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Abstract

Since the start of the SARS-CoV-2 pandemic in late 2019, several variants of concern
(VOC) have been reported to have increased transmissibility. In addition, despite the
progress of vaccination against SARS-CoV-2 worldwide, all vaccines currently in used
are known to protect only partially from infection and onward transmission. We
combined phylogenetic analysis with Bayesian inference under an epidemiological
model to infer the reproduction number (R;) and also trace person-to-person
transmission. We alse-examined the impact of phylogenetic uncertainty and sampling
bias on the estimation. Our result indicated that the-lineage B had a significantly higher

transmissibility than lineage A, and contributed to the global pandemic to a large extent.

In addition, although the transmissibility of VOCs has-been-inereased-compared-withis

larger than other exponentially growing lineages-with-expenential-growth—rate, this

difference is not very high. The probability of detecting onward transmission from
patients infected with SARS-CoV-2 VOCs who had received at least one dose of
vaccine was approximate 1.06% (3/284), which was slightly lower but not statistically
net-significantly different from a probability of 1.21% (10 /828) for unvaccinated

individuals. In addition to VOCs, exponentially growing lineages with-expenential

srowth—rate-in each country should also be paid-attentionaccount for when tailoring

prevention and control strategies. One dose of vaccination could not efficiently prevent

the onward transmission of SARS-CoV-2 VOCs. In-erderto-prevent-thisConsequently,

non-pharmaceutical interventions (such as lew-cest—and—efficient—strategies;—like

wearing masks and social distancing-ete) should still be implemented in each country
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Introduction

Coronavirus diseases 2019 (COVID-19), the biggest pandemic so far in the 21st century,
is caused by a novel type of coronaviruses named SARS-CoV-2 (also known as 2019-
nCoV, or HCoV-19)[1]. As of 10" October 2021, there are more than 238 million
confirmed cases with more than four million deaths?, posing a global threat to public
health. During the SARS-CoV-2 pandemic, several types of SARS-CoV-2 variants of
concern (VOC) with increased transmissibility emerged, such as B.1.1.7 (WHO label:
Alpha), B.1.351 (WHO label: Beta), P.1 (WHO label: Gamma), and B.1.617.2 (WHO
label: Delta)[2-5], the global spread of these VOCs has also further thoroughly taxed

the medical systems and global economies.

Although VOCs deserves worldwide attention, those lineages with exponential growth
in each country cannot be ignored. Since the advantages of transmissibility for VOCs
were mainly concluded by comparing them to all other lineages as a whole[2, 5], it will
cause the advantage of transmissibility for some lineages to be overwhelmed. In
addition, VOCs have also been reported to be harder to neutralize by convalescent and
vaccine sera than others[6-11], indicating they could still infect vaccinated individuals,
which therefore could increase the probability of transmission to others. Together with
the increased breakthrough infection rates[12], more efforts are needed to identify the
transmissibility of lineages with exponential growth other than VOCs in each country
and survey the extent of onward transmission caused by vaccinated persons being

infected by SARS-CoV-2 VOCs, which is also an indicator for policy makers to tailor
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further prevention and control measures during the vaccination and post-vaccination

process.

Materials and methods

Data collection and selection

SARS-COV-2 genomic sequences were download from GISAID several times (data
for estimating lineage A and B was downloaded at 9% April 2020, data for UK was
downloaded at 215 December 2020, data for South Africa and Brazil was downloaded
at 16t March 2021, data for India was downloaded at 13t May 2021). For estimating
the extent of onward transmission caused by vaccinated persons being infected by
SARS-CoV-2 VOCs, genomic sequences and corresponding patients’ vaccination
status were download from GISAID at 18" June 2021. Totally, we got 408 SARS-CoV-
2 genomic sequences, all of which came from patients who had received at least one

dose of vaccine before being infected with SARS-CoV-2 VOCs.

Only viral genomes collected before the implementation of national non-
pharmaceutical interventions would be included in the analysis of R, estimation for
lineage A and B. In addition, countries that include lineage A and B, and the number of
completely viral genomes within each lineage 280 would be included in the subsequent
analysis. Since only the United States and Australia met the above criteria, the
estimation of the transmissibility of lineage A and B was only based on the data of these

two countries. The cut-off dates for the collection time in the USA and Australia are
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20t and 25%™ January 2020, respectively, as there were no nationwide epidemic
prevention measures were implemented before the date. Due to the high volume of
genomic data from sub-lineages in the UK, South Africa, Brazil, and India, the amount
of calculation would be too large, especially for reconstruction of dated phylogeny. s
this-ease;we We therefore filtered and alse-sub-sampled the data for datasets from each
sub-lineage. First, the viral genomes of patients who had not had a history of
international travel are retained, according to their epidemiological data. Second, the
viral genomes should also meet the criteria as follow: length 229 KB, and the ratio of
N in the genome <1%. Third, based on the collection date, if more than 10 genomes
were available in a specific date, we randomly select 10 of them, otherwise all genomes
would be included. For identifying onward transmission caused by patients being
infected with VOCs after receiving at least one dose of vaccine, we first filtered the
data based on several following criteria. Only complete SARS-CoV-2 genomes from
patients receiving at least one dose of vaccine were retained for further analysis. We
then discarded genomic data with no exact collection date (accurate to days). Due to
the aim of our study is to identify direct transmission events, we then also collected
viral genomic sequences that were highly similar to those SARS-CoV-2 genomes from
patients receiving at least one dose of vaccine, as we assumed that SARS-CoV-2
genome sequences from two patients that directly transmitted SARS-CoV-2 to each
other were with high sequence similarity. For each SARS-CoV-2 genome from patients
receiving at least one dose of vaccine (query), we also used BLAST to find 10 most

similar complete genomes (target) and then retained those with exact collection date
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(accurate to days) which were also from the same country as each query and their
collection times were within 22 days (maximum infectious period)[13] after the
collection time of the query. The query and target sequences were then put together and
removed redundancy for further analysis. For SARS-CoV-2 Alpha VOC, genomic
sequences were split into different datasets based on the country, and only dataset
contained more than 70 SARS-CoV-2 genomes was used for further analysis, as the
computational cost was extremely large if we combined data from all countries. Since
there are still several countries with limited genomic sequences, we then merged them
into a dataset. Other VOCs were considered as independent dataset and were not further
split anymore. Finally, only 284 genomic sequences of SARS-CoV-2 VOCs, all of
which came from patients who had received at least one dose of vaccine before
infection, and 828 genomic sequences of SARS-CoV-2 VOC:s that close related to the
above sequences but all of which came from patients who did not receive vaccine at all
were retained for further analysis. Before further analysis, genomic sequences were
aligned using Mafft v7.310[14]. Then, we trimmed the uncertain regions in 3’ and 5’
terminals and also masked 30 sites (Supplementary Table 1) that are highly homoplastic

and have no phylogenetic signal as previous noted (https://virological.org/t/issues-with-

sars-cov-2-sequencing-data/473).

Reconstruction of dated phylogeny
Since recombination could affect the evolutionary signal, we searched for

recombination events in these SARS-CoV-2 genomes using RDP4[15]. No evidence

http://mc.manuscriptcentral.com/bib
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for recombination has been found in our dataset. We used jModelTest v2.1.6[16] to
find the best substitution model for each dataset according to the Bayesian information
criterion. The best substitution model for each dataset was listed in Supplementary
Table 2. The list of genomic sequences used in this study were provided in
Supplementary Table 3 &4. The list of genomic sequences used in this study were
openly shared via the GISAID initiative[17]. We then used the Bayesian Markov Chain
Monte Carlo (MCMC) approach implemented in BEAST v1.10.4[18] to derive a dated
phylogeny for each dataset. At least three replicate runs for each 100 million MCMC
steps were performed for each dataset, among which sampled parameters and trees
every 10,000 steps. For data from lineage A and B in USA and Australia during the
early phase of COVID-19, the estimation of the most appropriate combination of
molecular clock and coalescent models for Bayesian phylogenetic analysis was
determined using both path-sampling and stepping-stone models[19]. In order to reduce
the amount of calculation, we assumed that data from sub-lineages followed a strict
molecular clock and with an exponential population growth tree prior, as genomic
sequences used in each dataset were all from the same sub-lineage and they all had an
exponential growth. For dataset of identifying onward transmission caused by patients
being infected with VOCs after receiving at least one dose of vaccine, as genomic
sequences used in each dataset were all from the same lineage, we assumed that they
followed a strict molecular clock. The estimation of the most appropriate coalescent
models for Bayesian phylogenetic analysis was determined using both path-sampling

and stepping-stone models[19]. The model comparison result for datasets from lineage
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A and B in USA and Australia were listed in Supplementary Table 5. Tracer 1.7.1[20]
was then used to check the convergence of MCMC chain (effective sample size >200)
and to compute marginal posterior distributions of parameters, after discarding 10% of
the MCMC chain as burn-in. We determined whether there was sufficient temporal
signal in each dataset, as it was the prerequisite for getting a reliable inference when
performed phylodynamic analysis. Bayesian evaluation of temporal signal (BETS)[21]
was used to evaluate the temporal signal in each dataset. BETS relies on the comparison
of marginal likelihoods of two models: the heterochronous model (with tip date) and
isochronous (without tip date) model. Analyses were performed with at least three
independent replicates of 100 million MCMC steps each, sampling parameters and trees
every 10,000 steps with the best substitution model and most appropriate combination
of molecular clock and coalescent models determined above for each dataset. The
marginal likelihoods were estimated by PS. The Bayes factor (BF) was then calculated
based on the likelihoods of two models (heterochronous and isochronous). If the log
BF >5 (heterochronous model against isochronous model), it indicated there was
sufficient temporal signal in this dataset. The log BF for each dataset was listed in
Supplementary Table 6, the result suggested that the temporal signal was sufficiently

strong.

Transmission Analysis

As viral genomes were incompletely sampled and the pandemic is currently ongoing,

TransPhylo v1.4.4[22] was used to infer the transmission tree using the dated

http://mc.manuscriptcentral.com/bib
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phylogeny generated above as input. For B.1.617.2 (Delta) dataset of identifying
onward transmission caused by patients being infected with VOCs after receiving at
least one dose of vaccine, we split them into four subtrees (Supplementary Figure 1) to
reduce the amount of computation. The process of split tree into several subtrees did
not affect the result, as direct transmission always occurred in patients within close-
related branches. The generation time (i.e. the time gap from infection to onward
transmission, denoted as G) of COVID-19 was previously estimated as 4.8 £ 1.7
days[23], and we used these values to compute the shape and scale parameter of a
gamma distribution of G using the R package epitrix[24]. The distribution of sampling
time (i.e. the time gap from infection to detection and sampling) was set equal to the
distribution of generation time. For each dataset, we performed the TransPhylo analysis
several replicated runs for each 500,000 iterations simultaneously estimating the
transmission tree, the proportion of sampling, the within-host coalescent time Neg, and
the two parameters of the negative binomial offspring distribution (which represents
the number of secondary cases caused by each infection), and then merge them together.
Therefore, R, could be inferred as the median of the offspring distribution. All results
were generated after discarding the first part of the MCMC chains as burn-in. The
MCMC mixing and convergence was assessed based on the effective sample size of
each parameter (>200) and by visual examination of the MCMC traces (-Supplementary
Tables 7 & 8). The probabilities of direct transmission from one host to another were
estimated as the proportion of MCMC samples in which this direct transmission event

occurred. The expected numbers of intermediates from one host to another were
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estimated as the average across the MCMC samples of the number of intermediates

between the two hosts. The probability of onward transmission for VOCs caused by

unvaccinated persons is calculated by taking the number of direct transmission event

caused by unvaccinated persons and dividing by the total number of unvaccinated

persons. The probability of onward transmission for VOCs caused by people receiving

at least one dose of vaccine is calculated by taking the number of direct transmission

event caused by people receiving at least one dose of vaccine and dividing by the total

number of people receiving at least one dose of vaccine.

Evaluating the robustness of the estimation

Since dated phylogeny was used to estimate the transmissibility for each lineage, we
should test whether and how the phylogenetic uncertainty and sampling bias affect the
estimation of R.. We first tested how the phylogenetic uncertainty affect the result,

because only the maximum clade credibility (MCC) tree was used to estimate the

transmissibility. We used data from our previous study[25]. Ten dated phylogenetic
trees were randomly selected from the MCMC chains. The parameter setting was the
same as previous study description. The estimation of R; from random selected tree
from MCMC chain were always lower than for the MCC tree (Supplementary Figure
2). As the MCC tree is more accurate than to trees sampled in MCMC chains, this result
suggested that the uncertainty of the phylogeny would cause an underestimation of the
R,. In-this-easeConsequently, the use of the MCC tree for estimation of R, would reduce

the impact of phylogenetic uncertainty on the results as much as possible. In addition,
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the sampling bias was also a key factor affecting the phylogenetic uncertainty. In order
to test if the sampling bias affect the estimation of R, we also repeatedly randomly sub-
sampled the data five times for each dataset using same criteria (if more than 10
genomes were available in a specific date, we randomly select 10 of them, otherwise

all genomes would be included) and then performed the same analysis.

Results

Lineage B has a higher transmissibility than lineage A

The mean R, for lineage A from Australia and USA were estimated as 1.75 (95%
credible intervals (CI) 1.43-2.11) and 1.74 (95% CI 1.61-1.89), respectively (Figure
1A). However, the mean R, for lineage B from Australia and USA were estimated as
2.33(95% CI12.05-2.64) and 3.18 (95% C1 2.76-3.63), respectively (Figure 1A). Firstly,
the R, of lineage B is significantly greater than that of lineage A, indicating higher
transmissibility of lineage B compared to lineage A. This might be the reason why
strains from lineage B rapidly became dominantly all over the world (Figure 1B).
Secondly, the R; of lineage A from the two countries are very close, however, the R, of
lincage B varied greatly between Australia and USA. We then found that the
composition of lineage was significantly different between the datasets from these two
countries (Figure 1C and D, p<0.01, Fisher’s exact test, two-sided). We speculated that
different sub-lineages within lineage B might have different transmissibility and then
tested the hypothesis by conducting further analysis. Since the data from lineage A was

limited, the evaluation of transmissibility for each sub-lineage was mainly focused on
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those from lineage B and other emerging lineages in the same country during the same

periods.

Some dominant lineages in the UK have similar transmissibility to B.1.1.7

The composition of lineages in the UK is shown in Figure 2A. B.1.177 was the
dominant strain before 2021. We also found that the number of viral genomes from
England far exceeds that from other parts of the UK (Figure 2B). Besides, according to
the accumulation of number of viral genomes from each lineage in England, we could
find that only three lineages (B.1.177, B.1.1.37, B.1.1.7) grew exponentially after
October 2020 (Figure 2B). The R, for B.1.177, B.1.1.37, B.1.1.7 were estimated as 1.08
(95% CI 1.072-1.09), 1.068 (95% CI 1.05-1.086), and 1.186 (95% CI 1.158-1.213)
(Figure 2C). The B.1.177, B.1.1.37 had similar R, which were both close to 1. However,
B.1.1.7 had a significantly higher transmissibility than these two lineages. We next
tested if the significantly high R; could be affected by sampling bias. After five
independently repeated sampling and subsequent analysis, we found that all these R, for
B.1.1.7 were close to each other, ranging from 1.178 to 1.194. BesidesFurthemore, all
the 95% credible intervals from repeated sampling alse—did not have—any
interseetionintersect with those from lineage B.1.177 and B.1.1.37. Thus, the sampling
bias had limited effect on the estimation of R; for each lineage. We also found that
B.1.177 had a similar transmissibility than B.1.1.37 (Student's t test, two-sided with

Holm—Bonferroni adjusted p =0.1) (Figure 2D).
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Slightly lower transmissibility for B.1.1.54 than B.1.351 in South Africa

The composition of lineages in South Africa is shown in Figure 3A. Lineage B.1.1.54
was the dominant strain before October 2020. Since then, the dominant strain in South
Africa was switched to lineage B.1.351 gradually. According to the accumulation of
number of viral genomes from each lineage in South Africa, we could find that only
lineage B.1.1.54 and B.1.351 grew exponentially after July 2020 (Figure 3B). We could
find the R, for B.1.351 and B.1.54 during July 2020 and February 2021 were estimated
as 1.05 (95% CI 1.044-1.065) and 1.02 (95% CI 1.011-1.034), respectively (Figure 3C).
The difference of transmissibility between B.1.351 and B.1.54 was also significant
(Student's t test, two-sided p<0.001) (Figure 3D). Ia-this—easeConsequently, isolates

from B.1.351 had a slightly higher transmissibility than those from B.1.154.

P.2 had a slightly lower transmissibility than P.1 in Brazil

The composition of lineages in Brazil is shown in Figure 4A. Lineage B.1.1.33 and
B.1.1.28 were the dominated before January 2021. Since October 2020, two novel
lineages (P.1 and P.2) had gradually appeared and had shown exponential growth
(Figure 4B). We could find the R, for P.1 and P.2 during December 2020 to February
2021 were estimated as 1.07 (95% credible intervals 1.054-1.084) and 1.06 (95%
credible intervals 1.049-1.070) (Figure 4C), respectively. The difference of
transmissibility between P.1 and P.2 was also significant (Student's t test, two-sided
p=0.016) (Figure 4D). In-this-easeConsequently, isolates from P.1 had a slightly higher

transmissibility than those from P.2.
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B.1.617.2 has a higher transmissibility than other dominant lineages in India

The top five dominant lineages and their corresponding proportion in India are shown
in Figure 5A. Since July 2020, several other lineages, like B.1, B.1.36, B.1.36.29,
emerged and grew exponentially in India (Figure 5B). Ha-this-easeConsequently, only
these five lineages were used to estimate their R,. The R, was estimated as 1.013 (95%
CI 1.006-1.021), 1.018 (95% CI 1.009 1.027), 1.019 (95% CI 1.010-1.027), 1.033 (95%
CI 1.026-1.040), 1.123 (95% CI 1.106-1.140) for B.1, B.1.36, B.1.36.29, B.1.617.1,
B.1.617.2, respectively (Figure 5C). After 5 independently repeated sampling and
followed analysis for each lineage, we found that both B.1.617.1 and B.1.617.2 had
significantly higher transmissibility than B.1, B.1.36, and B.1.36.29 (all Student's t test,
two-sided with Holm—Bonferroni adjusted p<0.001) (Figure 5D). Furthermore,
B.1.617.2 also had a significantly higher transmissibility than B.1.617.1 (Student's t test,
two-sided with Holm—Bonferroni adjusted p<0.001). In addition, the transmissibility of
both B.1.36, and B.1.36.29 is significantly higher than that of B.1 (both Student's t test,
two-sided with Holm—Bonferroni adjusted p<0.001) (Figure 5D). However, similar
transmissibility was found between B.1.36 and B.1.36.29 (Student's t test, two-sided

with Holm—Bonferroni adjusted p=0.057) (Figure 5D).

Assessment of extent of onward transmission caused by partially vaccinated

individuals infected with SARS-CoV-2 VOCs

We found a total of 14 direct transmission events. Four of them, concerning three types
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of VOCs, were transmitted by vaccinated patients among three countries (Table 1). For
convenience, we labelled patients involved in these four direct transmission pairs
identified in this study. V1/V2 and V3/V4 from Belgium and Spain are considered to
be transmitted by each other with a bidirectional probability for direct transmission of
0.99 and 0.85, respectively. However, we could not determine the direction of the
transmission, as the probabilities of direct transmission from both directions were
similar. We also found that these four patients had not been infected by others, as the
bidirectional probability for direct transmission between them to others (except the
patients who are considered to be their corresponding direct transmission pair) are all
extremely low (Supplementary Figure 3). In the dataset of P.1, we also found two
patient pairs with bidirectional probability for direct transmission as 0.76 and 0.65,
respectively. Furthermore, the direction of transmission was more likely from patients
receiving vaccines to those without receiving vaccines, as the probability of direct
transmission from one direction (from patients receiving vaccines to those without
receiving vaccines) were both >0.5 and significantly higher than that from the opposite
direction. Next, we tested if the phylogenetic uncertainty affected the estimation of
direct transmission events. We could find that the posterior probability of the branches
containing V1/V2, V5/N1, and V6/N2 were 1, 0.99 and 0.99, indicating the extremely
low phylogenetic uncertainty on these branches, further suggesting that the direct
transmission events estimated based on these branches are highly reliable. However,
the posterior probability of the branch containing V3 and V4 was only 0.33, suggesting

V3 and V4 did not always clustered together. We could therefore only conclude that
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we found definite evidence for three direct transmission events, being transmitted by
patients receiving at least one dose of vaccines, with high probability. The probability
of detecting onward transmission caused by patients being infected by SARS-CoV-2
VOCs after receiving at least one dose of vaccine was estimated to be 1.06% (3/284).
We also calculated the probability of onward transmission caused by patients being
infected by SARS-CoV-2 VOCs who had not received any vaccine in the same dataset.
Ten direct transmission events were identified in the same datasets (Table 2). After
checking the phylogenetic robustness of branch containing these patients, we found that
the posterior probability of these branches all >0.9, indicating high phylogenetic
robustness (Supplementary Figure 3). The direct transmission events identified on these
branches were therefore robust. The probability of detecting transmission from patients
infected by SARS-CoV-2 VOCs who had not received any vaccine was 1.21% (10/828).
The probability after vaccination was therefore slightly lower, but not significantly
different (Fisher exact test, p>0.5). This result suggested the vaccine has no obvious
effect on suppressing the continued spread of VOC, and so it needs to be implemented

in parallel with existing NPIs.

Discussion

Assessing the transmissibility of pathogens is essential to tailor prevention and control
strategies. As the COVID-19 pandemic spread, several VOCs have been found. The
emergence of these VOCs has caused a significant threat to public health. A previous

study had documented that B.1.1.7, B.1.351, P.1, and B.1.617.2 have an increased
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transmissibility of 29% (95%CI: 24-33), 25% (95%CI: 20-30), 38% (95%CI: 29-48),
and 97% (95%CI: 76-117) compared to other lineages[5]. However, this conclusion
was based on comparing non-VOC as a whole with VOC. For some dominant lineages,
the number of cases added per day may be much higher than that of other lineages, but
due to its large base, the number of cases from these dominant lineages will not increase
exponentially. However, if these dominant lineages are grouped together with those
lineages in which number of cases have increased exponentially, but the number of
cases is not high, the advantages of transmissibility for those exponentially growing
lineages will be overwhelmed. In-this-easeConsequently, in order to account for nette
ignere-theese exponentially growing lineages, it will be very important to list them

separately as an assessment of their transmissibility.

Our results show that lineage B has a significantly higher transmissibility than lineage
A (Figure 1A). Together with the fact that lineage B was the dominant types of SARS-
CoV-2 all over the world, it seems that the high transmissibility of lineage B contributed
to the global pandemic to a large extent. However, we also found that the
transmissibility for lineage B from Australia and USA differed significantly.
Considering the significantly different composition of sub-lineages among these two
countries, we speculated that different sub-lineage within lineage B would have
different transmissibility. We estimated the transmissibility of VOCs and the dominant
lineages with exponential growth during same period in each country, so that the impact

of non-pharmaceutical interventions on the estimation of R; will be consistent among
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different lineages. Our results also indicated although VOCs had advantage of
transmissibility, there are still some lineages in each country with not much lower
transmissibility. Theses lineages should also need to be taken seriously in the

formulation of prevention and control policies.

Although vaccine manufacturers have been continuously producing vaccines, unequal
distribution of vaccines will still cause many people to be unable to get vaccinated in
the short term. In addition, even if there is an adequate supply of vaccines and
vaccination is being gradually progressed, it takes a relatively long period to achieve
complete vaccination in each country. It means that every country will have a certain
period of time, during which many people received only one dose of the vaccine,
leading to insufficient antibodies produced in their bodies. However, it was still
unknown whether and to what extent people receiving at least one dose of vaccines
could also transmit VOCs to others. We feund-estimated the probability of onward
transmission caused by patients being infected by SARS-CoV-2 VOCs after receiving
at least one dose of vaccine wowld-to be +:231.06%. The similar probability of onward
transmission caused by patients being infected by SARS-CoV-2 VOCs without
receiving any vaccine indicated that only one dose of vaccine could not prevent
individuals from infections of SARS-CoV-2 VOCs. However, the overall extent of
onward transmission caused by patients being infected by SARS-CoV-2 VOCs after
receiving at least one dose of vaccine could be underestimated. First, not all the viral

genomic sequences and clinical information of patients are available. Second, the
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criteria used in this study was very strict to reduce the false positive rate. Previous study

using household contact data demonstrated that vaccination (most of individuals

receiving one dose of vaccine) can reduce the probability of onward transmission by 50%

(from 10% to 5%)[26]. However, they did not distinguish between VOCs and non-
VOC:s. Our results indicated that partially vaccination could not efficiently prevent the

onward transmission of SARS-CoV-2 VOCs.

Although the extent of onward transmission caused by patients being infected by
SARS-CoV-2 VOCs after receiving at least one dose of vaccine was low, the prevent
and control measures should not be loosed intemperately for following reasons. First,
the low extent of onward transmission was partially contributed to non-
pharmacological interventions implemented in each country. If the prevent and control

measures were abolished, the human contact frequency would be increased and then

also increase the probability of SARS-CoV-2 infection and further onward transmission.

Second, breakthrough infections have been identified in several countries[12, 27, 28],
indicating the vaccines against SARS-CoV-2 could not be totally neutralized. The
coexistence of SARS-CoV-2 and its antibodies in the human body and the continued
spread of the virus among incompletely immunized individuals will make it easier to
generate vaccine-escaped variants, which would thoroughly threaten the public health.
Therefore, non-pharmaceutical interventions (such as semetow-cost—and—efficient
strategies-tike-wearing masks and social distancing-ete) should be implemented in each

country before the vaccination is completed.
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Key Points

® ExeeptIn addition to VOCs, lineages with exponential growth rate-should also be
paid attention in each country.

® One dose of vaccination could not efficiently prevent the onward transmission of

SARS-CoV-2 VOCs

® Non-pharmaceutical interventions (sueh-astow-cost-and-efficientstrategies;like
wearing-masks-and-seecial-distaneing-ete)-should continue to stih-be implemented
in each country during the vaccination period.
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Figure Legend

Figure 1. Difference in transmissibility between lineages A and B.

A. The distribution of R, for each lineage. The black line in each distribution indicated

C.

the 95% CI.
The cumulative number of SARS-CoV-2 genomes for each lineage all over the
world.

The heatmap of number of viral genomes for each sub-lineage in lineage A.

D. The heatmap of number of viral genomes for each sub-lineage in lineage B.

Figure 2. Difference in transmissibility for lineages in the UK .Fineage B-of-SARS-

SUPY . _— " '

A. The pie chart of SARS-CoV-2 lineage composition in the UK. The circle size was

proportion to the number of SARS-CoV-2 genomes.

. The cumulative number of SARS-CoV-2 genomes for each lineage in different

region in the UK. The dash line indicated the earliest collection date of the data used
for estimating the transmissibility for each lineage.

The distribution of R, for each lineage. The black line in each distribution indicated
the 95% CI.

The boxplot of repeated estimation of transmissibility by using 5 independent re-
sampling data for each lineage. Upper bound, center, and lower bound of box
represent the 75th percentile, the 50th percentile (median), and the 25th percentile,

respectively.

Figure 3. Difference in transmissibility for lineages in South Africa.
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A. The donut chart of SARS-CoV-2 lineage composition in South Africa.

B. The cumulative number of SARS-CoV-2 genomes for each lineage in South Africa.
The dash line indicated the earliest collection date of the data used for estimating
the transmissibility for each lineage.

C. The distribution of R, for each lineage. The black line in each distribution indicated
the 95% CI.

D. The boxplot of repeated estimation of transmissibility by using 5 independent re-
sampling data for each lineage. Upper bound, center, and lower bound of box
represent the 75th percentile, the 50th percentile (median), and the 25th percentile,
respectively.

Figure 4. Difference in transmissibility for lineages in Brazil.

A. The donut chart of SARS-CoV-2 lineage composition in Brazil.

B. The cumulative number of SARS-CoV-2 genomes for each lineage in Brazil. The
dash line indicated the earliest collection date of the data used for estimating the
transmissibility for each lineage.

C. The distribution of R, for each lineage. The black line in each distribution indicated
the 95% CI.

D. The boxplot of repeated estimation of transmissibility by using 5 independent re-
sampling data for each lineage. Upper bound, center, and lower bound of box
represent the 75th percentile, the 50th percentile (median), and the 25th percentile,
respectively.

Figure 5. Difference in transmissibility for lineages in India.

http://mc.manuscriptcentral.com/bib

Page 26 of 41



Page 27 of 41

oNOYTULT D WN =

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

Manuscripts submitted to Briefings in Bioinformatics

. The donut chart of SARS-CoV-2 lineage composition in India.

. The cumulative number of SARS-CoV-2 genomes for each lineage in India. The

dash line indicated the earliest collection date of the data used for estimating the

transmissibility for each lineage.

. The distribution of R, for each lineage. The black line in each distribution indicated

the 95% CI.

. The boxplot of repeated estimation of transmissibility by using 5 independent re-

sampling data for each lineage. Upper bound, center, and lower bound of box
represent the 75th percentile, the 50th percentile (median), and the 25th percentile,

respectively.

. Figure 6. Validation of direct transmission pairs. A. The bidirectional direct

transmission probability of patients involved in direct transmission pairs and others
(excluding their corresponding direct transmission patient). Upper bound, center,
and lower bound of box represent the 75th percentile, the 50th percentile (median),
and the 25th percentile, respectively. Whiskers represent 1.5% interquartile range
and points are outliers. B. The number of intermediates between patients involved
in direct transmission pairs and others (excluding their corresponding direct

transmission patient).
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Page 28 of 41

Table 1. The statistics of direct transmission pairs (transmission from patients receiving

at least one dose of vaccines to others) identified in our study.

Probability of Probabilty of Bidirectional
Patient_ Patient_  Patient_1 Patient_2 probability for
VOCs Country
11D 21D transmit to transmit to direct
Patient_2 Patient_1 transmission
B.1.1. Belgiu 0.42551111 0.56824444  0.99375555
V1 V2
7 m 1 4 6
B.1.1. 0.47526851 0.37742592 0.85269444
V3 V4
7 Spain 9 6 4
0.58384444 0.17171111 0.75555555
V5 N1
P.1 Brazil 4 1 6
French 0.64104444 0.01077777 0.65182222
V6 N2
P.1 Guiana 4 8 2

Table 2. The statistics of direct transmission pairs (transmission between patients who

both did not receive vaccine) identified in our study.

VOCs

Country

Probability of
Patient_1 Patient_2
Patient_1
ID ID

transmit to

transmit

Probability of

Patient_2

Bidirectional

probability for

to direct
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Patient_2 Patient_1 transmission
B.1.1.7 Belgium N3 N4 0.587111 0.156022 0.743133
B.1.1.7 Estonia N5 N6 0.306932 0.34694 0.653872
B.1.1.7 ltaly N7 N8 0.253991 0.28041 0.534402
B.1.1.7 ltaly N9 N10 0.219726 0.28953 0.509256
B.1.1.7 Spain N11 N12 0.510713 0.423852 0.934565
B.1.1.7 Spain N13 N14 0.470843 0.392519 0.863361
B.1.1.7 Spain N15 N16 0.281417 0.254824 0.536241
B.1.1.7 USA N17 N18 0.475644 0.039222 0.514867
B.1.351 Belgium N19 N20 0.382056 0.137167 0.519222
P.1 Brazil N21 N22 0.2872 0.255111 0.542311
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Supplementary Information

Supplementary Figure 1. The division of subtrees for Delta dataset.

Supplementary Figure 2. The 95% CI distribution of R; using MCC tree and ten
randomly selected trees from the MCMC chains.

Supplementary Figure 3. Overview of the direct transmission events identified in our
datasets. The MCC tree is showed for each dataset. Branches with a posterior
probability >0.9 are shown by a purple circle. The size of the circle is proportional to
the posterior probability. Branches of patients involved in direct transmission identified
in this study were marked in red. Patients receiving at least one dose of vaccine were
highlighted in green. A. Analysis of dataset of SARS-CoV-2 B.1.1.7 (Alpha) in
Belgium; B. Analysis of dataset of SARS-CoV-2 B.1.1.7 (Alpha) in Spain; C. Analysis
of dataset of SARS-CoV-2 B.1.1.7 (Alpha) in USA; D. Analysis of dataset of SARS-
CoV-2 B.1.1.7 (Alpha) in other countries; E. Analysis of dataset of SARS-CoV-2
B.1.351 (Beta); F. Analysis of dataset of SARS-CoV-2 P.1 (Gamma); G. Analysis of
dataset of SARS-CoV-2 B.1.617.2 (Delta).

Supplementary Table 1. List of 30 masked sites in SARS-CoV-2genome.
Supplementary Table 2. The best substitution model for dataset from each dataset.
Supplementary Table 3. The acknowledgement table of viral genomes used for
estimating R,.

Supplementary Table 4. The acknowledgement table of viral genomes used for
evaluating the onward transmission caused by patients being infected with SARS-CoV-

2 VOC:s after receiving at least one dose of vaccine.
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Supplementary Table 5. Log-marginal likelihood estimates from model selection by
using the path-sampling (PS) and stepping-stone (SS) approaches for lineage A and B.
Supplementary Table 6. Bayesian evaluation for the temporal signal of dataset from
each dataset.

Supplementary Table 7. The estimation of R, and corresponding effective size of each
dataset.

Supplementary Table 8. The parameters of offspring distribution estimated for

different dataset.
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