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What is the evidence for evolution?

Population genetics and Hardy-

Weinberg matter _ _
Darwin observations

Evolution Genetic variability

HWE: establishes the relationship
that can be used to predict

allele frequencies given
genotype frequencies or

The Hardy-Weinberg Equilibrium

Hardy—Weinberg and its assumptions
Each assumption is a population genetic process

How to evaluate the HWE in a sample pl’ediCt
What are the main factors that affect HWE genotype frequenCieS g ive n

allele frequencies
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Hardy-Weinberg

Genotypes

Number of animals 320 160 20
(total = 500)

Genotype frequencies %= 0.64 %: 0.32 %: 0.04

Number of alleles 640 W 160 W+160 w

(ot = 1000 \ / \ /

Allele frequencies -—- 08w ——- 02w

Hardy-Weinberg

First generation Second generation

Ld 299
Allole Irequences (=08 w (o= 02w Allele 1 ro ™ 02w

Alleles frequencies did not change!

Hardy-Weinberg

Recombination e

of alleles from SPERM \\0400

parent generation ‘@
Next generation:
Genotype frequencies 064 WW 032 Ww 0.04 ww
Allele frequencies o8 w 0.2 w

Hardy-Weinberg

A single generation of
reproduction where a set of
conditions, or assumptions, are
met will result in a population that
meets Hardy—Weinberg expected
genotype frequencies




Hardy-Weinberg

Se p e q forem as frequéncias alélicas de A e B numa
geracgao, as frequéncias genotipicas na geragao seguinte

serao:
p? q? 2pq
f(AA) f(BB) f(AB)

[expansao do bindmio (p+q) 2]

Hardy-Weinberg

» Populacao modelo?

A reproducéo € sexual, envolve gametas de tipos
distintos, mas cuja contribuicdo em termos de sexos é
igual (isto é a frequéncia de um alelo é igual nos dois
Sexos);

As geragdes néo se sobrepdem;

Os cruzamentos sdo casuais;

A populagao é de grandes dimensoes;

A migracéo é negligivel,

Nao ha mutacao;

A seleccao natural nao afecta os alelos em questao.

Hardy-Weinberg

Para uma populagédo com 3 alelos temos que a relagao entre
os dois tipos de frequéncias é descrita pelo polinémio: (p+q
+r) 2:

AA AC cC BB AB CB

p? 20 g r 2pr  2gr

Hardy-Weinberg

Pressupostos Razao

Populagao grande Muitas possibilidade de combinagdes alélicas

N&o ha restricdo nos cruzamentos pelo que todos
Sem selecgdo natural  |os alelos tém igual probabilidade de integrar a
geragao seguinte

Sem mutagao Nao ha introdugéo de novos alelos

Sem migracéo N&o ha entrada ou saida de individuos

Qualquer combinagao de alelos é igualmente

Cruzamentos ao acaso .
provavel.

Nenhum destes pressupostos € realista....




IMPORTANTE

Descreve a relagdo, numa populagdo modelo,
entre as frequéncias alélicas numa geracgao e as
frequéncias genotipicas da geracao seguinte:
sendo f(A) e f(B) numa geragao, as frequéncias
genotipicas da geragao seguinte serdo

f(AA)= f(A); f(AB)= 2 f(A) f(B) e f(BB)= f(B)?

Genotype frequency

Hardy-Weinberg

De Finetti diagram

1
09 q? p?
Hardy—Weinberg
08| expected genotype
frequencies for AA, Aa,
0.7 and aa genotypes (y
axis) for any given value
06t of the allele frequency (x
2pq axis).
05t
04
Note that the value of the
03 allele frequency not
graphed can be
02} determined by g=1-p.
01

ot + . -
0 01 02 03 04 05 06 07 08 09 1

Allele frequency (p)

IMPORTANTE

f(AA)= f(A)2; f(AB)= 2 f(A) f(B) e f(BB)= f(B)2
As frequéncias alélicas entre geragdes nao se
alteram.

Esta relagéo estabelece-se de uma geragéo para a
seguinte e perdura enquanto as condigbes da
populagcdo modelo se mantiverem.

Hardy-Weinberg

What good is a model with so many

restrictive assumptions?

Are all these assumptions likely to be

met in actual populations?




Hardy-Weinber

Hardy-Weinberg

The Hardy—Weinberg model is not So....
necessarily meant to be an exact
description of any actual population...

although actual populations often
exhibit genotype frequencies
predicted by Hardy— Weinberg

Hardy-Weinberg Hardy-Weinberg

X Mutation X Mutation

X Drif % Drift First generation
X Selection X Selection *

X Migration X Migration Second generation

Alleles frequencies did not change!




Hardy-Weinberg

Alleles frequencie¢ s did not change!

First generation

Second generation

Hardy-Weinberg
Phenotypes
Genotypes Be Bb bb
Mumber of | | |
Individuals 49 a2 ']
tota 100
Genotype | 42100 =
Frequencies 450100 = 0.49 0.42 9100 = 0.09
Alleles
contributed to
Gene Pool Y ;- -
total = 200 / \‘
Allale For allale O,
Frequencies for allele 5.
(98+42)/ 200 = 0.7 (42418200 0.3

Hardy-Weinberg

Alleles frequenci¢ s did not change!

. . ? Mutation
First generation '
? Drift
? Selection
Second generation
9 7 Migration

Hardy-Weinberg

Punnett square

Probabuiity of

Aligios in Gameles 07 B 0.3
Sperm and EQgs  —g
o
arb 0.7 X 0.7 =049 . 3
| 0r7X03=021
_"' -
0.3 3 ' '
0.7 X 0.3=0.21 03X03=009




Genotype Frequencies 0.49
in Nexi Generation

Hardy-Weinberg

8

0.21+0.21e0 42 009

Final frequencies

Genolype Friquencaed

Hardy-Weinberg

B

0.27+0.21=0 42 008

#

I Nexl Gener alion .

r'.

Aliie Fregue s 1" 049+ 0.80» 042

I Mt G ation . 1402 =0.7
Initial frequencies

Allele
Frequencies for allele 5,

(98+42) 200 = 0.7

047+ 0.09 - 009 |
« 0607 = 0.3

For allele

(42+18)200 = 0.3

Hardy-Weinberg

BB 8

Genolype Frequencies . T : S 3

It Nexl Gores ation . 0.21+0.21=0 42 .09
B

Aligie Froquans ws 1 0049043 I FTT FYT R

in Nex! Generation = 1402 = 0.7 = 0607 = 0.3

EXAMPLES

Does Hardy-Weinberg equilibrium ever
exist in nature?

Example: Atlantic cod (Gadus morhua) in Nova Scotia

as a juvenile...




EXAMPLES

Does Hardy-Weinberg equilibrium ever
exist in nature?

Example: Atlantic cod (Gadus morhua) in Nova Scotia

A sample of 364 fish were scored for a single nucleotide locus

A1A1=109
A1A2 =182
A2A2 =73

EXAMPLES

A1A; =109
A1A2 =182
AAr= 73

Passo 1: Calculem as frequéncias genotipicas

Frequency de A1A1= 109/364 = 0.2995
Frequency de A1A2= 182/364 = 0.5000

Frequency de A2A2 = 73/364 = 0.2005

f§A1A1; =0.2995
f(A1A2) = 0.5000
f(A2A2) = 0.2005

EXAMPLES

A1A1=109
A1A2 =182
AcAr= 73

Total: 109+182+73=364
Passo 1: Calculem as frequéncias genotipicas

Frequéncia de A1A1
Frequéncia de A1A2

Frequéncia de A2A2

EXAMPLES

f(A1A1) = 0.2995
f(A1A2) = 0.5000
fEAzAzg =0.2005

Passo 2: Calculem as frequéncias alélicas

Frequency de A1

Frequency de A2




EXAMPLES

f(A1A1) = 0.2995
f}A1A2; =0.5000
f(A2A2) = 0.2005

Passo 2: Calculem as frequéncias alélicas

Frequency of A1 = p = Freq (A1A1) + %2 Freq (A1A2)

Frequency of A2 = q = Freq (A2A2) + 2 Freq (A1A2)

EXAMPLES

f(A1A1) = 0.2995
f(A1A2) = 0.5000
f}AzAzg =0.2005

Passo 2: Calculem as frequéncias alélicas

Frequency of A1 = p = Freq (A1A1) + %2 Freq (A1A2)
=0.2995 + % (0.5000)

=0.5495

Frequency of A2 = q = Freq (A2A2) + 2 Freq (A1A2)
=0.2005 + %2 (0.5000)
=0.4505

Check that p + g = 0.5495 + 0.4505 = 1

EXAMPLES

f(A1A1) = 0.2995
f§A1A2; =0.5000
f(A2A2) = 0.2005

Passo 2: Calculem as frequéncias alélicas
Frequency of A1 = p = Freq (A1A1) + %2 Freq (A1A2)

= 0.2995 + 1 (0.5000)
= 05495

EXAMPLES

f(A1) = 0.5495
f(Aa) = 0.4505

Passo 3: Estimar as frequéncias genotipicas em EHW

Expected No. of A1A1=p2x N

Expected No. of A1A2=2pq x N

Expected No. of A2A2 = g2 x N




EXAMPLES

(A1) = 0.5495
f(A) = 0.4505

Passo 3: Estimar as frequéncias genotipicas em EHW

Expected No. of A1A1 = p2x N
= (0.5495)2 x 364
=109.9

Expected No. of A1A2=2pq x N
= 2(0.5495)(0.4505) x 364
=180.2

Expected No. of A2A2 =2 x N
= (0.4595)2 x 364
=739

EXAMPLES

Nbo(A1A+1) = 109 Nbe(A1A1) = 109.9
Nbo§A1Azg =182 NbESA1Azg =180.2
Nbo(A2A2) =73 Nbe(A2A2) = 73.9

Passo 4: Comparar frequéncias genotipicas
observadas e esperadas em EHW

A1Aq 109 109.9
A1A2 182 180.2
A2A2 73 73.9

X2 (calc) = X (Obs. —Exp.)2 = 0.036
Exp.

Graus de liberdade = nimero de classes (AA, AB,BB) - 1 - niumero de pardmetros estimados (p,q)= 1

EXAMPLES

Nbo(A1A1) = 109 Nbe(A1A1) = 109.9
Nbo§A1A2§ =182 NbE§A1A2§ =180.2
Nbo(A2A2) = 73 Nbe(A2A2) = 73.9

Passo 4. Comparar frequéncias genotipicas
observadas e esperadas em EHW

A1Aq 109 109.9
A1A2 182 180.2
A2A2 73 73.9

EXAMPLES

Hipotese nula Hy:

as proporgoes genotipicas
observadas nao diferem das

proporgoes esperadas de acordo
com a lei de HW




X2 e probabilidade

Ho NOT rejected
Ho rejected

%2 (tab)

df | xhs Yo Y s Y e Yoo X400 oo hes Yo Yios
T | 000 | G000 | 0000 .00 0010 708 | 2841 AE 7870
2 | oo | o0 | 005 oo | oz 1605 5,901 020 | 1seT
| T2 LIRN 0216 0,552 5= 6251 T.E15 11345 12838
i | o207 | oo | o484 | o 1064 777 | 9.488 1oy | 14860
5 e LG54 =31 LGk b 11.070 15 sk 16750
G | 0616 | 05 LI5 THN | 045 | 1250 IGEIT | 18548
T [0 ety 125 1600 2R3 127 14.067 15,475 H3ATH
B [2E] 1 646 2180 HEL | a2 15.507 200,0EHy 21 955

EXAMPLES
X2 e probabilidade

Ho NOT rejected
Ho rejected

22 (tab)

(o) e | e | dn | 13e | 3o e | abe | vhos
1 [T [T [INT1T] [N} G { 3.841 I EE] (THE] T.47
2 L LI 051 0. ik 11 5501 7078
] T2 115 0216 0,852 (L554 H 7.515 0HE
| 07 0297 0454 0711 1064 7.779 9,488 10143
5] 0412 0.2831 L.145 LG 4.2 11070 12835
1] LGTG 0872 1.24% PR TGS 12.5092 14,449 JEREE
T (1R ! 125 1.6t 23 127 14.067 16,01 2278
B L 1 G4 2.150 L AD 13362 15.507 17.535 200.0EHk 21955

X2 e probabilidade

Ho NOT rejected
Ho rejected

22 (tab)

df ) xes Yeo ies Chas e XYs0 % hes Xhio Yios
1 00N | o0 | 0,000 .00 0006 2700 AL G.GE 7878
2 | momo | o0 | o051 oioe | oz 1605 7amE | om0 | woser
2| oore | oms | o216 | oasr | oossd | 62w 0348 | 1L345 | 12838
¢ | omr | o2or | o4sd | oLl 064 7o | sass | 1n14e | 1zovr | paseo
5 LY b 554 LIk | L145 1610 b 11.070 12,538 15104 16750
& | 0676 | 0872 L35 i THH | 106 | 12502 | 1440 | IGEI2 | 15548
T [IRL) 125 1.6 2R3 127 14.067 16,00 15,475 H3ATH
B 1344 1 646 2,180 HEL | 13,352 15.507 2000EHy 21 955

EXAMPLES

X2 e probabilidade

Ho NOT rejected
Ho rejected

22 (tab)

(af ) % heo s han X b a0 X s Xhio Yios
1 | Lo | i | GO0 | oo | 0016 | 2008 a8l | ol | o
2 LIEIIL]) LKA 0,051 w21l 5,5 7078 0210
H ] 0o wles L2186 nhsq 6,251 T.515 0348 11345
| nm7 (1R [ 4.5 1G4 T.779 9488 11.143 13.277
5 | o4z | osse | oam 1610 | 926 | 1.0m | 12833 | 15080
(] MLGTG [TE ] 1.237 M TGS 12.502 14,440 15812 18548
7| omew | 12w | 6o 2838 | 1207 | 14067 | 16m3 | 18475 | 20278
g | 1344 | 1e46 | 2180 2400 | 12362 | 15507 | 17535 | 200000 | 21.955




EXAMPLES

Conclusion ?7?

Ho NOT rejected
\ Ho rejected
x2 (tab)

3.841

X2 (calc) < X2 (tab) = null hypothesis NOT rejected

X2 (calc) > X2 (tab) = null hypothesis rejected

Hardy-Weinberg

Hardy-Weinberg

AA = 320

AA =320
AB =570 AB =570
BB =320 BB =320
SUM= 1210 SUM= 1210

f(AA) = 320/1210
f(AB) = 570/1210
f(BB) = 320/1210




Hardy-Weinberg

AA =320
AB =570
BB =320
SUM=1210

f(AA) = 150/800 f(AA) = 0.25
f(AB) = 500/800 f(A
f(BB) = 150/800 (B

Hardy-Weinberg

f(AA) = 0.25
f(AB) = 0.50
{(BB) = 0.25
f(A) =
f(B) =
f(A)
f(B)

(320+570/2)/1 2 1 O Contagem de individuos
(640+570)/2420 Contagem de alelos

0.25+0.50/2 = 0.50

A partir das frequéncias

0.25+0.50/2 = 0.50

Hardy-Weinberg

Hardy-Weinberg




Hardy-Weinberg
f(AA) = 0.25 . "
f(AB)=0.50 f(B) =0.5
f(BB) = 0.25

320

0.521210 = 302.5
570  270.5*0.5*1210 = 605

320 0.52*1210 = 302.5

0.52*800 = 200
270.5*0.5*800 = 400

150 0.52*800 = 200

22 (calc) = 4.050 Conclusion?
22 (tab) = 3.841

Hardy-Weinberg

320 0.52"1210 = 302.5

n 570  270.5*0.5"1210 = 605
320 0.52"1210 = 302.5

X2 = Z (Obs. — Exp.)2

Exp.
X2 = Z (320 — 302.5)2 + (570 —605)2 + (320 — 302.5)2
302.5 605 302.5

=1.012+ 2.025 +1.012 =4.05

EXAMPLES




EXAMPLES

A terrible crime has been committed.

Left at the crime scene was:

a biological sample

that law-enforcement authorities used
to obtain a multilocus genotype or
DNA profile.

EXAMPLES

Section of victim's DNA:

-
-
L J L J L J
24 repeats of 'GT' 16 repeats of 'ATGG' 66 repeats of 'ATT'
There are three regions of repetitive DNA.
Section of suspect's DNA:
— p— P
I - ‘\‘l\fc\
e— L J L J .@3’/’ N
49 repeats of 'GT' 16 repeats of "ATGG' 51 repeats of 'ATT' %y

The same three regions of repetitive DNA are present here, but some include
different numbers of repeats. Now let's compare this sample to...

Section of DNA from crime scene hair:

—
—
_—

L J L J
49 repeats of 'GT’ 16 repeats of "ATGG' 51 repeats of 'ATT'

The lengths of the repetitive sequences match the lengths in the suspect's DNA —
so the DNA found at the arime scene belongs to the suspect.

EXAMPLES

A suspect in the crime has been
identified and subpoenaed to provide a
tissue sample for DNA profiling.

EXAMPLES

The DNA profiles from the suspect and from
the crime scene are identical.




EXAMPLES

The DNA profiles from the suspect and from
the crime scene are identical.

Can we unequivocally say the suspect is the
guilty party?

EXAMPLES

Let’s see....

EXAMPLES

Can anybody
else share the
same DNA
profile?

Two matching profiles = same person??

EXAMPLES

What is the probability that
two individuals share the
same profile??

HW prediction will help, but....

in using HW we are implicitly accepting that all of the assumptions of Hardy—
Weinberg are approximately met.




EXAMPLES

Caution:

For this estimation to be
done we need to assume
that human populations are
in HW

EXAMPLES

D3S1358
Allele  Freq
12 0.0000
13 0.0025
14 0.1404
15 0.2463
16 0.2315
17 0.2118
18 0.1626
19 0.0049

The DNA profile is shown in the table below.

Locus D3S1358 D21S11 D18S51
Genotype 17,18 29,30 18,18

EXAMPLES

D3S1358 D21S11

Allele  Freq Allele  Freq

12 0.0000 27 0.0459
13 0.0025 28 0.1658
14 0.1404 29 0.1811

15 0.2463 30 0.2321
16 0.2315 30.2 0.0383
17 0.2118 31 0.0714
18 0.1626 31.2  0.0995
19 0.0049 32 0.0153
322  0.1122
33.2 0.0306
35.2 0.0026




EXAMPLES

D3S1358 D21511 D18S51

Allele  Freq Allele  Freq Allele  Freq

12 0.0000 27 0.0459 <11 0.0128
13 0.0025 28 0.1658 11 0.0128

14 0.1404 29 0.1811 12 0.1276
15 0.2463 30 0.2321 13 0.1224
16 0.2315 30.2 0.0383 14 0.1735
17 0.2118 31 0.0714 15 0.1276

18 0.1626 31.2  0.0995 16 0.1071
19 0.0049 32 0.0153 17  0.1556
322 0.1122 18  0.0918

33.2 0.0306 19  0.0357

352 0.0026 20 0.0255

21  0.0051

22 0.0026

EXAMPLES

Product rule = the probability of
observing multiple independent
events is just the product of each

individual event

EXAMPLES

D3S1358
17-allele frequency = 0.2118
18-allele frequency = 0.1626

Genotype frequency
=2(0.2118)(0.1626) = 0.0689 or 6.89%

D21811
29-allele frequency = 0.1811
30-allele frequency = 0.2321

Genotype frequency
=2(0.1811)(0.2321) = 0.0841 or 8.41%

D18S51
18-allele frequency = 0.0918

Genotype frequency
=0.09182 = 0.0084 or 0.84%

D3S1358 = 0.0689 or 6.89%
D21811 = 0.0841 or 8.41%
D18S51 = 0.0084 or 0.84%

EXAMPLES

D3S51358 = 0.0689
D21S11 = 0.0841
D18S51 = 0.0084

X )oQ 0.008: JE20.000049 or 0.0049%

0,009 — 100 /

L 1/0.000049 = 20,408

x=100/0.0049




1in 20,408

Only when DNA profiles do not match,

Portugal =10¢ people called an “exclusion,” can a suspect
be unambiguously and absolutely

Probability of 500 individuals will excluded as the source of a biological

share this genotype sample at a crime scene

NOT A RARE GENOTYPE!

Hardy-Weinberg

"-"('\'

Hardy-Weinberg

Se uma populacao nao se
encontra em EHW, entao quais as
razoes:

Selecgao?

Migracao?

Subdivisao?

Deriva genética?

Mutacao?




Random mating,
@ no migration, genetic
drift, mutation, or
natural selection

Condition Ancestral population Events

Time

Hardy-Weinberg

Later population Result

Allele

’ 4 . ° '.% do not

o L o9 change.

Migration ‘

Cc

Condition Ancestral population Events Later population Result

. Genotypes
that |e‘£5§

many e and @
genotypes leave

Hardy-Weinberg

become
rarer.

Hardy-Weinberg

Condition Ancestral population Events Later population Result

Nonrandom Favored

: @ individuals enotypes
mating seek mates within ncre;ys% in
subpopulation prevalence.

Condition Ancestral population Events Later population Result

Genetic [ chance New population
drift event restricts forms from
al'leles lOt Slllbset subset of
of ancestra
< enot in
populatlon grigingllaes
population.




Hardy-Weinberg

Condition Ancestral population Events Later population Result

Mutation - ' New genetic
o variant
one geno appears in
b becogmes gnother pgg?.ulatlon
E

Hardy-Weinberg

Condition Ancestral population Events Later population Result

Natural One
selection @ no longer iy
produces fertile g
offspring, due to ':sgomes
°RZ'J§2'"°""' prevalent.
F

Hardy-Weinberg

H-W is an important tool for population genetics.

If assumptions are met, we can use it to estimate allele
and genotype frequencies that would otherwise be
difficult to measure.

If assumptions are not met (can be tested statistically),
then we know that some outside force is perturbing
allele or genotype frequencies.

Hardy-Weinberg

The all-important concepts of allele frequency and genotype frequency are central
to the Hardy-Weinberg principle, which states that in the absence of perturbing
factors, allele and genotype frequencies in a bi-allelic system remain constant over
generations, with genotype frequencies at a ratio of p2:2pq:q2, in which p and g
represent allele frequencies.




The Hardy-Weinberg principle

Main concepts

How to evaluate the HWE in a sample
What are the main factors that affect HWE






