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A phylogenetic analysis of 1125 global human mitochondrial DNA (mtDNA)
sequences permitted positioning of all nucleotide substitutions according to
their order of occurrence. The relative frequency and amino acid conser-
vation of internal branch replacement mutations was found to increase from
tropical Africa to temperate Europe and arctic northeastern Siberia. Par-
ticularly highly conserved amino acid substitutions were found at the roots
of multiple mtDNA lineages from higher latitudes. These same lineages
correlate with increased propensity for energy deficiency diseases as well
as longevity. Thus, specific mtDNA replacement mutations permitted our
ancestors to adapt to more northern climates, and these same variants are

influencing our health today.

The human mtDNA exhibits dramatic, re-
gion-specific sequence variation in indige-
nous populations (/) (fig. S1). Although pre-
viously this was attributed to genetic drift (2),
an analysis of 104 complete human mtDNA
sequences (haplotypes) from around the
world suggested that the regional distribution
of mtDNA haplogroups (specific lineages of
related mtDNA haplotypes) has also been
influenced by climatic selection (3).

Mitochondrial oxidative phosphorylation
(OXPHOS) has two primary physiological
functions: adenosine triphosphate (ATP) pro-
duction and heat generation. The relative al-
location of calories between these two ener-
getic functions is determined by OXPHOS
coupling: the efficiency of the electron trans-
port chain (ETC) to convert the energy de-
rived from oxidating dietary calories into the
mitochondrial inner membrane proton gradi-
ent and the efficiency of the ATP synthase to
convert the proton gradient into ATP. Tightly
coupled OXPHOS would generate more ATP
and be advantageous in the tropics, whereas
partially uncoupled OXPHOS would produce
proportionately more heat and be advanta-
geous in cold climates (4). As expected, the
basal metabolic rate of indigenous, circumpo-
lar human populations is greater than that of
temperate populations (5).

To further define the role of adaptive
mutations in shaping human mtDNA vari-
ation, we collected and analyzed 1125 com-
plete mtDNA coding region sequences.
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These were assembled into a neighbor-
joining phylogenetic tree (fig. S2), and all
mtDNA variants were positioned within the
tree. Variants common to multiple mtDNA
haplotypes were ancient and positioned at
internal branches (I), whereas those con-
fined to one mtDNA were recent and rele-
gated to terminal branches (T) (6).

Because deleterious replacement muta-
tions would be eliminated from the popula-
tion by purifying selection over time, they
would be rare in the internal branches but
more common at terminal branches of the
tree. By contrast, advantageous replacement
mutations retained by adaptive selection
would be enriched in internal branches rela-
tive to terminal branches. Neutral mutations,
such as synonymous (S) substitutions, should
be uniformly distributed throughout the
mtDNA tree. Hence, the frequency of re-
placement [nonsynonymous (NS)] mutations
in different parts of the mtDNA tree can be
normalized for varying time intervals by di-
viding by S [replacement mutations frequen-
cy (RF) = NS/S], which permitted the
frequency of replacement mutations to be
compared for internal branches (RF,) and
terminal branches (RF;). Thus, lower RF,
values reflect fewer internal missense muta-
tions, implying that most have been removed
by purifying selection, whereas higher RF,
values indicate that more missense mutations
have become established, indicating the in-
fluence of adaptive selection. Hence, a lower
RF,/ RF; (I/T) ratio indicates the predomi-
nance of purifying selection, whereas a high-
er ratio indicates an increasing importance of
adaptive selection.

The phenotypic importance of replace-
ment mutations was evaluated by analyzing
the inter-specific conservation of the al-
tered amino acids, the conservation indices
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(CI). Neutral mutations would have a low
CI, whereas deleterious or adaptive muta-
tions would have a high CI. To determine
the level of CI that would cause a pheno-
typic change, we examined the CI of 22
well-characterized  human  pathogenic
mtDNA replacement mutations (www.
mitomap.org; supporting online material).
This gave a CI of 93 £ 13% (conserved in
an average of 36.4 = 5.2 species of 39
species compared X 100). Then, we used
two standard deviations from this mean (the
95% confidence limits) as the level of re-
placement mutations likely to have a phe-
notypic effect (supporting online material).

To determine the overall importance of
selection in shaping overall human mtDNA
variation, we calculated the RF, and RF . and
the CI, and CI . for all mtDNA variants in the
complete (global) mtDNA phylogenetic tree
(Table 1). In aggregate, the RF; was signifi-
cantly lower than RF. (P < 0.0005), and the
CI, was significantly lower than CI, (P <
0.0001) (Table 1). Therefore, the predomi-
nant factor influencing human mtDNA vari-
ation throughout human history has been pu-
rifying selection, consistent with the essential
function of the mtDNA proteins.

We then examined the potential pheno-
typic consequences of internal branch mis-
sense mutations using the 95% confidence
limits of the pathogenic mutations as a
reference. This revealed that 26% (63/240)
of the replacement mutations are likely to
be functionally important with a mean
CI, =85 * 9% (33.2 = 3.6 + 39), whereas
74% are probably neutral with a mean
CI, =23 £ 15% (9.1 = 5.8 = 39).

To determine whether the relative effects
of purifying versus adaptive selection corre-
late with climatic zone, we next examined the
internal and terminal replacement mutation
frequencies of the various regional macro-
haplogroups (groups of related haplogroups).
The tropic and sub-tropical African macro-
haplogroup L mtDNAs had a significantly
lower RF, than did the temperate and arctic
Eurasian macro-haplogroups M, N-R, and N-
nonR [L versus M (P = 0.06), N(R) (P =
0.013), or N(NonR) (P = 0.008)] (Table 1).
Likewise, the I/T ratio of L (0.70) was less
than those of M, N(R), or N(nonR) (0.80 to
0.94), and the CI, of L (36%) was consistent-
ly lower than those of M, N(R), or N(nonR)
(40 to 44%) (Table 1). Hence, adaptive se-
lection played an increasingly important role
as people migrated out of Africa into temper-
ate and arctic Eurasia.

To further clarify the role of arctic selec-
tion, we examined only those haplogroups
found primarily in the arctic. Haplogroups A,
C, D, and G are highly enriched in northeast-
ern Siberia, comprising 75% of arctic versus
14% of temperate Asian mtDNAs. Haplo-
groups A, C, and D arrived first in northern
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Table 1. Evolutionary parameters of the global human mtDNA phylogeny and
each of the region-specific macro-lineages: Africa [L], Asia [M], and Eurasia
[N(R) and N(nonR)]. N, RF,, RF,, CI, and CI, indicate sample size, internal and
terminal NS/S, and internal and terminal conservation index (supporting

standard deviation.

online material), respectively. The P values were calculated using the Fisher’s
exact test (FET) and the Student’s t-test. L-RF,, RF-RF,, and Cl-Cl, indicate
comparisons with the African L-RF,, or within the cluster, respectively. SD,

N Internal branches Terminal branches P (RF-RF;) P (CI-Cly) P (L-RF) 1T

Haplogroup
RF, (NS/S) cl, (D) F, (NS/S) cl, (sD)

Global 1125 0.41(240/589) 40(31) 0.53(688/1297) 52(34) <0.0005 <0.0001 0.77
L 106 0.31 (60/191) 36(28) 0.44 (111/254) 54(33) 0.015 0.0002 0.70
M 118 0.42 (28/67) 43(31) 0.52 (90/172) 55(35) 0.071 0.093 0.061 0.80
N(R) 763 0.44(117/265) 40(31) 0.55 (397/725) 51(34) 0.012 0.002 0.013 0.80
N(nonR) 138 0.58 (31/53) 44(34) 0.62 (90/146) 49(33) 0.102 0.489 0.008 0.94

Siberia and thus were in a position to colo-
nize the Americas when the Bering land
bridge appeared. Haplogroup G arrived in
Siberia after the bridge submerged. Haplo-
group B joined A, C, and D in the Americas
via an independent migration. Because B is
absent in northern Siberia and rare in north-
western North America, it appears to have
arrived by a more southerly route. Haplo-
group X is found in the Great Lakes region of
Central Canada, and is more prevalent in
Europe than Asia. Hence, X has also persist-
ed in the northern latitudes for prolonged
periods (/7).

On the basis of this biogeographic anal-
ysis, we would expect haplogroups A, C, D,
and X to have been subjected to much
greater cold stress than haplogroup B or
African macro-haplogroup L. Accordingly,
the I/T ratios of the arctic haplogroups A,
C, D, and X (0.91 to 2.91) were all greater
than B (0.75) or L (0.70), and the RF,
values of haplogroups A and X were sig-
nificantly greater than that of L (P < 0.05)
(Table 2). Moreover, the CI; values of hap-
logroups A (53%) and C (73%) were much
higher than B (31%) or L (36%), with the
CII of C being the highest of any haplo-
group (Table 2). Hence, the mtDNA varia-
tion of haplogroups A, C, D, and X has
been strongly influenced by adaptive selec-
tion, whereas that of haplogroup B has not.

To obtain a more comprehensive assess-
ment of the influence of adaptive selection on
arctic mtDNA variation, we combined the
data for haplogroups A, C, D, and X (desig-
nated ACDX) and compared these values
with those of all other global mtDNA lineag-
es (designated nonACDX) (Table 2). The RF,
of ACDX was significantly higher than that
of nonACDX (P < 0.05) or of African L
(P < 0.01) (Table 2). The CI, of ACDX was
also significantly higher than that of non-
ACDX or L (P = 0.05).

To identify specific adaptive mutations
associated with arctic haplogroups A, C, D,
and X, we next examined the CI of each of
the mutations that lie at the roots of these
haplogroups. Haplogroup A was found to
have two very well conserved root amino
acid variants: one in the mtDNA protein

Table 2. Evolutionary parameters of haplogroups that migrated to the Americas via the arctic (A, C, D,
X) and nonarctic (B) routes. L is the African L lineages, ACDX is the combination of the arctic adapted
mtDNA haplogroups, and NonACDX is the combination of all other mtDNAs. Abbreviations as in Table
1.

N Internal branches Terminal branches P (L-RF) /T

Haplogroup
RF, (NS/S) cl, (D) RF, (NS/S) cl; (SD)

A 33 073 (8/11) 53(27) 072 (34/47)  45(33) 0048 101
B 31 038 (9/24) 31(25) 051 (35/69)  54(33) 0.151  0.75
C 22 046 (6/13) 73(27) 042 (11/26)  76(27) 0155 1.10
D 63 050 (9/18)  42(26) 055 (32/58)  64(33) 0099 091
X 19 125  (5/4) 36(30) 043 (10/23)  46(34) 0037 291
L 106 031 (60/191)  36(28)  0.44 (111/254)  54(33) 0.70
ACDX 137 061 (28/46) 51(31) 056 (87/154)  56(35) 0008  1.09
NonACDX 988 0.39(212/543) 39(30) 0.53(601/1143) 51(34) 0.74

Table 3. Evolutionary parameters of haplogroups that are indigenous to Europe. V(HV") encompasses V
and non-H HV; I+N1b is a combination of the sister lineages | and N1b. Abbreviations as in Table 1.

N Internal branches Terminal branches P (L-RF) 1T

Haplogroup
RF, (NS/S) cl, (D) RF, (NS/S) cl, (sD)

H 314 048 (29/60)  46(35)  0.61(147/242)  50(34) 0031 079
V(HV*) 55 133  (4/3) 32(11) 046 (16/35)  60(35) 0055  2.89
U(UK) 174 036(38/105)  36(29)  0.51 (95/185)  53(34) 0080 071
J 101 066 (23/35)  42(31) 065 (50/77)  53(35) 0007 102
T 80 031 (9/29) 52(42) 039 (31/79)  51(35) 0162 079
W 48 050 (7/14)  36(36) 030 (7/23)  60(40) 0124 167
I+N1b 32 063 (10/16)  50(39) 072 (28/39)  59(31) 0050 088
X 19 125 (5/4)  36(30) 043 (10/23)  46(34) 0037 291
L 106 031(60/191)  36(28)  0.44(111/254)  50(34) 0.70

ND2 at nucleotide (nt) 4824G, resulting in
T119A (CI = 82.1%), and the other in
ATP6 at nt 8794T, resulting in HO0Y (CI =
72%) (7). The Siberian sub-haplogroup C
also contained two conserved root variants:
ND4 at nt 11969A (A404T) (CI = 85%)
and cytochrome b (cytb) at nt 15204C
(I153T) (CI = 85%).

European mtDNAs would also be expect-
ed to have been influenced by cold selection
because of the episodic periods of cold asso-
ciated with the repeated continental glacia-
tions (8). Accordingly, RF, values of Euro-
pean haplogroups H, I + N1b, J, and X were
all significantly higher than that of African L
[L versus H (P < 0.05), I + N1b (P = 0.05),
J (P < 0.01), and X (P < 0.05)] (Table 3).
The CI; of haplogroups H, J, and I + NIlb

were also higher than African L (Table 3).

European haplogroups J and T provide
striking examples of the various effects that
adaptive selection has had on European
mtDNA variation (Fig. 1). J and T are sister
haplogroups that share a common root but
diverge early with very different subsequent
evolutionary histories. Consequently, they
have significantly different RF, and RF . val-
ues (P < 0.05), as well as significantly dif-
ferent overall replacement mutation frequen-
cies (P = 0.005) (Table 3).

Haplogroup T has a low RF|, but this is
because it encompasses the most highly con-
served internal branch mutation in the ND2
gene observed in the human mtDNA phylog-
eny. This mutation is in mtDNA protein ND2
at nt 4917G (N150D) (CI = 90%) (Table 3).
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Fig. 1. Phylogeny of the haplogroups ] and T. Key internal replacement mutations are designated by the gene name and the nucleotide substitution.

The stem of haplogroup T is additionally
unique in encompassing eight other muta-
tions, four that are synonymous and four in
RNA genes (Fig. 1). This implies that much
of the early diversification of haplogroup T
was lost, presumably due to selection, with
only the ND2 (N150D) lineage surviving.

In contrast, haplogroup J diverged from T,
initially acquiring two additional complex I
mutations. It then bifurcated into two sub-
haplogroups J1 and J2, each defined by a root
cytb replacement mutation (Fig. 1). The J2
cytb mutation is at nt 15257A (D171N) (CI =
95%), whereas the J1 cytb mutation is at nt
14798C (F18L) (CI = 77%). The nt 14798C
mutation is also found at the base of haplo-
group K (more recently classified Uk).

The nt 15257A (D171N) substitution is
located in the outer coenzyme Q,, (CoQ)-
binding site of cytb (Qo), where it contacts
the Rieske iron-sulfur protein (ISP) (9, 10).
This variant is likely to be functionally im-
portant, because the equivalent mutation
(D187N) in Rhodobacter sphaeroides alters
the photosynthetic apparatus (/7). The nt
14798C (F18L) mutation is located at the
inner CoQ-binding (Qi) site, within 3.5 A of
the CoQ quinone group (/2). Mutations in

this amino acid confer susceptibility to diu-
ron, which blocks electron flow between cytb
and cytochrome c1 (/3). Because the CoQ
binding sites of cytb are thought to be essen-
tial for the complex III Q cycle, these muta-
tions could reduce proton pumping and thus
coupling efficiency.

The functional relevance of the haplo-
group J, T, and K amino acid variants has
been shown in human clinical studies. Hap-
logroup T is associated with moderate asthe-
nozoospermia and a complex I + IV defect
(14) as well as with Wolfram syndrome (15).
It is also protective against Alzheimer’s dis-
ease (/6). Haplogroup J has been shown to
increase the penetrance of the milder com-
plex I gene mutations associated with Leber’s
hereditary optic neuropathy (LHON) (/5, 17,
18), and haplogroups J and K have been
linked to increased susceptibility to multiple
sclerosis (/9). Moreover, haplogroup K is
protective against Alzheimer’s disease (20),
and J and K are protective against Parkinson
disease (27) and are associated with increased
longevity (22-26).

This combination of the increased predi-
lection to energy deficiency diseases, but pro-
tection from neurodegenerative diseases and

aging is consistent with the expectations for
mtDNA coupling efficiency mutations. Un-
coupling mutations would reduce ATP pro-
duction, increasing the probability of energet-
ic failure. However, they would also decrease
mitochondrial ROS production by increasing
the oxidation of the electron transport chain,
thus reducing oxidative damage and apopto-
sis. This could decrease neuronal and other
cell loss, thus increasing longevity (27).
Our observations support the hypothesis
that certain ancient mtDNA variants permit-
ted humans to adapt to colder climates, re-
sulting in the regional enrichment of specific
mtDNA lineages (haplogroups). Today these
same variants result in differences in energy
metabolism and altered mitochondrial oxida-
tive damage, thus affecting health and lon-
gevity. Therefore, to understand individual
predisposition to modern diseases, we must
also understand our genetic past, the goal of
the new discipline of evolutionary medicine.
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Global Assessment of Organic
Contaminants in Farmed Salmon
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The annual global production of farmed salmon has increased by a factor of 40
during the past two decades. Salmon from farms in northern Europe, North
America, and Chile are now available widely year-round at relatively low prices.
Salmon farms have been criticized for their ecological effects, but the potential
human health risks of farmed salmon consumption have not been examined
rigorously. Having analyzed over 2 metric tons of farmed and wild salmon from
around the world for organochlorine contaminants, we show that concentra-
tions of these contaminants are significantly higher in farmed salmon than in
wild. European-raised salmon have significantly greater contaminant loads than
those raised in North and South America, indicating the need for further
investigation into the sources of contamination. Risk analysis indicates that
consumption of farmed Atlantic salmon may pose health risks that detract from
the beneficial effects of fish consumption.

Between 1987 and 1999, salmon consump-
tion increased annually at a rate of 14% in the
European Union and 23% in the United
States (/). Currently, over half the salmon
sold globally is farm-raised in Northern Eu-
rope, Chile, Canada, and the United States,
and the annual global production of farmed
salmon (predominantly Atlantic salmon,
Salmo salar) has risen from ~24,000 to over
1 million metric tons during the past two
decades (2). The health benefits of eating fish
such as salmon have been well documented
(3, 4). However, salmon are relatively fatty
carnivorous fish that feed high in the food
web, and as such, they bioaccumulate con-
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taminants (5). The potential risks of eating
contaminated farmed salmon have not been
well evaluated. Three previous studies re-
porting contaminants in salmon are incon-
clusive because of their very small sample
sizes and narrow geographic representation
(6-8). As a result, the extent of this prob-
lem and the potential risks to human health
remain unclear.

We measured organochlorine contami-
nants in approximately 700 farmed and wild
salmon (totaling ~2 metric tons) collected
from around the world. We do not report on
other important contaminants, such as meth-
ylmercury, because our preliminary study (9)
showed no significant difference in methyl-
mercury levels between farmed and wild
salmon. Using the data on organochlorine
contaminants, we assessed the variation in
contaminant loads between farmed and wild
salmon and among geographic regions, and
we calculated the human health risks of salm-
on consumption. Farmed Atlantic salmon
from eight major producing regions in the
Northern and Southern hemispheres were
purchased from wholesalers that could obtain
fish of the appropriate size within the sam-
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pling period; in addition, farmed Atlantic
salmon fillets were purchased at supermar-
kets in 16 large cities in North America and
Europe. For comparison, samples of five wild
species of Pacific salmon [chum (Oncorhyn-
cus keta), coho (O. kisutch), chinook (O.
tshawytscha), pink (O. gorbuscha), and sock-
eye (O. nerka)] were obtained from three
different geographic regions. Wild Atlantic
salmon were not studied because few are
available commercially; nor did we analyze
farmed Pacific salmon because they are not
raised in any substantial amounts (2, /0).

A total of 594 individual whole salmon
were purchased from wholesalers and fil-
leted; an additional 144 fillets were pur-
chased from retailers in Boston, Chicago,
Denver, Edinburgh, Frankfurt, London, Los
Angeles, New Orleans, New York, Oslo, Par-
is, San Francisco, Seattle, Toronto, Vancou-
ver, and Washington, DC. Composites of fil-
lets from whole salmon were made on the
basis of the location where they were pro-
duced (farmed salmon) or purchased (wild
salmon). Composites of fillets from retailers
were made on the basis of the retail outlet
where they were purchased. Each composite
sample consisted of fillets from three salmon
per location or three fillets per retail outlet,
giving 246 measurable samples. All samples
were homogenized and analyzed by gas chro-
matographic high-resolution mass spectrom-
etry (/1). Strict quality assurance and quality
control procedures were followed (/7). Thir-
teen samples of salmon feed were purchased
from the European, North American, and
South American outlets of the two major fish
feed companies, which together have ~80%
of the global market for fish feed (/2), and
were analyzed as above.

Contaminant concentrations in farmed
and wild salmon were compared by analysis
of variance. In comparing wild and farmed
salmon, farmed salmon were considered as a
single group. In addition, locations at which
salmon were farmed were compared by anal-
ysis of variance with multiple comparisons of
means to test for differences among locations
in contaminant levels. In all analyses of vari-
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