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Populations native to the Tibetan and Andean Plateaus are descended
from colonizers who arrived perhaps 25,000 and 11,000 years ago,
respectively. Both have been exposed to the opportunity for natural
selection for traits that offset the unavoidable environmental stress
of severe lifelong high-altitude hypoxia. This paper presents evidence
that Tibetan and Andean high-altitude natives have adapted differently, as indicated by large quantitative differences in numerous
physiological traits comprising the oxygen delivery process. These
findings suggest the hypothesis that evolutionary processes have
tinkered differently on the two founding populations and their
descendents, with the result that the two followed different routes
to the same functional outcome of successful oxygen delivery, longterm persistence and high function. Assessed on the basis of basal and
maximal oxygen consumption, both populations avail themselves of
essentially the full range of oxygen-using metabolism as populations
at sea level, in contrast with the curtailed range available to visitors
at high altitudes. Efforts to identify the genetic bases of these traits
have included quantitative genetics, genetic admixture, and candidate gene approaches. These reveal generally more genetic variance
in the Tibetan population and more potential for natural selection.
There is evidence that natural selection is ongoing in the Tibetan
population, where women estimated to have genotypes for high
oxygen saturation of hemoglobin (and less physiological stress) have
higher offspring survival. Identifying the genetic bases of these traits
is crucial to discovering the steps along the Tibetan and Andean
routes to functional adaptation.
hypoxia 兩 natural selection 兩 human

P

eople have occupied many different habitats since leaving
Africa, probably during the past 100,000 years (1). Behavioral
buffering and biological adaptability have enabled human occupation of environments spanning large ranges in features such as
temperature, UV radiation, and diet. However, only biological
adaptability has contributed to our success in occupying highaltitude lands (to ⬇5,400 m), because traditional technology could
not buffer us from the unavoidable environmental stress of highaltitude hypoxia (less than the normal amount of oxygen in the air
because of reduced atmospheric pressure).
Indigenous human populations on the Tibetan and Andean
Plateaus are descendents of colonizers who arrived at most ⬇25,000
and 11,000 years ago, respectively (2). Abundant evidence documents the reduced physical function of low-altitude natives visiting
high altitudes who engage many homeostatic responses yet do not
restore preexposure function (3). The two high-altitude populations
can be viewed as the current outcome of separate replications of a
natural experiment in which an ancestral founding population
moved from low to high altitude, and its descendents have been
exposed for millennia to the opportunity for natural selection to
improve function under high-altitude hypoxia. Both experiments
have been successful, as indicated by the rise of great civilizations,
long-term persistence, and population growth. However, the experiments have proceeded differently, as indicated by large quantitative differences in physiological traits related to offsetting the
stress of high-altitude hypoxia. Evolutionary theory suggests that
features of physiology or metabolism that are distinctive as compared with ancestral conditions or other populations represent
functional adaptations. The purpose of this paper is to present
evidence for Tibetan–Andean contrasts in functional adaptations
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0701985104

Fig. 1. Ambient oxygen levels, measured by the partial pressure of oxygen
(solid line) or as a percent of sea-level values (dashed line), decrease with
increasing altitude, a situation called high-altitude or hypobaric hypoxia. The
atmosphere contains ⬇21% oxygen at all altitudes.

that offset the stress of hypoxia and to consider the evidence for a
genetic basis for these differences between Tibetan and Andean
high-altitude natives.
The environmental stress of high altitude is hypoxia that, in turn,
creates the conditions for physiological hypoxia (less than the
normal amount of oxygen in the organism). The severity of
high-altitude hypobaric hypoxia is illustrated in Fig. 1 by the regular
decrease in the partial pressure of oxygen in the atmosphere with
increasing altitude. Studies of adaptation to high-altitude hypoxia
usually focus on populations living at ⱖ2,500 m, where physiological
effects become more easily detectable with more severe stress.
Many studies report about populations living in the range of
3,500–4,500 m, because many people live in that altitude range on
both plateaus, and because those residents must deal with severe
stress and may be most likely to exhibit adaptive responses. At
4,000-m elevation, every breath of air contains only ⬇60% of the
oxygen molecules in the same breath at sea level. This is a constant
feature of the ambient environment to which every person at a given
altitude is inexorably exposed. Less oxygen in inspired air results in
less oxygen to diffuse into the bloodstream to be carried to the cells
for oxygen-requiring energy-producing metabolism in the mitochondria. Humans do not store oxygen, because it reacts so rapidly
and destructively with other molecules. Therefore, oxygen must be
supplied, without interruption, to the mitochondria and to the
ⱖ1,000 oxygen-requiring enzymatic reactions in various cells and
tissues (4).
The oxygen level is near zero in human mitochondria at all
altitudes (5). This condition is described as ‘‘primitive,’’ because it
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Andean men living at an average altitude of ⬇3,900 m finds
estimated maximum oxygen consumptions of 46 and 47 ml/O2 per
kilogram, respectively, that are similar to values for untrained men
at sea level and ⬇10–20% higher than those reported for six
low-altitude native samples residing at the same altitudes (17). Thus,
they can use at high altitude the same full range of aerobic potential
for activities requiring oxygen delivery that others use at low
altitude. This represents a functional change from the ancestral
acute response to altitude, and it suggests that the high-altitude
native populations have adaptations that do not elicit elevated
oxygen consumption. Unexpectedly, as described below, the similar
functional endpoints are reached differently among Tibetan as
compared with Andean high-altitude natives, who differ quantitatively in measures of oxygen delivery along the transport cascade.
In turn, this raises questions about the possible mechanisms and
evolutionary steps along the two adaptive routes.
Fig. 2. The oxygen transport cascade at sea level (solid line) and at the high
altitude of 4,540 m (dashed line) illustrates the oxygen levels at the major
stages of oxygen delivery and suggests potential points of functional adaptation (data from ref. 60).

has changed little for the past 2.5 billion years despite wide swings
in the amount of atmospheric oxygen (at times it has been 10,000fold lower; refs. 6 and 7) and ‘‘protective’’ in the sense that it
circumvents potentially damaging reactions of oxygen with other
molecules (8). Fig. 2 describes the transport of oxygen in humans
along a ‘‘cascade’’ of falls in oxygen level from inspired air to the
capillaries from which it will diffuse into the mitochondria. The
inspired oxygen pressure at the higher altitude of 4,540 m is much
lower, so the pressure differences among different stages of oxygen
transport are smaller, and the diffusion rate is lower. Fig. 2 identifies
several points of potential adaptation with respect to sustaining the
process of mitochondrial generation of energy at very low oxygen
levels.
Potential and Actual Points of Adaptation to Hypoxia
Energy Production. Lowlanders traveling to high altitude display
homeostatic responses to the acute severe hypoxia. The responses
are energetically costly, as indicated by an increase in basal metabolic rate (BMR; the minimum amount of energy needed to
maintain life with processes such as regulating body temperature,
heart rate, and breathing). BMR is increased by ⬇17–27% for the
first few weeks upon exposure to high altitude and gradually returns
toward sea-level baseline (9). In other words, for acutely exposed
lowlanders, the fundamental physiological processes required to
sustain life at high altitude require more oxygen despite lower
oxygen availability. At the other extreme of energy expenditure, a
measure of the upper limit to oxygen delivery is the highest oxygen
uptake an individual can attain during work. This upper limit is
decreased by ⬇20–30% during the first weeks and gradually returns
toward normal over the course of 1 year (although it does not return
to preexposure sea-level baseline) (3, 10–13). The result is a
relatively narrow scope for increasing oxygen consumption above
the basal requirement for supporting other functions, including
growth, reproduction, and physical activity.
In contrast to acutely exposed lowlanders and despite the equally
low level of oxygen pressure in the air and lungs, both Andean and
Tibetan highlanders display the standard low-altitude range of
oxygen delivery from minimal to maximal. Both populations have
the normal basal metabolic rate expected for their age, sex, and
body weight (14–16), implying that their functional adaptations do
not entail increased basal oxygen requirements. Furthermore,
Andean and Tibetan highlanders have maximal oxygen uptake
expected for their level of physical training (12, 13, 17). For
example, a comparative analysis of 17 samples of Tibetan and
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Ventilation. One potential point of adaptation in oxygen delivery is
ventilation, which, if raised, could move a larger overall volume of
air and achieve a higher level of oxygen in the alveolar air (Fig. 2)
and diffusion of more oxygen. An immediate increase in ventilation
is perhaps the most important response of lowlanders acutely
exposed to high altitude, although it is not sustained indefinitely and
is not found among members of low-altitude populations born and
raised at high altitude, such as Europeans or Chinese (3, 18).
Tibetan, but not Andean, highlanders have retained this temporary
ancestral response, as indicated by elevated resting ventilation, as
compared with Andean highlanders and low-altitude populations at
low altitude. For example, a comparative analysis summarizing the
results of 28 samples of Tibetan and Andean high-altitude natives
at an average altitude of ⬇3,900 m reported an estimated resting
ventilation of 15.0 liters/min among the Tibetan samples as compared with 10.5 liters/min among the Andean samples (19). Fig. 3
illustrates the higher resting ventilation of Tibetans as compared
with Andean highlanders evaluated using the same protocol at
⬇4,000 m. The mean resting ventilation for Tibetans was ⬎1 SD
higher than the mean of the Andean highlanders (20).
The control of ventilation has been evaluated in the two populations by quantifying the reflexive increase in ventilation induced
by exposure to a standardized experimental hypoxic stress, a
measure called the hypoxic ventilatory response (HVR). The HVR
of low-altitude populations is abruptly and markedly elevated upon
acute exposure to high altitude, returns to normal levels after a few
days, and falls below normal levels after months or years (21–23).
Tibetans express a normal HVR as compared with sea-level
populations in their native altitude, whereas Andean highlanders
have HVRs generally lower than sea-level values. A comparative
analysis summarizing reports on 25 samples of Tibetan and Andean
high-altitude natives at an average altitude of ⬇3,900 m found that
the average HVR of Tibetans was approximately double that of the
Andean high-altitude natives (19). The higher HVR of Tibetans is
illustrated in Fig. 3 by a comparison of paired samples evaluated at
⬇4,000 m (20). The implication is that the Tibetan respiratory
physiology has changed from the ancestral functional response of a
temporary increase in ventilation and HVR to a pattern of sustaining those responses indefinitely.
Oxygen in the Bloodstream. The higher ventilation levels among
Tibetans that move more oxygen through the lungs, along with the
higher HVRs that respond more vigorously to fluctuations in
oxygen levels, might be expected to result in more oxygen in the
bloodstream. However, the level of oxygen in the arterial blood
(Fig. 2) of a sample of Tibetans at ⬇3,700 m was lower than that
of a sample of Andean high-altitude natives at the same altitude (54
as compared with 57 mmHg; 1 mmHg ⫽ 133 Pa) (24, 25). In
addition, hemoglobin, the oxygen-carrying molecule in blood, is less
saturated with oxygen among Tibetans than among their Andean
counterparts (26, 27). Fig. 3 illustrates the lower percent of oxygen
Beall

Fig. 4. The calculated arterial oxygen content of Tibetan men and women
is profoundly lower than their Andean counterparts measured at ⬇4,000 m
(data from ref. 62), whereas the exhaled NO concentration is markedly higher
(recalculated from data reported in ref. 34).

Fig. 3. Boxplots comparing pairs of Tibetan and Andean samples, measured at
⬇4,000-m altitude by using the same recruiting and measurement protocols,
illustrate the marked quantitative differences in resting ventilation, HVR, hemoglobin concentration, and percent of oxygen saturation (recalculated from data
reported in refs. 20 and 27, recalculated from data reported in refs. 28 and 61).

saturation of hemoglobin in a sample of Tibetans at ⬇4,000 m. The
increased breathing of Tibetans does not deliver more oxygen to the
hemoglobin in the arteries.
Another potential adaptation in the bloodstream is a higher
concentration of hemoglobin itself. However, Tibetans have lower
hemoglobin concentrations than their Andean counterparts at the
same altitude (e.g., refs. 25 and 28). An analysis summarizing the
results of 53 samples of Tibetan and Andean high-altitude native
men at an average altitude of ⬇3,900 m reported an estimated mean
hemoglobin concentration of 16.9 g/dl among Tibetan men as
compared with 18.1 g/dl among Andean men (19). Fig. 3 illustrates
the markedly lower hemoglobin concentrations in a sample of
Beall

Tibetan men and women as compared with their Andean counterparts at ⬇4,000 m. [The average hemoglobin concentrations
were 15.6 and 19.2 g/dl for Tibetan and Andean men, respectively,
and 14.2 and 17.8 g/dl for women (28).] Hemoglobin concentration
is influenced by many factors, including erythropoietin, a protein
that causes differentiation of the precursors that will become
hemoglobin-containing red blood cells. Tibetans have slightly lower
erythropoietin concentrations than Andean highlanders at the
same altitude (25). When matched for volume of red blood cells, a
procedure that would effectively compare the highest Tibetan and
the lowest Andean values, Andean highlanders have much higher
erythropoietin levels, which implies that some sensor is responding
as if the stress were more severe, even though the samples were
collected at the same altitude of ⬇3,700 m.
Together, oxygen saturation and hemoglobin concentration determine arterial oxygen content. Fig. 4 illustrates that the calculated
arterial oxygen content in a sample of Tibetans is substantially lower
than among Andean highlanders, who actually have higher arterial
oxygen content than sea-level natives at sea level. On average,
neither Andean nor Tibetan highlanders restore the usual sea-level
arterial oxygen content. Instead, Andean highlanders have overcompensated for ambient hypoxia according to this measure,
whereas Tibetan highlanders have undercompensated. Indeed,
Tibetans are profoundly hypoxic and must be engaging other
mechanisms or adapting at different points in the oxygen transport
cascade to sustain normal aerobic metabolism.
Blood Flow and Oxygen Diffusion. Other potential points of functional adaptation include the rate of flow of oxygen-carrying blood
PNAS 兩 May 15, 2007 兩 vol. 104 兩 suppl. 1 兩 8657

to tissues and the rate of oxygen diffusion from the bloodstream
into cells.
Because blood flow is a function of the diameter of blood vessels,
dilating factors could, in principle, improve the rate of oxygen
delivery. Sea-level populations respond to high-altitude hypoxia by
narrowing the blood vessels in their lungs, the first point of contact
with the circulation. Known as hypoxic pulmonary vasoconstriction,
that reflex evolved at sea level to direct blood away from temporarily poorly oxygenated toward better oxygenated parts of the lung.
High-altitude hypoxia causes poor oxygenation of the entire lung
and general constriction of blood vessels to the degree that it raises
pulmonary blood pressure, often to hypertensive levels (3, 29). In
contrast, most Tibetans do not have hypoxic pulmonary vasoconstriction or pulmonary hypertension. This is indicated by essentially
normal pulmonary blood flow, as measured by normal or only
minimally elevated pulmonary artery pressure (29, 30). Although
there are no studies of paired Tibetan–Andean samples evaluated
by the same investigators, a comparison of a Tibetan sample from
4,200 m and an Andean sample from 3,700 m using the same
technology reveals a mean pulmonary artery pressure of 31 mmHg
for the Tibetan 28% lower than the mean of 43 mmHg for the
Andean (35 mmHg is often considered the upper end of the normal
sea-level range) (30, 31). Andean highlanders are consistently
reported to have pulmonary hypertension (29). Thus, pulmonary
blood flow is another element of oxygen delivery for which Tibetans
differ from Andean highlanders in the direction of greater departure from the ancestral response to acute hypoxia.
A probable reason for the normal pulmonary artery pressure
among Tibetans is high levels of the vasodilator nitric oxide (NO)
gas synthesized in the lining of the blood vessels. Low-altitude
populations acutely exposed to high-altitude down-regulate NO
synthesis, a response thought to contribute to hypoxic pulmonary
vasoconstriction (32, 33). In contrast, NO is substantially elevated
in the lungs of Tibetan as compared with Andean highlanders and
lowlanders at sea level (Fig. 4) (34). Among Tibetans, higher
exhaled NO is associated with higher blood flow through the
lungs (30).
Several other lines of evidence highlight the importance of high
blood flow for Tibetans. These include greater increase in blood
flow after temporary occlusion (35) and higher blood flow to the
brain during exercise (36) as compared with lowlanders. Pregnant
Tibetans increase blood flow to the uterine arteries, increase
oxygen delivery to the uterus and placenta more than acutely
exposed lowlanders, and give birth to heavier babies (37). In
contrast, pregnant Andean high-altitude natives increase oxygen
delivery to the uterus and placenta by increasing ventilation and
oxygen saturation, a response that correlated with giving birth to
heavier babies (38, 39). These two means for increasing uteroplacental oxygen delivery during pregnancy occur at a point in the life
course where natural selection for improving function could be
particularly effective. This is because infant birth weight is associated with infant survival and maternal reproductive success. Generally, Tibetans appear to have relatively high blood flow that may
contribute significantly to offsetting their low arterial oxygen
content.
A denser capillary network could potentially improve perfusion
and oxygen delivery, because each capillary would supply a smaller
area of tissue, and oxygen would diffuse a shorter distance. Tibetans
(the study sample were Sherpas, an ethnic group that emigrated
from Tibet to Nepal ⬇500 years ago) who are born and raised at
high altitude have higher capillary density in muscles as compared
with Andean high-altitude natives, Tibetans born and raised at low
altitude, or lowlanders (Fig. 5) (40). Those findings suggest that
another route used particularly by Tibetans to overcome profoundly
low arterial oxygen content is a high rate of diffusion. Diffusion
could be further enhanced by easier dissociation of oxygen from
hemoglobin. However, oxygen dissociation is normal in both Tibetan and Andean populations (25, 41, 42).
8658 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0701985104

Fig. 5. High-altitude native Tibetans have higher capillary density than their
Andean counterparts or populations at low altitude; Tibetan and Andean
highlanders both have lower mitochondrial volume than low-altitude populations (data from refs. 40, 44, 63, and 64).

The last potential point of adaptation is at the level of the
mitochondrion itself. Acutely exposed lowlanders lose mitochondria in leg muscles during the first 3 weeks at altitude. Similarly, both
Tibetan (Sherpas) and Andean high-altitude natives have a lower
mitochondrial volume in leg muscle tissue than sea-level natives at
sea level (Fig. 5) (40). However, Tibetans born and raised closer to
sea level (at 1,200 m) also have few mitochondria, indicating that,
for them, expression of this trait does not require exposure to high
altitude. The functional implications of fewer mitochondria are
unclear, because overall oxygen-requiring metabolism is not lower.
Among Tibetans, a smaller mitochondrial volume somehow supports a relatively larger oxygen consumption, perhaps by higher
metabolic efficiency (12, 43, 44).
To emphasize the magnitude of these population differences in
mean values of healthy Tibetan and Andean high-altitude natives
living under the same hypoxic stress, the marked differences at
these points in oxygen transport can be quantified further by using
a measure of ‘‘effect size,’’ calculated by subtracting the Tibetan
mean from the Andean mean and dividing by the pooled variance
of the samples (45). An effect size of ⱖ0.8 is conventionally
considered large; it means there is no overlap of ⬇48% or more of
the observations in the two samples being compared. By this
criterion, each of the following contrasts (described above) is large;
the higher Tibetan mean for ventilatory traits, the lower Tibetan
mean for hematological traits, particularly for hemoglobin for which
the mean differences are ⬎2 SD, the higher Tibetan mean for
exhaled NO and muscle capillary density, and the lower Tibetan
mean values for arterial oxygen level, oxygen saturation, and
pulmonary artery pressure (Table 1). Together, these large effects
at many points in the oxygen delivery cascade are evidence of two
different sets of adaptive responses to millennia of residence at high
altitude.
Are These Functional Adaptations Heritable?
To evaluate the hypothesis that natural selection accounts for the
functional physiological characteristics of Tibetan highlanders relBeall

Table 1. Comparisons of oxygen transport traits for Tibetan and Andean high-altitude natives living at comparable altitudes between
3,500 and 4,500 m (expressed as effect size d and as heritability h2)
Trait

d

Percent nonoverlap of observations

Resting ventilation, liters/min

Male, 1.0
Female, 1.1

⬇55% (n ⫽ 320 Tibetan,
542 Andean)

Tidal volume, ml

Male, 1.1
Female, 0.8
Male, ⫺0.2
Female, ⫺0.2
Male, 0.8
Female, 0.8
Male, ⫺0.9
Female, ⫺0.5
Male, ⫺2.2 and ⫺0.7
Female, ⫺2.4
Male, ⫺0.7

⬇55% (n ⫽ 320 Tibetan,
542 Andean)
⬇15% (n ⫽ 320 Tibetan,
542 Andean)
⬇47% (n ⫽ 320 Tibetan,
542 Andean)
⬇47%, ⬇33% (n ⫽ 354 Tibetan,
381 Andean)
⬎82%; ⬇43% (n ⫽ 136 Tibetan,
174 Andean)
⬇43% (n ⫽ 30 Tibetan, 30 Andean)

Male, ⫺0.2
Male, 1.2
Female, 1.1
Male, ⫺0.8
Male, ⫺1.3
Male and female, ⫺1.3
Male, 1.3
Male, ⫺0.3

⬇15% (n ⫽ 30 Tibetan, 29 Andean)
⬇55% (n ⫽ 105 Tibetan,
144 Andean)
⬇47% (n ⫽ 10 Tibetan, 20 Andean)
⬇65% (n ⫽ 5 Tibetan, 11 Andean)
⬇65% (n ⫽ 57 Tibetan, 14 Andean)
⬇65% (n ⫽ 5 Tibetan, 10 Andean)
⬇21% (n ⫽ 5 Tibetan, 10 Andean)

Respiration rate, breaths per minute
HVR, ⌬liters/min per saturation, %
Oxygen saturation of hemoglobin, %
Hemoglobin concentration, g/dl
2,3-Bisphosphoglycerate mutase
concentration
Erythropoietin concentration, milliunits/ml
Exhaled NO, nmHg
Partial pressure of O2 in arterial blood, mmHg
Mean pulmonary artery pressure, mmHg
Pulmonary artery systolic pressure, mmHg
Calf muscle capillary density, no/mm2
Mitochondrial volume density, %

h2

Refs.

Tibetan, 0.32
Andean, not
significant
No data

20

20

No data

20

Tibetan, 0.35
Andean, 0.22
Tibetan, 0.35
Andean, NS
Tibetan, 0.64
Andean, 0.89
No data

20
26, 27
25, 28
25, 41

No data
No data

25
34

No data
No data
No data
No data
No data

24, 25
29
30, 31
64–66
64–66

Negative effect sizes reflect lower Tibetan mean values.

ative to Andean highlanders or of highlanders relative to lowlanders, a primary consideration is the presence of heritable
variation in the traits under consideration. However, the genetic
underpinnings of these quantitative traits are mostly unknown (with
the exception of nitric oxide). These traits are also influenced by
individual characteristics, including age and sex.
Quantitative genetic techniques can be used to estimate the
heritability (h2), the proportion of total variance in a trait attributable to the genetic relationships among individuals in the population. Theoretical values for h2 can range from 0 (no genetic
variance) to 1 (all of the variance is genetic), with higher h2 values
implying a greater potential for natural selection. It is calculated by
using samples containing biological relatives and comparing the
observed similarities in trait values of relatives with expectations
based on the proportions of their shared genes. An absence of
significant h2 does not mean there is no genetic influence on these
traits; it simply means that no genetic variance is expressed, and
therefore there is no potential for natural selection at the time of
measurement. Genetic homogeneity could reflect past natural
selection. Table 1 shows that Tibetan samples generally have higher
h2 and thus greater potential for natural selection on many of the
oxygen delivery traits described above. The presence among Tibetan, but not Andean, high-altitude natives of significant h2 for
resting ventilation and oxygen saturation is indirect evidence of
population genetic differences, because it reflects the presence of
at least two alleles in the Tibetan sample (but not the Andean
sample). Interestingly, a sample of people with one high-altitude
native Tibetan parent and one low-altitude native Chinese parent
was found to have high resting ventilation similar to Tibetans but
low HVR, similar to Chinese residents at high altitude (46).
Another approach to detecting the genetic bases of these traits,
so far applied only in the Andean population, is the use of admixture
analysis (47–49). This approach takes advantage of the history of
Spanish and African migration and intermarriage with the indigenous population in the Andean region and uses a panel of
ancestry-informative genetic markers to quantify the proportion of
Native American, European, and West African ancestry of each
Beall

study participant. The contribution of the ‘‘proportion of Native
American ancestry,’’ called genetic admixture, to variation in HVR
has been estimated for samples of low-altitude natives from the
Andean region who were acutely exposed to high altitude. A higher
proportion of Native American ancestry was associated with lower
ventilation during exercise and a lower HVR. However, there was
no association of admixture with oxygen saturation upon acute
exposure. These results support the hypothesis of distinctive genetic
bases to the relatively low ventilation and HVR exhibited by
Andean highlanders and support the finding of no heritable variance in oxygen saturation. Like the quantitative genetic approach,
genetic admixture studies do not identify any specific genetic locus.
There is evidence for a major gene (an inferred locus whose
alleles have a large quantitative effect) on oxygen saturation among
Tibetans. Individuals with the inferred autosomal dominant allele
average 6–10% higher oxygen saturation than their homozygous
counterparts at the same altitude (50). Although the specific locus
and alleles remain unknown, an individual’s genotypic probability
can be estimated. In a sample of nearly 700 women residing at
⬇4,000 m, those estimated with high probability to be homozygous
or heterozygous for the high oxygen saturation allele had more
surviving children (3.7 as compared with 1.6 for women estimated
to be homozygous for the low saturation allele), primarily because
of lower infant mortality. Using these observations and assigning a
Darwinian fitness coefficient of 1.0 to the women with the highsaturation genotype, the relative Darwinian fitness of women with
the low-saturation genotype was only 0.44. For comparison, in the
classic case of an environment with endemic falciparum malaria, a
Darwinian fitness coefficient of 0.66 applies to homozygotes for
normal hemoglobin A (51). High-altitude hypoxia may be an even
stronger agent of natural selection than falciparum malaria. These
findings suggest that the frequency of the high saturation allele may
be increasing rapidly in the Tibetan population.
With respect to identifying specific genetic loci contributing to
high-altitude functional adaptation, efforts so far have not been
successful. They have mainly used the strategy of identifying
plausible candidate genes and examining them for distinctive alleles
PNAS 兩 May 15, 2007 兩 vol. 104 兩 suppl. 1 兩 8659

or allele frequencies. Unusual genetic variants or allele frequencies
have not been detected in the mitochondrial genome of Tibetans
(52). A plausible candidate is the gene for myoglobin, a protein that
contributes to oxygen storage and diffusion in skeletal and cardiac
muscle. A screen of the myoglobin gene exon 2 for novel variants
or deviations from Hardy–Weinberg equilibrium in a sample of
Tibetans found little that was distinctive, apart perhaps from a
higher frequency of one variant as compared with a U.S. sea-level
population (53). Myoglobin gene expression was reported to be very
high among Tibetans, regardless of altitude of residence (43).
Candidate genes for pulmonary vasodilators have been examined, based on the reasoning that alleles for high levels could
improve blood flow and oxygen diffusion in the lung (54). One study
reported a high frequency of a ‘‘wild-type’’ endothelial NO synthase
(one of three enzymes catalyzing the synthesis of NO) haplotype in
a Tibetan (Sherpa) sample as compared with a low-altitude sample
(55). That study reported a lower level of circulating NO metabolites in the serum of the high-altitude sample. That finding is
contrary to expectation based on the finding of high exhaled NO
among Tibetans.
Another candidate gene is the transcription factor hypoxiainducible factor 1 (HIF1) often called the ‘‘master regulator’’ of
oxygen homeostasis, because it induces ⬎70 genes that respond to
hypoxia (56–58). An investigation of polymorphisms in the HIF1A
gene of Tibetans (Sherpas) found a dinucleotide repeat in 20
Tibetans that was not found in 30 Japanese lowlander controls (59).
However, no phenotypic data were reported. On the one hand, it
seems unlikely that a transcription factor regulating the induction
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of dozens of genes accounts for the Tibetan–Andean differences,
because a change of this sort would have many downstream effects.
Perhaps more likely is genetic variation in one or more of the ⱖ70
genes induced by HIF1 or in the biochemical pathways in which they
participate. On the other hand, considering that the Tibetan–
Andean differences involve many traits and apparently have accumulated in a relatively short time of ⱕ25,000 years, perhaps a
change in a regulatory mechanism is the underlying mechanism.
In summary, measures of oxygen transport reveal that Andean
and Tibetan populations have large quantitative differences in
numerous physiological and molecular traits involved in oxygen
delivery. The hypothesis is that evolutionary processes have tinkered differently in the two founding populations and their descendents, with the result that the two populations followed different
routes to the same functional outcome of successful oxygen delivery. That conclusion will remain tentative, however, until the
responsible genes are identified.
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