
Th e history of population genetics has involved a con-
tinual interplay between observations of genetic data and 
prevailing theories of the dominant processes shaping 
variation. As new methods to survey genetic variation 
have been developed, the consensus understanding of the 
forces generating variation has changed multiple times 
and in dramatic ways. A new study from the 1000 
Genomes Project Consortium [1], which is offi  cially the 
Phase 1 publication, marks a watershed moment in popu-
lation genetics. Th e fi eld is entering an era in which rare 
variants are systematically characterized, and in which 
expectations from these data include a more detailed 
understanding of how purifying selection, migration and 
recent demography shape genetic variation.

A classic example of the power of new data in 
population genetics is how the observation of the clock-
like rate of amino acid substitutions between species, to-
gether with early surveys of allozyme polymorphism 
dating back to the 1960s, helped fuel the development of 
the neutral theory by Motoo Kimura and colleagues [2]. 
Prior to these fi ndings, most observable mutations were 
associated with morphological, physiological or disease 
traits. Incidences of rare mutant phenotypes of these 
kinds, in the presence of a dominant wild type, created an 
emphasis among one major school of evolutionary 
geneti cists on the balance between mutation and natural 
selection as the determinants of the abundance of genetic 
polymorphisms [3]. Once large numbers of molecular 
polymorphisms were revealed, it became hard to sustain 
the idea that all molecular variation was due to mutation-
selection balance, as this would imply high rates of 
mutation and a substantial genetic load.

Th e neutral theory was developed to help explain these 
new observations, and posits that sites are either 
selectively important, and therefore invariant, or invisible 
to selection and therefore free of constraint, with levels of 
variation set by mutation-drift balance. Since its intro-
duction, the strict neutral theory has given way to nearly 
neutral models that include weakly selected sites, and to 
a greater emphasis on recent positive selection. Indeed, 
the development of new theories and perspectives as a 
result of breakthroughs in data generation is a repeating 
feature in the history of population genetics.

Th e newest era of data generation in population 
genetics, in part ushered in by the 1000 Genomes Project, 
is one of comprehensive characterization of rare variants 
within a species. Th e 1000 Genomes Project has pro-
duced genomes for 1,092 individuals from a diverse set of 
populations, with an average coverage of 80× in the 
exomes and 4 to 5× coverage for the rest of the genome. 
Th is has empowered the project to detect variants with 
frequencies below 0.5% and to characterize their geo-
graphic distribution at a regional scale. Compared to 
their more common brethren, rare alleles have two dis-
tinc tive properties, each of which opens up new types of 
analyses. Both of these avenues have been explored by 
the 1000 Genomes Project Consortium.

Rare alleles behave like neutral alleles
Th e 1000 Genomes Project has taken advantage of how 
most rare variants are only weakly aff ected by selection. 
In simple theoretical models of evolution, the expected 
change in frequency due to selection for an allele with 
frequency p and additive selection coeffi  cient of s is 
ps(1 - p)/(1 + ps). When allele frequencies are small (p is 
low) and selection is weak (s is small), this quantity falls 
well below the expected magnitude of allele change due 
to genetic drift. Th is phenomenon is further enhanced 
when the fi tness eff ect of the allele is recessive. Th e result 
is that both neutral rare alleles and nearly neutral rare 
alleles behave similarly and the impact of natural selec-
tion is only manifest once alleles become more common. 
Th us, diff erences in the distributions of rare and common 
variants can be used to identify the degree to which 
selection is acting on mutations at diff erent kinds of sites.

In its Phase 1 publication [1], the Consortium exploits 
this idea by comparing the ratio of non-synonymous to 
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synonymous polymorphisms in different frequency ranges 
to estimate the size of the slightly deleterious class of 
variants compared to neutral variants. They observe that 
there are approximately as many rare non-synonymous 
polymorphisms as rare synonymous polymorphisms, but 
that the ratio falls to nearly 1:2 among more common 
alleles. This suggests that up to one-half of variable non-
synonymous variants are slightly deleterious, and that 
this fraction varies among genes in different types of 
pathways. The project used the difference between rare 
and common relative abundances in different functional 
categories of mutations to rank the categories by degree 
of selective constraint. At the extremes, less than 10% of 
mutations creating novel stop codons or disrupting splice 
sites are able to rise in frequency above 0.5%, compared 
to the 65% of synonymous substitutions that have done 
so. However, the Consortium also finds that the cross-
species conservation of a site is a better predictor of 
whether or not a mutation can become common than its 
functional category is. This indicates that there is tremen-
dous within-category variability in the degree of selective 
constraint a mutation is under. The only category for 
which this is not true is mutations that create stop 
codons. These always appear to be under greater con-
straint than other categories of mutations regardless of 
evolutionary conservation. Overall, these results support 
Ohta’s nearly neutral theory [2], in which the contribution 
of weakly selected variants to overall genetic diversity 
cannot be neglected.

Rare alleles are young alleles
Since all mutations start as single-copy variants and then 
often increase in frequency or are lost, many rare variants 
have only recently arisen. Common variants, unless they 
are under moderately strong selection, can only have 
attained their frequency through the passing of time. The 
spread across populations of these older, more common, 
alleles reflects the combined demographic properties of 
an extended time period, whereas the distribution of rare 
alleles reflects only more recent historical events. The 
1000 Genome Project’s Phase 1 publication confirms that 
previous studies on common variant discovery were 
successful in identifying the vast majority (94%) of variants 
that occur at frequencies of 5% or higher; however, nearly 
half the variants that occur at a frequency between 0.5% 
and 5% were novel, and almost 90% of the variants with a 
frequency of less than 0.5% were previously unknown.

In European, Asian and American populations, the 
impact of population bottlenecks coming out of Africa can 
be seen in a loss of derived alleles of frequencies up to 
40%. Clear evidence of subsequent explosive demo-
graphic growth, however, is only apparent in the strong 
excess of very rare variants. Rare and common variants 
also differ greatly in their geographic spread. Virtually all 

variants with frequencies greater than 1% are present on 
all continents and, for the most part, in all sampled popu-
lations; in contrast, more than half of variants occur ring 
at a 0.5% frequency are restricted to a single population.

The rarest, and therefore youngest, demography-
informative alleles are doubletons, alleles found exactly 
twice in the sample. For the majority of such variants, 
both copies were sampled from the same population, 
suggesting that they arose more recently than the forma-
tion of the distinct populations, even for populations 
occurring on the same continent. Where the two copies 
of a doubleton are found in different populations, this 
can be considered evidence of recent gene flow between 
the populations. One specific example of recent gene 
flow detected by the study was the finding that allele 
sharing between the Spanish and admixed American 
samples was greater than the amount of sharing between 
the Spanish sample and the remaining European samples; 
a likely explanation for this observation lies in the migra-
tions that accompanied the historical colonization of the 
New World. The ability to study such recent gene flow 
patterns will be a powerful tool for studies of many other 
areas of human history.

The future of the study of rare alleles
The observations made in the 1000 Genomes Project 
Phase 1 publication [1] are among the most detailed of a 
bevy of recent studies describing the abundance of rare 
variants in sequencing data from very large samples [4-7]. 
As these studies grow in number, sample size and 
sampling locations, there will be an increasing push to 
develop new analytical tools and models. So far, studies, 
including that of the 1000 Genomes Project, have been 
predominantly descriptive. We are still largely in the 
phase of finding out what interesting patterns these new 
data show, a necessary precursor to developing improved 
analysis methods that will be able to exploit and under-
stand the data in full detail. Where current methods can 
effectively assume that all variants are independently 
assorting, these new data invite the creation of methods 
to explain patterns of linkage disequilibrium around rare 
variants. Studying large samples of rare variants will also 
require methods with explicit spatial structure, as the 
genetic background on which a rare variant is found is 
highly dependent on the locale where it arose, and the 
migrational patterns of its carriers. Furthermore, studies 
of this type will likely be conducted, as the 1000 Genomes 
Project has been with at least a significant portion of low-
coverage sequencing followed by imputation. This process 
is clearly an important technique for discovering and 
characterizing rare variants in a cost-effective manner, 
although exactly what artifacts are introduced is not fully 
understood. In addition, as sample sizes increase, some 
of the basic assumptions of coalescent theory begin to 
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break down because of the potential for simultaneous co-
ales cent events; theory in this area will need to be further 
developed, and adapted to empower data inference.

A key development in the field of human population 
genetics over the past decade has been the tremendous 
effort made to ensure that large-scale studies are not only 
publicly accessible but also easily integrated with 
previous and future projects. The 1000 Genomes Project 
is no exception to this trend; beyond the direct value of 
the results described in its Phase 1 publication is the 
accompanying data resource, which will be of immense 
use to future studies investigating yet more populations 
and rarer variants.
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