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A reanalysis of SARS-CoV-2 deep sequencing data from donor-recipient pairs indicates that transmission bottle-

necks are very narrow (one to three virions).

In their recent research article (1), Popa et al. combined epidemio-
logical and viral genetic data to characterize the transmission dynamics
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in Austria between February and April 2020. The genetic data they
analyzed comprised >500 deep-sequenced virus samples. Beyond
using consensus-level SARS-CoV-2 sequences to infer transmission
clusters within Austria and to examine the role that Austria played
in seeding regional epidemics elsewhere in Europe, the authors
used their sequenced samples to characterize mutational dynamics
within hosts and along short transmission chains. Although we
believe that the findings from their consensus-level genetic analysis
are robust, we here revisit their analyses of mutational dynamics
at the below-the-consensus level. Specifically, we consider their
estimates of the viral transmission bottleneck size, defined as the
number of virions that successfully seed infection in a recipient
individual following infection from a donor individual. Equivalently,
it is the number of viral particles from a person who transmits
the infection that contribute genetically to the viral population
in the recipient who contracts it. From our reanalysis, we conclude
that transmission bottleneck sizes for SARS-CoV-2 are not on
the order of 1000 virions as concluded by the authors but instead
much smaller.

Our decision to revisit Popa et al.’s conclusions on transmission
bottleneck sizes stems from certain patterns present in some of their
figures. First, inferred bottleneck size estimates using a 3% variant
calling threshold were bimodal, with 14 of the 39 transmission pairs
having an inferred bottleneck size (N},) of <10 and the remaining
25 pairs having Ny, estimates of 115 to 5000 (their fig. S4G). Further,
when a 1% variant calling threshold was used, only a single trans-
mission pair retained an Ny, estimate of <10 (their figure 5B). In an
attempt to understand these patterns, we first reanalyzed their
deep sequencing data and recalled variants using their pipeline. In
the analyses presented below, we use these recalled variant fre-
quencies, which appear to be highly similar to those presented in
Popa et al. based on the plots published as part of their article that
show the frequencies of called variants in donor individuals against
those in recipient individuals in their identified transmission pairs
(10.5281/zenodo.4247401).

As expected, re-estimation of transmission bottleneck sizes at
variant calling thresholds of 1 and 3% yielded similar results to
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those shown in (1) (Fig. 1A, fig. S1, A and B, and data file S1). During
this analysis, we noticed that bottleneck size estimates dropped,
sometimes precipitously, when going from a 1 to a 3% cutoff for each
of the 13 transmission pairs that had donors with a maximum intra-
host single-nucleotide variant (iSNV) frequency of >6% (P = 0.004,
paired ¢ test; Fig. 1A). Because increasing the variant calling threshold
would remove low-frequency iSNVs from the analysis, these consistent
decreases in N}, estimates could come about if low-frequency
donor iSNVs pointed toward bottleneck sizes being large, whereas
high-frequency donor iSNVs instead pointed toward bottleneck sizes
being small. Examination of low-frequency iSNVs across donor-
recipient pairs indicates a high degree of congruence between their
frequencies (Fig. 1B, inset, and fig. S2 in data file S2), which would
suggest wide transmission bottlenecks. In contrast, high-frequency
donor iSNVs rarely appeared to be transmitted to their correspond-
ing recipient (fig. S2), suggesting narrow transmission bottlenecks.

To come to terms with these conflicting patterns, we considered
genetic variation that appeared de novo in recipient hosts. This
genetic variation appears in the donor-against-recipient variant
frequency plots as iSNVs that are absent from a donor but present in
a corresponding recipient. When a de novo variant is observed as
fixed in a recipient sample, we should not observe any shared iSNV's
between a donor and a recipient that are present in the recipient at
subclonal (that is, not fixed) frequencies unless within-host recom-
bination occurred extremely rapidly or the fixed de novo variant
arose multiple times in different genetic backgrounds. However,
in the transmission pairs analyzed in Popa et al., shared subclonal
iSNVs are observed in several transmission pairs where there is also
a fixed de novo variant present in the recipient. The transmission
pair CoV_162 => CoV_161 provides an example (Fig. 1B). This
means that the low-frequency iSNVs shared between CoV_162 and
CoV_161 are either spurious or that they arose independently in the
recipient (that is, they are homoplasies). Although iSNV homo-
plasies have been documented in a number of recent SARS-CoV-2
studies (2, 3), we believe that these low-frequency iSNVs in the
Popa et al. transmission pairs are likely spurious, potentially arising
from systematic issues related to the sequencing protocol. This is
because these low-frequency iSNVs occur at extremely similar
frequencies between the donor sample and the recipient sample
(Fig. 1B, inset, and fig. S2), which is unlikely if the iSNVs were
homoplasies. In either case, however, the low-frequency shared
iSNVs in transmission pair CoV_162 =» CoV_161 and in other
transmission pairs with fixed de novo variants in the recipient could
only constitute transmitted genetic variation under scenarios that
are highly implausible from a biological perspective and as such
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Fig. 1. Transmission bottleneck sizes and patterns of shared viral genetic diversity between the transmission pairs studied in Popa et al. (A) Bottleneck size estimates
for 39 epidemiologically confirmed SARS-CoV-2 transmission pairs using variant calling thresholds of 1% ([0.01, 0.991), 3% ([0.03, 0.971), and 6% ([0.06, 0.94]). Estimates are
based on all iSNVs that passed the quality-filtering thresholds. Maximum likelihood estimates are indicated by a colored circle and vertical lines show 95% Cls. Estimates
are plotted according to the maximum iSNV frequency observed in the donor of the transmission pair. Estimates from the same transmission pair are offset slightly on the
X axis to aid in visualization. iSNV frequencies are based on variant calling relative to donor-specific reference sequences. (B) All iSNVs observed in either the donor or the
recipient of the epidemiologically confirmed CoV_162 = CoV_161 transmission pair. Note the de novo variant in the recipient (C26894U) that is fixed within individual
161 and absent from individual 162. Inset highlights low-frequency iSNVs. Red dashed lines show the 1% variant calling threshold. iSNV frequencies are based on variant
calling relative to donor-specific reference sequences. Here, all iSNVs that passed quality filtering thresholds are shown, regardless of whether they fell above or below
the 1% variant calling threshold. (C) Low-frequency iSNVs observed across transmission pairs. Transmission pairs are classified as belonging to one of three groups ac-
cording to the maximum de novo iSNV frequency observed in the recipient. Red dashed lines show the 1% variant calling threshold, and iSNV frequencies are based on
variant calling relative to donor-specific reference sequences. (D) Proportion of iSNVs identified in a donor that are shared with a recipient host. Blue dots show proportions
for epidemiologically linked pairs, whereas black dots show proportions for random, epidemiologically unlinked donor-recipient pairs. Random pairs were generated
such that the random recipient was not a member of the same family as the focal donor or recipient and was not a known recipient of that donor sample. iSNVs were
binned on the basis of their frequency in the donor: [0.01, 0.02), [0.02, 0.03), and [0.03, 0.06). Allele frequencies are based on variant calling relative to Wuhan/Hu-1 (9).
Differences between the epidemiologically linked and unlinked distributions were assessed using the Kolmogorov-Smirnov test. This test failed to find significant differenc-
es between these distributions in the 1 to 2% donor frequency group (P =0.389), 2 to 3% donor frequency group (P=0.752), and 3 to 6% frequency group (P > 0.999).
(E) Top 12 most abundantly shared iSNVs among the 43 samples involved in the 39 transmission pairs. iISNVs are ordered by the number of samples in which they were found
(n). Each dot represents the allele frequency of that iSNV in a given sample. Red dotted line shows the 1% variant calling threshold. Allele frequencies are based on variant
calling relative to Wuhan/Hu-1. (F) Patterns of shared viral genetic diversity between transmission pairs under the assumption of a large bottleneck of N, = 1000 (red dots).
Black dots show all iSNVs observed in either the donor or recipient for all transmission pairs with an estimated bottleneck size of >1000 at a variant calling threshold
of 1%. (G) Probability of a transmission bottleneck of size N, based on bottleneck size estimation using a variant calling threshold of 6% and data from all 13 transmission
pairs with one or more iSNVs above this 6% threshold. The probability that a transmission involves a bottleneck size of 1, 2, or 3 virions exceeds 99%.

should be excluded from a transmission bottleneck analysis involving
these transmission pairs.

A comprehensive analysis of all transmission pairs identified in
Popa et al. indicates that patterns of low-frequency shared genetic
variation are quantitatively highly similar across transmission pairs.
To illustrate this, we categorized transmission pairs into three
groups: transmission pairs with de novo fixed variants in the recip-
ient (here defined as >94% in frequency), transmission pairs with de
novo high-frequency (6-94%) variants in the recipient, and trans-
mission pairs with only low-frequency de novo variants (<6%).
Figure 1C shows that the shared low-frequency iSNVs across these
three groups are quantitatively extremely similar: Most shared iSNV's
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in each of these groups have frequencies falling between 1 and 2% in
the donor, although some have frequencies of up to 6%. Whereas
we should expect no transmitted subclonal genetic variation for the
transmission pairs falling in the first group, we expect any shared
iSNVs between transmission pairs belonging to the second group to
have markedly different frequencies between the donor and the re-
cipient because of genetic linkage with the high-frequency de novo
variant in the recipient. The third group in principle could have very
similar iSNV frequencies if bottleneck sizes were sufficiently large.
In contrast to these expectations, Fig. 1C shows that all shared
iSNVs (regardless of which group is being considered) are highly
congruent in their frequencies between donors and recipients, indicating
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again that these iSNVs are very likely spurious. When we calcu-
late the proportion of the low-frequency donor iSNVs that are
observed in a corresponding recipient (at >1%) versus observed
in an epidemiologically unlinked recipient, we find that the distri-
bution of these proportions are highly similar (Fig. 1D). This find-
ing again suggests that these shared low-frequency iSNVs do not
constitute true shared genetic variation within transmission pairs; if
these shared iSNVs were transmitted, we would expect the proportion
of shared low-frequency variants to be higher for the corresponding
recipient compared to an epidemiologically unlinked one.

Given these findings that shed doubt on low-frequency iSNVs
constituting transmitted genetic variation, we decided to quantify
the extent to which particular iSNVs were present across the sam-
ples used in the transmission pair analyses. We found that 5 iSNVs
were present in >40 of the 43 samples analyzed at frequencies that
fell into a very narrow range (1 to 2.2%) (Fig. 1E). Many other
iSNVs were also present across numerous samples (Fig. 1E, fig. S3
in data file S3, and fig. S4), with the frequencies of any particular
iSNV being highly similar across the samples that it appears in.
This similarity in iSNV frequencies again argues against these
low-frequency iSNVs being homoplasies and strongly argues for
these iSNVs being spurious. To assess the evidence for this, we plot-
ted the genome location of all variants observed in between 1 and
99% of reads in at least 10 samples against the read depth at those
positions (fig. S5). Although these variants do not tend to appear
in areas of particularly low sequencing coverage, they do cluster
within a small number of sequenced amplicons, which are distrib-
uted across the genome (fig. S6).

Last, a comparison between observed patterns of iSNV frequencies
between donors and recipients versus those expected under large
transmission bottleneck sizes as inferred in Popa et al. further argues
against the transmission of the low-frequency shared iSN'Vs. Specif-
ically, observed iSNV frequencies from transmission pairs with in-
ferred bottleneck sizes of Ny, > 1000 show that iSN'Vs are present in
both donor and recipient at highly similar frequencies or are ob-
served exclusively in the donor or recipient (Fig. 1F). On this figure,
we overlaid simulated iSNV frequencies under the assumption of a
bottleneck size of Nj, = 1000. Juxtaposition of the observed versus
theoretically predicted iSNV frequencies highlights an inconsistency:
at Ny, values of ~1000, we should expect almost all (at least 96.1%) of
the iSNVs present in the donor at >2% to be transmitted and also
observed above the variant calling threshold of 1% in the recipient.
However, only 77.5% of donor iSN'V's within the 2 to 6% frequency
range were observed in the corresponding recipients at >1% fre-
quency. This inconsistency indicates that the low-frequency iSNVs
themselves show patterns that cannot be parsimoniously explained
by large transmission bottleneck sizes. Moreover, bottleneck sizes of
around N, = 3000 are needed to quantitatively reproduce patterns
of shared iSNV frequencies (fig. S7); at this bottleneck size, nearly
100% of iSNVs present in the donor at >2% should be transmitted
to the recipient, but this is not the case.

Given our finding that the shared low-frequency iSNVs called in
Popa et al. are likely spurious, we re-estimated transmission bottle-
neck sizes using the beta-binomial method (4) at a conservative
variant calling threshold of 6% (Fig. 1A, fig. S1C, and data file S1).
Increasing the variant calling threshold does not bias bottleneck size
estimates, but it does increase statistical uncertainty in the estimated
values. At this 6% cutoff, only 13 transmission pairs had one or
more donor iSN'V's remaining, such that bottleneck sizes could only
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be estimated for these pairs. The maximum likelihood estimate for
Ny, was 1 for 12 of these 13 transmission pairs [with the largest upper
bound of the 95% confidence interval (CI) being Ny, = 181 virions];
for the remaining transmission pair (CoV_198 = CoV_230),
the estimate was Ny = 143 virions (95% CI = 4 to 951). This
transmission pair was the only one where a donor iSNV (at a fre-
quency of ~22%) was transmitted to a recipient but remained sub-
clonal (at a frequency of ~17%). Because the confidence intervals
around these estimates were large, we also estimated an overall trans-
mission bottleneck size using the data from these 13 transmission
pairs. We arrived at an estimate of a mean bottleneck size of 1.21,
with three or fewer viral particles successfully seeding infection
in >99% of successful transmissions (Fig. 1G). Of note, this estimate
depends on patterns of genetic variation observed between donors
and recipients of transmission pairs. We here relied on the trans-
mission pairs specified in Popa et al.; misspecification of these pairs
could result in erroneously small bottleneck estimates.

Our finding of a very tight transmission bottleneck from a re-
analysis of the viral deep sequencing data from Popa et al. is consistent
with conclusions from other recent studies that have quantified
SARS-CoV-2 transmission bottleneck sizes in humans (3, 5) and
other mammals (6). These results indicate that SARS-CoV-2 has a
narrow transmission bottleneck, similar in size to that of influenza
A viruses (7). Small bottleneck sizes also mean that infections
generally start off with very little, if any, viral genetic diversity, such
that acute infections will likely be characterized by low levels of viral
diversity except in instances of superinfection, consistent with other
recent studies (2, 8). Our reanalysis thus parsimoniously adds to
a growing understanding of SARS-CoV-2 evolution between and
within infected individuals.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitransimed.abh1803
Materials and Methods

Figs.S1to S7

Data files S1to S3
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