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Further analysis of SARS-CoV-2 genome sequencing data identifies several highly recurrent genetic variants with
low allele frequencies, which, if filtered out, provide estimates consistent with tighter transmission bottlenecks.
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of our identified low-frequency variants, with one potential caveat:
We identified several highly shared yet low-frequency variants that
could, in principle, be due to technical or biological artifacts. Despite
the shared variants comprising less than 0.004% of variants detected
at >3% AF (18 of 5132), we found that when we excluded these shared
variants, the resulting bottleneck estimates were altered and generally
lower than those derived from the unfiltered set of low-frequency
variants. After exclusion of these variants, we were still able to provide
bottleneck estimates for 29 of 39 transmission pairs. Below, we outline
our methodology and revised analysis in detail and also discuss controls that should be considered when performing bottleneck estimates.
As described in our paper (5), we designed and validated our analysis pipelines to deal with the technical challenges of detecting and
analyzing low-frequency variants. This approach included processing
of biological and technical replicates, performing titration experiments to account for varying amounts of viral RNA present in a given
sample, and using stringent parameters for variant calling pipelines,
with realignment in the vicinity of indels to prevent calling errors
(5). We assessed the detection limit of our sequencing and alternative
AF calling pipeline with both a titration series of patient samples
and synthetic SARS-CoV-2 RNA genomes. We also confirmed the
reliability and reproducibility of the results obtained with our analysis
pipeline using independent sequencing runs of two patient samples
harboring different viral loads and included one sample as a quality
control in all subsequent sequencing runs to account for sequencing
batch effects. Furthermore, a comparison of the mutation spectra of
low-frequency variants (2 to 50%) identified similar mutational signatures as compared to the pool of high-confidence fixed variants
across the genome. However, they differed from the pattern of
mutational signatures observed for variants at frequencies below
1% that were subsequently treated as background noise (5).
Together, these steps led to the conclusion that a cutoff of 1 or
2% for the AF resulted in high-confidence variants. Conscious of
the effect of differing cutoffs on the bottleneck size estimates, we
demonstrated the robustness of our bottleneck size estimates for AF
cutoffs of 1, 2, and 3%. Across 43 samples in 39 transmission pairs,
86 variants were detected in at least one sample with a frequency of
at least 3% (5). Increasing this cutoff to 6%, as suggested by Martin
and Koelle, cuts the number of variants considered for bottleneck
size estimates by a third (57 variants remaining).
A recent study (6) observed 18 sites that were present at AF in
the range of 3 to 50% in more than 20 of 1313 (or ~1.5%) of
sequenced SARS-CoV-2 genome samples. These sites were termed
“highly shared,” and the authors chose to mask these variants for
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We thank Martin and Koelle for highlighting the challenges of inferring severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
transmission bottlenecks from viral genomics data in their Technical
Comment (1). Eventually, controlled infections with defined numbers
of SARS-CoV-2 virions are expected to provide direct experimental
clarification of infectivity (2). However, such “human challenge trials”
are ethically and practically difficult, and although experiments have
been launched (3), no results have yet been published. Biomathematical
approaches can be used to infer transmission bottleneck sizes through
the tracking of low-frequency variants based on deep viral genome
sequencing data and confirmed infector-infectee pairs. We established
such a dataset comprising more than 400 SARS-CoV-2 genomes with
epidemiological information from the first wave of the COVID-19
pandemic in Austria, when infection rates in the general population
were low and it was often possible to reconstruct high confidence
infector-infectee pairs through contract tracing.
Applying the mathematical model of viral transmission presented in (4) to our data, we estimated SARS-CoV-2 bottleneck sizes to
be on average 103 viral particles [25 and 75% quartiles: 3.5 and 1763
at an allele frequency (AF) cutoff of 3%] across 39 epidemiologically
resolved transmission pairs (5). Martin and Koelle reanalyzed our
data and found similar results, confirming our previous observations.
Yet, they raised concerns regarding the threshold of detection for
including low-frequency variants for bottleneck size estimation and
suggested that increasing the frequency cutoff to 6% was required to
avoid technical artifacts. This higher threshold reduced the number
of pairs for which the analysis was feasible to 13 of 39 possible pairs
and resulted in bottleneck estimates of 1 virion for 12 pairs and
143 virions for the remaining pair.
In response to the commentary of Martin and Koelle, we reanalyzed
our data in additional ways that complement those presented in our
manuscript. Our current results provide strong support for the validity
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frequencies. Although these results are similar to those of Martin
and Koelle, our method enabled analysis of a larger set of transmission
pairs through evidence-guided exclusion of sites and thereby
preservation of valuable sequence information.
Such approaches may be effective at removing a certain type of
potential artefact. However, they come with the risk of introducing
systematic biases by eliminating specifically those variants that are
consistent across infector-infectee pairs; for example, a variant
present in several longitudinal samples and also shared across an
infector-infectee pair could be excluded. Furthermore, the large
confidence intervals of these estimates, especially those reporting a
single virion as the transmission bottleneck, highlight the limit in
precision of the bottleneck size estimation method in the case of low
intrasample genetic diversity. Notably, our study focused on many
samples as part of epidemiologically resolved clusters and analyzed
SARS-CoV-2 genomes early in the pandemic, when masks or physical
distancing measures were not yet implemented. Many of the investigated transmission pairs occurred as part of large gatherings, during
activities in closed spaces for extended time periods or with frequent
personal interactions. In this context, a productive infection by
multiple viral particles from infector to infectee seems plausible and
is also supported by another recent study (8).
Future bottleneck size analysis should incorporate not only a
frequency cutoff for variants, but also a threshold for how prevalent
a variant is across samples. On the basis of our data, we believe a
frequency cutoff of 3% is accurate for datasets of similar quality.
How to select an appropriate prevalence threshold is less clear;
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Fig. 1. Detection of highly prevalent variants and their impact on bottleneck estimates. (A) Simulation analysis under a null model of variant sites shows that it is
unlikely to observe a mutated site in more than ~1.5% (7 of 424) samples. Horizontal dashed line denotes 0.05. (B) The number of single-nucleotide variants (SNVs) in a
given number of samples at allele frequencies between 0.03 and 0.5. The red vertical line corresponds to 7 of 424 samples (~1.5%); variants to the right of this line are
termed “highly shared”. (C) Bottleneck size estimates after masking six highly shared variants. Dots are maximum likelihood estimates, and whiskers are 95% confidence
intervals capped at 501.
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their bottleneck analysis. To examine the validity of the same
“prevalence threshold” of 1.5% for our dataset, we carried out a
simulation analysis incorporating key features of our data (Materials
and Methods). Under a null model where all 424 samples are
unlinked, we assessed the number of sites that are expected to be
mutated in several samples by chance. We found that 5% of simulations contained a site mutated in 6 of 424 samples (1.4%), whereas
less than 0.3% of simulations yielded a site mutated in greater than
1.5% of samples (Fig. 1A). Therefore, we initially adopted the same
prevalence threshold as (6) of 1.5% (7 of 424 samples).
We detected 18 sites with allele frequencies in the range 3 to 50%
in more than 6 of 424 samples (Fig. 1B). Six of these variants were
present in transmission pairs with a 3% low-frequency threshold
and therefore affected the bottleneck analysis. With these six variants excluded, we were able to estimate the bottleneck size for 29 of
39 transmission pairs with a low-frequency variant cutoff of 3%
(Fig. 1C). These estimates resulted in a bottleneck size of 1 virion
for 27 of 29 pairs and 8 virions and 58 virions for the other 2 pairs,
respectively. With a prevalence threshold of 10%, which resulted in
the exclusion of two variants, the bottleneck estimates for the
29 pairs remained the same, and we were able to analyze 1 additional
pair, which resulted in a bottleneck estimate of 1 virion. Thus, the
exclusion of only two variants (positions 1072 and 11052), which
have not been flagged as problematic according to a continuously
updated database (7), led to a substantial reduction in bottleneck size
estimates. These findings highlight the sensitivity of the bottleneck
estimation method (4) to highly prevalent variants at low allele
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MATERIALS AND METHODS

Null model for highly prevalent sites
For each simulation, we generated a synthetic batch of 424 samples.
Each synthetic sample received a number of mutations sampled,
with replacement, from the distribution of variant counts in the
frequency range [0.03, 0.5] in the patient data. We determined the
proportion of unique variants in the frequency range [0.1, 1] from
the patient data that had a mutated base A, C, G, and U. The mutations for a synthetic sample were then placed on the SARS-CoV-2
genome according to these base proportions, with each site mutated
at most once. For a batch of synthetic samples, we then determined
the number of sites that were mutated in x samples. This procedure
was performed for 10,000 simulated batches.
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however, we hope that the null model presented in this report
provides a starting point for further investigations, such as more
complex simulations including realistic infection networks and
de novo mutations. In our own data, variants may be observed in
several samples at low frequency because the samples were acquired
longitudinally from the same patients or due to transmission; thus,
a variant observed in several samples at low frequency does not
necessarily mean it is spurious. Additional data are necessary to
fully understand the provenance and consequences of these variants.
Furthermore, a stringent threshold may make it difficult or impossible to detect large bottlenecks even when they are a biological
reality.
In our view, currently the most suitable solution is manual
curation of the low-frequency variants to exclude technical artefacts
while retaining as many bona fide (high-confidence) low-frequency
variants as possible in the dataset. Confidence in the results of such
a curation approach can be increased by comparing mutational signatures and performing careful technical control experiments. Our
expanding knowledge about the genetic diversity of SARS-CoV-2
and the evolutionary dynamics of variants will continue to shape
future analyses and highlight potential limitations (9). We hope that
our dataset and the discussion provided here will motivate further
research into the challenges of and solutions to inferring SARSCoV-2 transmission bottlenecks.
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