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Measuring selection
Even slight differences in fitness eventually become significant

Imagine a population with two alternative alleles P and Q.
Their frequencies at generation 0 are: p,and g

The fitness of each allele (Wpand W)
The numbers of P and Q alleles at time t are: Npand N,
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The time course of selection in the simplest case of two alleles
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FIGURE 17.15. The time course of selection in the simplest case of two alleles (P, Q), with and with-
out density-dependent regulation of population size. The top row is for the case where fitnesses are con-
stant, regardless of population size. (A) If W, = 1, numbers of type Q stay constant at N, = 100. If type
P is twice as fit (W, = 2), then its numbers increase geometrically, as 2'. On a logarithmic scale, this
appears as a straight line. The total population size (N, + N,,; red dots) remains close to 100 until around
ten generations, when P becomes common and the popuiation as a whole increases geometrically in
size. (B) The rate of population growth (i.e., the slope of the red dots in A) is equal to the mean fitness.
This increases from 1 to 2 as P replaces Q. (C) The allele frequency, p = N}/(NQ + N,). (D) If the fit-



The timescale of change is inversely proportional
to the selection coefficient

Because only relative fitness matters, we can set W_Qto 1
and W_P to 1+s.
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FIGURE 17.16. An allele with selective advantage
s increases as exp(st) or e while it is rare.



How to measure selection

Imagine two strains of an organism reproducing asexually
Assume a difference in growth rate (selection coefficient) s, or
then the ratio between the frequencies of the two strains
changes exponentially, as e”(st)

For example if growth rates differ by 1% per generation,
A After 10 generations, the ratio would change by a factor L

st

e7(0.01*10) ~ 1.1 0 ‘ ’
. _ FIGURE 17.16. An allele with selective advantage
A After 100 generations, by a factor of e"1 =2.72 e & S GhaTG I & eR

Thus, in principle to measure the selection coefficient, all
we need to do is count the numbers of the types at the
beginning and end of the experiment.

(page 522 in book)



Measuring selection directly
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FIGURE 19.1. Selection coefficients can be measured as the rate of change of the ratio between
two competing genotypes. (A) The frequency of a mutant strain of yeast relative to a competing
wild-type strain. The ratio between the frequencies of the two strains is plotted on a logarithmic
scale and so is expected to follow a straight line if fitnesses are constant; the slope of the line
gives the selection coefficient. In this example, the ratio declines from 1.27:1 to 0.69:1 over 150
generations, and so the selection coefficient is estimated as s = In(0.69/1.27)/150 = -0.004 (or
-0.4%) per generation.



Measuring selection directly

change in ratio of frequencies =

0.69/1.27 = e/ (st) = eM(s * 150)
s = In(0.69/1.27)/150 = -0.004

St



Measuring selection directly is difficult
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o (B) The ratios between the frequencies of competing chromosomal geno-
types in two replicate cages of Drosophila melanogaster. The slopes of the graphs give an estimate
of relative fitness of 1.75, assuming a generation time of 15 days.

In general, selection coefficients can be measured to an accuracy of only a few percent at best.

Figure 19.1 8



Genetic Manipulation Is Needed to Find
the Effect of a Specific Genetic Difference
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FIGURE 19.2. Genome-wide measurements of fitness in yeast. A series of
strains was constructed; in each a single gene was knocked out. The set of
5916 strains (96% of all yeast genes) were then pooled into a single popula-
tion and grown for several generations on rich glucose medium. This figure
shows a subset of these strains compared with wild type. Overall, only 19%
of genes were essential for growth on rich glucose medium and, of those dele-
tions that were viable, only 15% grew more slowly than the wild type. Growth
rates in several other environments were also measured. For example, 62
genes caused sensitivity to high-salt concentrations when deleted, and 128

caused sensitivity to high pH.



Selection Can Be Measured by Correlating Fitness
Differences with Genetic Variation
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FIGURE 19.3. (A) The F allele of alcohol dehydrogenase increases in frequency in three replicate
laboratory populations of Drosophila melanogaster that are exposed to ethanol. The red lines show
control populations and the blue lines show populations with 15% ethanol added to the food. (B)
The F allele, defined by a substitution of threonine for lysine, increases in frequency northward
along the east coast of the United States.

Knowledge of the physiological effects of the allele and its spatial distribution

supports a causal relation between fitness and the allele
10



Probability of survival

Selection Can Be Measured by Correlating
Quantitative Traits with Fitness
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FIGURE 19.7. Examples of the relation between fitness and a quantitative trait (fitness landscapes).
(A) Bumpus' data on survival of female house sparrows after a New England storm in 1898. The
crosses at the top show the relative sizes of the survivors and those at the bottom show the rela-
tive sizes of the nonsurvivors. Stabilizing selection acts against extreme sizes. (B) Reproductive suc-
cess in female song sparrows in British Columbia as a function of tarsus length. Here, directional
selection acts to increase tarsus length. (C) Survival of male human infants as a function of birth
weight. Small babies survive poorly, and unusually large babies survive slightly less well.



Similar amino acid differences between homologous

beta-globins
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FIGURE 19.11. Variation in the number of amino acid ditferences between B-globins fra
malian species. Assuming that these species diverged at about the same time, under the
theory the number of differences between any two of them should follow a Poisson disted
with a variance i.‘i:{Lu'Il to the mean. From these data, the ratio between the variance and th
is estimated as R = 3.1. (A correction for multiple substitutions is made; see Web Notes:)




A molecular clock in the evolution of proteins

i Dupucutlnn to form
- ™ "X and A-chains

PALEOZOIC

2
5]
&
=

P P Y B

Echid- Kan-
Shark Corp Newt Chicken na  garo Dog Human

shark [N [B8.4[61.4 [50.7[60,4]55.4]56.8[53.2
N52.2]51.4[53.6]50.7]47.948.6]
emdoslis s

<

Percent Amino Acid
Ditferences

Kimura (1983) The neutral theory of molecular evolution.



What is the probability

that a new mutation will be fixed in the population?

Population = 2N (assuming a diploid population)

Initial frequency = 1/2N

Probability of fixation = ??7?

Fraations (out of 10,000)

Genetic drift 1s more pronounced in small populations

.
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® Simulation
O 1/2N

Probability of fixation = 1/2N
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Rate of Neutral Evolution

The rate of evolution is determined by:

1. the number of mutations produced each generation, and
=2Nm

2. the probability of fixation of each new mutation.
=1/2N

Rate of divergence (k) = Mutations*Fixation

k =(2Nm)3 (1/ 2N)

Rate of divergence is equal to the
K = 177 «—— mutation ratell!
(independent of N!)

Kimura (1968) Nature217 624-626



Rate of Neutral Evolution

Assume that f is the proportion of neutral mutations.

advantageous

/

deleterious heutral 4

1-f f

K=1n

A prediction of the neutral theory:
Divergence is dependent only on the mutation rate.

Kimura and Ohta (1971) JME



The neutral theory explains the molecular clock

K=1n
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What is the probability of fixation
of an advantageous mutation?

1— e-4qu
P =

1— e-4Ns

For positive, small s and large N, P can be approximated as:

PO 2s



Deviations from the Molecular Clock Indicate Selection



The inverse relationship between the importance of a
protein or site within a protein and its rate of evolution.

‘.proteins, and sites within proteins
requirements.”
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King, J. L., and Jukes, T. H. 1969. Non-Darwinian evolution, Science 164, 788-798.



The 20 amino acids have overlapping properties
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Relationship between physico-chemical difference
and relative substitution frequency

Relative substitution frequency
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Pseudogenes as a paradigm of neutral evolution

Pseudogenes show an extremely high rate of nucleotide substitution.

Li, Gojobori and Nei (1981) Nature 292: 237-239



Different areas of the protein evolve at different rates

Fig. 7.3. Comparison between the evolutionary rate of insulin (A + B
peptides) and that of the middle segment (C peptide) of proinsulin.
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Kimura (1983) The neutral theory of molecular evolution.



Conservati on 1 n a ‘1t
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On the basis of 3,165 human-mouse pairs

MGSC Nature (2002) 420 520-562



Degeneracy of the Genetic Code
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Each of the 61 sense codons can mutate in 9 different ways 134 of the 549 possible
changes are synonymous



Preponderance of changes in the 3rd position
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Functional sequences can be detected by looking for
conserved sequences

cctgtgtgee---------=------- atacatgaagggagtaggggaGAGGGGCTGGGACCCAGGAGATCTCAAGCAACAGTTTCAGTCTAA

tccttggtgctgggcttaaatacagagcccatagggaggggaacttgGAGGGTCCATGACCCTCGGGACCTAACCCAGCAGTATCTGCCAAA

GCGCCCTTGGGAAGATGTGGCTTTTATGCACACACAGCTCCTCCTTATGCTGTTGAGGGAGTGCAATAGATGAC- -AGAGGGGCTCCTAGGC

GCACCC-AGGAAAGATGCAGTTTTTACGCACACCCAGCTCCTC--TCCGGAGCTG-CGGAGCGCAAAAGATCACATAGAGAGGAACCGAGGC

AGCCAGGtatctatqtgctccctggcttggactgcatctctccaggcagggtgtccaacc;gtgcgtctggctgaagtacagtgaaaataca

AGCCAGGcgttcgccgggggtgtgcgcccttgcacctc—ctgccgcétgggcgctcagcctgtgcgcct ——————————— tgtggaggttaa

FIGURE 19.30. Alignment of a short region of mouse and human genomes. Here, insertions or
deletions (black dashed lines) can be identified because enough sites have been conserved (verti-
cal solid blue lines) to “anchor” the alignment. (Lowercase letters, regions with no significant sim-
ilarity; uppercase letters, regions with >50% similarity.)



