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POPULATION GENETICS PRINCIPLES

BACKGROUND

Katherine I. Fisher-Aylor*, Izzy Chaiken, Emily Heuring

Understanding viral population genomics:

Institute for Defense Analyses

GENOME SIZE MATTERS

CONCLUSIONS

SIMDEMIC: SOFTWARE FOR MODELING POPULATIONS OF GENOMES

• Caution must be used when applying
canonical population genetics estimators
to small genomes.

• Theta is a poor estimator of genetic
variation in a small genome of 30Kb;
Pi is an appropriate estimator.

• Subsampling at a rate below 1% skews
results, which has implications for the
U.S. rate of sequencing during the Covid-
19 pandemic.

• More research is needed to understand
the relationship between viral population
size and human case numbers, but tools
like Simdemic provide the ability to
understand population genetics principles
in small genomes.

Tools and lessons for future pandemics

We analyzed the appropriateness of these canonical estimators for measuring 
SARS-CoV-2 genetic variation during the 2020 Covid-19 pandemic.

The Covid-19 pandemic is the most 
information-rich pandemic in history. 
For the first time, we were able to obtain entire 
genome sequences of the pathogen in real 
time during the pandemic.
Although sampling of genomes was spotty in 
places, we had an unprecedented opportunity 
to understand principles of viral population 
genomics on an extremely large scale.

During the first year of the pandemic, 
we wanted to know:
• How many cases are there? Is it possible

to use viral genomes to estimate this?
• How much undersampling is too much?

Many places in the U.S. collected very few
SARS-CoV-2 samples. How much can we
undersample before we get a skewed
picture of the pandemic?

RESULTS

Mutation numbers increase with population size. 

S: number of segregating sites (places that have a mutation somewhere in the population)
n: number of samples
μ: mutation rate (for the bounds of the whole region or genome in question)
N: population size
i (left): index of summation (which sample you are on)
i, j (right): two sequences
xi,xj: frequency of two (ith and jth) sequences
πij: number of differences between the two sequences (i and j)
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In the field of population genetics, there are several canonical ways to 
measure mutations in a population (genetic variation).

Theta is an inappropriate estimator of SARS-CoV-2 genetic variation; Pi is appropriate

Subsampling a population below 1% skews results 

Pi vs. Theta

Mutation rate: 
1 every 2
sequences

Mutation rate: 
1 every 5
sequences

Mutation rate: 
1 every 10
sequences

Simulated data
Simdemic shows theta is the same regardless of number of mutations; pi is not

SARS-CoV-2 
sequences

Population 
size Ratio

USA 80 K 328 M 1 : 4,100

UK 184 K 67 M 1 : 364

Denmark 32 K 6 M 1 : 188

• Preliminary work: 1% is the threshold for
subsampling

• Denmark and the UK sampled ~1% of population,
while U.S. sampled ~0.01%

• In the future, this can be used to estimate how
undersampled a population is, and how many more
samples would be necessary to get a fair assessment
of a pandemic.

Therefore, it is possible to infer population size from mutation number.

• We created this software package to model a growing and mutating population of DNA sequences.
• Simdemic allows specification of mutation rate, growth model, genome size, selective pressure, and founder events.
• We have used Simdemic to create an explicitly known population from which we can infer how real-world methodology affects our conclusions.

- Assess different estimators of genetic variation
- Learn the limits of subsampling

• In the future, we hope to use Simdemic to refine predictions of driving mutations, explore the accuracy of different epidemiological growth models, and
understand the impact of founder events (as opposed to selective pressure) on a population.

Real-world data
Theta is insensitive for SARS-CoV-2 populations >1,000

AAAATAAAAA
ACAAAAAAAA
AATAAAACAA
AAAAAAGAAA
AAAAAAAAAA
AAAAAAAAAC
AAACAAAAAA
GAAAAAAAAA
AAAAATAAAA
AAAAAAAATA

Number of nucleotides: 10
Sites with a difference: 10 
Average pairwise difference: 2

Underlying math

• No centralized effort to collect samples in the
U.S.

• Many states have very few samples, making
pandemic predictions extremely difficult.

• During the pandemic, we often had to
extrapolate from well-sampled countries.

Month (2020)

GISAID SARS-CoV-2 samples by state Jan-Nov 2020
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Loss function:

S: set of all sequences in the population
ns: count of sequence s in the sample
n: sample size 
ps: true proportion of sequence s in the population
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Subsampling with Simdemic

Like other viruses, SARS-CoV-2 has a very small genome

Species Genome size (b/bp)

SARS-CoV-2 3.0 * 104

E. coli bacteria 5.0 * 106

Bread yeast 1.2 * 107

Fruit fly 1.8 * 108

Rice 4.3 * 108

Chicken 1.2 * 109

Zebrafish 1.7 * 109

Human 3.2 * 109

Genome sizes of well-known species

Much of population 
genetics has focused on 
vertebrate genomes

GISAID SARS-CoV-2 samples per capita 
by country Jan-Nov 2020
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This quickly saturates: every nucleotide in a 
small genome will soon have a difference at 

every position at least once

This takes a long time to saturate

Fraction of total sequences used
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Example simulation 
100 generations; extremely small ‘genome’; SEIR growth model; one founder event; first half conserved

Simulated population
exponential growth; 2 mutations every 2 new sequences

Population size: 2
differences: 2

Population size: 4
differences: 4

Population size: 8
differences: 7

H. Pohl, Enzo Life Sciences, 2020
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