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Abstract

Background: In early 2021, the SARS-CoV-2 lineage B.1.1.7 (Alpha variant) became dominant across large parts of the
world. In Denmark, comprehensive and real-time test, contact-tracing, and sequencing efforts were applied to sustain
epidemic control. Here, we use these data to investigate the transmissibility, introduction, and onward transmission of
B.1.1.7 in Denmark.

Methods: We analyzed a comprehensive set of 60,178 SARS-CoV-2 genomes generated from high-throughput
sequencing by the Danish COVID-19 Genome Consortium, representing 34% of all positive cases in the period 14
November 2020 to 7 February 2021. We calculated the transmissibility of B.1.1.7 relative to other lineages using Pois-
son regression. Including all 1976 high-quality B.1.1.7 genomes collected in the study period, we constructed a time-
scaled phylogeny, which was coupled with detailed travel history and register data to outline the introduction and
onward transmission of B.1.1.7 in Denmark.

Results: In a period with unchanged restrictions, we estimated an increased B.1.1.7 transmissibility of 58% (95% Cl:
[56%, 60%)]) relative to other lineages. Epidemiological and phylogenetic analyses revealed that 37% of B.1.1.7 cases
were related to the initial introduction in November 2020. The relative number of cases directly linked to introductions
varied between 10 and 50% throughout the study period.

Conclusions: Our findings corroborate early estimates of increased transmissibility of B.1.1.7. Both substantial early
expansion when B.1.1.7 was still unmonitored and continuous foreign introductions contributed considerably to case
numbers. Finally, our study highlights the benefit of balanced travel restrictions and self-isolation procedures coupled
with comprehensive surveillance efforts, to sustain epidemic control in the face of emerging variants.

Background
A year into the SARS-CoV-2 pandemic, it became clear
that variants with increased transmissibility and/or
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December 2020, Denmark received a notification from
the Early Warning and Response System of the Euro-
pean Union (EWRS) about a novel SARS-CoV-2 line-
age (B.1.1.7 [1]) spreading fast throughout the United
Kingdom (UK). The notification was a direct response
to genomic sequences uploaded to the GISAID [2]
database by the Danish COVID-19 Genome Consor-
tium (DCGC). On 18 December 2020, the New and
Emerging Respiratory Virus Threats Advisory Group
(NERVTAG), advisers to the British Health Authori-
ties, released a public statement, reporting a 71%
(95% CI: [67%, 75%]) increased transmissibility for the
B.1.1.7 lineage and elevated it to variant-of-concern
(VOC) [3]. The B.1.1.7 lineage was first detected in the
UK in September 2020 and has since spread across the
world [4], including Denmark where the first identified
case was sampled on 14 November 2020 [5]. Several
studies have since estimated an increased transmissi-
bility of B.1.1.7, ranging from 29 to 130% [6-9]. This is
in line with early estimates of 36%-55% from Denmark
[10, 11]. Hypotheses for increased transmissibility
include higher viral load, longer infection period, and
better receptor binding [1, 12, 13].

The B.1.1.7 lineage contains several genetic changes
compared to the specimens first identified in Wuhan,
China. Most notably is the spike protein amino acid
substitution N501Y which enhances binding to the
ACE2 receptor and is thought to increase transmissi-
bility [1]. Acquired mutations can be used to construct
the phylogenetic relationship between genomes and by
coupling with temporal information, transmission tim-
ing and dynamics of emerging lineages can be inferred
[14]. These approaches have been used by several stud-
ies to gain insights into the SARS-CoV-2 pandemic on a
national level [8, 9, 15-19].

Due to the early warning from the UK and an already
extensive sequencing effort in Denmark, it was possi-
ble to predict growth dynamics for B.1.1.7 in Denmark,
when it was still less than 2% of all circulating SARS-
CoV-2 lineages. Hence, on 2 January 2021, B.1.1.7 was
predicted to exceed 50% relative abundance nationwide
in the middle of February [5, 20], which formed a key
argument in the political decision to further extend
the lockdown at the time and intensify contact tracing
on all B.1.1.7 cases [21]. In this study, we utilize data
from 175,213 SARS-CoV-2 positive cases, to substan-
tiate early results by providing an updated estimate
of increased transmissibility of B.1.1.7. Furthermore,
using genome isolates from 1976 case of B.1.1.7 with
detailed and comprehensive metadata, we outline the
dynamics of B.1.1.7 in Denmark to evaluate the impact
of introductions and regional restrictions on the preva-
lence and spread of B.1.1.7.
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Methods

Study data

We used comprehensive register data obtained from
Statens Serum Institute (https://www.ssi.dk/) from all
175,213 persons with a positive SARS-CoV-2 reverse
transcription polymerase chain reaction (RT-PCR) test
in Denmark, within the study period. Detailed epidemi-
ological records were retrieved from the Danish Patient
Safety Authority [22]. We used the Danish civil regis-
tration number, which is a unique personal identifier, to
link the two datasets. Daily numbers of RT-PCR tested
individuals were obtained from https://covid19.ssi.dk
[23]. We restricted the study period to include the first
observation of B.1.1.7 in Denmark on 14 November
2020 (week 46) until 7 February 2021 (week 5) which
marked the reopening of Danish primary schools. To
estimate transmissibility, we focused on a period with
stable restrictions from 4 January (week 1) to 7 Febru-
ary 2021 (week 5). Personal official addresses were used
to define the geographical position of each case, which
was aggregated to the five regions of Denmark (North,
Central, South, Zealand, and Capital. See Fig. 1C for
geographical overview).

Sequencing data

Throughout the study period, a subset of 77,074 posi-
tive RT-PCR tests were selected for sequencing by The
Danish COVID-19 Genome Consortium (DCGC),
established in March 2020 to assist public health
authorities by providing rapid genomic monitoring
of the spread of SARS-CoV-2. Selection was done by
cycle threshold (Ct) values, using cutoffs between
30 and 38 in the study period [24]. Whole genome
amplification of SARS-CoV-2 was performed using a
modified version of the ARTIC tiled PCR scheme [25]
targeting a total 33 overlapping amplicons between
1000 and 1500bp, and a custom 2-step PCR strat-
egy was used for barcoding the amplicon libraries.
Barcoded libraries were normalized and pooled and
prepared for sequencing with the SQK-LSK109 liga-
tion kit (Oxford Nanopore), and sequencing was
performed on the MinION device using R.9.4.1 flow-
cells (Oxford Nanopore). A complete protocol can be
found at protocols.io [26]. The raw sequencing data
was basecalled using Guppy v.3.6.1 (https://nanop
oretech.com) and demultiplexed using a custom cut-
adapt v.2.10 [27] wrapper. Generation of consensus
sequences were done using the function “artic minion”
with default settings from the Arctic Network bioin-
formatics protocol v.1.1.0 [28], which uses Medaka
v.1.0.3 (https://nanoporetech.github.io/medaka/) for
consensus calling. The consensus sequences were
masked in the beginning (54 bases) and end (67 bases)
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to avoid primer biases. A consensus sequence with
less than 3000 ambiguous bases (approx. 10% of the
genome) were considered a “high-quality genome”
and used in the national SARS-CoV-2 surveillance.
If not, the consensus sequence was considered failed

and not used. A haplotype was assigned to a consen-
sus sequence, if there existed >1 consensus sequence
with the same set of nucleotide mutations. Nucleotide
mutations of designated haplotypes used in this study
are listed in Additional file 1: Table S1.
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Calculating transmissibility
We modeled the daily counts of B.1.1.7 and all other vari-
ants using Poisson regression:

P =LT’s,

Here, P, is the expected daily counts, 7, is the daily
number of tested, and S, is the proportion of positive tests
with a genome. /, is a measure of incidence depending
on the location (Danish region), time (date), and lineage
(either B.1.1.7 or any other lineage). S, and 7, are given
as input. As activity in society fluctuates systematically
over time this leads to autocorrelation in the observed
number of cases. We incorporated an AR1 autocorrela-
tion structure of date for each region separately, using the
glmmTMB R-package [29]. Using R notation this leads to
the following formula specification:
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Phylogenetic analysis

Consensus sequences from DCGC were collected until 17
April 17, 2021, and global reference consensus sequences
from GISAID [2] were downloaded 15 April 2021. These
were labeled with phylogenetic clades and lineages with
Pangolin v2.2.2 [30] using the PANGO nomenclature [31].
The data was subset to B.1.1.7 only. The global reference
data was then downsampled at random to maximum 20
sequences per collection week and country. Sequences
were aligned to the Wuhan-Hu-1 MN908947.3 reference
using mafft v7.471 [32]. We then constructed an initial
maximum likelihood tree using IQ-tree v2.0.3 using a
general time reversible model [33] with empirical base
frequencies and a free-rate model [34] including three
categories. This model was predicted as the best model for
maximum likelihood phylogenetic construction assessed

Pt ~ Region+Date+Type+Region : Type+Date : Type-+log(Tt)+offset (log(St))—I—arl(Date + 0|Region)

where Type indicates either B.1.1.7 or all other line-
ages. There are interactions between Type and Region
and Date to allow for different prevalence for the dif-
ferent types in the different regions and different
growth rates, respectively. S is estimated by adding
log(T,) and log(S,) is included as an offset—the loga-
rithms are due to using log as the natural link func-
tion in the generalized linear model. We also explored
alternative relevant models and compared them to our
chosen model using the Akaike Information Criterion
(AIC). As we observed a substantial difference in the
development of B.1.1.7 in the North region, we tested
if a region-specific estimate of growth rate could be
justified by including the term Region:days to the
model:

using ModelFinder [35]. From the initial tree, sequences
with >3 times residuals from the interquartile range in a
root-to-tip regression [36] and sequences with branch
lengths longer than the 99% percentile of the branch
length distribution were discarded. We generated a maxi-
mum likelihood tree from the filtered sequences using the
model previously identified and ran 1000 ultrafast boot-
strap (UFboot [37]), iterations to assess branch support.
To time-scale the maximum likelihood tree we used LSD2
v1.9.7 [38], with Wuhan-Hu-1 as an outgroup. We fixed the
clock-rate to 5.6-e4 as reported for B.1.1.7 previously [1] and
collapsed branches with lengths < 1e5 to reduce noise. The
-e option was set to four, removing sequences that deviated
more than 4 standard deviations from the branch length
distribution. After quality filtering a total of 1976 Danish

Pt ~ Region+Date+Type+Region : Type+Date : Type+Region : days+log(Tt)+offset (log(St))+arl(Date + 0|Region)

The AIC increased by 6 (2306.9 to 2312.9) and none
of the region-specific growth rates were significant (all
p >0.25). We also verified that the autocorrelation struc-
ture was needed, by fitting a reduced model without the
arl(Date + O|Region) term:

and 3611 international B.1.1.7 genomes remained.

The time-scaled tree was used as input to pastml
v1.9.33 [39] which we ran with default settings except
setting the --resolve_polytomies option, as polytomies can

Pt ~ Region+ Date + Type + Region : Type + Date : Type+log(Tt) + offset (log(St))

As AIC increased substantially by 112 (2306.9 to
2418.9), the autocorrelation structure was not dropped
from the model.

inflate the number of introductions in the analysis [40].
PastML was used to reconstruct ancestral states using
a four state F81-like model for nucleotide substitution
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generalized to the number of geographic states [41].
Under the F81-like model, the migration rate from a
state i (e.g. geographic region) to a different state j (i =j)
is proportional to the equilibrium frequency of j, termed
nj. The rescaling factor which is analogous to the muta-
tion rate under a strict molecular clock is optimized in
PastML, in addition to the state equilibrium frequen-
cies. In other words, the rescaling factor represents the
average number of character changes per year for time-
scaled trees. This is applied to all tree branches, which
represents the average number of character changes per
branch unit. Setting the —resolve_polytomies option, geo-
graphic group labels are used to resolve polytomies and
create subtrees for each unique group. This procedure
takes place after ancestral inference has been performed
[40].

Results

A total of 175,213 SARS-CoV-2 positive cases were reg-
istered in Denmark in the period of this study between
14 November 2021 and 7 February 2021. Of these, 77,074
(44%) was sequenced with 60,178 (34%) yielding a high-
quality genome. The genome coverage relative to the
total number of cases was comparable between regions
throughout the study period, with the exception of the
North region during November 2021 (Additional file 1:
Fig. 1A and S1A). The increased genomic surveillance
and testing effort (Additional file 1: Fig. S1B) was due to
the rapid expansion of the mink-related lineage B.1.298
[42], which was the most abundant lineage in North and
Central regions at that time (Fig. 1B).

We modeled the growth rate of B.1.1.7 relative to other
lineages in the period from 4 January to 7 February 2021.
The study period was chosen as both the PCR testing and
sequencing capacity increased substantially until Janu-
ary, reaching a weekly rate of >13,000 tests per 100,000
people, a positive percent below 4%, and >75% of all
positive samples having a high-quality genome (Fig. 1A,
Additional file 1: Fig. S1). Furthermore, a window with
stable restrictions was enforced from January 4th until
partial reopening of primary schools from February 8th.
A Poisson regression model was fitted on daily counts of
B.1.1.7 to estimate increased transmissibility of B.1.1.7
relative to all other lineages. We found a growth rate of
0.021 and —0.062 per day for B.1.1.7 and other lineages
respectively, corresponding to an increased transmissi-
bility of 58% (95% CI: [56%, 60%]) for B.1.1.7 assuming a
generation time of 5.5days [12, 43]. We did not observe
significant differences in transmissibility between regions
(X(24) =3.17,p = 0.54).

Introductions into Denmark and onward viral migra-
tion between regions were investigated using a time-
scaled phylogenetic tree of 1976 Danish B.1.1.7 genomes
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and 3611 representative international sequences from
outside Denmark (Fig. 2A). We used pastML [39] to
perform an ancestral state reconstruction, to infer if
sequences were introduced from outside Denmark or
transmitted from another Danish region. We define an
introduction lineage as a phylogenetic group of Danish
sequences that share the same introduction event, simi-
lar to the definition of UK transmission lineages in [16].
We do not infer the timing of introduction events from
the phylogeny [9, 16, 44], but instead use the first occur-
rence of an introduction lineage as a proxy justified by
the intense testing and high sequencing rate (Additional
file 1: Fig. S1). An introduction lineage can be further
subdivided into transmission clusters from the ancestral
state reconstruction, which is based on the regional and
temporal sub-distributions of an introduction lineage.
The inferred connections between transmission clusters
outline the direction of viral migration between regions.
The first cases of B.1.1.7 observed in the Capital region
of Denmark on 14 November 2020 defines the introduc-
tion lineage CA1, which contained the majority of Danish
sequences (736 of 1976, 37%) across all Danish regions
(Fig. 2B). The maximum likelihood tree and correspond-
ing time-scaled tree is shown for the CAl introduction
lineage in Fig. 3. We tried to resolve the origin of CAl,
but detailed epidemiological investigations revealed no
direct or indirect travel link and the ancestral state could
not be resolved with good confidence. The CA1l introduc-
tion lineage is associated with the first reported cases of
B.1.1.7 in all Danish regions, including the first North
Denmark transmission cluster CA1-135. This transmis-
sion cluster was part of a large but local outbreak verified
by epidemiological investigations and primarily associ-
ated with a single local superspreading event (haplotype
H77, Additional file 1: Fig. S2B). CA1-135 dominated the
North Denmark cases until it was last observed in week
2 (Fig. 2B). This contrasts the course of the first trans-
mission clusters in other regions, which showed similar
initial growth (CA1-108 in South Denmark and CA1-124
in Zealand) but remained at high prevalence through-
out the study period. Interestingly, all transmission clus-
ters appearing up until week 1 in North Denmark were
not observed in the remaining study period, which were
not true for other regions where a constant level of sus-
tained transmission was present for many larger trans-
mission clusters (Fig. 4A). In the North region, 7 of 11
municipalities had elevated restrictive measures until 16
November 2020 due to circulation of mink-related line-
ages [42]. The intensified contact-tracing and genomic
surveillance in that period likely kept the reproductive
numbers for North Denmark below that of other Dan-
ish regions, making it difficult for any cluster to develop
from local to sustained transmission. As the transition to
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sustained transmission likely happened during the mode-
ling period, this could also explain why the model under-
estimated expansion of B.1.1.7 in the North region after
the study period ended (Additional file 1: Fig. S2A). Case
numbers of B.1.1.7 in South Denmark and Capital also

increased to higher levels than what was predicted by our
model (Additional file 1: Fig. S2A), likely caused by large
superspreading events, evident from the rapid increase
of unique local haplotypes in South (H17 and H87) and
Capital (H43) regions (Additional file 1: Fig. S2B).
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Overall, we identified 103 introductions and 107 viral
migration events between regions of B.1.1.7 in the study
period (Fig. 4). The majority of introductions occurred
during the first half of January 2021 (Fig. 4B); 37 intro-
ductions showed no onward transmission, 36 introduc-
tions had between 2 and 5 cases of whom 8 exclusively
had transmission within the same household, and only 5
caused > 100 cases. To investigate the impact of introduc-
tions across time, we considered early cases of the same
introduction lineage to be introduction-related, while
later cases occur due to sustained transmission in soci-
ety. To evaluate this, we increment the number of follow-
up days for cases to be assigned as introduction-related
(Fig. 4C). Overall, the relative contribution of introduc-
tion-related cases peaked during onset of B.1.1.7 and
again in mid-January (Fig. 4C). Introductions alone (fol-
low-up =0days in Fig. 4C) accounted for around 5-10%
of all cases with substantial temporal variation. Using up
to 14.days follow-up since the first case of an introduc-
tion to define introduction-related cases within the same
introduction lineage, there were periods where >50% of
cases were due to importation from outside Denmark
(Fig. 4C).

In collaboration with the Danish Patient Safety Author-
ity [22] which administers the contact tracing efforts in
Denmark, we performed detailed epidemiological inves-
tigations of registry data to identify direct or indirect
travel links for all 1976 cases in this study. A total of 62
persons infected with B.1.1.7 (3%) had recorded travel
history to 23 different destinations. The most frequent
destinations were the United Arab Emirates (n=21),
United Kingdom (n=5), and Pakistan (n=4). We were
able to associate 32 (31%) phylogenetically inferred intro-
ductions directly to traveling (Fig. 4A, Additional file 1:
Fig. S3). We performed a separate ancestral state recon-
struction with country-level resolution on international
sequences, allowing us to compare the phylogeneti-
cally inferred country of origin to the travel history. Of
33 introductions with travel history, 9 (27%) matched by
country and 12 (36%) by high-level geographical region.

From the ancestral state reconstruction, we inferred
the temporal dynamics of B.1.1.7 dispersion between
the five major administrative regions of Denmark.
The majority of transmission was local and occurred
within regions, but would to a large extent cease if not
fueled by introductions from other regions or outside
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Denmark (Fig. 4D). The Capital and South Denmark
regions with international borders and substantial
international travel-activity also received the most
introductions, possibly a combined effect of multi-
ple factors such as leisure travel and commuting for
work. A similar conclusion was reached by normal-
izing according to the population size of each region
(Additional file 1: Fig. S4), except for the Zealand
region which relative to its population size received a
high amount of importations. Interestingly, the Capital
region also had the highest number of outgoing viral
migration events to other regions, acting as an impor-
tant source for sustaining B.1.1.7 in Denmark, particu-
larly in the Zealand region which has a large number
of residents commuting to the Capital region on a reg-
ular basis.

Discussion

In many countries, the takeover of B.1.1.7 has prolonged
or induced further restrictions to sustain epidemic con-
trol. In Denmark, genomic surveillance has been key to
rapidly predict growth of B.1.1.7, leading to enforced
restrictions in effect from 5 January 2021 when B.1.1.7
was still below 2% relative abundance of all SARS-CoV-2
variants [45]. Enforced restrictions practically eliminated
all other circulating variants within 2months (Fig. 1B)
and enabled epidemic control to be maintained as society
was gradually reopened from 8 February 2021. We esti-
mate an increased transmissibility that is in line with esti-
mates made from previous studies [7-9, 12]. However,
it is possible that the rising frequency of B.1.1.7 across
Europe during the study period cased a greater num-
ber of B.1.1.7 introductions which may have inflated the
estimated transmissibility of B.1.1.7. Restrictions aimed
specifically towards B.1.1.7 were in place prior to the
modeling period, and the relative number of introduc-
tions was lower in the period used for modeling com-
pared to before (Fig. 4C). Therefore, we do not expect
this to be of major concern, but further studies would be
needed to verify this [46].

In this study, we show retrospectively how B.1.1.7
emerged in Denmark and subsequently spread nation-
wide. Similar studies have investigated the spatiotem-
poral dynamics during the early stages of B.1.1.7 in the
UK [19] and USA [8, 9]. In the UK, evidence suggests
that B.1.1.7 emerged from one defined geographical area

(See figure on next page.)

Fig. 3 The phylogenetic structure of the data behind the introduction lineage CA1. The data for introduction lineage CA1 and descendant
transmission clusters as shown in Fig. 2B. Each point is colored according to region, branches without points are sequences from outside Denmark.
Red dots indicate the root node of each cluster with labels. A The maximum likelihood tree with branch support indicated as percentage values
generated from 1000 ultrafast-bootstrap iterations using the -B option in IQ-tree. Polytomy nodes are collapsed by *;"in the labels. B Time-scaled,

pruned version of the tree in A used for ancestral state reconstruction
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with substantial within-area transmission before spread-
ing across the country [19]. We found the development of
B.1.1.7 in Denmark to be similar, as the initial CA1 intro-
duction lineage had sustained itself within the region
for several weeks before spreading to all other Danish
regions within 4weeks (Fig. 2B). Elevation of B.1.1.7 to
VOC status occurred on 18 December 2020, few weeks
after it was first observed in the Capital region in Novem-
ber 2020. Therefore, CA1 may have developed substan-
tially through undetected transmission within the Capital
region. Its high prevalence and transmission could have
caused a spill-over effect to other regions, accelerat-
ing growth of this lineage in those places. This has been
reported in the UK and may explain why estimates of
B.1.1.7 transmissibility in the UK dropped from Decem-
ber 2021 onwards, as early estimates were too high [19].
In Denmark, similar declines in transmissibility were
observed during January 2021 [47]. Although we did not
identify region-specific estimates of transmissibility, we
observed inter-regional differences in early B.1.1.7 expan-
sion. Our genomic analysis revealed that the early expan-
sion in the North region could be associated to a single
localized cluster which did not cause onward transmis-
sion and hence likely delayed B.1.1.7 expansion in the
North region by a few weeks (Fig. 1C). These obser-
vations and conclusions of the observed dynamics at
regional level were reached independently of any detailed
demographic data, providing explanatory context to the
overall observed epidemiological patterns of prevalence.
Importantly, we were able to further verify the valid-
ity of these genomic findings using data from authority
records, highlighting the power of coupling genomic data
with other data sources.

Our study is the first to outline introduction dynam-
ics of B.1.1.7 on a nation-wide level, as comparative
studies either did not do it [19] or the dataset was too
sparse to attempt such analysis [9]. From 22 December
2020 onwards, authorities enforced elevated restric-
tions for travelers from the UK to halt B.1.1.7 expan-
sion [21]. This did not, however, affect the proportion of
cases derived from introductions, which increased from
December 2020 to mid-January 2021 (Fig. 4C). Similar
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measures were enforced for inbound travelers from Italy
and Austria in the spring of 2020 to stop SARS-CoV-2
from spreading to Denmark [48], questioning the effi-
ciency of country-specific restrictions and non-enforced
recommendations of self-isolation after travel. However,
the extent of this cannot be derived from the data in this
study alone and does not necessarily generalize to other
countries with different restrictive measures. In addition,
we found only limited agreement between reported travel
history and that inferred by the ancestral state recon-
struction. This highlights the limitations of available
genomic data, which is still heavily biased both geograph-
ically and temporally [49, 50], making high-resolution
inference of introduction origin from phylogenetic data
alone very difficult.

In contrast to other relevant studies [9, 16], which uses
time of the most recent common ancestor (tMRCA)
to time an introduction event, we considered the first
observation of an introduction lineage as a proxy for an
introduction event. Adequate sampling of the population
is crucial to accurately infer timing of introduction events
[16]. In this study, between 25 and >75% of the positive
cases were sequenced (Additional file 1: Fig. S1), com-
parable to frequencies of Australia and Iceland [49]. It is
also higher than the average 10% coverage in the UK, one
of the countries which numerically have sequenced the
most [49]. Therefore, we do not expect lack of sampling
to influence the findings of this study.

VOC designation of B.1.1.7 and upscaling of capacity
in Denmark was too late to hinder the takeover of this
lineage, which had to be managed by broad societal
restrictions. Authorities were not able to do sufficient
genome-based contact tracing due to low number of
samples sequenced (around 25% of positive cases) and
slow turnaround (median 11 days). These levels are still
among the highest in the world [49] and have repeat-
edly enabled Danish authorities to perform accurate
forecasting and adjust interventions accordingly. Since
January 2021 Denmark has gradually improved its
genomic surveillance, currently reaching a sequenc-
ing capacity of >90% of positive cases and a median
4 days turnaround. In addition, the introduction of

(See figure on next page.)

Fig. 4 Analysis of importation events into Denmark and onwards transmission between regions. A The temporal span and development of each
transmission cluster, grouped by Danish region. Each transmission cluster is indicated with a solid horizontal line, with points at each week sized
according to the number of cases. Circles indicate first observed case of an introduction lineage imported from outside Denmark. Red points
indicate presence of cases with travel history in the given week. B The number of introductions into Denmark across time. Colors indicate the

total number of offspring cases associated with each introduction lineage. C The relative contribution of introductions versus ongoing existing
transmission. Introduction-related cases were defined with various cutoffs for the maximum number of days between the case and the first
observed case for each introduction lineage, as indicated by different colors. D The origin of introductions across time for each region. If there was
equal support for multiple regions as origin for an introduction Denmark was used as the origin. Label notDK indicates an introduction from outside
Denmark. Only ancestral state changes with a marginal probability > 95% were included in the analysis
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rapid screening assays for hallmark mutations [51, 52] We are now at a level in Denmark that enables targeted

has enabled ultra-fast initiation of contact tracing and  contact tracing of VOCs like B.1.351 [53] (Beta) and P.1
outbreak investigations. [54] (Gamma), which have been kept at low prevalence
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since first observed on 10 January and 26 February 2021,
respectively [5]. This has been possible due to limited
importation intensity and local outbreaks, making ideal
conditions for efficient contact tracing. It was, however,
not possible to control B.1.617.2 (Delta) albeit some
delays were successful, as it was kept below 1% preva-
lence for two months before completely displacing B.1.1.7
during June 2021 [5]. B.1.617.2 is more transmissible than
B.1.1.7 [55], and after sustained community transmis-
sion started to occur in June, it quickly became dominant
making B.1.617.2 focused contact tracing meaningless.
This is also the reason why all variant-specific contact
tracing was suspended from July 5, 2021 [56].

Conclusions

Collectively, we outline the introduction and trans-
mission of B.1.1.7 in Denmark using high-throughput
genomic surveillance and comprehensive register data.
We identified an increased transmissibility of B.1.1.7, in
line with findings from other studies. In addition, our
study is one of only a few describing the spatiotempo-
ral dynamics of B.1.1.7 at a national level [8, 9, 19] and
the only study to our knowledge that comparatively
assess the impact of foreign introductions vs inter-
region viral migration of B.1.1.7. Both types of spread
caused onward transmission that constituted a substan-
tial portion of cases, in a period of travel and commu-
nity restrictions. Maintaining a high level of genomic
surveillance in Denmark, despite its currently limited
usage for contact tracing, has been pivotal to enable
swift response in the face of new VOCs, the origin and
timeliness of which are virtually impossible to predict.
However, a global coordinated effort of genomic sur-
veillance coupled with epidemiological and contact
tracing data is needed to track and mitigate transmis-
sion of VOCs [19]. This is perhaps even more impor-
tant as vaccine rollouts are happening unequally across
the globe, posing very different adaptive challenges for
SARS-CoV-2, the consequences of which on viral evo-
lution are difficult to predict [57].
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Additional file 1. List of Danish COVID-19 Genome Consortium members.
Fig. S1. Sequencing rate relative to total number of covid19 cases per
week (A), relative testing effort (B), and percent positive (C) for each Dan-
ish region across time. The two vertical dashed lines indicate the begin-
ning and end of study period used to infer B.1.1.7 transmissibility, while
the non-shaded area shows the period used for phylogenetic analysis.
The time outside the study are shaded in grey. Fig. S2. The two vertical
dashed lines indicate the beginning and end of study period used to infer
B.1.1.7 transmissibility, while the non-shaded area shows the period used
for phylogenetic analysis. The time outside the study are shaded in grey.
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(A) Model predictions from Poisson regression model on daily counts of
B.1.1.7 for each region. Dark-grey areas represent 95% Cl. (B) Frequency of
unique haplotypes across time for each region. Each line represents the
weekly count of a unique B.1.1.7 haplotype. The four haplotypes men-
tioned in the main text are highlighted. Fig. S3. Assessing robustness of
inferred introductions from phylogenetic analysis using travel history. (A)
and (B) are grouped into introduction lineages that are introduced from
abroad and transmission clusters introduced from other Danish regions.
(A) shows the number of introduction lineages and transmission clusters
with a minimum duration given on the x-axis. (B) shows the percent of
introduction lineages and transmission clusters with travel-associated
cases before a cutoff day indicated on the x-axis. The cutoff day on x-axis
is relative to the first occurrence of the introduction lineage or transmis-
sion cluster. Fig. S4. Alternative version of Fig. 4D, showing the origin of
introductions across time for each region. The y-axis is scaled to introduc-
tions per week per 100,000 inhabitants based on the population size for
each region. If there was equal support for multiple regions as origin for
an introduction Denmark was used as the origin. Label notDK indicates
an introduction from outside Denmark. Only ancestral state changes
with a marginal probability >95% were included in the analysis. Table S1.
Nucleotide mutations for each of the four haplotypes specifically men-
tioned in the manuscript.

Additional file 2. GISAID accession numbers and acknowledgement
table for sequences used in this study.
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