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Population genetics: sampling present generation

Θ=4Nμ
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Experimental evolution
Foll et al. (2014) Influenza Virus Drug Resistance
doi:10.1371/journal.pgen.1004185

H275Y mutation, is known prior to analysis. Further, in vitro

growth platforms allow for the control and knowledge of

demographic parameters, particularly the severity of population

bottlenecks – thus allowing insight into the expected role of genetic

drift. Lastly, the high mutation rate and short generation time of

IAV allows for adaptation to occur on experimentally tractable

time scales.

This experimental set-up allows for an additional benefit –

namely, time-sampled whole-genome data. This added temporal

dimension provides an important component in the puzzle of

disentangling selection and demography – as it becomes possible

to utilize analytical results describing the change in frequency [18]

and sojourn time [19] of beneficial mutations. Thus, time-sampled

data allow the trajectory of any individual allele to be used to

better identify the action of natural selection, rather than simply

the patterns of genomic variation as utilized by standard single

time-point site-frequency spectrum based statistics [20].

Utilizing this experimental approach and the above reasoning,

we have tested and developed novel statistical tests of selection for

time-sampled population data. We infer effective population size

(Ne) in this platform, and develop novel analytical-, maximum

likelihood-, and approximate Bayesian -based approaches to

determine the contributions of genetic drift and selection in this

biological system. Finally, based on this population genetic

inference, we demonstrate that IAV development of drug

resistance follows the expectations of Fisher’s Geometric Model,

offering a novel approach to predicting viral evolution in response

to changing host environments and novel selective pressures.

Results and Discussion

Influenza A/Brisbane/59/2007 (H1N1) was initially serially

amplified on Madin-Darby canine kidney (MDCK) cells for three

passages. The samples were then passaged either in the absence of

drug, or in the presence of increasing concentrations of

oseltamivir, a neuraminidase inhibitor (Figure 1). At the end of

each passage, samples were collected for whole genome high

throughput population sequencing providing a high depth of

coverage. In addition, biological replicates of the entire experi-

ment were performed and analyzed. We first focus on one of the

two experiments in the following results, and then use the replicate

as a point of comparison. The genetic diversity calculated as the

average expected heterozygosity [21] in each passage was very

low, stable throughout the entire experiment, and slightly lower

during oseltamivir treatment (6.261024 vs. 4.561024, see Figure

S1). The frequency spectra indicated that most single nucleotide

polymorphisms (SNPs) were segregating at low frequency and the

shape was comparable at P4 and P12 (Figure S2). The number of

new mutations accumulated within each passage was limited and

very rarely reached high frequencies, in particular in the presence of

oseltamivir, suggesting that the viral populations were under severe

purifying selection. As a consequence, nearly all observed SNPs

were biallelic: over all passages and nucleotides, the frequency of the

third allele was 0.02% on average, with a 99% quantile of 0.1%. For

this reason, we considered all SNPs as biallelic in our subsequent

analyses. Finally, we observed 4 and 7 newly arising mutations

reaching a frequency of more than 50% during our experiment in

the absence and presence of oseltamivir, respectively.

Expected impact of drift and ascertainment
The effective population size Ne determines how efficiently

natural selection acts on a population [18]. A beneficial mutation

Figure 1. Experimental set-up. IAV was adapted from chicken egg
to MDCK cells (passages 1–3) and then serially passaged in MDCK cells
in the presence (red) or absence (white) of escalating concentrations of
oseltamivir (passages 4–12) in replicate experiments.
doi:10.1371/journal.pgen.1004185.g001

Author Summary

In recent years, considerable attention has been given to
the evolution of drug resistance in the influenza A H1N1
strain. As a major annual cause of morbidity and mortality,
combined with the rapid global spread of drug resistance,
influenza remains as one of the most important global
health concerns. Our work here focuses on a novel multi-
faceted population-genetic approach utilizing unique
whole-genome multi-time point experimental datasets in
both the presence and absence of drug treatment. In
addition, we present novel theoretical results and two
newly developed and widely applicable statistical meth-
odologies for utilizing time-sampled data – with a focus on
distinguishing the relative contribution of genetic drift
from that of positive and purifying selection. Results
illustrate the available mutational paths to drug resistance,
and offer important insights in to the mode and tempo of
adaptation in a viral population.
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Finally, we evaluated whether our model based on constant

effective population size is robust to the series of bottlenecks and

population expansions induced at each passage in the experiment

(see Table 1). Ewens [45] showed that in a population with a size

changing cyclically over time, the probability of fixation of an

allele is approximately the same as in a population of constant size

with Ne = N*, where N* is the harmonic mean of the population

sizes at each generation, which is also the effective population size

of the fluctuating population. To evaluate this finding in the

context of our estimation procedure, we simulated 1000 additional

data sets with varying population sizes. In order to match the drug-

treated experiment, 9 passages of 13 generations each were

simulated, with exponential population growth from N = 23 to

N = 106 (see Figure 1). The founding population size (N = 23) was

chosen as it results in a harmonic mean of Ne = 176 for the 13

generations (i.e., the empirically estimated value from the

experiment). Here again, this corresponds to a ‘‘worst-case’’

scenario where the bottleneck at each passage is extremely strong

(see Table 1 for the true data) and population expansion very

rapid. We found that our ABC procedure based on a constant

effective population size indeed accurately estimates Ne and s

(Figure S5C and D) - with Ne being slightly downwardly biased

(estimated to 167 on average), and large selection coefficients are

very slightly upwardly biased.

Effect of genetic linkage
Linkage between selected and neutral sites can confound

inference when estimating genome wide selection coefficients.

Further, the frequency of homologous recombination in the IAV

genome is still debated [46]. If absent, we expect to observe strong

effects of genetic hitchhiking [47], where linked sites should

increase in frequency together with selected sites due to physical

linkage. However, the very low genetic diversity in our populations

limits this phenomenon, and we identified at most two selected

sites within the same segment. We also note that the initial allele

frequencies of the sites under selection are very low in all cases

Figure 3. Evidence of positive selection in the H1N1 genome in the absence and presence of oseltamivir. We plot the Bayesian P-values
for each SNP in log scale in the absence and presence of oseltamivir in A and C, respectively. The horizontal red lines are genome-wide significance
thresholds of P = 0.01. The eight segments are separately color-coded, a scheme which is maintained in all panels. Significant nonsynonymous
mutations are represented with triangles. We plot the minor allele frequency trajectories of all significant SNPs over the experiment in the absence
and presence of oseltamivir in B and D, respectively. The vertical dotted red line indicates the time of the oseltamivir addition (see Figure 1).
Trajectories are represented in dashed lines if a second SNP was significant within a given segment. For each significant SNP, the name of the
segment, the position of the SNP, the nucleotide increasing in frequency, and the estimated selection coefficients with our Ne-based ABC method are
indicated in the top left corner of B and D. In E, we represent the 3D structure of the proteins corresponding to the segments coding for membrane
proteins (for those with a resolved structure). We indicate the amino acid residues corresponding to the significant mutations with arrows. The SNP
locations highlighted on the structures are as follows: HA2 D112N (nonsynonymous), NA G193G (synonymous), H275Y (nonsynonymous), and M1
A41V (nonsynonymous). Although the M segment encodes both the M1 and M2 protein, the significant SNP is only positioned in the coding region
of M1. The significant SNP in the NS segment (F116) is synonymous and only positioned in the region coding for the NS2 protein. HA is represented
as a trimer, with the significant residue being highlighted (red) in each monomer, though one residue is slightly obscured due to being buried in the
protein complex. NA and M1 are represented as monomers, and NA is shown with a bound molecule of oseltamivir.
doi:10.1371/journal.pgen.1004185.g003
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Temporal samples in natural populations
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Medicago truncatula, Corsica

  

1987
30 indiv

2009
98 indiv

36

1995
67 indiv

2013

2005

  1985-1990 2005 -2009 Δ

Tmin winter (°C) 5.6 ± 0.1 6.2 ± 0.1 + 0.6

Tmean autumn (°C) 15.3 ± 0.1 16.1 ± 0.1 + 0.8

Tmax spring (°C) 22.8 ± 0.2 24.1 ± 0.2 + 1.3

~ +1°C toute l’année

Pop Corse F20089

Miguel Navascués (INRA, UMR CBGP) Detecting selection with temporal samples 30/06/2015 5 / 16



Medicago truncatula, Corsica

  

Mesure de la date de floraison en serre
55 individus / année (/~100)
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Temporal FST outliers
A modified version of method proposed by Goldringer & Bataillon (2004) doi:10.1534/genetics.103.025908

Variance in allele frequencies (FC ) from all loci: N̂e
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Temporal FST outliers
A modified version of method proposed by Goldringer & Bataillon (2004) doi:10.1534/genetics.103.025908

Is variance in allele frequencies (FC ) in a focal locus compatible with N̂e?
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Temporal FST outliers
A modified version of method proposed by Goldringer & Bataillon (2004) doi:10.1534/genetics.103.025908

Simulation of drift from focal locus initial frequency and N̂e
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Temporal FST outliers
A modified version of method proposed by Goldringer & Bataillon (2004) doi:10.1534/genetics.103.025908

Significance of observed FC in focal locus is evaluated from distribution

0 5 10 15 20 25

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

time

A
lle

le
 fr

eq
ue

nc
y

Miguel Navascués (INRA, UMR CBGP) Detecting selection with temporal samples 30/06/2015 6 / 16

http://doi.org/10.1534/genetics.103.025908


Simulations

Software: SLiM (Messer 2013, doi:10.1534/genetics.113.152181
messerlab.org)

N=500 diploid individuals

2 chromosomes (500Mb), µ=1e-8, r=1e-8

Neutral period (till mutation-drift equilibrium)

New advantageous mutation/existing allele becomes advantageous
(s=0.5)

First sample: 50 diploid individuals

Selection period (25 generations)

Second sample: 50 diploid individuals

10000 polymorphic SNP loci are studied
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Manhattan plot: results from a single simulation replicate
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Manhattan plot: results from a single simulation replicate
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Power and False Positive Rate

Selection on new mutation
W = 1.00,FPR = 1.46 × 10−4
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Power and False Positive Rate

Selection on standing variation
W = 0.61,FPR = 2.92 × 10−4

0 5 10 15 20 25 30

0.
00

0.
05

0.
10

0.
15

Distance (cM) from locus under selection

P
ro

ba
bi

lit
y 

of
 p

os
iti

ve
 te

st
 (

w
ith

 q
−

va
lu

e<
0.

05
)

Miguel Navascués (INRA, UMR CBGP) Detecting selection with temporal samples 30/06/2015 9 / 16



Consequences of selfing

Reduction of effective population size

Increase of homozygosity
I reduction of effective recombination
I increased LD
I hitchhiking
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Effective population size

Neutral scenario
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Power and False Positive Rate

Selection on new mutation
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Power and False Positive Rate

Selection on standing variation
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Conclusions

Temporal FST outlier approach can detect regions under selection
(parameter combination studied)

Footprint of selection in a ∼20cM region (parameter combination
studied)

Selfing reduces power (0.75 < σ < 0.90)

Increase of false positives with selfing is not very problematic
(FPR < 0.05)
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Abstract

In a single isolated populations, allele frequencies will change through time
subject to the processes of selection (acting on specific loci) and genetic
drift (acting on the whole genome). Genetic data collected at different
times can be used to make inferences on the effective population size (i.e.
strength of drift) and to detect outlier loci, whose changes in allele
frequencies are unlikely to be only the product of the inferred demography.
However, the presence of self-fertilization may pose a problem for the
detection of loci under selection. Selfing reduces the effective size of
populations and the effective recombination among loci (promoting
hitch-hiking). We investigated the effect of the presence of partial selfing
reproduction in the power and false discovery rate for the detection of
selected loci. In addition, we characterized the footprint of selection along
the chromosome containing the selected site.
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