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Tree of Life - billions of years

source: tree of life, tolweb.org

4 billion
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Phylogenetic tree of Fruitflies - millions of years

melanogaster subgroup

melanogaster group

obscura group

Sophophora

willistoni group

repleta group

virilis group

Drosophila

Hawaiian Drosophila

W
50 40 30 20 10 0

Divergence Time
(Million Years)

~40 Millions of years

Richard Neher

. simulans

. sechellia

. melanogaster
. yakuba

. erecta__ |

. GHOI’\GSSOC

: pseudoobscura

. persimilis
_willistoni —

. mojavensis \

. virilis
. grimshN

image from: insects.eugenes.org/species/

KITP Chalk Talk, August ‘09

Thursday, September 24, 2009



Evolution of Influenza A - few years
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Human immunodeficiency virus (HIV)

Docking
Glycoprotein

Membrane

Transmembrane
Glycoprotein

HIV budding from an immune cell

Rapid evolution is a hallmark of HIV infections
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Infection +/- Acute HIV Syndrome
Wide Dissemination of Virus
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Virus escapes the immune system

by continuous evolution
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Evolution in a single patient (blood samples every 6 month)

——

e

= _ = ~ 8% divergence in 10 years

;_—E many millions of years in Drosophila

I

2-10123456 78 9101112 13
Time (years since seroconversion)

Lemey et al., 2006,
Shankarappa et al. 999

Richard Neher KITP Chalk Talk, August ‘09

Thursday, September 24, 2009




Evolution of HIV

The virus has to change: Escape the immune system and drug resistance

Resistance to drugs (protease inhibitors):

Drug sensitive: PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIETCGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
Drug resistant: PQITLWQRPLVTIKVGGQLTEALLDTGADDTILEDMTLPGRWKPKIVGGIGGFIKVRQYDQVPIEICGHKVISTVLIGPTPCNIIGRNLMTQIGLTLNF
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Evolution of HIV

The virus has to change: Escape the immune system and drug resistance

Resistance to drugs (protease inhibitors):

Drug sensitive: PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIETCGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
Drug resistant: PQITLWQRPLVTIKVGGQLTEALLDTGADDTILEDMTLPGRWKPKIVGGIGGFIKVRQYDQVPIEICGHKVISTVLIGPTPCNIIGRNLMTQIGLTLNF

human immune cell

High mutation rate:
u=3x10-/generation and site

Large population:
N=10'? viruses
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Recombination in viruses - Influenza

viral RNAs
* complexed with

lipid envelope ~© i NP and Ps

| | genes on 8 segments

|6 H (hemagglutinin) subtypes

9 N (neuraminidase) subtypes

HINI, H2N2, H3N2, H5N | are common

Richard Neher
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Recombination in viruses - Influenza

viral RNAs

o ! = * complexed with
lipid envelope NP and Ps

| | genes on 8 segments

|6 H (hemagglutinin) subtypes

9 N (neuraminidase) subtypes

HINI, H2N2, H3N2, H5N | are common

Richard Neher

* Pandemics often follow reassortments, e.g.
pandemics 1957 (H2N2) and 1968 (H3N2)

e Reassortment is frequent in waterfowl and
swine, where many subtypes circulate.
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Spreading of beneficial mutations

Mutant individuals reproduce faster
(Drug resistant strain)
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Evolution in asexual and sexual organisms

Small Population

ASEXUAL | /W ZZTXIXRY Sequential innovations:
% ZHXX A BLXXK]
% A a.a.a?.‘:’:! rate ~ N

Time ——
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Evolution in asexual and sexual organisms

Small Population

77 BOIXXX]  Sequential innovations:
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Most good mutations are wasted!

Richard Neher KITP Chalk Talk, August ‘09

Thursday, September 24, 2009




Evolution in asexual and sexual organisms

Small Population
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Quantifying the benefits of recombination [for the virus]

Example: drug resistance of HIV

Drug sensitive: PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIETICGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
Drug resistant: PQITLWQRPLVTIKVGGQLTEALLDTGADDTILEDMTLPGRWKPKIVGGIGGFIKVRQYDQVPIEICGHKVISTVLIGPTPCNIIGRNLMTQIGLTLNF

Hypothetical distribution of
drug resistance mutations

2 3 4
Resistance mutations
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Quantifying the benefits of recombination [for the virus]

Example: drug resistance of HIV
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Hypotheticél distribution of

drug resistance mutations = 4 Drug resistance increases due to

selection on existing mutations

2 3 4
Resistance mutations
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Quantifying the benefits of recombination [for the virus]

Example: drug resistance of HIV

Drug sensitive: PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIETICGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
Drug resistant: PQITLWQRPLVTIKVGGQLTEALLDTGADDTILEDMTLPGRWKPKIVGGIGGFIKVRQYDQVPIEICGHKVISTVLIGPTPCNIIGRNLMTQIGLTLNF

Hypothetical distribution of
drug resistance mutations

novel mutation

2 3 4
Resistance mutations

Richard Neher

* Drug resistance increases due to
selection on existing mutations

* Novel mutations keep the wave
going
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Quantifying the benefits of recombination [for the virus]

Example: drug resistance of HIV

Drug sensitive: PQITLWQRPLVTIKIGGQLKEALLDTGADDTVLEEMNLPGRWKPKMIGGIGGFIKVRQYDQILIETICGHKAIGTVLVGPTPVNIIGRNLLTQIGCTLNF
Drug resistant: PQITLWQRPLVTIKVGGQLTEALLDTGADDTILEDMTLPGRWKPKIVGGIGGFIKVRQYDQVPIEICGHKVISTVLIGPTPCNIIGRNLMTQIGLTLNF

Hypothetical distribution of
drug resistance mutations

novel mutation

recombination

2 3 4
Resistance mutations

Richard Neher

* Drug resistance increases due to
selection on existing mutations

* Novel mutations keep the wave
going

¢ Via recombination mutations
can keep up with the wave and
“make it”
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Surfing of beneficial mutations
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Surfing of beneficial mutations
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Evolutionary benefits of recombination

Conventional wisdom: rate of evolution ~ N

-3 holds only for very frequent recombination

Realistic recombination: rate of evolution ~ r? log N

To slow down evolution, one has to target
recombination rather than the population size!!

Richard Neher KITP Chalk Talk, August ‘09
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The more recombination, the better?

Is there a cost to recombination?

Richard Neher KITP Chalk Talk, August ‘09




Genetic interactions

So far: Fitness = # beneficial mutations

BUT:

An organism is more than the sum of its parts
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Genetic interactions

So far: Fitness = # beneficial mutations

BUT:

An organism is more than the sum of its parts

viral RNAs
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The cost of recombination

A “recombined” soccer team is worse than the “parents”.

Richard Neher KITP Chalk Talk, August ‘09

Thursday, September 24, 2009




The cost of recombination

Relay racing teams don’t have that
problem!
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Genetic interaction and recombination

Different reassortments of Influenza A:
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Recombination explores -- selection amplifies the best
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Genetic interaction and recombination

Different reassortments of Influenza A:
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Allele vs genotype selection
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The success of selection

Selection on the
properties of the parts.
“All Stars team”
O

[ J
=
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oSO

Selection on the combinations
“the best clubs”

0.1 0.2
recombination
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Connecting theory and observations

Large data bases of HIV sequences and drug resistance allow us to study:
* The recombination rate in HIV

* Selection strength of HIV evolution without drugs

* Drug resistance mutations: team players or independent!

* Does recombination vary from patient to patient?

* Does it vary at different stages of the disease!

* With modern sequencing technology we can soon monitor viral
populations at unprecedented resolution.

Richard Neher KITP Chalk Talk, August ‘09
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* The recombination rate in HIV
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* Drug resistance mutations: team players or independent!

* Does recombination vary from patient to patient?

* Does it vary at different stages of the disease!

* With modern sequencing technology we can soon monitor viral
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Do such observations, together with theoretical insight, explain the
differences between drugs and patients?
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Connecting theory and observations

Large data bases of HIV sequences and drug resistance allow us to study:
* The recombination rate in HIV

* Selection strength of HIV evolution without drugs

* Drug resistance mutations: team players or independent!

* Does recombination vary from patient to patient?

* Does it vary at different stages of the disease!

* With modern sequencing technology we can soon monitor viral
populations at unprecedented resolution.

Do such observations, together with theoretical insight, explain the
differences between drugs and patients?

What can we learn about the evolutionary process in general?
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Sequencing Costs per Base

-~ Data

— Exponential decay:t = 2.5 years

1995 2000
year

2005
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Experiment & Theory

Darwin’s Theory

Observations:

Paleontology

Diversity of species
Richard Neher KITP Chalk Talk, August ‘09
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Experiment & Theory

Darwin’s Theory

Richard Neher

Quantitative Theory
Dynamics

Experiments in the Lab

e Bacteria or viruses
e Sequencing and Phenotyping

Observations:

Paleontology

Diversity of species
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Collaborators

Daniel Fisher, Stanford
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