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times higher in segmental duplications and simple tandem 
repeat regions. The variants with significant disequilibrium 
are seen to be concentrated in these areas. For next genera-
tion sequence data, Hardy–Weinberg disequilibrium seems 
to be a major indicator for copy number variation.

Introduction

The Hardy–Weinberg law is a fundamental population-
genetic principle expressing that the genotypes AA, AB and 
BB of a bi-allelic genetic marker are expected to occur with 
relative frequencies p2, 2pq and q2, p and q being the A and 
B allele frequencies, respectively. The law rests on many 
assumptions including sexual reproduction with random 
mating, non-overlapping generations, negligible mutation 
and migration rates, equality of allele frequencies in the 
sexes, absence of natural selection and absence of genotyp-
ing errors, which are usually discussed at length in genetic 
textbooks (Crow and Kimura 1970; Hartl 1980). In this 
paper, we tacitly assume that most assumptions are at least 
approximately met, and mainly focus on genotyping prob-
lems as a potential source for deviation from equilibrium.

In modern large-scale genotyping studies, genetic mark-
ers are typically tested for Hardy–Weinberg proportions 
(HWP) by using exact test procedures (Wigginton et al. 
2005). Next generation sequencing (NGS) data are espe-
cially prone to genotyping error when relying on low-cov-
erage sequencing (Nielsen et al. 2011). Genotyping error is 
a common cause for disequilibrium, and by testing markers 
for HWP, problematic markers can be identified (Gomes 
et al. 1999; Hosking et al. 2004; Leal 2005; Teo et al. 
2007). In many genotyping studies, markers are filtered on 
the basis of their p value in a HW test prior to subsequent 
analysis, with the idea to create high-quality data-sets 

Abstract Statistical tests for Hardy–Weinberg equilib-
rium have been an important tool for detecting genotyp-
ing errors in the past, and remain important in the quality 
control of next generation sequence data. In this paper, 
we analyze complete chromosomes of the 1000 genomes 
project by using exact test procedures for autosomal and 
X-chromosomal variants. We find that the rate of disequi-
librium largely exceeds what might be expected by chance 
alone for all chromosomes. Observed disequilibrium is, in 
about 60% of the cases, due to heterozygote excess. We 
suggest that most excess disequilibrium can be explained 
by sequencing problems, and hypothesize mechanisms that 
can explain exceptional heterozygosities. We report higher 
rates of disequilibrium for the MHC region on chromo-
some 6, regions flanking centromeres and p-arms of acro-
centric chromosomes. We also detected long-range hap-
lotypes and areas with incidental high disequilibrium. We 
report disequilibrium to be related to read depth, with vari-
ants having extreme read depths being more likely to be out 
of equilibrium. Disequilibrium rates were found to be 11 
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Relation with segmental duplications and with simple 
repeat regions

We stratified the results of our exact tests for HWP 
according to whether variants occurred in areas with seg-
mental duplications or not, using the annotation on seg-
mental duplications of at least 1Kb in the UCSC genome 
browser (Bailey et al. 2002). Figure 11a shows the percent-
age of significant variants per chromosome, stratified for 
segmental duplications. The overall rate of significant vari-
ants inside duplications (0.751%) is about 11 times higher 
as the rate outside duplications (0.068%).

Chromosome 6 (with the MHC region) and chromosome 
21 (with a lot of HWD in its p-arm) are outlying with many 
significant variants in segmental duplications. Likewise, 
exact test results were also stratified according to inclusion 
in simple tandem repeats, using the simple tandem repeat 
tracks of the UCSC genome browser (Benson 1999). Fig-
ure 11b shows the percentage of significant variants per 
chromosome, stratified for simple repeats. The overall 
rate of significant variants inside simple repeats (0.800%) 

Fig. 7  Plots of exact mid p val-
ues of chromosome X. a Testing 
females only. b Testing males 
and females (green f > 0,  
red f < 0). Dashed vertical 
lines indicate the limits of the 
centromere region
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Fig. 8  Plots of exact p values at 145.5–146.5 Mb on chromosome 6 
(green f > 0, red f < 0). Monomorphic markers not shown
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shows the observed spikes in higher resolution, with vari-
ants with heterozygote deficiency in green, and variants 
with heterozygote excess in red. This shows that the three 
spikes mainly correspond to areas of heterozygote defi-
ciency. Significant heterozygote excess is observed only at 
a few positions. Despite the strong spikes of heterozygote 
deficiency, the median inbreeding coefficient of the MHC 
region overall is negative, meaning that there are many 
non-significant variants with slight heterozygote excess 
in the region. If the genotyping results in the MHC region 
are correct, then the conclusion would be that the MHC 
region contains a considerable set of variants with strong 
heterozygote deficiency. However, the alternative interpre-
tation is that the region is affected by genotyping error due 
to duplications (see "Discussion and conclusion").

We annotated the Hardy–Weinberg track of the MHC 
region in Fig. 3 with the position of the HLA class I 
genes (HLA-A, HLA-B and HLA-C) and six HLA class 
II genes (DPA1, DPB1, DQA1, DQB1, DRA and DRB1) 
obtained by consulting the NCBI database (https://

www.ncbi.nlm.nih.gov/). This shows that strong spikes 
of heterozygote deficiency occur upstream of the HLA-
A, downstream the HLA-B and downstream the HLA-C 
genes. The variants inside these genes themselves appear 
however, to have heterozygote excess (see Table 2). HLA 
class I genes have lower read depth. The HLA class II 
genes map into and after the third and largest HW spike 
in the MHC region. Most of the class II genes are char-
acterized by positive inbreeding coefficients and a severe 
deficiency of heterozygotes (see Table 2). We found 
29 variants in the class II region that had no heterozy-
gotes, but were clearly polymorphic (MAF ≥0.05), which 
is highly unlikely under HWE. Class II genes DQA1, 
DQB1 and DRB1 have lower read depth.

Some of the spikes in the MHC region consist of vari-
ants occurring inside segmental duplications, but there 
are also several spikes of significant variants outside such 
duplications.We repeated the analysis for another sam-
ple in order to see if these MHC spikes were specific for 
the JPT sample. Supplementary Figure S7 shows the HW 

Table 2  Descriptive statistics 
for certain genomic areas of 
the JPT sample: number of 
SNPs, percentage monomorphic 
markers, percentage significant 
markers in a HW exact test 
with α = 0.001, percentage 
of significant markers due 
to heterozygote excess and 
medians of the inbreeding 
coefficient (f) and the median 
read depth (DP)

#SNPs %Mono %Sig %HetExc Med (f) Med (DP)

CHR 6 5,008,031 83.87 1.26 22.29 −0.005 17,811

MHC 136,176 59.56 11.86 1.38 −0.005 16,917

Outside MHC 4,871,855 84.55 0.49 59.58 −0.006 17,854

HLA-A 348 37.36 1.83 50.00 −0.005 15,622

HLA-B 308 37.99 2.62 60.00 −0.002 10,426

HLA-C 329 44.68 5.49 90.00 0.016 13,691

HLA-DPA1 943 54.29 0.46 0.00 0.207 18,285

HLA-DPB1 763 44.95 6.19 0.00 0.142 17,937

HLA-DQA1 869 9.21 22.69 0.00 0.121 11,898

HLA-DQB1 905 6.52 30.14 0.00 0.142 10,915

HLA-DRB1 837 8.96 26.12 5.53 0.135 11,396

HLA-DRA 162 54.32 0.00 0.00 −0.010 19,879

CHR 21 1,102,563 84.54 1.62 80.06 −0.005 17,734

CHR 21 p.arm 23,453 85.57 36.04 85.25 −0.035 40,683

CHR 21 q.arm 1,072,796 84.54 0.56 60.02 −0.005 17,662

CHR 1-(Cen) 16,761 0.00 9.67 82.60 −0.010 19,402

CHR 1-outside 6,434,666 85.19 0.54 73.41 −0.007 18,017

CHR 2-(Cen) 8962 0.00 4.71 84.83 −0.005 18,816

CHR 2-outside 7,054,536 85.61 0.45 61.97 −0.005 17,948

CHR 3-(Cen) 17,114 0.00 0.62 94.34 −0.005 17,224

CHR 3-outside 5,800,292 85.23 0.48 53.68 −0.006 17,959

CHR 4-(Cen) 9621 0.00 4.77 89.98 −0.005 19,050

CHR 4-outside 5,708,252 84.88 0.49 53.58 −0.006 17,509

CHR 4 (4pTel) 4734 87.11 8.03 100.00 −0.020 18,861

CHR 10 (10pTel) 3704 87.53 5.19 0.00 −0.012 17,610

CHR 12 (12pTel) 2163 85.71 24.92 100.00 −0.020 28,209

CHR 14 (14pTel) 11,094 91.47 8.56 64.20 −0.005 22,173

Autosomes 80,931,043 85.01 0.62 58.93 −0.007 17,889
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Definições de evolução

“Mudança de frequências 
alélicas ao longo do tempo”



1. Acaso (deriva genética)  
2. Seleção natural  
3. Mutação  
4. Migração e fluxo gênico

Definições de evolução

“Mudança de frequências 
alélicas ao longo do tempo”
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entre adultos 757575 105 70
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Quando há seleção natural?

Não há seleção: probabilidade de sobrevivência é igual para todos 
genótipos
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Genótipo AA Aa aa
Valor adaptativo WAA WAa Waa

Valor adaptativo relativo WAA /WAA WAa /WAA Waa /WAA

Em função de "s" 1 1 1-s

Um modelo populacional para seleção 
natural (agora em proporções)

Nesse exemplo: 

• Valores adapativos WAA = 1;   WAa = 1;   Waa = 3/4 

• Coeficiente seletivo é s=0,25 

• “s” Mede decréscimo de sobrevivência devido a seleção.



O modelo genético de seleção

Parâmetro do modelo 
evolutivo

No modelo de seleção

Tamanho da população Infinitamente grande

Cruzamento aleatório

Sobrevivência e 
reprodução dos genótipos

Diferente entre genótipos

mutação e migração Não há



Um modelo populacional para 
seleção natural



Genótipo AA Aa aa

Valor 
adaptativo

1 1 1-s

Um modelo populacional para 
seleção natural



Um modelo populacional para 
seleção natural

Genótipo AA Aa aa

nascimento fA2 2 fA fa fa2

Aptidão 1 1 1-s

adultos fA2 2 fA fa fa2 (1-s)

como calcular: 

fA -> fA'

E também 

fA -> fA'' -> fA''' -> …



Exemplo de seleção
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Color Polymorphism
Melanism in Biston betularia. A classic example of a genetic polymorphism influ-
enced by diversifying selection is industrial melanism in the peppered moth, Biston
betularia (Cook 2003, Grant 2005, Kettlewell 1973, Majerus 1998). Industrial melan-
ics were first noticed in England in the mid-nineteenth century and appear to have
rapidly spread from a single source. At a particular location, the increase from a low
frequency to a frequency greater than 90% often took only several decades. The
main selective agent appears to have been differential predation by birds on polluted
and unpolluted resting backgrounds, and extensive gene flow significantly influenced
the spread and distribution of melanics (Cook 2003). The overall case for natural
selection acting on the rise and fall of melanics in peppered moths is indisputable.

Since the introduction of clean air legislation in the 1960s in Great Britain, the
frequency of dominant melanic moths has declined. For example, at Caldy Common,
the frequency of melanics declined from greater than 90% in 1960 to below 5% by
2002 (Figure 1) (Grant 2005). Also given in Figure 1 is the very similar expected
decrease of the melanic phenotype, assuming a 15.3% selective disadvantage for
melanics [that is, the fitnesses for the dominant melanics and recessive typicals are
0.847 and 1.0, respectively (Grant et al. 1996)].

B. betularia is also found in North America, and in some areas the frequency of
melanics once was quite high (Grant et al. 1996). In the 1960s, clean air legislation
also began to result in better air quality in North America, and the frequency of
melanics dropped (Grant & Wiseman 2002). Presumably, similar reversals in selec-
tion pressures that occurred on both continents were responsible for this remarkable
parallel decline. On the basis of crosses between American and British moths, re-
searchers concluded that the melanic variants from the two continents are alleles at
the same locus (Grant 2004). When the gene that determines melanism in B. betularia
is discovered, then DNA data should be able to determine the cause and relationship
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Figure 1
The observed decline in the
frequency of melanics from
1959 to 2002 at Caldy
Common in England
(magenta squares) (Grant
2005) and the expected
decline when there is 15.3%
selection against the
melanics (dark gray line).
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Redução de forma melânica de biston betularia em regiões sem 
poluição, na Inglaterra.

Forma melânica

Forma não melânica
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Um modelo populacional para 
seleção natural

fA′� =
f 2
AWAA + fA faWAa

W̄
fa′� =

f 2
aWaa + fA faWAa

W̄

W̄ = f2
AWAA + 2fA faWAa + f2

aWaa
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Diversos regimes seletivos

AA Aa aa Alelo vantajoso Alelo deletério
1 1 1-s dominante recessivo
1 1-s 1-s recessivo dominante
1 1-(s/2) 1-s aditivo

1-s 1 1-s vantagem do heterozigoto

1-s 1 1-t vantagem do heterozigoto

1 1-s 1 desvantagem do heterozigoto



Seleção dependente de frequência

Traço é mais vantajoso quando raro, menos vantajoso quando comum

Além do modelo simples
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Hori et al, Science, 1993.  https://www.ncbi.nlm.nih.gov/pubmed/17807183
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