting to see how

taxonomically-based matrices such as MtZoa perform

relative to the recently proposed matrices based on

protein structure (Le et al. 2008).
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Evolutionary constraints on

mitochondrial DNA depend on the

locomotive demands of the host

Bird mitochondria are much more efficient than those

of other mammals (Herrero and Barja 1998), and this

efficiency probably evolved as a response to the high

metabolic demands of flight. However, not all bird

species place the same metabolic demands on their

mitochondrial DNA (mtDNA), as not all birds fly.

Indeed, flightlessness has evolved a number of times

independently within birds (e.g. penguins, kiwis, and

the kakapo).

Shen et al. (2009) hypothesised that the mitochon-

drial genome might experience relaxed selection in

flightless birds. As a result, mutations that decrease

mitochondrial efficiency (i.e. most amino-acid chan-

ging mutations) should be tolerated more often in

flightless birds than in their flying relatives.

This hypothesis was tested by comparing the ratio of

non-synonymous to synonymous changes (dN/dS) in

ISSN 1940-1736 print/ISSN 1940-1744 online q 2010 Informa UK Ltd.

DOI: 10.3109/19401730903323175

Correspondence: Simon Y. W. Ho, Research School of Biology, Australian National University, Building 116 Daley Road, Canberra,
Australian Capital Territory 0200, Australia. Fax: 61 2 6125 5573. E-mail: simon.ho@anu.edu.au

Mitochondrial DNA, February 2010; 21(1): 1–4

M
ito

ch
on

dr
ia

l D
N

A
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
A

us
tr

al
ia

n 
N

at
io

na
l U

ni
ve

rs
ity

 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



the mtDNA of flightless versus flying birds. However,

the difference in dN/dS of flightless versus flying birds

was small. The authors then hypothesised that

selective constraint might instead depend on locomo-

tive speed, since some flightless birds (such as emus)

can run faster than other birds fly. Using this metric,

the authors show that birds with lower locomotive

ability tend to have less constrained mtDNA

(i.e. higher dN/dS) than those with higher locomotive

ability. Even more surprisingly, this effect is repeated

in mammals. This study forms part of a growing

number of studies that have suggested the evolution

of mtDNA is measurably affected by the metabolic

demands of the host. It would be interesting to know

whether the nucleus-encoded mitochondrial proteins

experience similar selective regimes to their mito-

chondrion-encoded counterparts.
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Longevity, mutation rates, and the

evolution of avian mitochondrial DNA

Two recent studies focus particularly on the evolution

of avian mitochondrial DNA (mtDNA). Galtier et al.

(2009a) show that, as is the case for mammals,

longer-lived birds tend to have slower rates of amino

acid substitution. They interpret this result as

support for the longevity hypothesis—the idea that

mitochondrial mutation rates are to a large extent

controlled by selection on longevity (for a succinct

review, see Galtier et al. 2009b). If you believe the

mitochondrial theory of ageing (and not everybody

does; e.g. Blagosklonny et al. 2008), then one way of

achieving a longer lifespan is to reduce the rate at

which somatic mitochondria accrue mutations. Thus,

selection for increased longevity could result in

selection for a lower mitochondrial mutation rate,

which in turn results in a reduced mitochondrial

substitution rate.

In a second study, some of the same authors

(Nabholz et al. 2009) analyse avian mtDNA in more

detail. The authors look exclusively at substitutions at

third codon positions, which should for the most part

be selectively neutral and thus reflect the underlying

mutation rate. The results of this study are illumina-

ting in a number of respects. First, they demonstrate

that birds tend to have much lower substitution rates

than mammals. This observation is in agreement with

the longevity hypothesis (since birds tend to live longer

than mammals of a similar size), but contradicts the

metabolic rate hypothesis (since birds tend to have

higher mass-specific metabolic rates than mammals of

a similar size). Second, they demonstrate the mtDNA

mutation rate is extremely variable in birds—although

the average rate of change is approximately 2% per

million years, there is more than 30-fold variation

about this value among different lineages.

This suggests that, in most cases, the application of

strict molecular clocks to bird mtDNA is inappropri-

ate. Finally, they show that mtDNA diversity in birds

tends to be driven by the underlying mutation rate,

rather than the effective population size of the species

(although the available data on effective population

size were limited).

Nabholz et al. (2009) also analyse the

relationship between longevity and mtDNA mutation

rates in birds inmore detail. Although they confirmthat

longer-lived birds tend to have lower mutation rates (in

agreement with the longevity hypothesis), further

analysis indicates that longevity is a worse predictor

of mutation rates than body size. This result suggests

that, in contrast to mammals, bird mtDNA mutation

rates are not primarily driven by selection on longevity.

It is perhaps the case that because birds have such high

metabolic demands, selection acts primarily on

mitochondrial efficiency rather than on longevity.

From this viewpoint, the exceptional lifespan of many

birds could be seen primarily as a by-product of their

highly efficient mitochondria, rather than a direct

result of selection. It will be fascinating to unravel

further the evolutionary forces and interactions that

have shaped avian mtDNA and life-history.
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Population mitogenomics of extinct

species

Sequencing mitogenomes from ancient specimens has

traditionally been hindered by a variety of factors,

including extensive DNA damage and fragmentation,

elevated levels of contamination, and undesirable

demands on sample materials. In the past few years,

the situation has been improved by multiplex-PCR

techniques and high-throughput sequencing techno-

logy. The first studies of ancient population mitoge-

nomics were published by Gilbert et al. (2007, 2008),

who obtained sequences from the hair shafts of 15

woolly mammoths.

The field of ancient population mitogenomics has

been expanded in two recent studies, both of which

present novel methodologies for sequence retrieval. In

the first study, Briggs et al. (2009) employ a “primer-

extension-capture” approach to isolate target

sequences from a library of degraded DNA. In this

approach, 50-biotinylated oligonucleotide probes bind

specifically to small mitogenomic fragments in the

library and are then captured using magnetic

streptavidin beads. Using this method, the authors

are able to overcome the significant influence of

contamination in the process of sequencing the

mitogenomes of five Neanderthals. The authors

estimate that there was less than 1.4% contamination

from modern human DNA, which is an astonishing

achievement given that mitochondrial DNA represents

only about 0.001% of the endogenous DNA present in

a typical Neanderthal bone.

Based on phylogenetic analyses of the Neanderthal

mitogenomes, along with those from a representative

sample of modern humans, Briggs et al. (2009)

estimate that the last common ancestor of the five

Neanderthals existed about 110,000 years ago.

Examination of the ratio of non-synonymous to

synonymous rates of substitution reveals that the

species probably had a smaller effective population

size than modern humans.

In the second study, Stiller et al. (2009) present a

cost-efficient method for sequencing multiple mito-

genomes simultaneously. The authors use multiplex

PCR to amplify DNA in 31 cave bear samples, tag the

products using sample-specific barcodes, and then

analyse the pooled products on a high-throughput

sequencing platform. After conducting only two

sequencing runs, the authors achieve a remarkable

96% coverage of the 31 mitogenomes.

Stiller et al. (2009) suggest that the levels of genetic

divergence among the 31 cave bears reflect the

existence of three distinct species. However, this

inference will need to be strengthened by evidence

from nuclear loci, given that the observed patterns of

mitochondrial divergence are not inconsistent with

those that might be expected from a single population

(Rodrigo et al. 2008).

The new methodological approaches presented by

Briggs et al. (2009) and Stiller et al. (2009) are

significant not only because they overcome previous

limitations associated with ancient DNA analysis, but

also because they have the potential to reduce

substantially the cost of sequencing ancient mitogen-

omes. This opens theway for the large-scale generation

and analysis of mitogenomic data from extinct species.

References

Briggs AW, Good JM, Green RE, Krause J, Maricic T, Stenzel U,

Lalueza-Fox C, Rudan P, Brajkovic D, Kucan Z, Gusic I,

Schmitz R, Doronichev VB, Golovanova LV, de la Rasilla M,

Fortea J, Rosas A, Paabo S. 2009. Targeted retrieval and analysis

of five Neandertal mtDNA genomes. Science 325:318–321.

Gilbert MTP, Tomsho LP, Rendulic S, PackardM, Drautz DI, Sher

A, Tikhonov A, Dalen L, Kuznetsova T, Kosintsev, Campos PF,

Higham T, Collins MJ, Wilson AS, Shidlovskiy F, Buigues B,

Ericson PGP, Germonpre M, Gotherstrom A, Iacumin P,

Nikolaev V, Nowak-KempM,Willerslev E, Knight JR, Irzyk GP,

Perbost CS, Fredrikson KM, Harkins TT, Sheridan S, Miller W,

Schuster SC. 2007. Whole-genome shotgun sequencing of

mitochondria from ancient hair shafts. Science 317:1927–1930.

Gilbert MTP, Drautz DI, Lesk AM, Ho SYW, Qi J, Ratan A, Hsu

CH, Sher A, Dalen L, Gotherstrom A, Tomsho LP, Rendulic S,

Packard M, Campos PF, Kuznetsova TV, Shidlovskiy F,

Tikhonov A, Willerslev E, Iacumin P, Buigues B, Ericson PGP,

Germonpre M, Kosintsev P, Nikolaev V, Nowak-Kemp M,

Knight JR, Irzyk GP, Perbost CS, Fredrikson KM, Harkins TT,

Sheridan S, Miller W, Schuster SC. 2008. Intraspecific

phylogenetic analysis of Siberian woolly mammoths using

complete mitochondrial genomes. Proc Natl Acad Sci USA

105:8327–8332.

Rodrigo A, Bertels F, Heled J, Noder R, Shearman H, Tsai P. 2008.

The perils of plenty: What are we going to do with all these

genes? Phil Trans R Soc B 363:3893–3902.

Stiller M, Knapp M, Stenzel U, Hofreiter M, Meyer M. 2009.

Direct multiplex sequencing (DMPS)–a novel method for

targeted high-throughput sequencing of ancient and highly

degraded DNA. Genome Res 19:1843–1848.

Tracking the demographic history of seals

using mitochondrial DNA

In view of the rapidity and magnitude of anthro-

pogenic climate change, the ability of animal

populations to respond to environmental change is

becoming an increasingly important concern. Mark de

Bruyn et al. (2009) have examined this issue using a

superlative study system: Southern elephant seals

(Mirounga leonina) in the Antarctic. The modern

distribution of this highly mobile species is circum-

polar, including large colonies in Argentina, South

Georgia, Macquarie Island, and the Kerguelen
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Islands. Throughout much of the Holocene, however,

the species also occupied a favourable habitat on the

Victoria Land Coast in the Ross Sea, Antarctica. Open

beach habitat became available after glacial retreat

about 8000 years ago, but has disappeared in the past

few hundred years as a result of glacial expansion and

sea-ice enclosure.

de Bruyn et al. (2009) used ancient DNA

techniques to study the extinct population of the

Victoria Land Coast. By radiocarbon-dating and

sequencing 223 samples of ancient seals, the authors

were able to produce a precise demographic recon-

struction using coalescent-based methods. de Bruyn

et al. (2009) concentrated on the first hypervariable

region of the mitochondrial genome, thereby max-

imising the efficiency with which information could be

gained from the degraded ancient DNA.

The analyses of the DNA sequences yielded a

number of key results. There was convincing evidence

that theMacquarie Island population was the ancestral

source of the Victoria Land Coast population,

although it appeared that some recent back-migration

had occurred. The genetic reconstruction

of demography was consistent with the physical

evidence, showing population growth coincident with

the opening of the habitat on the Victoria Land Coast.

Prior to its drastic crash and eventual extinction within

the past millennium, the population achieved levels of

genetic diversity that were much higher than its

putative source population.

In their comprehensive study, de Bruyn et al. (2009)

have been able to trace the entire life of a population

over a period of ,7000 years, from colonisation

through expansion to extinction. By revealing the

capacity of a species to exploit a newly available

habitat and to achieve high levels of genetic diversity in

several hundred generations, the authors have

provided some insight into the potential behaviour of

animal populations in response to future climatic and

environmental change.
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