
2.6 Natural selection: II. Positive selection and adap-
tation

The previous chapter gave an introduction to the basic model of fitness and se-
lection, and the role of purifying selection. Here we explore positive selection in
greater detail, illustrated with key examples in humans.

Positive selection and adaptation. We now come to the type of selec-
tion that is arguably the most interesting and – as we discuss in the next
chapter – the most argued-about form of selection: positive selection in
favor of advantageous phenotypes and alleles. Figure 2.94: Inuit seal hunter in Noatak,

Alaska, 1929. During the past 70, 000 years,
humans successfully colonized a wide range of
different ecosystems, including arctic regions,
deserts, and tropical rainforests. Credit: Edward Curtis

1929. [Link], Public Domain.

Positive selection is the central organizing force of evolutionary change. It
drives populations to adapt to their environments, and over longer evo-
lutionary timescales it drives the evolution of new forms and functions at
all levels: for example, the emergence of multicellular eukaryotes and of
animals; the transition from fish to amphibians that enabled vertebrates
to move onto land; the evolution of primates, of apes, and of humans.

Key evolutionary changes in the human lineage include the transition to
bipedalism; bigger brains; changes in body size and shape, musculature,
body hair and so on; enhanced capacity for language and highly complex
social structures. All of these changes are genetically encoded and were
presumably driven, at least in part, by positive selection. Moreover, we
now have many examples where aspects of these genetic transitions have
been elucidated, although there is still much more to be learned.

In more recent human evolution, during the last ∼70, 000 years, humans
have spread around the globe to inhabit nearly all the world’s land masses
and ecosystems. Prehistoric humans successfully colonized a huge range
of environments: environments with extreme cold and ice, or extreme
heat and humidity; high altitude in Tibet, the Andes, east Africa, and
elsewhere; tropical rainforests; deserts. Humans subsist on a wide range
of foods, and encounter a diversity of infectious pathogens. All of these
factors must have exerted strong selective pressures on human popula-
tions, driving both genetic adaptations–as well as cultural adaptations
such as innovations in clothing, hunting and agriculture 268 a

a William Clark, of the Lewis and Clark
expedition, marveled at the ability of the
native Mandan people (in present day
North Dakota) to survive extreme cold:
“This morning a boy of 13 years of age
Came to the fort with his feet frozed,
haveing Stayed out all night without fire,
with no other Covering than a Small Robe
goat skin leagens & a pr. Buffalow Skin
mockersons– The Murcery Stood at 72◦

below the freesing point– Several others
Stayed out all night not in the least hurt,
This boy lost his Toes only...those people has
ancered to bare more Cold than I thought it
possible for man to indure.”–Jan. 10, 1805.
Credit: Journals of the Lewis and Clark Expedition: [Link].

.

Genetic adaptation proceeds mainly through two general types of pro-
cesses: selective sweeps and polygenic adaptation. In a selective sweep,
selection drives a strongly advantageous allele from low to high frequency
in a population. In contrast, polygenic adaptation is driven by small shifts
in allele frequencies spread across many loci, and is most relevant for
complex traits. In practice, these two models are extremes along a spec-
trum, and adaptation may often proceed through a mixture of both types
of processes.

Here we describe the features of both types of adaptation, as well as a
third model, balancing selection which can drive both short term direc-
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tional selection, and long-term stable polymorphism.

Signatures of sweeps in genome data. We’ve already covered basic
models of positive selection in the last chapter. But, in practice, how can
we find signals of positive selection in data?

The key insight here is that strong positive selective drives very rapid allele
frequency changes that would be extraordinarily unlikely for a neutral allele me-
andering under the random effects of genetic drift. The next plot illustrates
this for simulated data:

Figure 2.95: Rapid increase in allele fre-
quency for favored alleles versus neutral.
This simulation compares trajectories for favored
alleles with s = 1%, starting from new muta-
tions, compared to common neutral alleles.
Simulations: 1000 favored alleles with s = 1% each starting at a

frequency of 1/2N at time 0, versus 20 neutral alleles, starting at

frequency 0.3. Only about 1% of the favored alleles spread to fixation; the

remainder are on the y = 0 line. Population size N = 10, 000.

As you see above, the neutral alleles drift along aimlessly, while a favored
allele rushes toward fixation 269.

Crucially, this very rapid change in allele frequency distorts patterns of ge-
netic variation in a large region in predictable ways. As the selected vari-
ant spreads rapidly through the population, it drags a haplotype up to
high frequency along with it. This means that nearby neutral variants on
the same haplotype are also dragged up to high frequency, in a process
known as genetic hitchhiking 270:

Figure 2.96: Sweeps reduce variation in a linked region. When a new favored mutation spreads through the population, it
increases frequency very rapidly, and drags a long haplotype to high frequency along with it. Red indicates the haplotype on which
the favored mutation occurred, as well as its descendants; to some extent this gets whittled down by recombination (black segments).
We cannot observe the red versus black coloring directly, but we can infer this from the haplotype structure.
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While the sweep is in progress the favored allele sits on a long, nearly
identical haplotype. This contrasts markedly with relatively normal hap-
lotypes carrying the ancestral allele 271. Next, as the sweep completes,
it essentially wipes out variation in a window around it, aside from any
rare variants that arose during the sweep.

The size of the affected region depends on the speed of the sweep versus
the local rate of recombination. A very fast sweep (large s) carries a large
haplotype with it, simply because recombination does not have time to
chop it down very far; similarly, the sweep region would also be larger in
regions with a low recombination rate. The reduction in heterozygosity
as a function of distance x from a selected site can be approximated by
1 − e−τrx where τ = 2log(2N)/s, and r is the local recombination rate 272.
Notice that the size of the swept region depends on the ratio r/s:

Figure 2.97: Reduced genetic diversity
around the site of a sweep due to hitch-
hiking. The plots show the expected reduction
in heterozygosity relative to the average het-
erozygosity at neutral sites, assuming a recently
completed sweep at position zero. The size of the
affected region depends on s and on the local re-
combination rate. Parameters: r = 0.5 × 10−8/bp (left plot),

and 2 × 10−8/bp (right plot); N = 10, 000. Figure inspired by Coop

(2020) [Link], Fig. 13.5.
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Starting from this intuition about how sweeps impact patterns of vari-
ation, there has been a huge amount of work on methods for detecting
selective sweeps using genetic data 273. In short, these methods use a va-
riety of features in the data to detect positive selection:

• long haplotypes with low genetic variability around a putative selected
allele; these contrast with typical patterns of variation on haplotypes
carrying the ancestral allele at the selected site (ongoing sweep);

• low genetic diversity in a genomic region around a recently fixed site (re-
cently completed sweep);

• most variants in a region are young and at low frequency (recently com-
pleted sweep);

• large allele frequency differences at a selected site, and potentially nearby
sites, between populations where the sweep is occurring compared
to control populations, or in time series data from ancient DNA
(ongoing or completed sweep)

We illustrate these principles using several examples of recent selection
in humans, highlighting some of the key selective pressures as well as
signals in the genetic data.
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Selection pressures due to diet. Diet has been a major driver of selec-
tion in recent human evolution. As humans spread around the globe to
inhabit virtually all possible ecosystems, they were forced to learn to sur-
vive on a wide array of different foods. Further enormous shifts in diet
were driven by the transition to agriculture, starting in the past 5,000-
10,000 years, in many parts of the world. Several potential signals of se-
lection have been hypothesized as relating to diet, including at the FADS
locus, which is involved in metabolism of fatty acids 274 and at Amylase1,
which is involved in starch digestion 275.

Figure 2.98: Maasai herder, with cattle.
The lactase locus has been a target of selection
in the Maasai and other east African farming
populations. Credit: Nicor: [Link]. CC BY 3.0.

The clearest diet-related signal is at the lactase locus. Lactase is the en-
zyme that is responsible for digesting the sugar lactose, which is present
in milk. Most mammals stop consuming milk (and lactose) after weaning,
and expression of the lactase gene is generally turned off in adults.

The first known evidence for dairy farming is in Anatolia (modern day
Turkey) in the early Neolithic, about 9,000 years ago. Dairy farming sub-
sequently became important in many places, including in Europe, in
India and the Middle East, and in east Africa. This, in turn, provided
a strong selective pressure for early humans to be able to digest milk
throughout life. Consequently, several different regulatory mutations
that cause the lactase gene to be expressed throughout life have spread to
intermediate or high frequency in different farming populations. These
regulatory mutations are often referred to as lactase persistence alleles as
they cause lactase to persist throughout life.

The strongest signals of selection on lactase are found in Europe. As it
happens, there are now extensive genotype data from early European
populations, collected from skeletons b; this allows a rare opportunity to b We’ll cover ancient DNA in Chapter 3.3.
track the selective spread of an allele directly using allele frequencies in
ancient DNA. Analysis by Iain Mathieson shows the remarkable spread
of the lactase allele during the past 5,000 years to a modern frequency
above 80% in some parts of Europe:

Figure 2.99: Increase in allele frequency of
the lactase variant in Europe (from ancient
DNA). The maps indicate locations of samples
with ancestral alleles (light blue) and derived al-
leles (dark blue) in each time period (BP = years
Before Present); as well as spatially smoothed
maps of the derived allele frequency in each pe-
riod (red color scale beside each panel). Credit: Iain

Mathieson blog post (2019) [Link]. Used with permission of the author.
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Recall that the rate of spread of a favored allele depends on its selective
advantage s. Using the data shown above, Mathieson estimated s for the
lactase persistence allele at 2%–3% in central and western Europe, con-
sistent with other estimates using haplotype patterns in modern data 276.
This makes lactase persistence one of most strongly selected traits in re-
cent human evolution 277.

Signals of selection at lactase are also found in other dairy farming popu-
lations. For example, dairy farming was practiced in east Africa by around
6, 000 years ago and is a major food source for several east African groups
278. As you can see below, the lactase locus shows strong signals of a
sweeping haplotype in Tanzania: the derived allele sits on a long shared
haplotype, in sharp contrast with the much higher diversity on ancestral
haplotypes 279:

Figure 2.100: Signal of a partial lactase
sweep in a Tanzanian population. Visual-
ization of haplotype sharing around a sweep-in-
progress. The derived allele at the likely selected
site is indicated in red at the center of the plot,
and the ancestral allele in blue. The x-axis indi-
cates location within the region in Mb; rows are
haplotypes. Shared blocks of color indicate
shared haplotypes extending outward from
the selected site. Credit: From Figure 5, Sarah Tishkoff et al

(2007) [Link] Used with permission.

The selected variants in African populations are distinct from the Eu-
ropean variant, indicating that they arose from independent mutations,
rather than being carried in by migration.

Selection on pigmentation: SLC24A5. Another important target of nat-
ural selection in human evolution is on skin pigmentation, as well as
hair and eye coloring. Globally, populations that live close to the equator,
including in our ancestral range in Africa, tend to have darker pigmen-
tation. Populations at higher (and lower) latitudes tend to have lighter
pigmentation 280.

Variation in pigmentation seems to have been driven by strong selective
pressures 281. In regions with intense sunlight it is advantageous to have
darker skin as this protects against ultraviolet (UV) damage from the sun.
In addition to skin damage, excess UV radiation also degrades folic acid,
deficiencies of which cause neural tube defects during pregnancy. How-
ever, too little UV is also bad, as UV catalyzes Vitamin D production;
Vitamin D plays an important role in bone development, reproductive
health, and other traits.

Remarkably, around ten different genes involved in pigmentation of skin,
hair, or eyes show either clear or suggestive signals of selection in some
part of the world 282. In the case of related traits such as blue eyes and
blond hair with signals of selection in Europe, it’s unclear if UV, or some
other factor such as sexual selection, was the main driver of selection.

Among the most striking pigmentation signals is a missense variant at the
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gene SLC24A5. The derived allele (in red), which causes lighter pigmenta-
tion, has swept to high frequencies throughout western Eurasia.

Figure 2.101: Selective sweep in western
Eurasia at SLC24A5. The derived missense
allele is shown in red. The populations, for example in the

Americas, are representatives of indigenous populations. From Graham

Coop et al 2009, Figure 2B. CC BY 4.

The allele frequency differences between populations at SLC24A5 are
among the most significant frequency differences anywhere in the genome,
reflecting very strong selection for the derived allele 283.

As expected for a recently completed sweep, this event has swept away
genetic variation in a large region around SLC24A5 in Europeans (red
line in panel A); this contrasts sharply with more typical levels of varia-
tion in other populations. The role of SLC24A5 in pigmentation is sup-
ported by human association data, and a zebrafish knockout:

Figure 2.102: Selective sweep at the pig-
mentation gene SLC24A5. A. Near-zero ge-
netic diversity in a European population (red,
CEU) near SLC24A5. An African (YRI) and
two east Asian (CHB, JPT) populations have
more normal patterns of genetic diversity across
this region. B. Mutations in SLC24A5 cause
changes in melanophore coloring, as seen in a
zebrafish mutant (“golden”) at bottom, versus
the wild type at top. Heterozygosity in Panel A is measured at

pre-ascertained SNPs. From Figures 5A, 1A, B. Rebecca Lamason et al

(2005) [Link] Used with permission.

A. Low diversity in Europeans (red) at SLC24A5 B. “Golden” phenotype in SLC24A5 mutant

Together, the lactase and SLC24A5 examples illustrate classic features of selective
sweeps: rapid changes in allele frequencies at selected sites; large sweeping hap-
lotypes for sweeps in progress (lactase); removal of variation in regions around
completed sweeps (SLC24A5).

But as we shall see next, not all sweeps show these characteristics.

Soft sweeps. What would happen if a mutation is not immediately fa-
vored: instead it drifts along for a while, and only becomes favored some
time later, after an environmental change? In this case, during the drift
phase, the favored allele potentially has time to recombine onto multi-
ple haplotype backgrounds. Then, when it does sweep, it carries multi-
ple haplotypes with it, and the overall footprint of selection is greatly
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reduced. This scenario may seem contrived, but there are many pheno-
types that are favored only in specific environments, for example in the
presence of a pathogen, a specific food source, or at high altitude – and
otherwise neutral 284 c. c For more about high altitude adaptation

see EPAS1 in Chapters 2.4 and 3.3.
A second scenario that could reduce the sweep signal is if multiple func-
tionally equivalent mutations arise at about the same time and sweep to-
gether. These would likely occur on different haplotypes and the sweep
signal would be greatly reduced.

In terminology developed by Pleuni Pennings and Joachim Hermisson in
2005, both of these scenarios are described as soft sweeps 285. This term
evokes the image of a mutation, or mutations, that sweep to fixation,
without greatly disturbing the variation at nearby sites. This contrasts
with the classical sweep model described above, which we now refer to
as a hard sweep.

Figure 2.103: Soft sweeps have minimal impact on variation in the linked region. In one type of soft sweep, the mutation
is initially neutral, and drifts to low or intermediate frequency in the population. During this time, recombination shuffles it onto
multiple haplotypes. Selection then turns on, driving the allele to fixation, but without a strong hitchhiking effect.

Selection for malaria resistance: Duffy. One likely soft sweep occurred
at the DARC gene, which encodes a cell-surface protein named Duffy,
found on the surface of red blood cells. Duffy serves as a cell surface re-
ceptor for a class of chemokines, a type of signaling molecule 286.

Duffy also plays a critical role in malaria infection and resistance. One
species of malaria, Plasmodium vivax, binds the Duffy protein on the
surface of red blood cells and uses it to enter cells. This property leads to
a truly remarkable story of selection at the Duffy locus.

Most sub-Saharan Africans carry a derived variant near the Duffy locus
that disrupts a DNA binding site for the transcription factor GATA1.
GATA1 plays an important role in erythroid (red blood cell) develop-
ment, and loss of this particular binding site eliminates Duffy expression
specifically in erythrocytes while maintaining Duffy expression in other
cell types 287. This variant is known as the Duffy null allele (abbreviated
FY*0). The lack of Duffy expression in the null allele has the crucial effect
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of blocking entry of vivax malaria into red blood cells. Thus Duffy null
individuals are resistant to vivax malaria 288 289.

The next striking fact about Duffy null is that it shows extreme frequency
divergence between populations: it is essentially fixed in most sub-Saharan
African populations, and essentially absent outside Africa. The null vari-
ant has the largest population differentiation of any high-frequency African
allele, anywhere in the genome 290 (green allele in Panel A, below).

This might make you think that Duffy has been the target of a completed
sweep in most of Africa: a sweep that presumably started after the major
out-of-Africa migrations around 70, 000 years ago. However studies of
genetic variation show something surprising: namely that the Duffy null
allele is carried on two distinct major haplotypes, with additional low
frequency variants (maroon circles in Panel B):

A. Frequency distribution of Duffy alleles in Africa, 
Europe, and Asia

B. Haplotype network illustrates variation within the Duffy 
null haplotype (FY*0, maroon) despite recent sweep

Figure 2.104: Soft sweep of the Duffy null allele in sub-Saharan Africa. A. The Duffy null allele, shown here in green,
swept to near fixation in many African populations subsequent to the out-of-Africa migrations. Non-African populations have a mix
of A and B alleles (brown and red), corresponding to alternate missense variants. The B allele is ancestral. B. Visualization of SNP
variation seen on each of the three allelic backgrounds in a 5kb region around the FY*0 site. Each circle represents a different haplo-
type, and its area is proportional to frequency. Line segments between the haplotype circles indicate similarity. Notice that haplotype
variation on the FY*0 haplotype is nearly as high as on the A and B backgrounds, arguing against a recent hard sweep at this locus.
Credit: Figs 1, 2a from Kimberly McManus et al (2017) [Link]. CC BY 4.0

Instead, the high level of variation on the Duffy null background suggests
that this is a soft sweep. One study estimated that two major Duffy null
haplotypes were drifting at low frequency (0.1%) prior to the onset of
strong selection around 45, 000 years ago, at which point the Duffy null
allele swept to fixation 291.

There’s one more surprising twist in this story, namely that Plasmodium
vivax malaria is mainly found in Asia and Latin America – not in Africa!
(The main malaria parasite in Africa is a different species, P. falciparum.)
So why was there such strong selection at the Duffy locus, specifically in
Africa?

Recent work shows that P. vivax is currently found in African chimpanzees
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and gorillas 292. So one plausible model is that vivax malaria jumped
into humans around 45,000 years ago, and drove strong selection on pre-
existing variation at the Duffy locus. Subsequent fixation of the Duffy
null allele provided such powerful disease resistance that the human
adaptation ultimately eliminated vivax malaria from human populations
in Africa!

Infectious diseases as major drivers of selection. Malaria has long been
a major cause of global disease and mortality 293. As such, malaria has
exerted strong selective effects on several other genes in addition to Duffy,
including α-globin, β-globin, and G6PD, coming up next.

Figure 2.105: The Red Queen Hypothesis
proposes that pathogens and their hosts are con-
stantly evolving molecular systems to counter
each in infection and defense. The name alludes
to Lewis Carroll’s Red Queen in Through The
Looking Glass who tells Alice that “here, you
see, it takes all the running you can do, to
keep in the same place.” Credit: Illustration by Sir John

Tenniel, 1871. Public Domain.

Beyond malaria, infectious diseases in general are potent agents of nat-
ural selection. Like all species, we are continually barraged by a range
of pathogens – viruses, bacteria, fungi, protists – that evolve rapidly to
outwit our inbuilt defenses. During active infections, our bodies combat
pathogens using a mixture of so-called innate and adaptive immune sys-
tems. While outside the scope of this book, it’s interesting to note that
during an infection our adaptive immune systems harness the principles
of evolution, including genome modification and proliferation, to rapidly
evolve B and T cells that recognize the infectious agents. This allows our
own immune systems to adapt on the same timescales as rapidly evolv-
ing pathogens.

Moreover, the biological systems that combat infections are, themselves,
finely tuned by evolution. As a result, several examples of selection in
humans relate to pathogens and immunity: in addition to the malaria
examples these include the MHC system which we discuss in the next
chapter, the Toll-like receptor complex involved in innate immunity, and
others.

Balancing selection. So far we have been focusing on positive selection
that always favors one allele over the other. But what happens if the het-
erozygote fitness is higher than both homozygotes, or lower than both
homozygotes?

To be more precise, recall our fitness model from the previous chapter,
where the three genotypes have fitness 1, 1 + hs, and 1 + s, respectively.
We have been looking at models where h is in the range [0, 1]. But if h is
outside this range, then the heterozygotes are either better, or worse, than
both homozygotes, leading to some very interesting models.

Figure 2.106: Overview of models. Left:
Relative genotype fitnesses (y-axis), for AA, Aa,
and aa genotypes. Right: Simplified frequency
trajectories (y-axis) of the a allele over time.

To understand this, recall from the previous chapter that we computed
the expected change in allele frequency, ∆p, from one generation to the
next:

∆p =
pqs[p(1 − h) + qh]

w
. (2.85)

∆p tells us how allele frequency p changes over time. If h is in the range
of [0, 1], then we get simple directional selection: ∆p is always increas-
ing (if s is positive) or always decreasing (if s is negative). But if h is out-
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side this range, then the direction of change depends on allele frequency.
There are two main scenarios, shown here:

Figure 2.107: Allele frequency trajectories
from different starting points. Left: With
heterozygote advantage, the allele trajectories
converge to a stable equilibrium. Right: With
heterozygote disadvantage, the trajectories di-
verge away to fixation or loss depending on the
starting frequency. In the absence of drift, the
green trajectory stays precisely at the unstable
equilibrium. Parameters: s = 0.01, h = 2, p̂ = 2/3 (left) and

s = 0.01, h = −2, p̂ = 0.4 (right).
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In the left plot, the heterozygote is fitter than both homozygotes, and the
allele frequencies converge toward a fixed stable point. This is known as
heterozygote advantage and leads to balancing selection.

When the heterozygote is less fit than both homozygotes, the population
evolves toward fixation of one allele or the other, depending on the start-
ing point. This is called heterozygote disadvantage or disruptive selec-
tion.

In both cases we can solve for an equilibrium frequency – i.e., a value of
p for which the allele frequencies don’t change under this model 294:

p̂ =
h

2h − 1
. (2.86)

(You can see here that when h is inside the range [0, 1] – i.e., directional
selection – this equation does not produce meaningful allele frequencies
between 0 and 1.)

We can also look at this with drift. With balancing selection (left), the
population converges to the equilibrium and stays there. But when the
heterozygote is less fit (right), we see that p̂ is an unstable equilibrium.
As soon as the green trajectory drifts slightly away from p̂, selection pushes
it rapidly toward fixation or loss.

Figure 2.108: Simulated frequency trajec-
tories with drift. Left: even with drift, het-
erozygote advantage allows stable balanced poly-
morphism that can persist for long timescales.
Right: Drift causes trajectories to move away
from the unstable equilibrium; in this case both
fixation or loss are possible for the green trajec-
tory. Parameters as above, and 2N = 20, 000.
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To summarize: if the heterozygote has higher fitness than both homozygotes,
then this leads to a stable polymorphic equilibrium. In practice this can last
for many millions of years.
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But if the heterozygote is worse than both homozygotes, then there is an unstable
polymorphic equilibrium, which can result in fixation of either allele depending
on the starting allele frequency. This type of selection is usually difficult to
detect in practice 295. However, a similar model will become important
when we study stabilizing selection later in the book d. In that case the d Stabilizing selection is likely the main

form of selection acting against variation in
gene expression and many complex traits
(Chapter 4.8).

unstable equilibrium is at 0.5 and selection acts against minor alleles 296.

Balancing selection examples. Perhaps the best-known example of bal-
ancing selection is for sickle cell disease. Sickle cell disease is caused by
a missense mutation in the β-globin gene (also known as HBB), which en-
codes a major subunit of hemoglobin, the molecule that red blood cells
use to transport oxygen 297 298. In heterozygotes, the sickle cell mutation
provides strong defense against both vivax and falciparum malaria with-
out major side effects. However, individuals who are homozygotes for
the missense mutation suffer devastating symptoms including hemolytic
crisis, severe pain, kidney disease, and stroke.

The protective nature of the sickle allele was first documented in the
1950s 299. A recent global study confirms that sickle heterozygotes ben-
efit from extremely strong protection against malaria (odds ratio of 0.14,
p-value=10−225), left panel below 300:

Figure 2.109: Protective effects of HBB
sickle and ABO type-O against malaria.
The x-axes show estimated odds ratios for the
risk of cerebral malaria (red) and severe malarial
anemia (blue), for samples from different coun-
tries. Estimates to the left of the vertical dashed
lines indicate protective effects. The odds-ratio is (approx-

imately) a measure of the risk for individuals with this genotype compared

to controls; values < 1 indicate protection relative to controls. Grey

bars show confidence intervals. Credit: From Figure 1, Malaria Genomic

Epidemiology Network (2014) [Link] Used with permission.

The sickle cell allele is common in most of central/western Africa, peak-
ing at around 15% frequency in Angola 301. Based on this we can esti-
mate the frequency of sickle cell disease (i.e., sickle homozygotes) using
the Hardy-Weinberg rule, as ∼2.25% (i.e., 0.152×100).

We can use Equation 2.86 to estimate h. Rearranging that expression
gives us h = p/(2p − 1): hence h=−0.21. Assuming s≈−1, this implies a
heterozygote fitness of 1.21, which is an extraordinarily large fitness effect
for humans 302.

Several other alleles are protective against malaria in heterozygotes but
cause disease in homozygotes. In addition to the “classic” sickle cell mis-
sense mutation, a variety of other rarer mutations affect either the ff-
globin or fi-globin genes, and produce varying levels of sickle cell-like
disease. These diseases are referred to as α- or β-thalassemia. Like the
sickle cell mutation, they are mainly found in individuals with ancestry
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from malaria-endemic regions, and are also likely spread by heterozygote
advantage. Lastly, mutations in the enzyme G6PD, which plays a role in
glucose metabolism, are also protective against malaria in heterozygotes
but cause pathologies in homozygotes. Balancing selection likely main-
tains variation in all these genes 303.

Ancient trans-species balancing selection. There’s one more unique fea-
ture of balancing selection: if the selective pressures are stable, they can
maintain polymorphism for extremely long times.

One of the best examples of this is the ABO gene, which is responsible
for the ABO blood groups. ABO is an enzyme that modifies sugar at-
tachments on cell surface proteins called glycoproteins. Two functional
alleles, A and B, differ by a pair of missense variants that lead to different
glycoprotein modifications. The third allele, O, carries a frameshift muta-
tion that obliterates enzyme activity. You are likely familiar with the ABO
system in the context of blood donations, as some combinations of blood
types are incompatible donors and recipients: this is because unfamiliar
glycoproteins can trigger immune reactions against donor blood cells.
As shown in the figure above, the O allele at ABO is protective against
malaria; more broadly the ABO alleles are associated with many different
traits.

Curiously, it turns out that the ABO alleles are actually shared among differ-
ent species of apes and old world monkeys. Analysis shows that the alleles
from the different species are actually shared in a single ancient coales-
cent tree, reaching back at least 20 million years, and probably longer 304!
This type of deep, ancestral sharing of alleles is known as a trans-species
polymorphism and is extremely rare in the human genome overall:

Figure 2.110: Trans species polymorphism
in the ABO blood group system. This shows
a phylogenetic tree of sequences from different
ape species for exon 7 of the ABO gene which
determines A/B/O blood type. Notice that most
of the B alleles from different species cluster
together in the lower part of the tree, indi-
cating that they descend from a shared an-
cestral mutation. A and O mutations are shuffled together

suggesting that O alleles may have arisen repeatedly (although the tree

structure cannot be confidently determined in this clade. Species names:

Callithrix (marmoset monkey); Homo (human); Hylobates (gibbon);

Pongo (orangutan); Pan (chimpanzee); Gorilla (gorilla); Symphalangus

(siamang). Credit: Figure 3A from Laure Ségurel et al 2012. [Link]
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The extreme age of this polymorphic system indicates that it cannot be
neutral, and must instead be preserved by some form of balancing se-
lection. However, the precise explanation remains mysterious, as there
is no obvious advantage to heterozygotes. We do know that cell surface
molecules such as the glycoproteins modified by ABO, are frequently
used as cellular entry points for pathogens (as for Duffy), and this may
explain why blood group O provides some degree of malaria protection.
It’s possible that the different alleles provide protection against distinct
pathogens, and that this creates selection pressure for maintaining di-
verse alleles. The details remain to be discovered 305 306.

So far, we have been describing examples where individual alleles are strongly
selected. We close this chapter by considering a different mode of adaptation that
depends on the joint action of many variants across the genome.

Polygenic adaptation. These examples of strong positive selection are
biologically important, and illustrate essential concepts. But they repre-
sent a rather special class of selective events: all of these are variants that
– on their own – exert major effects on specific traits.

The most dramatic examples of positive selection are usually associated
with genes that play some critical, unique role in a selected process. For
example, lactase is the critical enzyme involved in digestive breakdown
on the main sugar in milk. Duffy is the critical receptor involved in vi-
vax entry into erythrocytes. SLC24A5 is one of a handful of genes with
strong impact on pigmentation and minimal pleiotropic effects.

However, this situation where a single gene plays a central role in a spe-
cific trait without major unintended consequences is the exception rather
than the rule. Aside from rare genetic diseases, most phenotypes are
highly polygenic e

e We’ll cover the genetics of polygenic traits
in much more detail starting in Chapter 4.4.

. The inheritance of most traits is due to thousands
of variants across the genome, each with only tiny effects on the trait.

This includes most traits that vary in populations, including for example:
morphometrics such as height, weight, and body shape; molecular and
cellular traits such as hormone levels, lipid levels, or blood cell counts;
risk for most diseases, including cardiovascular disease, diabetes, psychi-
atric conditions; and even behavioral traits.

For these traits, a person’s expected phenotype can be modeled as a sum
of thousands of pluses and minuses, depending on their alleles at every
contributing variant: this is known as a polygenic score.

Figure 2.111: The genetics for many traits
can be modeled using polygenic scores.
Here, blue alleles decrease, and red alleles in-
crease the expected phenotype by some amount
β per allele. An individual’s polygenic score is
a sum across the relevant allelic effects, and pre-
dicts the genetic component of their phenotype.

When selection acts on a polygenic trait, the effect of selection is to in-
crease polygenic scores in the population. This occurs mainly through
small shifts in allele frequencies, spread across thousands of variants 307:

162



Figure 2.112: Polygenic adaptation. A. Se-
lection on a polygenic trait drives the mean poly-
genic score up or down, depending on the direc-
tion of selection. B. The shift in polygenic scores
mainly occurs through small changes in allele
frequencies at thousands of sites that contribute
to the trait (here, increasing the number of red
alleles at each site).

One important feature of polygenic adaptation is that it proceeds ex-
tremely rapidly compared to conventional sweeps. This is because for
conventional sweeps it can take hundreds of generations for a suitable,
favored mutation to reach intermediate frequencies; in contrast, for a
polygenic trait there is often a great deal of genetic variation present at
the onset of selection (Chapter 4.4).

For this reason, polygenic adaptation is the main mechanism underlying
the enormous responses to artificial selection that are commonly seen in
plant and animal breeding. Farm animals including meat and dairy cat-
tle, pigs, and chickens; as well as crop plants such as maize and soy, have
undergone enormous improvements in yield due to artificial selection
on polygenic traits. One example is shown at right, based on a remark-
able study of maize, conducted at the University of Illinois continuously
since 1896. As you can see, this study observed huge phenotypic changes
within just 100 generations of artificial selection 308.

High-selected line

Low-selected line

Cross-over 
lines

Figure 2.113: Polygenic adaptation: the
Illinois Maize experiment. Starting in 1896,
lines were selected for either high, or low, protein
content. In the cross-over lines, the direction
of selection was reversed partway through the
experiment. Credit: Modified from Figure 4 of Andrew Hendry et

al 2011. [Link]

It seems certain that complex phenotypes must be under a constant as-
sault of selective pressures in one direction or another, though not nec-
essarily in consistent directions in time and space. But despite the likely
importance of polygenic adaptation as a mechanism, it has been diffi-
cult to detect clear signals in human data: the frequency shifts at most
individual variants are very small and cannot be detected by traditional
methods for detecting sweeps. There has been progress with alternative
approaches, but these are still a work in progress 309.

Well done! In this chapter we have covered some of the main mechanisms for
positive selection and adaptation, with examples. Next we examine the overall
extent of different forms of selection.
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