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Natural progression in the study of evolution

• Discover processes. 

• Understand these processes.

• Predict evolutionary futures.

• Control evolving populations.
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Evolution of drug resistance

• A key problem affecting global health.

• Cancer and infectious disease exhibit the emergence of 
resistance to drugs.

• Large scale -omics data provide an opportunity to study in 
detail how resistance evolves.

• New population genetic / evolutionary theory based 
computational methods and ideas are needed:

-  to analyse these data. 

- design experiments that ultimately lead to novel approaches in 
combating resistance.
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• naive sample extraction strategies will lead to an 
underestimation of real tumour heterogeneity.

• sub-clones can be resistant to drugs: adaptation via de novo 
mutations vs. standing variation. 

• Probability of treatment success is higher in genetically 
homogenous and/or early stage cancers.

Tumours are not genetically homogeneous
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We would like to understand how 
heterogeneous populations escape 

from the application of drugs. 
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Part I: Heterogeneous yeast populations 
adapting to cancer drugs

• A collaboration with Gianni Liti Lab, Institute of 
Research on Cancer and Ageing of Nice (IRCAN). 

Thursday, 18 September 14



. . .
. . .

founder strains

divergence phase: 
accumulation of mutations 

(long timescale)

crossing phase:
breaking of haplotypes 

(experimental timescale)

�
selection phase: beneficial 
variants gain in frequency 
(experimental timescale)

. . .

. . .. . .

sequencing at consecutive time-points

� . . .

[For details of the cross see Parts et al. Genome Res. 2011]

[See talk by C. Illingworth]
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Selection experiment: sequencing the pool under selection

Low High

Time 0 Time 2 Time 4 Time 8 Time 16 Time 32 Time 34

PHL 2  ug/mL

RA 0.025 ug/mL

HU 10 mg/mL

PHL 0.5 ug/mL / RA 0.01 ug/mL

PHL 0.5 ug/mL /HU 1 mg/mL

Control no anticancer drugs
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Low High

Time 0 Time 2 Time 4 Time 8 Time 16 Time 32 Time 34

High phenotypic diversity of the pool at T0

PHL 2 ug/mL RA 0.025 ug/mL

R1 R1R2 R2
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Low High

Time 0 Time 2 Time 4 Time 8 Time 16 Time 32 Time 34

Reduction in phenotypic diversity of the pool at T34

T34 Control

T34 selected in PHL

T34 selected in RA

T34 selected in HU

T34 selected in PHL/RA

T34 selected in PHL/HU

Control PHL 2 ug/mL

Thursday, 18 September 14



Time T0 Time T2 Time T4 Time T8 Time T16 Time T32

Control condition

Full haplotypes from the initial pools
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Time T0 Time T2 Time T4 Time T8 Time T16 Time T32

Control condition

Full haplotypes from the initial pools
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Yeast adapting to cancer drugs T=0,2,4
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Yeast adapting to cancer drugs T=0,2,4
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Yeast adapting to cancer drugs T=0,2,4

Thursday, 18 September 14



Yeast adapting to cancer drugs T=0,2,4
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Driver and Passengers
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In focusing on standing variation, generated by the cross-
ing of strains, important questions concerning de novo mu-
tation processes are not addressed. Simultaneously, we rec-
ognize that it is not clear how important such extreme se-
lection pressures are for organisms over macro-evolutionary
time-scales. However, experiments such as this undoubtedly
provide an exciting opportunity to study, at the molecular
level, strong fitness e⇥ects, both quantitatively and systemat-
ically. Here we address this opportunity by quantifying the
fitness e⇥ects acting on the heat tolerance trait in yeast within
a set of over thirty thousand segregating sites.

Overview of the experiment
Two diverged strains of S. cerevisiae, North-American (NA)
and West-African (WA), were crossed for 12 generations to
create a large pool of segregating sites [?]. After the cross-
ing the pool was put under heat stress (40 �C) for a period
of T = 288 hours (h) with replating (after mixing) every
x hours. The pooled DNA was sequenced at time points
t0 = 0h, t1 = 96h, t2 = 192h, t3 = 288h. Estimating the
number of generations (g) that T corresponds to is di⇧cult,
however it should in any case be less than 102g. In order
to avoid the need to convert the unit of time from hours
to generations (which would be the more natural choice in
terms of population genetics) we here measure rates in units
of 1/(100h). During the selection protocol the population size
N varied from ⇤ 107 after each replating to ⇤ 108 before re-
plating. In the following we denote the NA allele with index
0 and WA allele with 1. Substantial allele frequency changes
were observed over the course of the experiment [?].

Modelling the observed time evolution
Time-scales of the processes.A simple calculation suggests
the likely role of genetic drift and de novo mutations in the
selection process to be negligible. We first note that the dura-
tion of the experiment, T , is between five to six orders of mag-
nitude smaller than the population size, N . As such, genetic
drift, which changes allele frequencies at time-scales of ⇤ N
generations, most likely has very little e⇥ect across the course
of the selection experiment. Considering next the possibility
of de novo mutation, the mutation rate, µ0, is known to be
small []. Estimating a worst case scenario by modelling the
deterministic growth of a mutant at the outset of the experi-
ment, we note that selection pressures of ⇤ 1/T log N/Ng are
required to reach frequency 1/Ng within time T , where Ng is
the mean sequencing read depth (see Eq. 5). This means that
the variant would need to have ⇤ 0.03 growth rate advantage
per hour to reach detection threshold during the experiment
(for this data Ng ⇤ 102). We contend that mutations with
so large an e⇥ect are likely to be extremely rare and assume
that changes in allele frequencies are driven by population
variation existing in the initial population. (An independent
biological replicate experiment supported this conclusion [?])

In order to analyse the allele frequency changes observed
in the experiment, we considered a variety of scenarios de-
scribed by deterministic dynamics, in which the evolution of
the system was driven by selective di⇥erences between alleles
in the initial population, and in which the e⇥ect of genetic
drift and de novo mutations could be ignored. A maximum-
likelihood framework was employed to measure the ability of
di⇥erent scenarios to describe the observed data.

Driver and passengers. We consider first a system with a single
driver at locus i with two possible alleles a ⌅ {0, 1}, influenc-

ing all passenger mutations which are in linkage disequilibrium
with it. We recall from deterministic single locus theory that
the driver evolves according to the equation:

dq1
i /dt = ⇤iq

1
i q0

i [1]

where the frequency of the mutant allele is denoted with q1
i

and the selection coe⇧cient ⇤i equals the Malthusian fitness
di⇥erence f1

i �f0
i between the alleles. Given the time evolution

of the driver we can write down equations for the passengers:

qb
j(t) =

X

a⇤{0,1}

qa
i (t)

qab
ij (t0)

qa
i (t0)

, j ⇧= i, [2]

where qab
ij denotes a two locus haplotype at loci i, j with al-

leles a, b ⌅ {0, 1}. Equation 2 follows simply by noticing that
the passenger locus has by definition zero selection (its alleles
would stay at their initial frequency without linkage to the
driver) and that during the experiment no further recombi-
nation takes place, such that the passenger’s initial linkage
to the driver dictates its motion. We note that the two lo-
cus haplotype frequencies at the initial pool can be written in
terms of allele frequencies and linkage disequilibrium:

qab
ij (t0) = qa

i (t0)q
b
j(t0) + (�1)a+bDij . [3]

As such, the dynamics of the passengers given the driver are
fully fixed by Dij . Values of Dij can be inferred directly for
each locus, or parametrized in terms of the recombination
which took place during the crossing:

Dij(⇥, �ij) = D⇥
ij(1� ⇥�ij)

Ncrossing [4]

where D⇥
ij = min{q0

i (0)q1
j (0), q1

i (0)q0
j (0)} is the maximum

linkage disequilibrium attainable, �ij denotes the distance
between the loci in base pairs (bp), ⇥ measures recombination
in units of 1/(bp ⇥ g), and Ncrossing denotes the number of
crossing rounds (for ⇥�ij > 1 we set Dij = 0). The above
equation assumes an infinite population size but is neverthe-
less a good description for the system due to the large number
of individuals in the initial pool.

Liberal-driver and passengers.We also consider models in
which drivers are allowed to take any trajectory, that is, their
dynamics are not parametrized, and hence constrained, ac-
cording to the equation of motion given in Eq. 1. For these
”liberal-drivers” the passenger dynamics again follow Eq. 2.
We further evaluate time-dependent selection coe⇧cients for
such trajectories, from Eq.1 we get for each time interval:

⇤i(tk) =
1

�tk

⇥
log

q1(tk+1)
q0(tk+1)

� log
q1(tk)
q0(tk)

⇤
, [5]

where �tk = tk+1 � tk. Such dynamics could result from
externally driven, truly time-dependent selective pressures,
or as yet unidentified internal interactions. Internal interac-
tions could result from linkage to other drivers, epistatic fit-
ness interactions between the locus and other loci, frequency-
dependent selection, or a combination of all these. We return
to the interpretation of these drivers later.

The evolutionary equations outlined in this section were
applied within a standard maximum-likelihood framework
(see Methods) to explore the observed time evolution of the
allele frequencies.

Results
Prevalence of non-neutral trajectories.Close to ten percent
of the segregating sites across the genome were identified as
evolving in a significantly non-neutral manner. To detect non-
neutral behaviour, trajectories were analyzed independently
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Liberal-driver and passengers.We also consider models in
which drivers are allowed to take any trajectory, that is, their
dynamics are not parametrized, and hence constrained, ac-
cording to the equation of motion given in Eq. 1. For these
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where �tk = tk+1 � tk. Such dynamics could result from
externally driven, truly time-dependent selective pressures,
or as yet unidentified internal interactions. Internal interac-
tions could result from linkage to other drivers, epistatic fit-
ness interactions between the locus and other loci, frequency-
dependent selection, or a combination of all these. We return
to the interpretation of these drivers later.

The evolutionary equations outlined in this section were
applied within a standard maximum-likelihood framework
(see Methods) to explore the observed time evolution of the
allele frequencies.

Results
Prevalence of non-neutral trajectories.Close to ten percent
of the segregating sites across the genome were identified as
evolving in a significantly non-neutral manner. To detect non-
neutral behaviour, trajectories were analyzed independently
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In focusing on standing variation, generated by the cross-
ing of strains, important questions concerning de novo mu-
tation processes are not addressed. Simultaneously, we rec-
ognize that it is not clear how important such extreme se-
lection pressures are for organisms over macro-evolutionary
time-scales. However, experiments such as this undoubtedly
provide an exciting opportunity to study, at the molecular
level, strong fitness e⇥ects, both quantitatively and systemat-
ically. Here we address this opportunity by quantifying the
fitness e⇥ects acting on the heat tolerance trait in yeast within
a set of over thirty thousand segregating sites.

Overview of the experiment
Two diverged strains of S. cerevisiae, North-American (NA)
and West-African (WA), were crossed for 12 generations to
create a large pool of segregating sites [?]. After the cross-
ing the pool was put under heat stress (40 �C) for a period
of T = 288 hours (h) with replating (after mixing) every
x hours. The pooled DNA was sequenced at time points
t0 = 0h, t1 = 96h, t2 = 192h, t3 = 288h. Estimating the
number of generations (g) that T corresponds to is di⇧cult,
however it should in any case be less than 102g. In order
to avoid the need to convert the unit of time from hours
to generations (which would be the more natural choice in
terms of population genetics) we here measure rates in units
of 1/(100h). During the selection protocol the population size
N varied from ⇤ 107 after each replating to ⇤ 108 before re-
plating. In the following we denote the NA allele with index
0 and WA allele with 1. Substantial allele frequency changes
were observed over the course of the experiment [?].

Modelling the observed time evolution
Time-scales of the processes.A simple calculation suggests
the likely role of genetic drift and de novo mutations in the
selection process to be negligible. We first note that the dura-
tion of the experiment, T , is between five to six orders of mag-
nitude smaller than the population size, N . As such, genetic
drift, which changes allele frequencies at time-scales of ⇤ N
generations, most likely has very little e⇥ect across the course
of the selection experiment. Considering next the possibility
of de novo mutation, the mutation rate, µ0, is known to be
small []. Estimating a worst case scenario by modelling the
deterministic growth of a mutant at the outset of the experi-
ment, we note that selection pressures of ⇤ 1/T log N/Ng are
required to reach frequency 1/Ng within time T , where Ng is
the mean sequencing read depth (see Eq. 5). This means that
the variant would need to have ⇤ 0.03 growth rate advantage
per hour to reach detection threshold during the experiment
(for this data Ng ⇤ 102). We contend that mutations with
so large an e⇥ect are likely to be extremely rare and assume
that changes in allele frequencies are driven by population
variation existing in the initial population. (An independent
biological replicate experiment supported this conclusion [?])

In order to analyse the allele frequency changes observed
in the experiment, we considered a variety of scenarios de-
scribed by deterministic dynamics, in which the evolution of
the system was driven by selective di⇥erences between alleles
in the initial population, and in which the e⇥ect of genetic
drift and de novo mutations could be ignored. A maximum-
likelihood framework was employed to measure the ability of
di⇥erent scenarios to describe the observed data.

Driver and passengers. We consider first a system with a single
driver at locus i with two possible alleles a ⌅ {0, 1}, influenc-

ing all passenger mutations which are in linkage disequilibrium
with it. We recall from deterministic single locus theory that
the driver evolves according to the equation:
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where qab
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leles a, b ⌅ {0, 1}. Equation 2 follows simply by noticing that
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would stay at their initial frequency without linkage to the
driver) and that during the experiment no further recombi-
nation takes place, such that the passenger’s initial linkage
to the driver dictates its motion. We note that the two lo-
cus haplotype frequencies at the initial pool can be written in
terms of allele frequencies and linkage disequilibrium:
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As such, the dynamics of the passengers given the driver are
fully fixed by Dij . Values of Dij can be inferred directly for
each locus, or parametrized in terms of the recombination
which took place during the crossing:
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linkage disequilibrium attainable, �ij denotes the distance
between the loci in base pairs (bp), ⇥ measures recombination
in units of 1/(bp ⇥ g), and Ncrossing denotes the number of
crossing rounds (for ⇥�ij > 1 we set Dij = 0). The above
equation assumes an infinite population size but is neverthe-
less a good description for the system due to the large number
of individuals in the initial pool.

Liberal-driver and passengers.We also consider models in
which drivers are allowed to take any trajectory, that is, their
dynamics are not parametrized, and hence constrained, ac-
cording to the equation of motion given in Eq. 1. For these
”liberal-drivers” the passenger dynamics again follow Eq. 2.
We further evaluate time-dependent selection coe⇧cients for
such trajectories, from Eq.1 we get for each time interval:
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where �tk = tk+1 � tk. Such dynamics could result from
externally driven, truly time-dependent selective pressures,
or as yet unidentified internal interactions. Internal interac-
tions could result from linkage to other drivers, epistatic fit-
ness interactions between the locus and other loci, frequency-
dependent selection, or a combination of all these. We return
to the interpretation of these drivers later.

The evolutionary equations outlined in this section were
applied within a standard maximum-likelihood framework
(see Methods) to explore the observed time evolution of the
allele frequencies.

Results
Prevalence of non-neutral trajectories.Close to ten percent
of the segregating sites across the genome were identified as
evolving in a significantly non-neutral manner. To detect non-
neutral behaviour, trajectories were analyzed independently
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the variant would need to have ⇤ 0.03 growth rate advantage
per hour to reach detection threshold during the experiment
(for this data Ng ⇤ 102). We contend that mutations with
so large an e⇥ect are likely to be extremely rare and assume
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variation existing in the initial population. (An independent
biological replicate experiment supported this conclusion [?])
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in the experiment, we considered a variety of scenarios de-
scribed by deterministic dynamics, in which the evolution of
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crossing rounds (for ⇥�ij > 1 we set Dij = 0). The above
equation assumes an infinite population size but is neverthe-
less a good description for the system due to the large number
of individuals in the initial pool.

Liberal-driver and passengers.We also consider models in
which drivers are allowed to take any trajectory, that is, their
dynamics are not parametrized, and hence constrained, ac-
cording to the equation of motion given in Eq. 1. For these
”liberal-drivers” the passenger dynamics again follow Eq. 2.
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where �tk = tk+1 � tk. Such dynamics could result from
externally driven, truly time-dependent selective pressures,
or as yet unidentified internal interactions. Internal interac-
tions could result from linkage to other drivers, epistatic fit-
ness interactions between the locus and other loci, frequency-
dependent selection, or a combination of all these. We return
to the interpretation of these drivers later.

The evolutionary equations outlined in this section were
applied within a standard maximum-likelihood framework
(see Methods) to explore the observed time evolution of the
allele frequencies.

Results
Prevalence of non-neutral trajectories.Close to ten percent
of the segregating sites across the genome were identified as
evolving in a significantly non-neutral manner. To detect non-
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(for this data Ng ⇤ 102). We contend that mutations with
so large an e⇥ect are likely to be extremely rare and assume
that changes in allele frequencies are driven by population
variation existing in the initial population. (An independent
biological replicate experiment supported this conclusion [?])
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scribed by deterministic dynamics, in which the evolution of
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less a good description for the system due to the large number
of individuals in the initial pool.
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of the segregating sites across the genome were identified as
evolving in a significantly non-neutral manner. To detect non-
neutral behaviour, trajectories were analyzed independently

2 www.pnas.org — — Footline Author
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Clones'in'HU'15'mg/ml'

F12_HU_R1a_S2_C1'–'RNR4'Arg34Ile'

F12_HU_R1a_S2_C2+–+RNR4+Arg34Gly+

F12_HU_R2a_S2_C1'–'RNR4'Arg34Ile'

F12_HU_R2a_S2_C2+–+RNR4+Arg34Ile+

F12_HU_R1b_S2_C1+–+RNR4+Arg34Ile+

F12_HU_R1b_S2_C2+–+RNR4+Arg34Ile+

F12_HU_R2b_S2_C1+–+RNR2+Thr206Ile+

F12_HU_R2b_S2_C2'–'RNR2'Thr206Ile'

F12_HU_R2b_S2_C3+–+RNR4+Arg34Ile+

F12_HU_R2b_S2_C4+–+RNR4+Arg34Ile+
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• We propagated heterogenous yeast populations under cancer drugs and 
monitored how the genomic composition of the population changed.

• Early time-points allowed for identification of driver events, e.g., CTF8 is 
validated as a Rapamycin resistance enabling gene (in a complex and interesting 
way). 

• There are other candidates identified with our driverscan algorithm.

• Late time-points show a striking mode of adaptation with emergence of clones. 

• We developed an algorithm, cloneHD, to analyse the clones and their dynamics 
from bulk sequencing data.

• We identified some of the mutations driving resistance phenotype, e.g. RNR2, 
RNR4, FKB1.

• Evidence for extensive, ongoing, diversification via LOH within the leading clone 
of HU.

 Conclusions Part 1
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Part II: High-definition reconstruction of 
clonal composition in cancer
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• naive sample extraction strategies will lead to an 
underestimation of real tumour heterogeneity.

• sub-clones can be resistant to drugs: adaptation via de novo 
mutations vs. standing variation. 

• Probability of treatment success is higher in genetically 
homogenous and/or early stage cancers.

Tumours are not genetically homogeneous
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cloneHD: overview 

• Fully probabilistic algorithm that exploits correlations

- across time (longitudinal data).

- across space (multi region and/or metastatic samples). 

- along genomes caused by events such as copy number 
changes. 

• Operates at the level of read depth counts, B-allele counts 
and somatic SNVs counts.

• Computationally powerful. Can utilize a large number of 
variants per sample (tens of thousands) and several 
measurements per tumour.
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Benchmarking with simulations 

A B

Thursday, 18 September 14



Case study of CLL 

• Three chronic lymphocytic leukemia patients sequenced at 5 time points for each.

• Thanks to Anna Schuh, Jennifer Becq and J-B. Cazier for help with data access. 
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High-definition but retrospective...

• Good for learning about tumour evolution. 

• Not so good for gauging potential value for guiding treatment decisions.

• Let’s try partial inference to mimic a real-time scenario.
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ACTTTTCTCCCTGCATAA b) before fludarabine, cyclophosphamide, rituximab

ACTTTTCTCCCTGCTTAA
ACTTTTCTCCCTGCTTAA
ACTTTTCTCCCTGCTTAA
ACTTTTCTCCCTGCATAA
ACTTTTCTCCCTGCATAA
ACTTTTCTCCCTGCATAA
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Other case studies 
• Breast cancer PD4120a from Nik-Zainal et al. Cell 2012a,b

Thursday, 18 September 14



• cloneHD algorithm reconstructs subclone fractions, their copynumber profiles 
and SNV genotypes using whole genome NGS data. 

• It exploits correlations across space, time and along genomes. 

• For reconstructing an evolutionary history numerous passenger mutations 
become an asset.

• Re-analysis of a CLL whole genome data recapitulated clonal evolution inferred 
from the targeted deep sequencing (exploiting the passengers).

• Once a large number of evolutions inferred we can start to think about 
dynamical models generating them.

• Mimicking a “real-time” monitoring scenario with CLL data looks promising.

• Subclone specific computational analysis is an interesting future direction. 

• cloneHD facilitates monitoring that is needed to control evolving populations.

 Conclusions Part II
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