“Genetica Quantitativa,
Arquitetura Genetica e
Evolucao Morfologica”



Figure 6.11 Normally dis-
tributed variation in a trait
(a) A photograph, published in
the Journal of Heredity in 1914
by Albert Blakeslee, of a group of
students at Connecticut Agricul-
tural College sorted by height.
The arrangement of the students
forms a living histogram.  (b) A
graphical histogram representing
the distribution of heights among
the students shown in (a).
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Figure 3.3 Beak depth in medium
ground finches This histogram shows
the distribution of beak depth in medi-
um ground finches on Daphne Major in
1976, at the start of the Grant study. A
few birds have shallow beaks, less than
8 mm deep. Most birds have medium
beaks, 8 to 11 mm deep. A few birds
have deep beaks, more than 11 mm
deep. (N stands for sample size; the blue
arrow along the x axis indicates the
mean, or average.)

When variation in the characteristics
of organisms is plotted, it is common to
observe a bell-shaped curve like the one
formed by this histogram. The extent,
cause, and nature of varialivn in Lrails is
a focus of Chapter 4 and Chapter 7.
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FIGURA 11.2 Experimentos de cruzamento referentes ao tamanho da florem Nicotiunu
’“’ E. M. East (1916)

longiflora. (Dados de East, 1915. Redesenhadoe ligeiramente modificado com permissio
da Macmillan Publishing Co.. Inc., de Genetics, por Monroe W. Strickberger.)






Média fenotipica e variancia de um
carater fenotipico
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Valor fenotipico = valor genotipico + desvio ambiental
P = G + E

Organismos de reproducao sexuada passam adiante seus
genes e Nao seus genotipos!



Logo, para deduzir as propriedades de uma
populacdo em conjunto com a sua estrutura
familiar nos temos que lidar com a transmissao
do “valor” dos pais para os filhos e isto nao
pode ser feito por meio dos valores genotipicos
apenas, porque 0s pais passam adiante apenas
seus genes e nao seus genotipos intactos para a
proxima geracao, genotipos sendo criados
novamente em cada geracao pela fusao de
gametas.



Precisamos de uma medida de “valor” que se
refere aos genes e nao aos genotipos

Efeito médio de um alelo em particular é o
desvio medio em relacao a media da populacao
daqueles individuos que recebem este alelo de
um dos pais com o outro alelo vindo ao acaso
da populacao.



Colocando isto de outra forma:

Pegue um numero de gametas todos carregando o
alelo A, una estes gametas com outros gametas

vindo ao acaso da populacao; a média dos
genotipos assim produzidos desvia da média
populacional por uma quantidade que € o efeito
medio do gene A,.



Qual a importancia disto?

E um conceito que permite fazer a ligacdo entre a
genetica Mendeliana Classica (na qual a segregacao
de genes individuais pode ser seguida através das
geracOes) com a geneética quantitativa (aonde isto
nao € possivel), permitindo atribuir ao individuo
uma medida de valor que pode ser mensurada... Este
“valor” é chamado de valor de acasalamento

NOTE-SE: Efeito meédio de uma alelo ¢ um
conceito dual: individual e populacional
(“tomado ao acaso”)



E o efeito médio dos genes dos pais que ira
determinar o valor genotipico (fenotipico) médio da
sua prole.

O valor de um individuo, avaliado pelo valor médio
da sua prole é chamado Valor de Acasalamento.
Portanto ao contrario do efeito médio de uma alelo
(que em geral nao e medido), o VA pode ser medido:



Valor de Acasalamento

“Se um individuo é acasalado ao acaso com um
numero de outros individuos tomados ao acaso da
populacao, entao seu valor de acasalamento é
duas vezes o desvio medio da prole em relacao a
meédia da populacao”

O valor e multiplicado por 2 por que cada individuo
parental contribui com metade dos genes da prole
(outra metade vindo da populacao ao acaso)



Phenotypic Value for Progeny

¥ Offspring

X Parents
Phenotypic Value for Mid-Parent




Efeito aditivo

AA Aa aa

O valor genotipico do heterozigoto € a média dos valores
genotipicos dos homozigotos. Cada alelo “a” adiciona um
valor constante, dai o nome.



Efeito de dominancia
Aa

AA aa

O valor genotipico do heterozigoto € 1gual ao valor
genotipico de um dos homozigotos. O alelo “A” domina
sobre o0 alelo “a”, bastando haver um unico “A” para a
manifestacido do fenotipo.



Efeito parcialmente dominante

AA Aa aa

Média(Aa, aa)

O valor genotipico do heterozigoto esta entre a média dos
valores genotipicos dos homozigotos e o valor de um deles.




Variancia fenotipica = Variancia genética + Variancia ambiental

Vp = Vg + Ve

Vg = Va (aditiva) + Vd (dominancia) + Vi (epistatica)

Vp=Va+Vd+Vi+ Ve

TABELA 11.1 Componentes da variagdo para quatro caracteres da Drosophila me-
lanogaster. Cada componente ¢ expresso como percentagem da variancia fenotipica
total (segundo Falconer, 1964).

Carater
1 2 3 “
cerdas térax ovdrios ovos
Varnancia fenotipica 100 100 100 100
Varidncia genética aditiva 52 43 30 18
Variancia genética nao aditiva 9 6 40 44
Varidncia ambiental 39 51 30 38

Caracteres:
. nimero de cerdas nos 4.° e 5.° segmentos abdominais (Clayton, Morris e
Robertson, 1957; Reeve e Robertson, 1954);
2. comprimento do torax (Robertson, 1957);
3. tamanho dos ovérios, isto é, nimero de ovariolos em ambos 0s ovarios (Robert-
son, 1957);

4. nimero de ovos postos em 4 dias (4. ao 8.° apos a emergéncia) (Robertson,
1957).




Tipos de variancia

Variancia fenotipica: ¢ a variancia total da
populacao. Inclui efeitos genéticos € nao
genéticos.

Variancia genética: ¢ a variancia que é
devida as diferencas genéticas existente
entre os individuos da populacao. Exclui a
variacao causada por fatores ambientais.



Variancia Aditiva = parte da variancia
genética que € devida aos efeitos
individuais dos alelos

Variancia de Dominancia - surge da
interacao entre alelos de um locus
(interacdo entre alelos de um mesmo locus)

Variancia Epistatica - surge da interagao
entre loci (interacao entre alelos de
diferentes loci1)



Quadro 23.2 Proporgdo de varidncia aditiva (s2) e variincia
de dominincia (s%) na covaridncia genética entre
varios individuos relacionados

Proporgao estimada de

Parentes 52 s
Cov (gémeos idénticos) 1 1
Cov (pais-prole) 4 0
Cov (meio-irméos) 1 0
Cov (irmaos) — 1
covepy-Bt VY 2og2 2 Xi-X)
n-1 (”_1)
_ COV(x,y)

r
(x.¥) Sy Sy
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figure 3.4 Heritability of beak depth in Geospiza fortis This graph shows the relationship
oetween the beak depth of parents and their offspring. Midparent value is the average of the mater-
nal and paternal measurements. Using this measurement is important because male G. fortis are big-
ger than females.
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Fig. 11.1. Diagrammatic representation of the mean values of progeny plotted against the mid-
parent values, to illustrate the response to selection, as explained in the text.
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QTL = “Quantitative Trait Loci” Fabaceae

g <

Une a Genetica quantitativa com a biologia
molecular na busca da identificacdo dos genes
responsaveis pela variacao fenotipica

Karl Sax — 1923 Genetics —

3 “marcadores fenotipicos”, 1 carater continuo = peso do grao



Métodos para mapear QTL's

- Desenho experimental para estimar efeitos e posicao de mapa de QTL's
sao extensOes dos métodos utilizados para mapear “genes maiores” ( =
3 X ou mais desvios padroes) ou “mendelianos” -------- BASEADOS NO
DESEQUILIBRIO DE LIGACAO

- Desequilibrio entre alelos em locus ou loci “marcadores” e alelos no
“gene(s) quantitativo” ligado a este marcadores.

- Precisamos entio:
1) Um mapa de ligacao dos loci marcadores polimorficos que cubra o

genoma totalmente
2) Variacao para o carater continuo dentro e entre populacdes ou linhagens



Escolha dos marcadores:

1) Altamente polimorficos (individuos diferentes
provavelmente carregam alelos diferentes naquele locus)

2) Abundantes (assim cobrindo completamente o
genoma)

3) Neutros (tanto sem efeito em relacao ao carater
quantitativo quanto a aptidao)

4) co-dominantes (todos os genotipos podem ser
identificados)

Até recentemente marcadores fenotipicos (como em Sax
1923) ou proteinas

----Mas nao sao exatamente “bons” marcadores

A partir da década de 80....



Cruzamento entre linhagens (populacdes) que diferem para o carater em questao
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Media dos Méedia dos
Distancia valores fenolipicos yvalores fenotipicos

(arbitr) para genotipo para genotipo

] ]
0 247 247
10 24,7 24,7
20 24,0 25,4
30 22,1 21,3
40 19,3 30,1
=0 19,3 30,1
60 22 1 27.3
f0 24.0 22,4
80 24 7 24 7

90 24,7 24,7



Poucos ou muitos genes? Qual a intensidade dos efeitos???

Number of QTLs
(]
|

D -
I I I [ [ I
00 02 04 06 08 10 12 14 16 18 20

Sternopleural bristle effect (6,

Fig. 21.3. Distribution of effects (a) of QTLs affecting sternopleural bristle number on
Chromosome 3 of Drosophila melanogaster, in phenotypic standard deviation units. (Adapted
from Shrimpton and Robertson, 1988b.)



S&o todos aditivos? Tém dominancia? Completa ou parcial?
10

0 ]
<—2.0-18 -14 -10 06 =02 02 06 10 14 18 2.0
da

Fig. 21.4. Distribution of degrees of dominance (d/a) among 74 QTLs affecting vegetative traits
of tomatoes, detected in the F, of a cross between the cultivated tomato and a wild species.
(Adapted from deVicente and Tanksley, 1993.)
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Pleiotropic Effects on Mandibular Morphology 1.
Developmental Morphological Integration and
Differential Dominance

THOMAS H. EHRICH, TY T. VAUGHN, SAFINA F.KOREISHI,

ROEIN B. LINSEY, L. SUSAN PLETSCHER, axp JAMES M. CHEVERUD
Department of Anatomy and Neurobiology, Washington University School of
Medicine, St. Louis, MO 63110

Rarmus

Incizor g
Alvenlus

Fig. 1. Developmental regions of the mouse mandible
(adapted from Atchley, '93). Each region derives from a
different condensation of mesenchymal tissues and is affected
by different associated tissues during development. See text
for details.
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J.M. Cheverud et al.: Genetic architecture of obesity
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Fig. 2. Epistatic interaction patterns for adiposity (A) and tail length (B).
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FIGURE 6.—Maternal performance genotypic values for the
two-locus genotype at DEMit25 + 22 ¢cM and DI15Mit2 + 20
cM illustrates additive-by-dominance interaction.



Arquitetura genética complexa

Varios genes, a maioria de pequeno efeito (menos ou até 1 desvio padrao)
Muita pleiotropia
Diversos graus de aditividade e dominancia

Muita epistasia

Problemas e perspectivas

QTL’'s sdo uma subestimativa (2 QTL’s proximos contam como 1; + X — cancelam
0 efeito)

Limite de resolucéo = 20 cM (ou 20.000.000 bp em humanos ou 40.000.000 em
camundongos ou 10.000.000 em Drosophila)

QTL identificado € um segmento do cromossomo (pode conter varios loci) —
mapeamento fino chega-se a 3 cM

Genes candidatos e clonagem de posicao



Modulos
Mapa Genotipico-Fenotipico

ADAPTATION AND EVOLVADILITY

Fig. 1. Example of a modular representation of the character complexes C1 = {A, B, C, D} and C2 = {E, E G} which serve to
functions F1 and F2. Each character complex has a primary function, F1 for C1 and F2 for C2. Only weak influences exist of C1 on
F2 and vice versa. The genetic representation is modular because the pleiotropic effects of the genes M1 = {G1, G2, G3 ] have primarily
pleiotropic effects on the characters in C1 and M2 = {G4, G5, G6} on the characters in complex C2. There are more pleiotropic effects

on the characters within cach complex than between them.




Selecao Natural & Adaptacao
SE

1) Individuos dentro das espécies sao variaveis
2) Uma parte desta variacao é passada para a prole

3) A cada geracao nascem mais filhotes do que podem
sobreviver

4) Sobrevivéncia e reproducdo ndo sao ao acaso: Individuos
gue sobrevivem e depois se reproduzem (ou gque se
reproduzem mais do que os outros) sao aqueles com as
variacOes mais favoraveis naquele contexto ambiental. Estes
sao naturalmente selecionados. Em outras palavras, um
relacionamento consistente entre uma certa caracteristica e
a capacidade de acasalamento, fertilidade, fecundidade e/ou
sobrevivéncia (diferencas na aptidao darwiniana ou fitness).

ENTAO
A) Adistribuicdo de frequéncias vai diferir entre geracoes
B) Esta distribuicao pode ser prevista

Qual a diferenca para deriva genética?
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The blue leg bands on this male medium ground finch mark it for study. Researchers have observed natural selection in action by study-
ing this species on the Galapagos islands. (Peter R. Grant, Princeton University)
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Figure 3.1 The Galapagos finches, and the medium ground finch Geospiza fortis (a) This phylogeny was estimated from
similarities and differences in DA sequences by Kenneth Petren and colleagues (1999), and shows the evalutionary relationships among
14 species of Darwin's finches, The photos show the extensive variation in beak size and shape among species, From Petran et al, (1999),
() A male (top) and female (bottom) medium ground finch, (Photos: Peter R. Grant, Princeton University)

A




&

N\

-

medium ground finch
T
g %
ol iy
- "

>
({9 S '.'H‘

cactus finch

¥ ‘ h

o
sharp-beaked ground finch

r r/
S

o

small tree finch

woodpecker finch

>
C"‘g‘ o |

=3
-
-

-

* e, W

# ____ .,,-

it

large gruun.[.i finch

!

vegetarian finch

warbler finch




Warbler finch  Cactus ground finch
e Sharp-beaked
s 2 ‘? ground finch

Small

‘ﬂi' Ty ground
: . ina bi : |
insectivorous .y b
tree finch L b

Large
insectivoroL
tree finch

Vegetarian
tree finch




I I
92°W 9|°
= 20
9 Darwin » Cdcos

B Wolf d
S Galépa oS
%Q. paR g

América
do Sul

LN

Pinta Q

Marchena Q ® Genovesa
N
Santiago
02 + Bartolomé Equador 0°—
Fernandina 4 * Rocas Bainbridge ; ;
S A * Dafne Menor oOWE INge
OWIEY  Dafne Q )
Rébida Maior *
E.dgw ' ¢ Plazas
, Pinzon San Cristobal
S Santa F Acampamento
Isabela + Los Hermanos - odlia're
L |og = Tortuga [og
50 km Champion
S * * Enderby 4
Floreana  Caldwell Espanola { Carial
ZLN 28 Gardner 90° S
1 | ] —_—
|00 metros

/
Atracadouro ,
Cr = cratera secunddria
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1) Individuos dentro das espécies sao variaveis

Figure 3.3 Beak depth in medium 90 |

. oL N =751
ground finches This histogram shows
the distribution of beak depth in medi-
um ground finches on Daphne Major in
1976, at the start of the Grant study. A
few birds have shallow beaks, less than
8 mm deep. Most birds have medium
beaks, 8 to 11 mm deep. A few birds
have deep beaks, more than 11 mm
deep. (N stands for sample size; the blue

60 -

30 4

MNumber of finches

arrow along the x axis indicates the ' ' " A . ' ' -
mean, or average.) 6 7 8 g 10 11 12 13 14
When variation in the characteristics Beak depth (mm)
of organisms is plotted, it is common to
observe a bell-shaped curve like the one
formed by this histogram. The extent,
cause, and nature of varialion in Lrails is
a focus of Chapter 4 and Chapter 7.




1) Individuos dentro das espécies sao variaveis




1) Individuos dentro das espécies sao variaveis

Figure 6.11 Normally dis-
tributed variation in a trait
(a) A photograph, published in
the Journal of Heredity in 1914
by Albert Blakeslee, of a group of
students at Connecticut Agricul-
tural College sorted by height.
The arrangement of the students
forms a living histogram.  (b) A
graphical histogram representing
the distribution of heights among
the students shown in (a).
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Cromossomo CD
StfSt Si/Bl Bl/Bl
st/st n=38 v=1,02 n=446 v= 1,00 n= 1,240 v= 093
§ x=13318 x=3275
5 StiTd
u izr‘
Td/Td

Figura 4.7

0 gafanhoto australiano Keyacris scurra é polimérfico para inversoes de dois cromossomos. Os dois cromossomos

sao chamados de CD e EF, respectivamente. As formas padrdo e invertida do cromossomo CD sao chamadas de 5t e
Bl: as formas padrdo e invertida do cromossomo EF sdo chamadas de 5t" e Td. v & a viabilidade relativa em um sitio
em Wombat, Nova Gales do Sul, expressada em relacio a viabilidade da forma St/B/ St'/St’, a qual foi arbitrariamente

estabelecida como sendo 1. n é o tamanho da amostra, x & 0 peso vivo médio. As figuras ilustra o tamanho relativo dos

gafanhotos. De White (1973).



Comportamento



Variacao entre individuos

no DNA

®7 RNA Baser ¥2.60.76

A [0] File ) View

al version [Home mode] - [Assembly window
) Search o Edt [T Contig [} Chromatogram @y Window

€ Help  (BT) Beta tester

=18l
=18l x|

BATCH ASSEMBLY

F o 274
F oo 265
F Mo 271
F o 273
F o 275
F o 267
F oo 276
F Mo 277
F o 276
F o 269
F Mo 270

014 2
£14 2
114 20
Mi4 2|
Alg 2
Al4 2
£16 2
El6 21
Gl 2
Eld 20
G4 2

Ruler {x10)

CONTIG

i

HEHEOOOO O
FHAAOOO6O O =
AEE@O A A EE A
FHHd@BPANN—N A
Bt al N Ra ]
B Rl e )
AFPARAANNAGEN

SEEAAAAONE NG

IRk laa koAt akak i)

akakalakalakaialakakal
[Nk A Na N R AR A Ra RN
aEakalaXalaaiakakalial
R RN R AR R R
FPPPPFPBBPRERD

ST EE EEEE
i N alalalaYakalatakal

[ Nakalakalalalalakala)
aiaialalalalalialaialal
aiaialalalalalialalalal
(aiakalakalatalatakalal
e I ]

K RaRa N R AR AN

'PEBBER B BE
PuRrFFPRRPREEFRERER

[ aka ka2l alakakaka)
[ aka ka2l alakakaka)

alalatakalatalatakalal
kXN R R
kXN R R
I e e
LS o O O T L T Y
[ aka ka2l alakakaka)
LS o O O T L T Y
alalatakalatalatakalal
kXN R R
N e Y
kXN R R
FPEFEERRPRPEEREER
el alalalalakalal
il sl il lnlaks)
FEEEEEEEEE D
[aXakalaNaNaNanatakalt]
aXakalaXalatanatakaltl
FEOPRPRREEROR
alalatakalatalatakalal
e Y
N e Y
kXN R R
FPEFEFFAPEEE A
alalalalalalalakana)
LS o O O T L T Y
a2 XA XN Al AR AR
Ak
alalatakalatalatakalal
kKool ka ko
FETERRRE R R
FERERRREE R R
B ialalalalatatatakelial
[ ey ey g ey ey ey sy
ek takalalalatakalal
FPEAASBRPASR D
P A e A S S Y

’ @ 3 Finih |~ ew contig

TGACTGACETT CGCG ATTCGCCCT

ACGATG

Contig saved as 'Contig - BATCH ASSEMBLY!



2) Uma parte desta variacao € passada para a prole
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Figure 13.21 Heritability of beak depth in one of Danwin’s finches, Geospiza
fortis. The slope of the regression lme is an estimate of beritability, which can
range from O (wo henitability} 1o 1 (perfect beritability). (Modified from Boag

1303/ The correlation between beak size of offspring

and their midparent value (the average of
parents) is 0.90 both in 1976 (open circles) and
1978 (closed circles), even though the mean beak
size increases due to a drought in 1978. This
correlation shows constant high heritability
independent of environmental change. Note that
high heritability does not mean that a trait is
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2) Uma parte desta variacao € passada para a prole
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figure 3.4 Heritability of beak depth in Geospiza fortis This graph shows the relationship
oetween the beak depth of parents and their offspring. Midparent value is the average of the mater-
nal and paternal measurements. Using this measurement is important because male G. fortis are big-
ger than females.



3) A cada geracao nascem mais filhotes
do que podem sobreviver

Afideo

Elefante

Mosca domeéstica
Mosca do cogumelo

Staphylococcus aureus
(bactéria)

19 milhdes em
524 bilhdes em 1 ano
19 bilhbes em 750 anos
191 x 10*® em 5 meses

60000 por metro quadrado a cada 35 dias

Celulas iriam cobrir a terra com 2 metros de
profundidade em 48 horas

>107° em 16 anos
= NUmero
estimado de
elétrons no
universo visivel
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3) A cada geracgao
nascem mais
filnotes do que
podem sobreviver
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Durante a estiagem em 1976-77, (a) a populacdo de
a0k Geospiza fortis diminuiu na ilha de Daphne Major no
arquipelago de Galédpagos, devido  (b) diminuicao
35 do suprimento alimentar. (c) O tamanho médio das
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a estiagem. Reproduzida, com permissao da editora, de
1975 | 1976 | 1977 | 1978 | Grant (1986).






4) Sobrevivéncia e
reproducao néao sao ao
acaso: Individuos que
sobrevivem e depois se
reproduzem (ou que se
reproduzem mais do que
0S outros) sao aqueles
com as variacoes mais
favoraveis naquele
contexto ambiental.

Figure 3.6 Beak depth before and
after natural selection These his-
tograms show the distribution of beak
depth in medium ground finches on
Daphne Major, before and after the
drought of 1977 (Crant 1986).
Copyright © 1986, Princeton

University Press. Reprinted by permis-
sion of Princeton University Press.

Number of finches

Number of finches

90 4

60 -

30 -

1976 All Daphne birds
N =751

Parte da sobrevivéncia e reproducéo dos
individuos vai estar correlacionada com o

ambiente (selecao) e parte n&o (deriva)

Furdo x jiboia!
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Average finch body size

Ty YT [T Yr[rr[rrrr[erfrry? LY L LN LR

I L B
Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan
1975 | 1976 | 1977 | 1978 |

Figure 3.7 Changes in the overall body size of ground
finches and in seed characteristics (a) These plots show
the overall body size of finches caught before, during, and after
the drought on Daphne Major. (The axis has no units because
body size was calculated as a composite measure called a prin-
cipal component score.) The “All birds” line represents the aver-
age of males and females. As in Figure 3.5, the data points
represent population means, the vertical lines represent stan-
dard errors, and the horizontal lines are drawn between data
points simply to make the trends easier to see. (b) This graph
shows changes in the hardness of seeds available on Daphne
Major before, during, and after the drought. The hardness

R B o o A B e S index plotted on the y-axis is a special measure created by Boag

Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan  and Grant (1981). Reprinted with permission. Copyright ©

1975 | 1976 | 1977 | 1978 | 1981, American Association for the Advancement of Science.




R = Resposta a selecéo

S = Diferencial de selecao

Response to selection 189
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Fig. 11.1. Diagrammatic representation of the mean values of progeny plotted against the mid-
parent values, to illustrate the response to selection, as explained in the text.
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s trés tipos de selecdo. A linha superior mostra a freqUéncia de distribuicdo do caréter (tamanho corporal). Para
muitos caracteres na natureza, essa distribuicao possui um pico central, proximo & média, e é menor nos extremos. (A
@istribuicao normal, ou “curva em forma de sino”, é um exemplo particular desse tipo de distribuicao.) A segunda linha
mastra a relagao entre o tamanho corporal e a aptidao, em uma geragao, e a terceira mostra a alteragac esperada na
média do carater ao longo de muitas geragdes (se o tamanho corporal & herdavel), (a) Selegao direcional. Individuos
menores tém uma maior aptidao, e a espécie tem o seu tamanho corporal médio diminuido ao longo do tempo. A
figura 4.3 é um exemplo. (b) Selecao estabilizadora. Individuos de tamanho intermediario tém uma maior aptidao. A
Figura 4.4a é um exemplo. (c) Selegao disruptiva. Ambos os extremas sao favorecidos e, se a selecao é forte o suficiente,
# populacao divide-se em duas. A Figura 4.5 e um exemplo. (d) Nenhuma selegdo. Se ndo ha relagao entre o caratere a
#phidao, a sele¢do natural ndo age nesse caso.
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(data from Karn & Penrose 1951)

o Stabilizing Selection on c;*“" %
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(Klug & Curmings 1937) Birth weight (pounds)

Karn & Penrose (1951) showed that birth weight follows a normal distribution,
that mortality for newborns is greater for those either under- or over-weight, and
that the mean birth weight (7 Ibs) coincides with that showing minimum mortality.
That is, natural selection reduces the variance in birthweight, in such a way that
the distribution has become stabilized around the optimum size for maximum
survival.

Text material © 2004 by Steven M. Carr



Antes da Depois da selecao
selecdo - 1976 - 1978

Média SE Média SE deltaz
peso (g) 16.06 0.06 17.13 0.13 1.07
Asa 67.88 0.1 68.87 0.2 0.99
Tarso 19.08 0.03 19.29 0.07 0.21
Comprimento do bico 10.63 0.03 10.95 0.06 0.32
Profundidade do bico 9.21 0.03 9.7 0.06 0.49
largura do bico 8.58 0.02 8.83 0.05 0.25
Tamanho da amostra 634 135

Como fica a evolucao sob selecéo quando
ligamos isto a ocorréncia de médulos?
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O estudo de longo prazo realizado por Grant e Grant demonstra que o mecanismo de

evolugdo de Darwin pode ser registrado em populagoes naturais. Quando os quatro postu-  Figura 3.15  Trinta anos de evo-
lugido na populagio de tentilhdes
rasteiros [de bico] médio da ilha
Dafne Maior. Esses gréficos ras-
treiam os valores adultos médios
de tamanho e forma do bico e de
tamanho corporal entre os Geos-
biza fortis da ilha de Dafne Maior,
do inicio da década de 1970 aos
anos 2000. As linhas verticais re-
-0,54 presentam o intervalo de confianga
de 95% para a média estimada. Se
10- ﬁéo tivesse ocorrido evolucdo, os
Pequen'o - |9'80 |9:90 ZOTOO intervalos de _conﬂanga para todgs
os pontos teriam recoberto a faixa
Ano cinza, correspondente ao intervalo
(c) Grande de confianca de 95% para 1973, 0
| - primeiro ano com dados completos.
As mudangas que ocorreram duran-
0,5 - te a estiagem de 1977 sdo indicadas
em laranja. Em (a), a mudanga ocor-
rida durante a estiagem de 2004
é indicada em preto. A populagdo
mostrou evolugdo significativa nas

(a)  Grande
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£
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07 ] 05 -
Rombudo | ' trés caracteristicas. (a) Gentilmente

: T : Pequeno T T T cedido por Grant e Grant (2006). (b

L0 L 30 2000 1970 1980 1990 2000 e ¢) Gentilmente cedidos por Grant

Ano Ano e Grant (2002).

Como fica a evolucao sob selecéo quando
ligamos isto a ocorréncia de modulos?
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The road to modularity

Gunter P Wagner*, Mihaela Pavlicev* and James M. Cheverud*

Abstract | A network of interactions is called modular if it is subdivided into relatively
autonomous, internally highly connected components. Modularity has emerged as a rallying
point for research in developmental and evolutionary biology (and specifically evo—devo),
as well as in molecular systems biology. Here we review the evidence for modularity and
models about its origin. Although there is an emerging agreement that organisms have a
modular organization, the main open problem is the question of whether modules arise
through the action of natural selection or because of biased mutational mechanisms.

Party hub:
same time
and space

Data hub:
different time
and/or space

Party hub:

same time
$ and space

Figure 1| A protein network with two types of highly connected nodes (protein).
‘Party” hubs interact simultaneously with many partners, whereas ‘date’ hubs interact
with their partners at different times and/or locations. The interactions are inferred from
mRNA coexpression patterns. The coloration reflects the mRNA expression similarity.
The figure is reproduced from Nature REF 13 © (2004) Macmillan Publishers Ltd.




Antes da Depois da selecao
selecdo - 1976 - 1978

Média SE Média SE deltaz
peso (g) 16.06 0.06 17.13 0.13 1.07
Asa 67.88 0.1 68.87 0.2 0.99
Tarso 19.08 0.03 19.29 0.07 0.21
Comprimento do bico 10.63 0.03 10.95 0.06 0.32
Profundidade do bico 9.21 0.03 9.7 0.06 0.49
largura do bico 8.58 0.02 8.83 0.05 0.25
Tamanho da amostra 634 135

Como fica a evolucao sob selecéo quando
ligamos isto a ocorréncia de médulos?



Modulos

Mapa Genotipico-Fenotipico

ADAPTATION AND EVOLVADILITY 971

Fig. 1. Example of a modular representation of the character complexes C1 = {A, B, C, D} and C2 = {E, E G} which serve to
functions F1 and F2. Each character complex has a primary function, F1 for C1 and F2 for C2. Only weak influences exist of C1 on
F2 and vice versa. The genetic representation is modular because the pleiotropic effects of the genes M1 = {G1, G2, G3 ] have primarily
pleiotropic effects on the characters in C1 and M2 = {G4, G5, G6} on the characters in complex C2. There are more pleiotropic effects

on the characters within cach complex than between them.



Raisa L.’vovna Berg
(March 27, 1913-March 1, 2006)

The presence of correlations between,
for instance, the dimensions of some parts
of an organism and the absence of cor-
relations between the dimensions of these
and the other parts of the same organism
indicate the independence of certain de-
velopmental processes with respect to
other processes within the organism. The

pleiades are thus a manifestation of
differentiation.

EvoLutrion 14: 171-180. June, 1960

THE ECOLOGICAL SIGNIFICANCE OF
CORRELATION PLEIADES®

R. L. Berc
Lemingrad State University, Leningrad, USSR

Received October 12, 1959



Plelades = Modularity / Morphological
Integration

While the concept of morphological integration
describes the association among parts, the
concept of modularity emphasizes the
dissociability of parts.

Organisms are build upon modules and traits
are integrated within modules while modules
are also integrated at upper levels



Morphological Integration/Modularity

1) Function and development establish a
iInterdependence relationship between traits

2) This relationship expresses in the phenotype.
The degree of association in the phenotype
reflects the association of these units via
development and function

3) Traits morphologically integrated within
modules evolve conjointly while traits in different
modules can evolve to some extent
Indenpendently




Modularity
Genotype-Phenotype map

G1 G2 G3 G4 G5 G6




Let’s take a look on this...

» Maxillar
" length (A)

> Mandibular
length(B)




Common developmental
origin

> Paraxial
Mesoderm
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s Frontal Length(E)
Parietal Length (F)

Protection

Modified from Berta,1982



Developmental Origin and
Function

N/, Paraxial
ez Mesoderm




Phenotype

Genotype

Pleiotropy and
Epistasis are key
elements of the
genetic architeture
underlying
morphological
iIntegration and
modularity

. Frontal Length(E)
Parietal Length (F)

Protection




Neural
1

Phenotype

62 63
Genotype

100

90
g0
70
60
A"
40
30

20

100




ISNSL(1)

16

6
ISPM(1)

Callicebus (sauas or guigos)




Alouatta (bugios or
roncadores)

40

ISNSL(1)
w
o
I

N
o
|

ob—1 111
6 7 8 9 10 11 12 13 14

ISPM(1)

NSL




Variancia fenotipica = Variancia genética + Variancia ambiental

Vp = Vg + Ve

Vg = Va (aditiva) + Vd (dominancia) + Vi (epistatica)

Vp=Va+Vd+ Vi+ Ve

(x, -%)y, - 7) V)
cover, ) - AT s? =67 :Z(? l}){]
H_
_COV(x,y)

(x,¥) Sx Sy



Genetic Correlation and
Covariance

* phenotypic correlation = genetic + environmental
correlation

COVp,,=COVa,, , COVe,,

Xy +



Variance/Covariance and
Correlation Matrices

Represent the pattern and magnitude of modularity and

integration
Cc L A C L A
C V,_
ﬂﬂmh“ L CV., V,
&
i A Cv., CV_, V,
Corr., 1

Corr.,Corr,., 1



Why should we care about
those variance/covariance

patterns ? |
. Patterns of genetic and

developmental variation might either
constrain or facilitate the evolution of
morphological complexes and direct
the pathways and pace of
evolutionary change.

 Also, those MI (morphological
integration) patterns are a product of

development, genetic architecture
and noreviotis historv of a lineaade



R=h2S R = Resposta a selecéo

_ S = Diferencial de selecao
Response to selection 189
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Fig. 11.1. Diagrammatic representation of the mean values of progeny plotted against the mid-
parent values, to illustrate the response to selection, as explained in the text.



Darwinian Evolution

Az =
Gfp

Evolutionary Change = Heritable Genetic
X Selection

Variation/Covariation



Evolutionary response to selection (Az ) deviates from
the direction of selection (B ) because of the pattern
of the genetic variance/covariance matrix (G)

Az = GB
N\
Fitness isoclines
Direction /
Y of
selection - /
B Az - Direction of
evolution
N G -

X



Evolutionary response to selection (Az ) deviates from
the direction of selection (B ) because of the pattern
of the genetic variance/covariance matrix (G)

_I_

Az = Gf3

A
Dfirection Fitness isoclines
0
Y Az - selection -

Direction of P

evolution
L\
X

G




Selecdo aparente em Y com selecao direta no carater correlacionado X

Nao Selecionado Selecionado




Selecdo direta em X Independente da Selecdo direta no
Carater Correlacionado Y

Nao Selecionado Selecionado

By =




% optimum

Trait 2

Trait 1

Fig. 1. The path of divergence between two species when traits
are genetically correlated. Ellipses outline the additive genetic
(“‘breeding’’) values of individuals within each population. The
long axis of the ellipse is the direction of greatest genetic variance,
8max- 10 simplify the illustration, the position of one of the species
is assumed to be fixed at the ancestral value (X,; unshaded). The
second species (shaded) is diverging from the first because of con-
tinuous directional selection toward a new optimum. Three stages
of divergence (X, — X3) illustrate the curved path taken; z, — z3
.are directions of the difference between ancestor and descendant

at each stage; 6 measures the angle between g, and the line sep-
arating species means, Z.

1
1
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ful for predicting long-term adaptive evolution? To
reatest additive genetic variance within populations.
genetic measurements from other vertebrates, show
¢d in the direction of g,, for at least four million
jntiation. This bias toward the direction of evolution
,cn species is inversely proportional to 0, the angle
Inetic variation. The direction of greatest phenotypic
18 successful at predicting the direction of species
ces and covariances constrain adaptive change in
ive hypothesis, however, cannot be ruled out: that
se divergence and g,,,, are both shaped by the same

ive differentiation occurs principally along *‘genetic
{

rrelation, genetic variance, heritability, natural se-

'd March 19, 1996.



Restricoes Evolutivas = qualquer coisa que
altere a direcao, taxa e magnitude da
mudanca evolutiva -> capturada na Matriz G
(matriz de variancia/covariancia genetica
aditiva)

While constraints sometimes are perceived
as an obstacle to evolution iIn some
directions they might also be envisaged as
facilitating the adaptive process along what
Schluter (1996) called “genetic lines of least
evolutionary resistance”.
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Cores escuras = gradientes de selecao
Cores claras = respostas evolutivas




Paisagem Adaptativa




Critical issue ! Are those V/CV patterns similar
among groups? — should be evaluated empirically

PEREIIPTA

Population B
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Em matematica, o produto de duas matrizes € definido somente quando o humero de
colunas da primeira matriz € igual ao numero de linhas da segunda matriz. Se A € uma
matriz m-por-n e B € uma matriz n-por-p, entdo seu produto é uma matriz m-por-p

definida como AB (ou por A - B). O produto é dado por

(AB);; = Z Qirbyj = @i1b1j + Qioboj + - - - + Qinbyj.
r=1

paracadapariejcoml<i<mel<j<p. B

P-ADB
Pru:'=z&'mBmc = —

]_Example: _ﬂ{:} 1
2 51 sl m A Eg-—le
- 2 7

e I



http://en.wikipedia.org/wiki/File:Matrix_multiplication_diagram.svg




S=A+B

Sr-:' - ﬂr-:' + Br-:'
Example:

2 sl sl

Addition

Two matrices can be added only if both
have the same number of columns and the
same number of rows. if this criterion is
met, then



Evolucao Darwiniana

Az = G

EVOLUCAO = VARIACAO * SELECAO
HERDADA



Box 7.7 Continued

(@

Fitness

Beak depth

Fitness

>

~ Beak depth _

Figure 7.24 A multidimensional analysis of selection on beak size in medium ground finches (a) The gridded plane

shows the relationship between fitness and both beak depth and beak width. Birds with deep and narrow beaks had highest
fitness. (b), (c), and (d) show the same scenario in two-dimensional graphs.



* Resposta evolutiva a selecao (Az ) desvia da direcao da

selecao (B ) por causa do padrdao da matriz de variancia/covariancia
genetica (G = faz o papel da h? na equacao univariada R= h?S, e
portanto e devido primordialmente aos efeitos dos alelos em todos os
genes individuais afetando os cangteres em questao)

Az = G

A

Direcao da }
Y selecao = B
/ AZ = Direcdo da evolucdo

2 -

D €

Isoclinas de aptidao

X



A
@ :
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— melhor ajuste
Correlacao
entrexey—_
2 Gradiente de
selecao
(vetor)
Resposta
B
Beak depth
Removemn  ® + (inclinacao) g
a ” i
correlag&o £ ] |
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graficos
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Figure 7.24 A multidimensional analysis of selection on beak size in medium ground finches (a) The gridded plane

shows the relationship between fitness and both beak depth and beak width. Birds with deep and narrow beaks had highest
fitness. (b), (c), and (d) show the same scenario in two-dimensional graphs.



E sob deriva genética?

Vamos ver 0 que acontece com as frequéncias
génicas?

Assumindo que a matriz G permanece
relativamente estavel o que aconteceria com as
medias das populacdes oriundas de uma
populacao ancestral?



E sob deriva genética?

Z1
Figure 6. Bivanate drift on a flat adaptive landscape. The small
ellipse at the center represents the G-matnx of the ancestral popula-
tion. The large, outer ellipse represents 93% confidence ellipse for
the means of replicate, descendant populations. Solid curved lines
show representative evolutionary trajectories. Other conventions as
in Figure 5.



Z

Figure 5. Evolution on an adaptive landscape depends on the align-
ment of the axes (principal components) of genetic variation (shaded
ellipses) with the axes (principal components) of the adaptive land-
scape. Evolution follows straight trajectories when major (lower
left) or minor (lower right) axes are aligned. In general, axes are
out of alignment (upper left) and evolution follows a curved traject-
ory. The small ellipses around each of the three population means
represent genetic variation around each mean (the eigenvectors and
eigenvalues of the G-matrix) and hence are on a different scale of
measurement.

(b)

22

(c)

ZA

Figure 4. Bivariate distributions of breeding (additive genetic) val-
ues representing different patterns of genetic variance and covari-
ance. (a) Large genetic variance in trait 1, small genetic variance in
trait 2 and no genetic covariance. (b) Positive genelic covariance. (c)
MNegative genelic covariance.



Evolucao da modularidade — Note que o conceito de
modulos se aplica a varios niveis na hierarquia
bioldgica (do molecular ao organismal)

ADAPTATION AND CVOLVABILITY

Characters

O O O O A&

U
ceﬂabb
7

. gnes. . Characters
O O O O

2%

Characters . . . .

Fio. 2. Two ways of obtaining modularity. Parcellation consists of a differential suppression of pleiotropic effects between groups of
characters. Modularity through integration consists in the selective acquisition of pleiotropy among characters from the same group.



Box 3 | A simple model for the evolutionary modification of pleiotropic effects

a b c Truncation d
Selection selection Selection
—
A4 Aa -
007 |w | N .| =
. ;
g‘ \. . E Y
L
1.0 0.0 1.0 05 10 07 AL
0010 | [0510 | |07 10 .4
X X-Y X
A simple population genetic model e f
shows that differential epistasis—
as shown to exist by Favlicev and
collaborators®® — together with jﬁ P ﬁ
directional selection can lead either I o {é orrelation gr
to increased or decreased genetic _E > 5 > — P
connectedness between traits, =5 "5 9 .
- . T > = — Correlation
depending on the mode of selection. E 4 Eo
Consider a relationship quantitative SE — SE
trait locus (rOTL) where the Generations Generations

phenotypic correlation between

traits X and Y, but not the means, vary with the genotype (part a), so that the three genotype-specific distributions are
superimposed one on the other (part b). Phenotypic correlations vary from 0.0 for the AA homozygotes, 0.5 for the
heterozygote, and 0.7 for the aa homozygotes. Consider the situation in which the A allele first appearsina
population that is fixed for the a allele. This population will have a high positive correlation between X and Y of 0.70.
Threshold directional selection in the Y—X direction with greater than 50% of the population on the low side of the
threshold (part c) favours the A allele and a lower phenotypic correlation. The A allele will increase in frequency
towards 1 and the correlation will decrease towards 0 (part &), dismantling the original XY module. Likewise, if the a
allele invades a population that is fixed for the A allele and there is selection in the X+Y direction (part d), the a allele
will increase in frequency and the correlation will increase from 0.0 to 0.7, creating a module of coordinated,
co-selected, traits (part f). Thus, directional selection can either integrate previously independent traits or dismantle
existing modules, depending on the direction of selection relative to the existing pattern of integration by acting on
the genetic variation in intertrait relationships at relationship loci. This re-organization of modules will also lead to an
increase in genetic variation in the direction of selection owing to epistatic interaction between the rQTL and other
loci that affect trait means, thus accelerating the rate of evolution in the population. Selection can lead to a modular
configuration that fits the patterns of correlated selection among traits so that traits that are selected together will
become integrated with each other, losing their connections with other non-selected or contrarily selected traits.






Saguinus G-matrix against P-matrices of all NWM *xxxp
< 0.0001

V/ICV similarity with G-matrix

Alouatta 0.88
Ateles 0.80
Brachyteles 0.84
Lagothrix 0.85
Cacajao 0.92
Chiropotes 0.90
Pithecia 0.96
Callicebus 0.94
Cebus 0.88
Saimiri 0.91
Aotus 0.93
Leontopithecus 0.66
Saguinus 0.99
Callimico 0.81
Callithrix 0.87
Cebuella 0.83
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SIZE AS A LINE OF LEAST EVOLUTIONARY RESISTANCE: DIET AND ADAPTIVE
MORPHOLOGICAL RADIATION IN NEW WORLD MONKEYS
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Figure 5. Evolution on an adaptive landscape depends on the align-
ment of the axes (principal components) of genetic variation (shaded
ellipses) with the axes (principal components) of the adaptive land-
scape. Evolution follows straight trajectories when major (lower
left) or minor (lower right) axes are aligned. In general, axes are
out of alignment (upper left) and evolution follows a curved traject-
ory. The small ellipses around each of the three population means
represent genetic variation around each mean (the eigenvectors and
eigenvalues of the G-matrix) and hence are on a different scale of
measurement.

(b)

22

(c)

ZA

Figure 4. Bivariate distributions of breeding (additive genetic) val-
ues representing different patterns of genetic variance and covari-
ance. (a) Large genetic variance in trait 1, small genetic variance in
trait 2 and no genetic covariance. (b) Positive genelic covariance. (c)
MNegative genelic covariance.
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