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Dynamics of competing SARS-CoV-2 variants
during the Omicron epidemic in England

Oliver Eales 1,2 , Leonardo de Oliveira Martins 3, Andrew J. Page 3,
Haowei Wang1,2, Barbara Bodinier 1,4, David Tang 1,4, David Haw1,2,
Jakob Jonnerby1,2, Christina Atchison 1, Deborah Ashby 1, Wendy Barclay 5,
Graham Taylor 5, Graham Cooke 5,6,7, Helen Ward 1,6,7, Ara Darzi 6,7,8,
Steven Riley1,2, Paul Elliott 1,2,6,7,9,10,12 , Christl A. Donnelly 1,2,11,12 &
Marc Chadeau-Hyam 1,4,12

The SARS-CoV-2 pandemic has been characterised by the regular emergence of
genomic variants. With natural and vaccine-induced population immunity at
high levels, evolutionary pressure favours variants better able to evade SARS-
CoV-2 neutralising antibodies. The Omicron variant (first detected in Novem-
ber 2021) exhibited a high degree of immune evasion, leading to increased
infection rates worldwide. However, estimates of the magnitude of this Omi-
cron wave have often relied on routine testing data, which are prone to several
biases. Usingdata from theREal-timeAssessment of Community Transmission-
1 (REACT-1) study, a series of cross-sectional surveys assessing prevalence of
SARS-CoV-2 infection in England, we estimated the dynamics of England’s
Omicronwave (from9 September 2021 to 1March 2022).We estimate an initial
peak in national Omicron prevalence of 6.89% (5.34%, 10.61%) during January
2022, followed by a resurgence in SARS-CoV-2 infections as the more trans-
missible Omicron sub-lineage, BA.2 replaced BA.1 and BA.1.1. Assuming the
emergence of further distinct variants, intermittent epidemics of similar
magnitudes may become the ‘new normal’.

Since late 2020 SARS-CoV-2 variants of concern (VOCs) have emerged
regularly1–4 leading to substantial changes in national, regional and
global dynamics of the COVID-19 pandemic. On 24 November 2021 a
new PANGO lineage5 B.1.1.529 was designated, consisting of genomes
sequenced in South Africa and Botswana in the prior week6, and
declared theOmicronVOCby theWorldHealthOrganization7. Though
the Omicron variant has been found to cause less severe disease than
previous variants8,9, it has also been shown to exhibit a large number of

mutations10 including 15 in the receptor binding domain that has
allowed it to escape amajority of pre-existing SARS-CoV-2 neutralising
antibodies11. Rising incidence in South Africa, following Omicron’s
emergence, revealed a greater rate of transmission relative to pre-
viously dominant VOCs6. This has been linked to immune evasion6,12,
including a reduction in the effectiveness ofCOVID-19 vaccines against
Omicron infection13 and an increased ability to reinfect previously-
infected individuals14. The increased growth rate has been linked to
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both a shorter generation time15 and a greater number of transmission
events per generation16. Despite many countries imposing strict travel
bans, Omicron rapidly disseminated worldwide, with confirmed cases
in 171 countries by 20 January 202217.

However, the magnitude of the Omicron wave is not apparent in
most countries since testing captures an unknown proportion of
infections and is prone to bias due to changing testing capacities and
variable/differential test-seeking behaviour18. It is likely that in some
countries high levels of Omicron infections have saturated testing
capacity19 introducing further bias into estimates of Omicron’s
dynamics.

Representative community surveys can avoid such biases and
accuratelymeasure the prevalenceof the virus,with fewer overall tests
required20. Here, we use data from the REal-time Assessment of
Community Transmission-1 (REACT-1) study that has tested randomly
selected cross-sections of the population of England approximately
monthly sinceMay 202021. We use overall swab-positivity and genomic
sequencing from rounds 14 to 18 (9 September 2021 to 1 March 2022)
of REACT-1 to describe the dynamics of the Omicron wave in England
as it replaced the previously dominant Delta variant. We further
explore the diversity of Omicron sub-lineages in round 16 (23
November–14 December), 17 (5 January–20 January) and 18
(8 February–1 March) and how they have contributed to the overall
dynamics.

Results
Omicron Delta competition
Within the REACT-1 samples we estimated Omicron prevalence of
0.11% (0.07%, 0.16%) by 7 December 2021 (Fig. 1a), three weeks after
the first confirmed Omicron case in England was sampled (16
November, linked to recent travel)22. At the samedate Delta,which had
been at a steady high prevalence for the preceding 3 months, was
estimated to be approximately twelve-fold higher at 1.31% (1.17%,
1.47%). Though the Omicron variant was likely introduced to England
by international travel from Southern Africa22, we find greater levels of
similarity between REACT-1 sequences and sequences sampled in the
USA, Germany and France (Supplementary Fig. 1) with inferred high
rates of importation/exportation from/to these countries (Supple-
mentary Fig. 2). This likely reflects greater rates of transmission
between England and USA/Europe after Omicron was globally dis-
seminated. The proportion of SARS-CoV-2 swab positive cases in
England with Omicron rapidly increased, reaching 50% by 14 Decem-
ber (13 December, 16 December) 2021 and 90% by 23 December (20
December, 26 December) 2021 (Fig. 1b). The last Delta sample in
REACT-1 (up to round 18) was detected on 14 February 2022 when the
proportion of cases linked to Omicron was greater than 99.82%. Our
models captured the rapid replacement of Delta with Omicron linea-
ges in England between December 2021 and January 2022.

To further explore the dynamics of the Delta-to-Omicron transi-
tion, we estimated a daily growth rate in the log-odds of Omicron
infection. The average daily growth rate was estimated at 0.21 (0.20,
0.23) during rounds 16 to 18 (23 November 2021–1 March 2022). Our
results suggest that the daily growth advantage varied over time
declining steadily from 0.37 (0.28, 0.49) on the 3 December (first day
Omicron detected in the REACT-1 study) to 0.11 (0.03, 0.17) on 8 Jan-
uary (Fig. 1c). This change in growth advantage over time could be
explained by a shorter generation time for Omicron15 estimated to be
approximately 28% shorter than that of Delta15. The decline in growth
advantage may also reflect the virus initially achieving higher average
rates of transmission among younger, more socially active, and less
vaccinated groups than in the population as a whole23. A similar
decrease in growth advantage over time was detected when the Alpha
variant emerged in England during late 20203.

Analyses were stratified by region of England (Supplementary
Figs. 3–5) and by age (four broad age-groups) (Supplementary

Figs. 6–8). We found similar growth advantages in all regions and age-
groups, and a high degree of synchrony in the proportion of Omicron
cases across regions. Conversely, we estimated age-specific evolution
of the proportion of Omicron cases with an estimated 50% proportion
Omicron reached by 10 December (8 December, 14 December) 2021
for 18–34 year olds, while it was reached by 25 December (22 Decem-
ber, 29 December) 2021 in 5–17 year olds. This may reflect age-specific
differences in the prevalence of Delta (higher prevalence in 5–17 year
olds) before Omicron emerged (Supplementary Fig. 6) and/or age-
related differential uptake of vaccination.

As the prevalence of Omicron increased, the prevalence of Delta
dropped rapidly tobelow0.1%on3 January 2022 (30December 2021, 6
January 2022) (Fig. 1a) with similar decreases observed in all regions
(Supplementary Fig. 3) and age-groups (Supplementary Fig. 6). Con-
sistently,we estimated that the time-varying reproductionnumber (Rt)
for Delta halved in the three weeks from 9 December to 30 December
2021 from 1.00 (0.91, 1.10) to 0.50 (0.38, 0.66) (Fig. 2a). The rapid
increase inOmicron infections leading to a depletion of the population
susceptible to Delta may at least partially explain this reduction in Rt .
The contributions of behaviour change24 and public health measures
aimed at reducing transmission25 to that drop in Rt remains uncertain,
though a large decrease in mobility indices for driving, walking and
transit were also observed in late-December 2021 (Supplemen-
tary Fig. 9).

Epidemic dynamics of the Omicron wave
Focusing on prevalence of Omicron swab-positivity, we observed a
rapid increase with a maximum prevalence of 6.89% (5.34%, 10.61%)
reached on 30 December 2021 (21 December 2021, 31 January 2022)
(Fig. 1a, Supplementary Fig. 10, Supplementary Table 1). During Jan-
uary, prevalence decreased to 4.18% (4.00%, 4.37%) on 12 January
where it plateaued with the beginnings of a resurgence detected in
late-January 2022 (Fig. 1a). By early-March 2022 prevalence was
approximately constant at 2.60% (2.20%, 3.04%) on 1 March (the last
official day of round 18 of the study). Trends in the 2-week average
instantaneous reproduction number, Rt (Fig. 2a), showed that on 17
December 2022 (2 weeks after first Omicron detected) Rt was esti-
mated to be 1.99 (1.75, 2.29) despite high levels of vaccine coverage (1
dose 89.8% of those 12 years or older, 2 doses 82.1%, 3 doses 56.9%)26.
Into early January 2022 Rt rapidly decreased, in line with the sharp
decrease in mobility indices over this period (a proxy for social con-
tacts) (Supplementary Fig. 9), with the central estimate falling below
one on 2 January 2022 before rising to above one in late January (21
January to 1 February). Through February 2022 Rt was below one, but
at the end of round 18 (1 March, 2022), we estimated Rt was no longer
securely below one with an Rt value of 1.00 (0.88, 1.12) and 0.50 pos-
terior probability that Rt > 1. By 1 March 2022, despite the significantly
high levels of recent infections, the herd immunity threshold required
for prevalence to decrease had not yet been reached.

During December 2021, Omicron-specific prevalence rapidly
increased in all regions of England (Fig. 2b) though there was hetero-
geneity in the timing and magnitude of the peak (Supplementary
Fig. 10, Suppl Table 1). The maximum prevalence reached was highest
in the North East at 7.37% (6.42%, 9.79%) and lowest in the East of
England at 3.98% (3.38%, 5.80%). Maximum prevalence was reached
first in London, peaking at 6.45% (5.15%, 10.27%) on 29 December 2021
(25 December 2021, 28 January 2022), while it was reached on 3 Feb-
ruary (11 January, after 1 March) 2022 in South West at 4.12% (3.21%,
6.36%). The rapid rise in prevalence in London could not be explained
by a higher regional value of Rt with estimates in December being
highly comparable between all regions (Supplementary Fig. 11) and
may therefore be related to an earlier introduction of Omicron in
London. Trends over time in regional Rt estimates were comparable
across regions and followed a similar pattern as the national estimates.
On 1 March central estimates of Rt were above one (reflecting
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increasing prevalence) in 4 regions: North East, East of England, Lon-
don and West Midlands.

Trends over time in age-specific Rt also showed a high degree of
synchrony (Supplementary Fig. 12). However, Rt in those aged 5–17
years old was higher in January 2022 relative to other age-groups
leading to a longer initial period of uninterrupted growth in that age
group. Rt for other age-groups dropped below one in early-January
2022. Consistently, the prevalence in 5–17 year olds (Fig. 2c) peaked
on 28 January (21 January, 1 February) 2022, reaching a maximum
prevalence of 10.74% (8.52%, 14.74%). This was almost 50% higher
than the next highest age-group (18–34 year olds) with a maximum

reached 4 weeks earlier on 1 January 2022 (27 December 2021, 5
January 2022) at 7.65% (6.08%, 12.35%) (Supplementary Fig. 10,
Supplementary Table 1). The prevalence was lowest in those aged 55
and over with a maximum prevalence of 3.67% (3.25%, 4.88%)
reached on 7 January (1 January, after 1 March) 2022., Despite high
vaccination rates in those aged 55 years and over26, there was indi-
cation that prevalence in this group (the groupmost likely to have a
severe infections with severe outcomes) was increasing at the end
of the study, with an Rt estimate of 1.14 (0.97, 1.33) on 1 March. This
demonstrates the limited vaccine effectiveness of COVID-19
vaccines against Omicron infection.

Fig. 1 | Competition of Omicron and Delta variants. a Modelled prevalence of
SARS-CoV-2 variants Omicron andDelta in England estimated using amixed-effects
Bayesian P-splinemodel. Estimates of prevalence are shownwith a central estimate
(solid line) and 95% (shaded region) credible intervals. Daily weighted estimates of
mean prevalence (points) are shown with 95% credible intervals (error bars).
b Modelled proportions of lineages identified as Omicron in England, estimated
using Bayesian logistic regression (red) and using amixed-effects Bayesian P-spline

model (blue). Estimates are shown with a central estimate (solid line) and 95%
credible intervals (shaded region). Daily estimates of the mean proportion of
lineages Omicron (points) are shown with 95% confidence intervals (error bars).
c Daily growth rate of Omicron (purple), Delta (orange) and their additive differ-
ence (green) estimated from the mixed-effects Bayesian P-spline model. Estimates
are shown with a central estimate (solid line) and 95% credible intervals (shaded
region).
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Omicron sub-lineage competition
Multinomial models for the proportion of BA.1, BA.1.1 and BA.2 Omi-
cron sub-lineages showed a decreasing proportion of BA.1 over rounds
16, 17 and 18 of REACT-1 (Supplementary Table 2)with a corresponding
increasing proportion of BA.2 increasing over the same period. The
proportion of BA.1.1 increased up to 8 February (7 February, 9 Feb-
ruary) 2022 and decreased hereafter (Fig. 3a). On 30 December 2021,
when Omicron’s prevalence reached its maximum, the proportion of
BA.1 was at 84.6% (82.9%, 86.2%), BA.1.1 at 15.2% (13.6%, 16.9%) andBA.2
at only 0.2% (0.1%, 0.3%). However, by 1 March, the proportion of BA.1
was9.6% (8.1%, 11.3%), the proportionof BA.1.1 21.6% (18.7%, 24.9%) and

the proportion of BA.2was 68.7% (64.6%, 72.7%). Taken together, these
results suggest that thewinterOmicronwave in Englandwas related to
the BA.1 variant and its descendants.

The daily growth rate of the log-odds of BA.1.1 relative to BA.1 was
0.042 (0.037, 0.046), while that of BA.2 relative to BA.1 was 0.133
(0.122, 0.144). The daily growth rate in the log-odds of BA.2 relative to
BA.1.1 was 0.091 (0.081, 0.102). This shows that the transmissibility of
BA.2 and BA.1.1 are both greater than BA.1, with the highest rate of
transmission being for BA.2. This increased growth rate of BA.2 in
England has also been detected by the UK Health Security Agency
(UKHSA)27 and multiple other countries have observed an increasing
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Fig. 2 | Epidemic dynamics of the Omicron wave. a Rolling two-week average
(prior two weeks) Reproduction number for Omicron and Delta in England as
inferred from the mixed-effects Bayesian P-spline model. Estimates are shownwith
a central estimate (solid line) and 50% (dark shaded region) and 95% (light shaded
region) credible intervals. Dashed line shows R = 1 the threshold for epidemic
growth. b Modelled prevalence of Omicron in each region of England, estimated
using a mixed-effects Bayesian P-spline model. Estimates are shown with a central

estimate (solid line) and 50% (shaded region) credible intervals. 95% credible
intervals and daily point estimates are included in Supplementary figure 1. c Mod-
elled prevalence of Omicron for four age-groups in England, estimated using a
mixed-effects Bayesian P-splinemodel. Estimates are shownwith a central estimate
(solid line) and 50% (shaded region) credible intervals. 95% credible intervals and
daily point estimates are included in supplementary figure 4.
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proportion of BA.2. Increasing proportions of BA.1.1 relative to BA.1
have been observed in Denmark28, and in the USA BA.1.1 was themajor
Omicron variant during Omicron’s initial emergence29 suggesting BA.1
was outcompeted before it could establish there. Though most focus
has been on the emergence of antigenically distinct variants (BA.2 vs
BA.1 for example) there continues to also be a gradual accumulation in
beneficialmutations leading to fitter descendant strains (BA.1.1 vs BA.1
for example)

In England, we estimated different trends in the national pre-
valence of BA.2 vs non-BA.2 Omicron infections over the period of
rounds 17 to 18 (Fig. 3b, Supplementary Fig. 13) under the assumption
that all infections were Omicron (<1% were non-Omicron infections in
both rounds). During February 2022, the prevalence of BA.2 steadily
increased, whereas the prevalence of non-BA.2 Omicron decreased. An
increasing prevalence of samples that are positive on the S-gene (an
approximate proxy for BA.2) was reported in England over the same

Fig. 3 | Dynamics of Omicron sub-lineages. a Modelled proportion of Omicron
lineages that are BA.1, BA.1.1 and BA.2, estimated for using a Bayesian multinomial
logistic regression model. Estimates of proportion are shown with a central esti-
mate (solid line) and 95% (shaded region) credible intervals. Point estimates of
mean proportion (points) are shown with 95% confidence intervals (error bars) for
each half round of REACT-1 with x-axis value set by the median date (jittered for all
lineages for visualisation). bModelled prevalence of BA.2 and non-BA.2 Omicron in
England estimated using a mixed-effects Bayesian P-spline model. Estimates of
prevalence are shown with a central estimate (solid line) and 95% (shaded region)
credible intervals. Daily weighted estimates of mean prevalence (points) are shown

with 95% credible intervals (error bars). c Rolling two-week average (prior two
weeks) Reproduction number for BA.2 and non-BA.2 Omicron in England as
inferred from the mixed-effects Bayesian P-spline model. Estimates are shownwith
a central estimate (solid line) and 50% (dark shaded region) and 95% (light shaded
region) credible intervals. Dashed line shows R = 1 the threshold for epidemic
growth. dMultiplicative advantage in the two-week average reproduction number
for BA.2 vs non-BA.2 Omicron in England as inferred from the mixed-effects
Bayesian P-spline model. Estimates are shown with a central estimate (solid line)
and 50% (dark shaded region) and 95% (light shaded region) credible intervals.
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period30. Consistently, the estimated Rt for BA.2 was greater than that
of non-BA.2 Omicron (Fig. 3C) with an estimate of 1.17 (1.08, 1.28) for
BA.2 and 0.77 (0.69, 0.87) for non-BA.2 Omicron on 1 March. The
difference in Rt over time corresponded to a multiplicative advantage
for BA.2 over non-BA.2 Omicron of approximately 1.5 (Fig. 3d), with
daily estimates ranging from 1.46 (1.40, 1.52) on 31 January 2022 to 1.54
(1.46, 1.60) on 18 February 2022. This difference in dynamics between
Omicron sub-lineages can explain the observed national trends in
Omicron prevalence, with Rt increasing towards late February 2022
due to the rising proportion of BA.2.

We found that a greater proportion of BA.2 infected individuals
exhibit the most predictive COVID-19 symptoms (loss or change of
sense of smell or taste, fever, new persistent cough) 55.3% (51.1%,
59.4%) compared to 45.4% (43.3%, 47.6%) in those infected with BA.1
(Supplementary Tables 3–4). This suggests that symptom-based sur-
veillance and isolationmeasures could bemore effective at identifying
BA.2 infected individuals.

Analogous models fit by region (Supplementary Figs. 14–16) and
age-group (Supplementary Figs 17–19) showed similar growth rate
advantages for BA.2 for all age-groups but a small degree of hetero-
geneity between region; with a greater advantage in East of England
relative to the South West (all other regions were comparable).
Although we did not find a higher growth advantage in London and
South East, higher proportions of BA.2 were reported in these
regions27. This may suggest earlier introductions of the Omicron var-
iant in this region, which in-turn, may at least partially be attributed to
the higher rates of international travel from these regions31. Phylo-
geographic analysis further supported this with London being highly
represented in estimates for the regions of many ancestral nodes
withinOmicron’s phylogenetic tree (Supplementary Fig. 20). However,
during periods in which the Omicron sub-lineages were well-sampled
there was little geographic structure present in Omicron’s phylogeny.
This is potentially due to the rapid time-frame by which each Omicron
sub-lineage in turn was disseminated across the country following
their introduction in London. We estimated higher symmetrical
region-to-regionmigration rates from London to other regions over all
rounds and for each Omicron sub-lineage (Supplementary Table 5);
theyweremost consistently high for London to South East and London
toNorthWest. Future reactionarymeasures to the emergenceof a new
variant would be best targeted at London, and individuals travelling
between London and other regions of England.

Analyses by age groups showed that the proportion of BA.2 over
time was similar in all age-groups (Supplementary Fig. 18) and there-
fore could not explain the higher estimates of Rt in those aged 55 and
over in late-February/early-March 2022. Central estimates of BA.2-
specific Rt were greater than one on 1 March in all regions (Supple-
mentary Fig. 21) and age-groups (Supplementary Fig. 22) and so as the
proportion ofBA.2 further increases, a resurgence in prevalencewould
be expected. This has been observed across all regions and age-groups
in the numbers of cases and hospitalisations recorded in the routine
data during the first three weeks of March 202226. The emergence of
BA.2 has acted to prolong the Omicron wave of the epidemic in
England.

Discussion
Herewe have presented the dynamics and scale of theOmicronvariant
wave in England during winter 2021–2022. Most estimates for the
magnitudes of different Omicron epidemics worldwide have relied on
routine testing data, which are prone to many biases, whereas the
REACT-1 data we have used here has fewer biases due to its random
sampling procedure. Furthermore, estimates relying on routine testing
data often only provide the number of daily positive tests, whereas
here we present the prevalence of SARS-CoV-2 infections. This value is
fundamentally more important as it reflects the current levels of
infection which are directly proportional to the risk of exposure for an

individual within the population. Other REACT-1 studies have only
considered prevalence of all SARS-CoV-2 infections32–36, but here we
have, using mixed-effects Bayesian P-spline models, estimated daily
prevalence of Delta and Omicron SARS-CoV-2 infections separately,
and BA.2 and non-BA.2 Omicron infections separately. Previous ana-
lysis has also only considered a constant growth advantage between
variants31,33–35,37 whereas as we show here it is likely that the growth
advantages between some variants have varied over time. Though the
rise of Omicron was rapid, with total prevalence in November 2021
being effectively all Delta, and prevalence in January 2022 being
effectively all Omicron, by not treating the observed dynamics as two
distinct variants the trends in total prevalence over time risk being
overly smoothed when estimated.

Our study has limitations. The sampling is performed over dis-
crete rounds with periods of no data, for which trends have to be
inferred. One such period was late December 2021, a key period of
growth in the proportion of SARS-CoV-2 infections caused by the
Omicron variant, leading towide credible intervals for the dynamics of
the pandemic over this period. Sequencing is unlikely to be successful
on sampleswith a low viral load and sowas only performedon samples
with an N-gene cycle threshold (Ct) value (a proxy for viral load) less
than 34. However, it is unknown if there are intrinsic differences in the
Ct values by lineage which could bias estimated proportions. Further,
differences in Ct values due to differences in growth rate38 could also
lead to more transmissible variants being detected more favourably.

Finally, our study estimates the daily prevalence, the proportion
of the population testing positive, and not the incidence. This can lead
to estimates of Rt being overly smoothed due to swab-positivity
remaining over several days39,40, and trends of Rt over time may be
lagged by a period depending on the duration for which individuals
test positive. It is also worth noting that our estimates of Rt are based
on specific estimates of the generation time distribution; studies using
different generation time distributions will return different estimates
of Rt

41. Additionally, our region- and age-group-specific Rt estimates
assume that all infections in a particular subgroup result from contact/
mixing among members of that subgroup and so, though highly
informative, must be interpreted cautiously.

As the cumulative incidenceand vaccination coverage continue to
increase, the SARS-CoV-2 virus will find itself competing against a
diverse and complex immunity landscape within the human popula-
tion. Accordingly, the evolutionary dynamics of the virus will be
dominated by immune evasion. This has already been observed with
the emergence of the Omicron variant and its sub-lineages, the con-
sequence of which was an initial wave of infection peaking at a pre-
valence of 6.89% in England, the highest recorded at any time hitherto
in the REACT-1 study. These infection rates occurred against a back-
ground of high levels of vaccine coverage and past infections, further
fuelled by the emergence of the more transmissible Omicron sub-
lineage BA.2. Given the regular emergence of VOCs during the first two
years of the COVID-19 pandemic there is little reason to believe this
trend will not continue. Indeed, other respiratory infections such as
Influenza observe annual epidemics due to the emergence of new
strains better able to navigate the immune landscape42,43. If we see a
similar trend for SARS-CoV-2 then intermittent waves of infection of a
similar magnitude to Omicron are within the bounds of possibility.
Continued surveillance, booster vaccinations and, potentially, updates
of the vaccines will be crucial in minimising the harmful effects of this
new public health paradigm. Greater vaccine equity worldwide can
help reduce the rate at which these harmful variants emerge44.

Methods
REACT-1 study protocol
Themethodology of REACT-1 has been described in detail elsewhere45.
In short, each round a random subset of the population in England is
selected at the lower tier local authority (LTLA) level (N = 315) and
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invited to participate in the study. Those who agree to participate
provide a self-administered (parent/guardian administered for those
aged 5-12 years old) throat and nose swab which undergoes rt-PCR
testing for the SARS-CoV-2 virus. Individuals are classified as positive if
their test has an N-gene Ct value less than 37 or if both the N- and
E-gene are detected. Rim weighting46 is used to weight individual test
results by age, sex, deciles of the Index of Multiple Deprivation, LTLA
counts, and ethnic group. Analysis was performed using rounds 14 to
18 of the study running from 9 September 2021 to 1 March 2022.
During rounds 15 to 18 of the study all swab tests were sent to the lab
via the post, whereas in round 14 of the study approximately 50% of
tests were collected via courier. No difference in samples were
observed for the two different collection methods32. Research ethics
approval was obtained from the South Central-Berkshire B Research
Ethics Committee (IRAS ID: 283787). All participants who agreed to
provide a self-administered test gave informed consent (parent/guar-
dian gave consent for minors).

Sequencing
All swab tests with an N-gene Ct value less than 34 and sufficient
volume underwent genomic sequencing. Extracted RNAwas amplified
using the ARTIC protocol47 with sequence libraries provided by
CoronaHiT48. Sequencing was performed on the Illumina NextSeq 500
platform. Analysis of the raw sequencing was done using the bioin-
formatics pipeline49 before being uploaded to CLIMB50. Lineage des-
ignation was then performed using PangoLEARN51 (database version
2022-02-28), a machine-learning-based algorithm for lineage designa-
tion which uses the PANGO nomenclature5. Sequences could not be
obtained for some samples of low overall quality. Further, samples for
which at least 50% of bases were not covered were excluded from the
analysis.

Mixed-effects Bayesian P-spline model
A mixed-effects Bayesian P-spline model was used to estimate the
prevalence of both Omicron and Delta SARS-CoV-2 infections over
time. The basic Bayesian P-spline model has been described in detail52.
In short, the entire time series is split into equally sized knots
(approximately 5 days apart) with 3 further knots defined at both the
beginning and end of the time series (to prevent edge effects). A sys-
tem of 4th order basis-splines (b-splines) is defined over all knots. The
P-spline for a single lineage’s prevalence is then defined as a linear
combination of these basis splines:

gðπðtÞÞ=∑N
i biBiðtÞ: ð1Þ

Here gðÞ is the logit link function,πðtÞ is the prevalence onday t, bi are
the b-spline coefficients, and BiðtÞ is the value of the ith b-spline on
day t. A second-order random-walk prior distribution is defined for
the b-spline coefficients, bi =2bi�1 � bi�2 +ui, where ui ~Nð0, ρÞ. The
first two coefficients, b1 and, are given uninformative constant prior
distributions. The parameter ρ controls the smoothness of the curve
and penalises changes in the first derivative (approximately the
growth rate) reflecting the prior knowledge we have of an epidemic
system. P-splines are defined for the prevalence of both Omicron and
Delta with ρ being a shared parameter. A further prior distribution
taking the form ui,Omicron � ui,Delta ~Nð0, ηÞ is defined on the changes
in the first derivative for both lineages. The parameters ρ and η were
both given uninformative inverse gamma prior distributions
η, ρ ~ IGð0:001,0:001Þ . This assumes that changes in the growth rate
happen simultaneously for both Omicron and Delta, which effec-
tively assumes a constant growth rate advantage, unless there is
significant evidence to the contrary.

The sum total of Omicron and Delta’s modelled prevalence is fit-
ted to the dailyweighted number of tests and positive tests assuming a
binomial likelihood. Simultaneously the proportion of the total

prevalence attributed to Omicron is fitted to the daily number of
Omicron lineages vs total number of samples with a lineage deter-
mined, again assuming a binomial likelihood. The model is fit to
rounds 14 to 18 of the REACT-1 data using a No-U-Turns sampler53

implemented in STAN54.Models are alsofit to thedata subset by region
of England, and subset by age quartile. An analogous model is fit to
rounds 17 and 18 instead comparing BA.2 and non-BA.2 Omicron
lineages under the assumption that total prevalence was caused only
by Omicron lineages (>99% Omicron in both rounds).

Estimates of the instantaneous growth rate of Omicron, Delta and
their difference were estimated over time from the modelled pre-
valence time-series. The rolling two-week average reproduction num-
ber for both Omicron and Delta was also estimated from themodelled
prevalence using methodology that has previously been described52.
The model assumed a gamma-distributed generation time with rate
parameter = 0.27, and shape parameter = 0.89, for Omicron or Omi-
cron sub-lineages (BA.2, non-BA.2 Omicron lineages) and rate para-
meter = 0.48 and shape parameter = 2.20 for Delta15.

Constant growth rate models
The daily growth rate in the log-odds of Omicron infection relative to
Delta infection, assuming a constant growth rate for the whole period,
was estimated using a Bayesian logistic regressionmodel fit to a binary
outcome variable (Omicron or Delta) over time, implemented using
the brmsRpackage55. The daily growth rate in the log-odds of BA.2 and
BA.1.1 relative toBA.1 over rounds 17 and 18, assuming constant growth
rates, was estimated using a Bayesian multinomial logistic regression
modelfit to the categorical outcome variable (BA.1, BA.1.1 or BA.2)with
BA.1 set as the reference category. The difference in these two growth
rates was used to estimate the daily growth rate in the log-odds of BA.2
relative to BA.1.1.

Phylogeographic analysis
Phylogeographic analysis was performed on lineages that were
designated as Omicron (BA.1, BA.1.1, BA.2). A maximum likelihood
phylogenetic tree assuming a HKY model was fitted to the sequences
using IQTree56. A relaxed molecular clock model, assuming a mean
evolutionary rate of 0.0008 substitutions/site/year, was fit to the tree
using TreeTime57 to give a time-resolved phylogenetic tree. A further
mugenic model again implemented in TreeTime57 was fit to the time-
resolved phylogeny treating the region of England (N = 9) where each
sample was obtained as a discrete state. From thismodel we estimated
the mean pairwise migration rate of Omicron between all regions of
England. We excluded sequences without complete date information
since they do not contribute to the estimation of divergence times.
Sequences with an excess of gaps cannot be placed in the phylogeny
correctly, and so we excluded sequences with less than 75% of bases
covered. Note that this is a more stringent threshold than was used
earlier for the task of lineage classification which can be performed for
sequences with fewer bases covered. We further excluded one
sequence which deviated too much from a preliminary strict clock
(more than five times the interquartile range from the clock
regression).

Omicron sequences with at least 75% of bases covered were
compared to all sequences deposited inGISAID after the 2ndDec 2021,
with the 500 closest neighbours extracted using uvaiann58. The simi-
larity measure is based on the number of single nucleotide poly-
morphism (SNP) matches, number of partial matches, and number of
valid comparisons so that we prefer more resolved sequences. Mat-
ches to GISAID samples from the REACT-1 study were excluded after-
wards. We then compared the number of samples that match (no
different SNPs) a REACT-1 sequence by the country where they were
collected. We additionally investigated the number of samples that
were at specific SNP distance (1,2,3 and 4 SNP mismatches) from
REACT-1 sequences again by the country where they were collected.
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The reported number of SNP mismatches considers partially ambig-
uous DNA codes: DNA bases which cannot be unambiguously inferred
by the assembler may be reported as e.g., ‘M’ to indicate that the base
may be an adenine (A) or a cytosine (C)59. Such a state is compatible
and thus considered a match to another sequence which has for
instance an ‘A’ in the same genomic location.

In order to estimate potential Omicron importations into and
exportations fromEnglandbasedon theREACT-1 samples, weused the
set of closest neighbours described above, restricting to global
sequences sampled within one week of REACT-1 samples with at most
one SNP distance. We furthermore removed global GISAID matches
from the UK (i.e., sequences deposited in GISAID from the UK), and for
eachREACT-1 sequencewe kept only the globalmatchwith the highest
number of valid pair comparisons (locationswhereneither sequence is
a gap or have low coverage). After removing duplicate hits, since the
sameglobal referencecanbe thebestmatch formore thanoneREACT-
1 sequence, we inferred a potential importation if the sampling date of
the global sequence is earlier than itsmatchingREACT-1 sample, and as
a potential exportation if the REACT-1 sample is earlier (but still within
oneweek). Global sequenceswhichmatched both an earlier and a later
REACT-1 sample were removed (since they could be inferred as a
source or destination of themigration). In total, we have 335 imported
samples and 310 exported ones. The date of the importation/expor-
tation was taken as the date of the second sample for each pair. The
actual import/export dates may be earlier due to an importation lag60.

Statistical analyses
TheWilsonmethod61 which is preferred for low numbers of positives62

was used to calculate the 95% confidence intervals for all lineage
proportions.

The proportion of individuals reporting any symptoms, and the
proportion reporting themost predictive COVID-19 symptoms (loss or
change of sense of smell or taste, fever, new persistent cough)63 in the
last month was estimated in round 16 for those infected with Omicron
and Delta, and in rounds 17–18 for those infected with BA.1, BA.1.1 and
BA.2. The combination of lineages and rounds chosen was done to
avoid introducingbiases due to changing rates of symptomsover time,
and to ensure a large enough sample of each lineage for calculations to
be meaningful. P-values for differences in the proportion reporting
symptoms between lineages was estimated using logistic regression
models with symptom status (any symptom vs no symptoms and
separately most predictive COVID-19 symptoms vs not reporting the
most predictive COVID-19 symptoms) as the outcome variable. The
sensitivity of any result that was significant (P-value <0.05) was asses-
sed using multivariable logistic regression models including round of
the study and N-gene Ct value as additional covariates. Statistical
analyses were performed using R software, version 4.0.5.

Apple mobility data. Daily data for mobility indices in England for
driving, walking and transit were downloaded from Apple mobility
trend reports58. Seven-day moving averages were estimated from the
daily data and scaled so that the maximum value over the period of 1
December 2021 to 1 March 2022 was 100.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Access to REACT-1 individual-level data is restricted to protect parti-
cipants’ anonymity.

Summary statistics and data, descriptive tables, and code
including the daily weighted number of tests, weighted number of
positive tests and daily number of Delta, BA.1, BA.1.1 and BA.2 samples
(used for the P-spline models) from the current REACT-1 study are

available at https://github.com/mrc-ide/reactidd (https://doi.org/10.
5281/zenodo.6557251).

Sequence read data are available without restriction from the
European Nucleotide Archive at https://www.ebi.ac.uk/ena/browser/
view/PRJEB37886, and consensus genome sequences are available
from the Global initiative on sharing all influenza data (GISAID). The
accession numbers are provided in the supplementary data (Supple-
mentary Data 1).

Requests for materials should be made to Paul Elliott, p.elliot-
t@imperial.ac.uk, School of Public Health, Imperial College London,
Norfolk Place, London, W2 1PG. Aggregate data can only be shared if
there is an appropriate number of individuals in each category such
that data remains unidentifiable. For more information on the ques-
tions that are asked to participants (data variables available) please
refer to the REACT-1 study materials (https://www.imperial.ac.uk/
medicine/research-and-impact/groups/react-study/for-researchers/
react-1-study-materials/). A response to requests should normally be
received within a month of the request being made.

Code availability
Code is available at https://github.com/mrc-ide/reactidd64
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