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Impact of antigen test target failure and
testing strategies on the transmission of
SARS-CoV-2 variants

Claudia Del Vecchio1,9, Bethan Cracknell Daniels 2,9, Giuseppina Brancaccio 1,
Alessandra Rosalba Brazzale3, Enrico Lavezzo 1, Constanze Ciavarella2,
Francesco Onelia 4, Elisa Franchin4, Laura Manuto1, Federico Bianca1,
Vito Cianci5, Anna Maria Cattelan6, Ilaria Dorigatti 2,10 ,
Stefano Toppo 1,7,10 & Andrea Crisanti 1,4,8,10

Population testing remains central to COVID-19 control and surveillance, with
countries increasingly using antigen tests rather thanmolecular tests. Here we
describe a SARS-CoV-2 variant that escapes N antigen tests due to multiple
disruptive amino-acid substitutions in the N protein. By fitting a multistrain
compartmental model to genomic and epidemiological data, we show that
widespread antigen testing in the Italian region of Veneto favored the unde-
tected spread of the antigen-escape variant compared to the rest of Italy.
We highlight novel limitations of widespread antigen testing in the absence of
molecular testing for diagnostic or confirmatory purposes. Notably, we find
that genomic surveillance systems which rely on antigen population testing to
identify samples for sequencing will bias detection of escape antigen test
variants. Together, these findings highlight the importance of retaining
molecular testing for surveillance purposes, including in contexts where the
use of antigen tests is widespread.

Despite the unprecedented approval of multiple vaccines in the two
years following SARS-CoV-2 global emergence, inequitable distribu-
tion, low uptake, immune waning and immune escape by novel var-
iants of concern (VOC) mean that population testing, which aims to
identify and isolate infectious individuals to break the chain of
transmission, remains central to controlling COVID-191. The gold
standard for SARS-CoV-2 diagnostic testing is the reverse
transcription–polymerase chain reaction (RT-PCR), a molecular assay
that has high sensitivity and specificity but requires laboratory analysis

to amplify the genomic sequences meaning that results are often
subject to reporting delays. In contrast, antigen tests are immu-
noassays that bind to SARS-CoV-2 proteins, typically the Nucleocapsid
(N) protein, and can provide results in under 30min. These point-of-
care tests are easy to use and cost-effective, with at least 400 com-
mercially available worldwide2. However, antigen test sensitivity is
lower than RT-PCR, particularly when the viral load is lower (i.e., early
or prior to the infectious period), resulting in more frequent false
negative results3.
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On the other hand, studies have shown that antigen tests are a
better correlate of culturable viruses than molecular tests3, 4, which
implies that antigen tests can more accurately identify infectious
individuals5. There is evidence that effective screening relies on the
frequency and speed of reporting more than on assay sensitivity6.
Accordingly, the World Health Organisation recognises that despite
the lower sensitivity of antigen tests, they are a cost-effective tool for a
timely diagnosis that has the potential to interrupt transmission7.
Furthermore, modelling studies comparing molecular versus antigen
testing strategies across multiple transmission settings have reported
that high-frequency antigen testing alone can reduce the disease
burden at a lower cost thanmolecular testing strategies. These settings
include mass testing in India8, testing to protect in communal living
settings (i.e., university halls and nursing homes)9, and in both hospital
and community resource-limited settings10.

In October 2020, Slovakia was the first country to test its entire
population using antigen tests, resulting in a notable decrease in
transmission11. Since then, the use of antigen tests to control COVID-19
has continued to expand, despite differences in the specific policies
adopted between countries12. Critically, in response to the Omicron
VOC BA.1 in early 2022, and more recently the subvariants BA.4 and
BA.5, many countries have announced testing policies that shift away
frommolecular testing in favour of antigen testing, including the UK13,
the USA14, India15, Israel16, Canada17, Singapore18, Australia18 and New
Zealand19.

The sensitivity of both antigen and molecular tests can be affected
by viral mutations, which are monitored by genomic surveillance (typi-
cally by whole-genome sequencing of a proportion of RT-PCR-positive
samples)20. Antigenic monitoring of the spike protein is routine as
mutations can result in immune escape and reduced performance of
molecular tests, as has been observed with both the Alpha andOmicron
VOCs21. Whilst antigenic monitoring of the N protein has been more
limited, twostudieshave reportedvariantswithNgenemutations,which
resulted in positive molecular but negative antigen test results
(i.e., discordant test results)22, 23. So far, antigen tests have positively
contributed to the surveillance of the major SARS-CoV-2 variants, as
both discordant variants previously identified had limited viral fitness
and circulated at lowprevalence24. However, as antigen tests continue to
play a vital role in the surveillance and control of COVID-19, there
remains a risk that the absence or limited use of molecular testing may
miss or select for the emergence of variants capable of escaping antigen
testing. Whilst many studies have evaluated the economical and epide-
miological benefits of antigen versus molecular testing strategies, none
have investigated how those strategies would be impacted by a variant
that can escape detection by antigen testing.

Here we first present the results of a hospital-based surveillance
study in the Veneto region (Italy), during which we identified a viral
variant that escapes detection by antigen tests, characterised by
multiple disruptive amino-acid substitutions in the N antigen. As this
variant was found to be circulating at a higher frequency in Veneto,
where 57% of tests conducted between September 2020 and May
2021 were antigen, than in the rest of Italy, where 35% of tests con-
ducted were antigen25, we next test the hypothesis that the increased
frequency of antigen testing in Veneto compared to the rest of Italy
could have favoured the undetected transmission of the discordant
variant.

To this end, we fit a multi-strain compartmental model of SARS-
CoV-2 transmission, which accounts for population testing, vaccina-
tion, and non-pharmaceutical interventions, to the epidemiological
and genomic data recorded in Veneto and in the rest of Italy, allowing
us to reconstruct variant-specific incidences. We additionally test the
impact of several counterfactual testing scenarios on the transmission
dynamics, diagnostic test performance and genomic surveillance of
escaping and concordant SARS-CoV-2 variants. Together, our results
shednew light on the limitations ofmass antigen testing in the absence

of molecular testing, and on the importance of maintaining molecular
testing, not just for diagnostic but also formonitoring and surveillance
purposes.

Results
Analysis of antigen assay performance
Between 15 September 2020 and 16 October 2020, we conducted a
hospital surveillance study at theUniversityHospital of Padua (Italy) to
compare the performance of SARS-CoV-2 rapid antigen tests against
RT-PCR molecular swabs. During the hospital study, 1441 subjects
representing 44% of all patients examined (3290) in the Emergency
and Infectious Diseases wards were tested with both antigen (Abbott)
and molecular (Simplexa™ COVID-19 Direct Kit, Diasorin Cypress, CA,
USA) tests (Fig. 1). Patients aged0–19werealmost exclusively given the
molecular test, in line with the school regulations that required a
negativemolecular test for school re-admission (Supplementary Figs. 1
and 2). To avoid biases, we restricted the analysis to the patients aged
20+, which accounted for 1387 subjects who took both tests and
1254 subjects who took only one test (Fig. 1).

The antigen test failed to correctly identify the presence of SARS-
CoV-2 in 19 out of 61 samples that showed a clear positive signal in RT-
PCR against both the S and ORF1 viral sequences. Compared to the
molecular test, the Panbio™ antigen test showed an overall specificity
of 99.9% (95% confidence interval (CI), 99.9–100%) and a sensitivity of
68.9% (95%CI, 55.7–80.1%) (Table 1). At Ct values below 33 for both the
S and ORF1 genes the sensitivity of the antigen test increased to 77.8%
(95% CI, 64.4–88.0%) and 79.2% (95% CI, 65.9–89.2%), respectively
(Table 1). Table 1 also presents the positive predictive value (PPV) and
negative predictive value (NPV) for the antigen test at different pre-
valence values. Notably, we find that the PPV of the antigen test is
acceptable given a prevalence of 4% (i.e., the prevalence in the ana-
lysed samples taken from the hospital’s administrative databases), as
well as at 0.5%prevalence; however, given a prevalence of 0.1% the PPV
is <50%.

We find that the sensitivity of the antigen test increaseswith lower
Ct values for both the S and ORF1 genes (Supplementary Table 1 and
Supplementary Fig. 3). The Ct value distribution of the concordant
molecular +/ antigen + and discordant molecular +/ antigen – samples
for both the S and ORF1 antigens are shown in Supplementary Fig. 4.
Using the Welch two-sample t-test we found significant differences in
the distributions of Ct values of the concordant and discordant sam-
ples (Supplementary Table 2). Critically, the occurrence of several
molecular +/ antigen – discordant samples with Ct values well below
the threshold of the antigen test sensitivity suggested the occurrence
of genetic variants of the viral N gene that are not detected by the
capture antibody reagent.

Genotyping of concordant and discordant samples
To investigate whether the presence of genetic variants could
explain the observed discordance in antigen and molecular testing
in samples with high viral loads (evidenced by the low ORF1 and S
gene Ct values), we carried out full-length sequencing on the viral
RNA present on a random subset of molecular +/ antigen – and
molecular +/ antigen + swab extracts. We selected eight discordant
samples (molecular +/ antigen –) and nine concordant samples
(molecular +/ antigen +, as control), with S and ORF1 Ct values
ranging at the time of the nasopharyngeal swab testing from 11.6 to
26.0 (see Supplementary Data 1)26. The observed discrepancy
between the original RT-PCR values obtained on the fresh naso-
pharyngeal swab samples with the Diasorin kit (see Methods) and
the RT-PCR values obtained from the in-housemolecularmethod on
stored swab samples at −80 °C, can be explained by the assay per-
formance, including the different targets amplified, and the
freezing-thawing process whichmay have affected the conservation
of the samples (see Methods).
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Analysis of assembled viral sequences confirmed that 7/8 of the
discordant samples were characterised by disruptive amino-acid
substitutions mapping within regions of the N protein known to
contain immunodominant epitopes that function as the target of
capture antibodies in antigen tests (Fig. 2)27. Of these, two samples
were characterised by the disruptive P365Smutation (D1_8_B.1.177.7
and D2_6_B.1.177), two contained unique disruptive mutations
(R209I in sample D1_7_B.1.1.119 and D348Y in sample D2_3_B.1.177.4),
and three samples (D2_1_B.1.160, D2_4_B.1.160 and D2_7_B.1.160)
contained viruses with the same amino-acid substitutions M234I
and A376T (M234I-A376T). In addition, the eighth discordant sam-
ple D2_2_B1.1.177 contained the amino-acid substitution Q229H,
which was in proximity to B-cell epitopes of the N antigen. In con-
trast, only 2/9 of the viruses present in the concordant samples had
mutations within the region of mapped B-cell epitopes, and none
showed amino-acid substitutions downstream to position
220 (Fig. 2).

From the samples sequenced, we estimate the Panbio™ COVID-19
antigen test sensitivity to be 0% (95% CI, 0–56.1%) against viruses with
theM234I-A376T substitutions and 64.3% (95% CI, 38.8–83.7%) against
variants not carrying the M234I-A376T substitutions (Supplementary
Table 3).When considering only the viral variants withoutmutations in
the regions of mapped B-cell epitopes, we find a test sensitivity of
87.5% (95%CI, 52.9–99.4%) (Supplementary Table 4).We further tested
the ability of Abbott Panbio™ COVID-19 Ag and two additional antigen
tests (COVID-19 Ag Respi-Strip from Coris BioConcept, Belgium and
LumiraDX SARS-CoV-2 Antigen Test) against five cultured viruses iso-
lated at the beginning of the pandemic in themunicipality of Vo’when
lineage B (original lineage first to be discovered in Wuhan province)
was circulating28. Critically, all five isolates produced a positive signal
in all antigen tests, and their sequences did not show any mutations
in the N antigen (Fig. 2). Conversely, all three antigen tests failed to
detect the presence of the viruses D2_3_B.1.177.4, D2_1_B.1.160 and

D1_7_B.1.1.119, despite molecular confirmation that the supernatant
contained the viruses.

Supplementary Fig. 5 and Supplementary Data 1 show the fre-
quency of both concordant and discordant virus variants in the rest of
Italy (3014 analysed sequences) and Veneto region (341 analysed
sequences) deposited in GISAID between 1 January 2020 and 31
December 202029. We found that one conservative amino-acid sub-
stitution A220V was increasingly present in different clades in Italy.
Mutations G204R and R203K appeared very early on during the pan-
demic, reaching 80% frequency by the end of June 2020, and declined
thereafter. The amino-acid substitutionsM234I-A376T, found in 38%of
all discordant virus sequences we analysed, appeared in Italy
(excluding Veneto) at the beginning of September 2020 and after an
observed maximum prevalence of 10%, decreased to 6% by the end of
December 2020 (see Supplementary Data 1). In the Veneto region, the
prevalence of the amino-acid substitutions M234I-A376T peaked in
December 2020 at 20%, before declining.

Reconstructing the transmission dynamics of concordant and
discordant variants
As the use of antigen diagnostic tests began earlier, and remained
higher, in Veneto compared to the rest of Italy (Fig. 3a), we next
investigated the role of population testing in the transmission
dynamics of a discordant variant (M234I-A376T) compared to con-
cordant variants (A220V, the Alpha VOC and an ensemble of all other
variants, Supplementary Table 5). We fit a multi-strain compartmental
model (Fig. 4a) to the reconstructed variant-specific reported inci-
dence in Veneto and the rest of Italy (Fig. 3c–f), obtained by multi-
plying the total reported incidence in each location (Fig. 3b) by the
prevalence of the variant in GISAID, in each location (Fig. 3g–j). The
antigen and molecular testing policy implemented in Italy during the
modelling period (May 2020–2021), and reconstructed within the
model, is presented in Fig. 4b. In line with the findings from the
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Fig. 1 | Diagram of admissions to hospital wards. Diagram showing the total
number of patients from emergency and the infectious diseases wards tested with
either a molecular or antigen diagnostic test and with both molecular and antigen
tests in the period from 15 September to 16October 2020. Subjects whounderwent

either antigen or molecular are further subdivided into the corresponding test
group with test results. Subjects who underwent both tests are further arranged in
four groups according to test result concordance (molecular –/+ antigen –/+).
Subjects under 20 were excluded from the hospital surveillance study.
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hospital-based study described above, we assumed antigen sensitivity
to be 0% against the discordant M234I-A376T variant and 68.9%
against the A220V, Alpha and all other variants (i.e., the concordant
variants).

We fit four different model variants of population testing, varying
assumptions on access to testing (symptomatic vs. asymptomatic
cases), as well as the probability of isolating given a false negative
result (see Methods for a full description). Supplementary Table 6
shows the posterior mean, 95% credible interval (CrI) and log-
likelihood of each model. There was no significant difference in the
model log-likelihoods; however, the qualitatively best fitting model
assumed that only symptomatic cases test and isolate (which is in
accordance with the testing policy in Italy during the modelling study
period), and is thus presented as the main analysis (Supplemen-
tary Fig. 6).

Figure 5a, b shows the transmission dynamics, obtained from the
calibration of the multi-strain model described above to the recon-
structed incidence of the SARS-CoV-2 variants reported in Veneto and
the rest of Italy. Table 2 presents the posteriormean and 95%CrI of the
parameter estimates for Veneto and the rest of Italy. We estimated the
probability of a symptomatic infectious individual taking a diagnostic
test to be 92.7% (95% CrI, 72.8–99.8%) for Veneto and Italy. In Veneto,
we estimate that the probability of detecting an M234I-A376T variant
case was significantly lower than the probability of detecting a con-
cordant variant (Fig. 5c). For the rest of Italy, we estimate that the
probability of detecting the M234I-A376T variant is comparable to the
probability of detecting the concordant variants (Fig. 5c). This is in
agreement with the observed prevalence of the M234I-A376T variant,
which was higher in Veneto compared with the rest of Italy (Fig. 3g), a
trend not seen with the concordant variants (Fig. 3h–j).

In a sensitivity analysis, we assessed the impact of assuming lower
and higher estimates of antigen sensitivity against the concordant
variants; different infectious and latency periods; imperfect vaccine
efficacy against infection and the extent to which symptomatic indi-
viduals limit their exposure, independently of testing. Across all sce-
narios and all parameters, we found no significant difference in
the posterior mean and 95% CrI (Supplementary Table 7). Notably, the
mean probability of a symptomatic case taking a diagnostic test was
87–93% for all scenarios, with the exception of scenario 3, where we
assumed antigen test sensitivity against the concordant variant to
be 87.5% rather than 68.9%; under this assumption we estimated the
probability of a symptomatic individual taking a diagnostic test to be
lower (66.36%; 95%CrI, 25.32–99.44).

Counterfactual analysis: impact of alternative testing strategies on
cumulative incidence. To investigate the impact of alternative testing
strategies on the transmission dynamics of the concordant and dis-
cordant variants in Veneto, we explored several testing counterfactual
scenarios (Fig. 5d). Under the baseline testing policy implemented
across Italy during the modelling study period (molecular testing fol-
lowing antigen-positive tests, Fig. 4b), we estimated that 4.7% (95%CrI,
4.1–6.0%) of the susceptible population of Veneto were infected with
the M234I-A376T variant between May 2020 to May 2021. This com-
pares with 0.7% (95% CrI, 0.5–0.9%) of the susceptible population in
the rest of Italy during the same period. Conversely, had the propor-
tionofmolecular and antigen tests conducted inVenetobeen the same
as in the rest of Italy, we estimate that 1.7% (95% CrI, 1.3–2.6%) of the
susceptible population in Veneto would have been infected with
the M234I-A376T variant. Our results suggest that following up nega-
tive antigen tests with a molecular test and isolating individuals
receiving a positive antigen test result withoutmolecular confirmation
would have resulted in the lowest cumulative discordant and total
incidence during the study period (Fig. 5d).

We estimate that antigen testing alone (i.e., without molecular
confirmation), assuming an antigen test sensitivity of 68.9%, wouldTa
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result in a cumulative incidence of 40.2% (95% CrI, 36.8–42.4%) in
Veneto. This compares with a cumulative incidence of 21.1% (95% CrI,
18.2–25.5%) under the baseline testing scenario (Fig. 5d). Assuming an
antigen sensitivity of 87.5% (Supplementary Tables 4 and 7) and an
antigen-only testing strategy increases the transmission advantage of
the discordant variant further (Fig. 5d). Figure 5e shows the cumulative
total and M234I-A376T variant incidence in Veneto, under different
transmissibility scenarios (R0M) and testing strategies (molecular fol-
lows antigen + with the rates of antigen testing reported in Veneto and
in the rest of Italy, as well as an antigen-only testing strategy),
demonstrating that in the presence of an N antigen escaping variant,
molecular testing significantly reduces the infection prevalence of the
antigen escaping variant across transmission intensities.

Diagnosis of concordant and discordant variants under alter-
native testing strategies
Given the impact of molecular and antigen testing strategies on
the transmission dynamics of the concordant and discordant var-
iants, we next investigated the performance of testing regimes in
terms of PPV, NPV, and the probability of testing positive p(T+),
given the assumed prevalence of concordant and discordant var-
iants (Fig. 6).

In a scenario where only molecular tests are used, the PPV, NPV
and p(T+) are high and independent of whether a variant is con-
cordant or discordant (Fig. 6f). On the other hand, antigen testing
without molecular confirmation has a <2% p(T+) and a 0% PPV when
the concordant prevalence is <0.5%, irrespective of the discordant
prevalence (Fig. 6a); there is a >25% risk of both false positives and
false negatives (see Methods) when the discordant prevalence is
moderate to high. The high risk of false positives observed when the
concordant prevalence is low can be mitigated by confirming the
antigen-positive tests with a molecular test (Fig. 6c). However, fol-
lowing up antigen-positive tests with a molecular test has limited

impact on the NPV and p(T+), irrespective of the proportion of tests
that are followed up (Fig. 6b, c). On the other hand, following up
50% of antigen-negative tests with a molecular test increases the
PPV, NPV and p(T+) compared to antigen testing alone (Fig. 6d).
Furthermore, following up all antigen-negative tests with a mole-
cular test can achieve an NPV equal to or higher than that of the
molecular testing scenario (Fig. 6e, f).

Genomic detection of concordant and discordant variants
under alternative testing strategies
Finally, we investigated the impact of antigen and molecular testing
scenarios on the detection of variants through genomic surveillance,
assuming that 0–3% of samples are selected for genomic sequencing.
In testing scenarios which rely solely on antigen tests for diagnostic
and surveillance purposes, we found that genomic sequencing of both
antigen-negative and antigen-positive specimens is required to pro-
vide an unbiased estimate of both concordant and discordant variant
incidence (Fig. 7a–c). For instance, at a prevalence of 10%, sequencing
0.5% of cases would detect 0.025% of both concordant and discordant
cases. Molecular-only testing followed by sequencing of positive
samples can also provide an unbiased estimate of concordant and
discordant variant incidence and increases the percentage of cases
detected, compared to the antigen-only scenario (e.g., 0.05% cases
detected given sequencing of 0.5% of samples and 10% pre-
valence, Fig. 7d).

Genomic surveillance in a testing scenario where positive antigen
tests are confirmed with a molecular test and positive molecular spe-
cimens are sequenced will fail to detect a discordant variant, irre-
spective of the proportion of specimens sequenced (Fig. 7e).
Conversely, molecular confirmation of 50% of negative antigen tests
followed by genomic sequencing of 0.5% of positive molecular speci-
mens can detect 0.01% and 0.02% of concordant and discordant cases
at 10% prevalence, respectively (Fig. 7f).
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sequences do not contain any mutation in the N gene according to the Wuhan
reference sequence.
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Discussion
This work reports a pattern of disruptive amino-acid substitutions
within a major B-cell epitope of the N antigen27 that escapes detection
by the capture antibody of antigen tests. SARS-CoV-2 variants carrying
these mutations were detected at a high frequency in Veneto, the first
Italian region to adopt the use of antigen tests for diagnosis and sur-
veillance. Using a data fusion approach and model calibration to the
observed genomic and epidemiological data, we found that the use of
antigen testing in Veneto limited detection of the discordant (mole-
cular +/ antigen–) variant and favoured its spread compared to the rest
of Italy, where the uptake of antigen testing was slower and remained
lower throughout the modelling study period.

Previous studies comparing antigenic and molecular testing
regimes to control COVID-19 report that antigen testing alone is an
acceptable alternative to strategies that include molecular testing8–10.
In agreement, we found that antigen-only testing at a sufficient sensi-
tivity can reduce the concordant variant incidence, compared to sce-
narios where molecular testing is also used. However, in the presence
of variants with disruptive amino-acid substitutions within the N anti-
gen that can escape antigen testing, this strategy can nevertheless
result in an increased total infection burden. As SARS-CoV-2 incidence

remains high globally, novel variants will emerge, including VOCs30.
This study highlights how the use of only antigen testing could facil-
itate the transmission of new variants escaping antigen detection,
which has important public health implications in resource-limited
settings,where antigen testing is a cheaper andmore feasible alternate
to molecular testing31, as well as in high-income settings where mole-
cular testing has declined rapidly32. Investment in molecular testing
capacity, including the rapid update of RT-PCR primer sets able to
detect new circulating VOCs, and strengthening of epidemiological
surveillance should therefore remain a global priority, to facilitate the
rapid detection and control of discordant variants.

Genomic surveillance remains critical to conduct antigenic mon-
itoring and identify novel SARS-CoV-2 variants33–35. At the time the
discordant variant was detected, Italy sequenced an average of 1.4% of
positive samples; however, for the first 6 months of 2022 <0.3 % of
cases were sequenced36, falling short of the suggested benchmark of
0.5% of cases37. Here we show howmolecular confirmation of positive
antigen tests (i.e., the testing strategy adopted in Italy and the UK
during the modelling study period) results in under-reporting of a
discordant variant to genomic surveillance. This finding coupled with
reduced genomic surveillance is concerning, as accurate prevalence
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Fig. 3 | Observed epidemiological data fromVeneto and the rest of Italy during
themodelling study period. a Proportion of COVID-19 patients receiving antigen
diagnostic tests, b total daily reported incidence per 100,000 population,
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reconstructed bymultiplying themeandaily reported incidence for eachmonth by
the variant-specific prevalence reported in GISAID for each month, g–j Variant-
specific prevalence reported in GISAID, with the variant specified in panels c–f,
respectively. GISAID Global Initiative on Sharing Avian Influenza Data.
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estimates of new variants are necessary to ensure appropriate inter-
ventions can be put in place38. Moreover, it has been shown that
effective genomic surveillance depends more on the population cov-
erage of diagnostic testing than on the proportion of positive samples
sequenced, as high testing rates are required to ensure representative
sampling of circulating variants39. To this end, increased rates of
population testing, as well molecular testing independent to antigen
test confirmation, for instance as the first-line diagnostic tool in
hospitals40 or through regular nationwide surveys41, are integral for
unbiased and early detection of a discordant variant.

Currently, positive samples may also be selected for sequencing
based on molecular testing characteristics like spike gene target fail-
ures, which can indicate immune evasion42. Our work highlights the
importance of also monitoring N antigen diversity, to assess how new
mutations may limit the performance of antigen tests. Finally, it was
recently shown that SARS-CoV-2 genome sequencing from antigen

tests is possible43. If this were to become a widely used surveillance
tool, our study suggests that sequencing positive and negative antigen
samples would be the optimal surveillance strategy to accurately
detect both concordant and discordant variants.

In the event of a novel discordant variant, effective testing and
tracing plays a vital role in slowing its emergence and spread. Our
results indicate that the performance of antigen-only testing strategies
will be poor in such a scenario. High discordant variant transmission
coupled with the low concordant variant transmission is expected to
produce a high proportion of both false positive and false negative
results. Whilst false positive results can likely be identified through
repeated antigen testing44, this strategy is ineffective at reducing the
number of false negative results in the presence of a discordant var-
iant, which can instead be detected by molecular confirmation of
negative antigen tests. The optimal proportion of tests to follow up
depends on the local SARS-CoV-2 prevalence, economic and logistical
considerations, and the antigen testing strategy being implemented.

Several assumptions underpin this study. Firstly, we assumed that
antigen test sensitivity is 0% against the discordant variant, in agree-
ment with our observations and another study reporting variants with
0% antigen test sensitivity23. However, it is possible that some antigen
tests may detect a discordant variant if they use antibodies that
recognise different N antigen epitopes or target different proteins all
together. In this instance, the performance of antigen testing strate-
gies against discordant variants would be >0%. We also assumed a
concordant test sensitivity of 68.9% based on the hospital study,
although we explore the impact of higher and lower antigen test sen-
sitivity estimates in a sensitivity analysis. We also assumed that the
prevalence of a variant in GISAID is representative of its population-
level prevalence, which may not always be the case. For instance, the
Alpha variant may have been oversampled due to its characteristic S-
gene-target-failure, further highlighting the need for robust and
unbiased genomic surveillance systems. In our main analysis, we
assumed that only symptomatic individuals undertake diagnostic
testing; however, in a sensitivity analysis, we explored alternative
testing scenarios. Finally, we assumedhomogeneousmixingwithin the
population as the lack of age-specific surveillance data limited the
extent to which we could account for heterogeneous contact patterns
by age, for instance.

Rapid diagnostic testing and genomic surveillance have been a
central component in the response to the COVID-19 pandemic and are
likely to be vital for future pandemic preparedness as well. Our work
demonstrates how the widespread use of antigen tests could facilitate
the transmission of novel emerging variants capable to evade N anti-
gen detection, thus undermining the efforts of population testing. We
additionally highlight how genomic surveillance that relies on antigen
tests to identify cases for genomic sequencing can bias and under-
estimate the prevalence of escaped antigen test variants. Retaining
molecular testing for surveillance is essential in this and future phases
of the pandemic, to ensure the timely detection and control of emer-
ging SARS-CoV-2 variants globally.

Methods
Hospital-based surveillance
Study design. This study is a retrospective analysis of routinely col-
lected data including swab samples collected from 15 September 2020
to 16 October 2020 from patients admitted to the Emergency and
Infectious disease wards of the University Hospital of Padua (Italy) and
from subjects who required SARS-CoV-2 testing for one of the fol-
lowing reasons: (a) presence of symptoms indicating a possible SARS-
CoV-2 infection (fever and/or cough and/or headache, diarrhoea,
asthenia, muscle pain, joint pain, loss of taste or smell, or shortness of
breath, with or without pneumonia); (b) patients who were asympto-
matic but had a contact with a confirmed case of SARS-CoV-2 infection
during the previous ten days. All subjects >19 years were tested within
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Fig. 4 | Transmission model and reconstruction of the SARS-CoV-2 reporting
process in Italy. a Simplified flow diagram of the compartmental model used to
reproduce the dynamics of the discordant variant M234I-A376T and the con-
cordant variants A220V, Alpha, and other variants, in Veneto and the rest of Italy.
Susceptible individuals (S compartment) are infected at rate λY = βY ðIPY + IAY + ISY Þ

S0
,

where subscript Y refers to the virus variants (M234I-A376T, A220V, Alpha, other
variants). Upon infection, the latency period (EY compartment) lasts for an average
of 1=η days after which individuals are infectious but asymptomatic (IPY compart-
ment) for an average of 1=σ days. We assume that a proportion (1� μ) of infections
remain asymptomatic (IAY compartment) whilst the remaining proportion (μ)
develop symptoms; of these symptomatic individuals we assume that a proportion
(1� δY ) are not detected by surveillance (ISY compartment) and the remaining
proportion δY is detected, reportedand isolates (Q compartment).After an average
infectious period of 1=γ days individuals recover and test negative (R compart-
ment). Susceptible individuals are vaccinated and enter the R compartment at rate
ν.bDescriptionof the Italy testingpolicy, reproduced in the compartmentalmodel.
(1) Symptomatic individuals present for diagnosis with either an antigen or mole-
cular test. (2) Negative test results warrant no further action and individuals con-
tribute to transmission (IS compartment). (3) Individuals with a positive antigen or
molecular test result isolate until their recovery (Q compartment, 100% com-
pliance). (4) Positive antigen tests are additionally confirmedwith a molecular test.
(5) A random proportion of molecular-positive samples are selected for genomic
surveillance and reported in GISAID. (6) In the green pathway, both discordant and
concordant variant sampleswill be reported inGISAID. (7) In the blue pathway, only
concordant variant samples will return a positive antigen result and be reported in
GISAID. As positive antigen cases are confirmed by molecular tests, the probability
of reporting a concordant variant in GISAID is independent of the test adminis-
tered. For the discordant variant, the probability of reporting inGISAID depends on
the probability that the initial test is molecular. *Antigen-positive samples are
assumed to also be molecular-positive.
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1 h with both antigen (Panbio™ COVID-19 Ag Rapid Test Device,
ABBOTT Lake Country, IL, USA) and molecular (Simplexa™ COVID-19
Direct Kit, Diasorin Cypress, CA, USA) swab assay. No data were col-
lectedonpatients receiving the same testmore thanonce. Information
was collected from each individual about their age, sex, date of sam-
pling, symptoms, timeof symptomonset andCt value of themolecular
test. The molecular and antigen test results were grouped as con-
cordant (molecular +/ antigen +) or discordant (molecular +/ antigen
–). Individuals 0–19 years old were predominantly tested with mole-
cular swabs only in compliance with local regulations and the school
admittance policy (negative molecular test for re-admission to school

upon (a) or (b), as described above) in place at the time; the few that
were testedwith both antigen andmolecular swabswereomitted from
the analysis to avoid sampling biases.

Testing for SARS-CoV-2 with antigenic and molecular assays. Two
swabs were collected from each patient. One sample was processed
with Panbio™ COVID-19 Ag Rapid Test right after sampling according
to the manufacturer’s instructions. The second swab was processed
with RT-PCR, DiaSorin Molecular Simplexa™ COVID-19 Direct assay
system (Diasorin Cypress, CA, USA) that amplifies two targets of the
SARS-CoV-2 genome (the S gene and theORF1ab gene). The assay also
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Fig. 5 | Transmission dynamics of SARS-CoV-2 variants (A220V, M234I-A376T,
Alpha and others) in Veneto and the rest of Italy, and cumulative incidences
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estimated daily reported incidences per 100,000 population of A220V, M234I-
A376T, Alpha and other virus variants, fitted from observed incidence data
assuming a Negative Binomial likelihood (point and 95% binomial CI). Estimates are
the mean and 95% CrI (solid line and shaded region), obtained from the 2.5% and
97.5% percentiles of 100 samples of the posterior distributions. c Probability of
detecting cases attributable to the A220V, M234I-A376T, Alpha or other virus var-
iants in Veneto and the rest of Italy during the modelling study period. Point and
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assumes negative antigen tests are followed up with a molecular test; Italy testing
assumes the proportion of antigen and molecular tests conducted in Veneto was
the same as the rest of Italy over the modelling study period; only antigen testing,
68.9% test sensitivity assumes infections are tested with an antigen test of 68.9%
sensitivity (without molecular confirmation); only antigen testing 87.5% test sen-
sitivity assumes infections are tested with an antigen test of 87.5% sensitivity
(without molecular confirmation). Point and error bars are the mean and 95% CrI
obtained from the 2.5% and 97.5% percentiles of 100 samples of the posterior
distributions. CI confidence interval, CrI Credible interval.
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reveals the presence of hostmRNA in the same reaction to confirm the
correct execution of the test. Samples showing a positive result for
both viral targets were considered positive. Samples with either a
single positive target or with Ct value ≥33 were confirmed with an in-
house real-timeRT-PCR targeting theN2gene45, if thiswas also positive
then the sample was considered positive. Sequences of oligonucleo-
tides and probes (Company name: Thermo Fisher Scientific 168 Third
AvenueWaltham, MA 02451, USA): 019-nCoV_N2 Forward Primer (TTA
CAAACATTGGCCGCAAA), 2019-nCoV_N2 Reverse Primer (GCGCGA
CAT TCC GAA GAA), 2019-nCoV_N2 Probe (FAM-ACA ATT TGC CCC
CAG CGC TTC AG-BHQ1).

Viral culture. Viral isolation was carried out within a biosafety-level 3
containment facility. Typically, 100 µl of not inactivated swab med-
ium were inoculated in monolayers of Vero cells (ATCC CCL-81) with
Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 2%
(v/v) of foetal bovine serum (Gibco) and 1% (v/v) of penicillin/strep-
tomycin (Gibco) and incubated at 37 °C with 5% CO2. Twenty-four
hours after inoculation culture supernatant was replaced with fresh
culture medium. The supernatant was collected and centrifuged and
the presence of SARS-CoV-2 was confirmed by in-house real-time RT-
PCR targeting the N2 gene. Supernatant was also tested with Panbio™
COVID-19 Ag Rapid Test, COVID-19 Ag Respi-Strip (Coris BioConcept,
Belgium) as well as with LumiraDX SARS-CoV-2 Antigen Test.

Samples chosen for sequencing. The samples stored at −80 °C and
chosen for sequencing have been extracted and reamplified with the
in-house real-time RT-PCR targeting the N2 gene to check for their
integrity.

Synthesis of cDNA and library preparation protocol. Total nucleic
acids were purified from 200μl of nasopharyngeal swab samples and
eluted in a final volume of 100μl by using a MagNA Pure 96 System
(Roche Applied Sciences). Negative extraction control was also inclu-
ded. Then, the extracts were treated with DNase using the DNA-freeTM

Kit (Ambion, Life Technologies) following the manufacturer’s
instructions prior to cDNA synthesis. Negative controls were included

also in the following steps up to sample sequencing checking for
potential contaminations. The cDNA was synthesised using the Pro-
toScript® II First Strand cDNA Synthesis kit (New England Biolabs Inc.).
The first strand synthesis reaction was performed in a total volume of
20 µl at 95 °C for 5min, then the temperature ramped down to 20 °C.
The cDNA synthesis was completed at 25 °C for 5min followedby 1 h at
42 °C and 5min at 80 °C. The cDNA libraries were prepared following
the Twist Library Preparation Kit for ssRNA Virus Detection protocol
(Twist Bioscience) and fragmented to generate 300bp dA-tailed DNA
fragments. The Twist Universal Adapters were ligated to the dA-tailed
DNA fragments to prepare the cDNA libraries ready for indexing. The
samples were amplified using the Twist Unique Dual Index Primers for
10 cycles, set up as follows: denaturation step at 98 °C for 25 s;
annealing step at 60 °C for 30 s and extension step at 72 °C for 30 s.
The PCR products were then purified using the DNA Purification Beads
(Twist Bioscience).

Viral cDNA enrichment protocol and sequencing. The library's
enrichment was performed according to the Twist Target Enrich-
ment protocol (Twist Bioscience). The samples were pooled in
groups of four to a final concentration of 1500 ng. The hybridisation
reaction to SARS-CoV-2 specific probes was performed by incubat-
ing the library pools and the probes at 70 °C for 16 h. The hybridised
targets were then captured by streptavidin beads following the
manufacturer’s instructions. The library pools were then enriched
through a post-capture PCR. The amplification products were pur-
ified using the DNA Purification beads (Twist Bioscience). After
quantification and validation check, libraries were normalised and
sequenced 2 × 150 paired-end on both the Illumina MiSeq and
NextSeq 550 platforms at the Polo GGB facility (Siena, Italy). The
sequencing was performed using the Standard V2 and the Mid
Output V2.5 flowcells, respectively.

Quality check and mapping of the reads. Raw sequences were fil-
tered for length and quality with Trimmomatic v0.4046 according to
the following parameters: ILLUMINACLIP: TruSeq3-PE-2:2:30:10
LEADING:30 TRAILING:30 SLIDINGWINDOW:4:20 MINLEN:90. High-
quality reads were further filtered for the presence of non-specific
captured sequences from bacterial, viral, and human genomes during
library construction. The remaining reads were then aligned on the
SARS-CoV-2 reference genome (GenBank ACC: NC_045512 [https://
www.ncbi.nlm.nih.gov/nuccore/1798174254]) with BWA-MEM
v0.7.1747. Duplicated reads were then removed with Picard tool
v2.25.0 (http://broadinstitute.github.io/picard/). Consensus sequen-
ces were generated using a combination of SAMtools v1.1148 and
VarScan v2.4.149 variant caller. Consensus sequences were recon-
structed from VarScan output with an in-house script that auto-
matically introduces ‘N’ in low-quality or uncertain/uncovered regions
of the reference sequence. Sequence details are available in Supple-
mentary Data 1. Sequences were submitted to GISAID29 and GenBank50

(GISAID and GenBank accession numbers are available from Supple-
mentary Data 1).

Analysis of the amino-acid variants in N protein. Sequence data and
corresponding metadata, released from 1 January 2020 to 17 Feb-
ruary 2021, were downloaded from GISAID databank29 and further
analysed to map the variants in N protein. The list of used sequences
is reported in Supplementary Data 2. Sequences with missing infor-
mation and incomplete N protein were discarded. The analysis was
conducted on the variants found in concordant (molecular +/ anti-
gen +) and discordant cases (molecular +/ antigen –) (see Supple-
mentary Data 1). The monthly prevalence trend of the variants found
in concordant and discordant cases was plotted from January to
December 2020 and reported for Italy, and the Veneto region
(Supplementary Fig. 5).

Table 2 | Mean and 95% CrI parameter estimates, obtained
from the 2.5% and 97.5% percentiles of the posterior
distributions

Parameter Mean (95% CrI) Parameter description

R0M 1.38 (1.3–1.43) Transmission rate of M234I-A376T variant

R0A 1.45 (1.39–1.51) Transmission rate of A220V variant

R0O 1.26 (1.23–1.31) Transmission rate of other variants

R0Al 2.26 (2.16–2.37) Transmission rate of Alpha variant

ρ 92.65%
(72.84–99.82)

Probabilityof performingadiagnostic test
if symptomatic

ω1 36.56%
(33.68–39.16)

Per cent reduction in transmission after
control measures (second wave)

ω2 51.77% (47.29–56.01) Per cent reduction in transmission after
control measures (third wave)

I0MItaly 105.41
(54.63–167.04)

Initial number of M234I-A376T variant
infections

I0AItaly 0.59 (0.06–2.42) Initial number of A220V variant infections

I0OItaly 88.27 (21.26–193.9) Initial number of other variant infections

I0AlItaly 88.34 (31.44–180.4) Initial number of Alpha variant infections

I0MVeneto 24.68 (13.5–37.19) Initial number of M234I-A376T variant
infections

I0AVeneto 0.07 (0.01–0.27) Initial number of A220V variant infections

I0OVeneto 6.29 (1.44–14.89) Initial number of other variant infections

I0AlVeneto 21.86 (11.31–34.84) Initial number of Alpha variant infections

κ 0.05 (0.01–0.12) Overdispersion parameter
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Statistical analysis. P values are evaluated at the 5% significance
level unless otherwise specified; 95% CIs were estimated using the
exact binomial method. Continuous outcomes were compared
using the two-sided Wilcoxon–Mann–Whitney test (two groups)
and the Kruskal–Wallis test (>two groups)51. Pearson’s χ2 test sta-
tistic was used to compare proportions. The distribution of Ct
values was estimated using a two-component Gaussian mixture.
Logistic regression is used to model antigen test sensitivity against
Ct level.

Mathematical modelling
We implemented a multi-strain model to reconstruct the transmis-
sion dynamics of the dominant variants carrying the A220V and
M234I-A376T mutations, all other co-circulating variants, and the
Alpha variant (B.1.1.7) for Veneto and the rest of Italy between May
2020 and 2021. The month prior to the detection of A220V in
GISAID in Italy was chosen as the start of the modelling period. We
refer to A220V, Alpha and other variants as the concordant variants
and to the M234I-A376T variant as the discordant variant (Supple-
mentary Table 5).

Epidemiological and genomic data. Epidemiological and genomic
sequencing data recorded in Veneto and the rest of Italy were used to
reconstruct variant-specific incidences. Let subscript Y refer to the
virus variant (M =M234I-A376T, A = A220V, Al = Alpha, O = other) and
subscript m refer to the month. The number of sequences tested nm

and the number of variant Y sequences identified xYm were obtained
from the GISAID databank29. Themean daily incidence of SARS-CoV-2
reported for month m, RTOTm was obtained from the Civil
Protection25. Assuming that positivemolecular samples are randomly
selected for genomic sequencing, the monthly prevalence of the
sequences from GISAID reflects the true monthly incidence of
infection of each variant. From the data, we reconstruct the variant-
specific reported incidence of infection NRYm (Fig. 3c–f) by multi-
plying the daily mean incidence reported in monthm (Fig. 3b) by the
reported prevalence of variant Y in the same month (Figs. 3g–4j),
NRYm =RTOTm

xYm
nm

,which is proportional to the true incidence of
variant-specific infection.

Let subscript i refer to time, in days and subscript T refer to the
test (AN = antigen, MO =molecular). To reconstruct the testing and
reporting process in Italy (Fig. 4b), we obtained data on the number
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Fig. 6 | Performance of antigen andmolecular testing strategies, given a range
of concordant and discordant variant prevalence values. a Individuals present
for diagnosis with an antigen test and there is no molecular test confirmation.
b Individuals present for diagnosis with an antigen test and 50% of positive
cases are confirmed with a molecular test. c Individuals present for diagnosis
with an antigen test and all positive cases are confirmed with a molecular test.
d Individuals present for diagnosis with an antigen test and 50% of negative
cases are confirmed with a molecular test. e Individuals present for diagnosis
with an antigen test and all negative cases are confirmed with a molecular test.
f Individuals present for diagnosis with a molecular test. Presented are the

positive predictive value (PPV), negative predictive value (NPV), probability of
testing positive (p(T+)) and percentage of diagnostic tests that are antigen (Ag
%). Prevalence values range from 0 to 100% for both the discordant and con-
cordant variants. Note that for PPV (top panel) only prevalence values from 0
to 50% are presented. Molecular sensitivity and specificity are 92% and 100%,
respectively, regardless of the infecting variant. Antigen sensitivity is 68.9%
against the concordant variant and 0% against the discordant variant.
Antigen specificity is assumed fixed at 99.68% against both variants. Solid
contour denotes 25%, dashed contour denotes 50% and dotted contour
denotes 75%.
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tests NTi conducted in day i from the Civil Protection25. Regional
data on NMOi are published for the full modelling study period,
whereas NANi data are available from 16 January 2021 onwards only.
In Veneto, the total number of antigen tests performed each month
NANm have been published from September 2020 onwards, and we
assumed no antigen testing was conducted prior to this. To obtain
an estimate of NANi in Veneto between September 2020 and January

2021, we calculated the mean daily number of tests performed each
month and linearly interpolated the missing values (Fig. 3a). In the
rest of Italy, no data on antigen testing are available prior to January
2021, although there is evidence of antigen testing from October
2020 onwards52, 53. We therefore assumed that antigen testing
commenced in October 2020 in Italy and used linear interpolation
to estimate NANi between October 2020 and January 2021 (Fig. 3a).
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To account for the SARS-CoV-2 vaccination campaign which began
in December 2020, we obtained data on the mean daily number of
second doses administered in Veneto and the rest of Italy in month
m Vm from the Extraordinary Commissioner for the COVID-19
emergency54.

Multi-strain transmissionmodel. Supplementary Fig. 7 shows theflow
diagram of the multi-strain susceptible (S), exposed (E), pre-
symptomatic infectious (IP), asymptomatic infections (IA), sympto-
matic infectious (IS), quarantined (Q), recovered (R) compartmental
model. We assumed a total population size N = 4,847,026 for Veneto
and N = 54,410,540 for the rest of Italy. In accordance with the results
reported in the national seroprevalence survey in July 202055, we
assumed that 98% of the population of Veneto and 97% of the popu-
lation of the rest of Italy were susceptible to SARS-CoV-2 at the start of
the modelling period (i.e., were in the S compartment, S0 = 4,753,625
for Veneto and S0 = 53,021,564 for Italy). We assumed an average
latency period 1=η of 1 / 1.31 days56, pre-symptomatic infectious period
1=σ of 1/3.79 days28 and an average infectious period 1=γ of 2.1 days28.
We assumed the proportion of individuals developing symptoms μ to
be 59%28 and that only symptomatic individuals test and isolate (Q
compartment).

We defined a variant-specific force of infection (i.e., the daily per
capita risk that a susceptible individual becomes infected) λYi, given by

λY i =
βY ðIPYi + IAYi + ISYiÞ

S0
ð1Þ

Thus, λY i is proportional to the transmission rate of variant Y (βY )
and to the proportion of undetected infectious individuals of variant Y
on day i (ðIPYi + IAYi + ISYiÞ=S0).

We assumed the molecular sensitivity ϕMO to be 92.0%57 against
both concordant and discordant variants and the antigen test sensi-
tivity ϕAN to be 68.9% against the concordant variants and 0% against
the discordant variant (Supplementary Table 3). The antigen and
molecular test specificity εT was assumed to be 100% against all var-
iants. We estimated the proportion of symptomatic individuals infec-
ted with the discordant variant M234I-A376T detected by surveillance
as:

δMi =ρpMOi ϕMO ð2Þ

Where ρ is the probability of an infectious individual with symptoms
testing (i.e., taking a diagnostic test) and pMOi represents the pro-
portion of molecular tests that were conducted for diagnostic pur-
poses at the point of testing (i.e., not to confirm the result of a
positive antigen test) (Fig. 4b). The proportion of symptomatic
individuals infected with a concordant variant that were detected
and reported δY i (Y =A,O Al) is given by:

δY i =ρðϕMOpMOi +ϕANð1� pMOiÞÞ ð3Þ

where 1� pMOi is the proportion of antigen tests conducted. We
assumed that detected symptomatic infections fully complied with
isolation (Q compartment) and thus did not contribute to the onward
transmission of the virus.

Let pc,i denote the per capita probability of being infected with a
concordant variant:

pc,i =
ηEAi + ηEOi + ηEAli

S0
ð4Þ

Where ηEYi is the true incidence of infection of variant Y. NANi pci is
therefore the number of antigen-positive tests on day i. Thus, the
probability of receiving a molecular test for diagnostic purposes (i.e.,
not for confirming an antigen test) pMOi is given by:

pMOi =
NMOi � NANi pc,i

NMOi +NANið1� pc,iÞ
ð5Þ

The reproduction number of each variant (R0
0Y) is given by:

R0
0Y =

βY

σ
+

1� μð ÞβY

γ
+

1� δY

� �
μβY

γ
ð6Þ

To reflect the nationwide restrictions introduced in Italy in
November 2020 and March 2021 in response to the second and third
waves, respectively, we assumed that the reproduction number of all
variants at the start of the modelling period was reduced by a factor
(1� ωl) from 15 November 2020 to 14 March ðl = 1Þ and reduced by a
factor (1� ωl) from 15March 2021 onwards ðl =2Þ, for both Veneto and
the rest of Italy:

Rl
0Y = 1� ωl

� �
R0
0Y ð7Þ

where ωl is the per cent reduction in transmission due to the imple-
mentation of interventions. To account for the national rollout of
vaccination from January 2021 onwards, we assumed that a proportion
of susceptible individuals acquired immunity and entered the recov-
ered compartment through vaccination. Theper capitameandaily rate
of vaccination for month m υm is given by:

υm =
Vm

S0
ð8Þ

From the model, the daily mean reported incidence for variant Y
in month m is given by NRYm = δYmμσIPYm. By equating this with
RTOTm

xYm
nm

(i.e., the available epidemiological and genomic data) and
assuming that the number of sequences detected by genomic sur-
veillance xYm follows a Negative Binomial distribution, the likelihood
of the data is given by:

xYm ~NegativeBinomial
δYmμσIPYm

RTOTm
nm, k

� �
ð9Þ

where δYmσμIPYm
RTOTm

represents the probability that a sequenced sample test
positive for the Y variant in month m and k represents the over-
dispersion parameter.

Inferential framework. Themodel was fitted to the observed data in a
Bayesian Markov chain Monte Carlo framework using the No-U-Turn
sampler via Rstan (version 2.21.0)58 in R (version 4.1.1)59 and RStudio60

(version 2021.09.0), using the observed number of SARS-CoV-2 cases

Fig. 7 | Genomic surveillance of a discordant variant and a concordant variant
across different testing and sequencing strategies, given a range of prevalence
values. a Individuals present for diagnosis with an antigen test and a sample of
positive specimens are sequenced. b Individuals present for diagnosis with an
antigen test and a sample of negative specimens are sequenced. c Individuals
present for diagnosis with an antigen test and a sample of both negative and
positive specimens are sequenced. d Individuals presenting for diagnosis with a
molecular test and a sample of positive specimens are sequenced. e Individuals
presenting for diagnosis with an antigen test, 50% of positive cases are confirmed

with molecular and a sample of positive molecular specimens are sequenced.
f Individuals presenting for diagnosis with an antigen test, 50%of negative cases are
confirmed with molecular and a sample of positive molecular specimens are
sequenced. Prevalence values range from 0 to 100% for both the discordant and
concordant variants. Percentage of specimens sequenced ranges from 0 to 3%.
Molecular sensitivity and specificity are 92% and 100%, respectively, regardless of
the infecting variant. Antigen sensitivity is 68.9% against the concordant variant and
0% against the discordant variant. Dashed contour denotes 0.1%, solid contour
denotes 1% and dotted contour denotes 2%.
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(RTOTm), the observed number of molecular and antigen tests admi-
nistered ðNMOm,NANmÞ, the observed number of second vaccine doses
administered (Vm), the number of sequences tested ðnmÞ and the
number of sequences testing positive by variant ðxYmÞ as input data.
We simultaneously calibrate the model to the data from Veneto and
the rest of Italy by fitting to the variant-specific reported incidence
relative to the population size (i.e., divided by S0 and using a scaling
factor of 100,000), assuming the same transmission parameters βY ,
probability of a symptomatic individual taking a test ρ, and reduction
in transmission ωl across the two locations. We assumed that trans-
mission of each variant started onemonth prior to its first detection in
Italy in theGISAIDdatabank. The size of the initial seed for each variant
I0Y , the probability of testing ρ, the transmission parameters βY and
the reduction in transmission ωl were estimated, assuming the priors:
βY ~ normalð1,1Þ, ρ ~ betað1,1Þ, ωl ~ betað1,1Þ, I0Y ~ normal 1,10ð Þ for
Veneto and I0Y ~ normal 1,100ð Þ for Italy.We additionally estimated the
overdispersion parameter k, assuming the prior k ~ exponential(0.01).

To improve thefit, weweighted the likelihoodof theM234I-A376T
variant by 10. We simulated 4 chains of 2,000 iterations each, dis-
carding the first 1000 iterations and assessed convergence using the
R-hat convergence diagnostic. 95% CrI of estimates were obtained
from the 2.5 and 97.5 percentiles of 100 samples of the posterior dis-
tributions. All data and code used to fit the model are available on
GitHub61.

Sensitivity analysis. We explored four different testing assumptions
and compared their fit using the log-likelihood. All fourmodel variants
had comparable log-likelihoods so we chose the visually best fitting
model as the baseline model. This model assumed that only sympto-
matic individuals undergo diagnostic testing and that they isolate if
they receive a positive result, which is in agreement with the Italian
testing policy during themodelling study period. In a second scenario,
we assumed that all symptomatic individuals isolate and that asymp-
tomatic individuals testwith a probability ρ and isolate if they receive a
positive result. In the third scenario, we assumed that symptomatic
individuals test and isolate if they receive a positive result, and that
asymptomatic individuals test with a probability ρ and isolate if they
receive a positive result. In a fourth scenario, we assumed that the
probability of taking a diagnostic test is independent of symptom
occurrence, and that asymptomatic and symptomatic individuals test
with the same probability ρ and isolate if they receive a positive result.

We also ran a thorough sensitivity analysis on the main model.
Firstly, we assumed that symptomatic infectious individuals who did
not test or who receive a false negative test result limit their contacts
by a factor (1� α), which was estimated from the data assuming the
prior α ~ betað1,1Þ. Secondly, we assessed the robustness of the results
when assuming antigen test sensitivities of 64.3% and 87.5% (Supple-
mentary Tables 3 and 4) against the concordant variant. Thirdly, we
explored the sensitivity of the results on the assumptions made about
the average latency period, pre-symptomatic infectious period and
infectious period which were respectively fixed to (i) 1.31 days28,
4.29 days62 and 1.6 days28 and (ii) 2.15 days28, 2.95 days56 and 2.1 days28.
Finally, we evaluated the impact of assuming 100% vaccine efficacy ζ
against infection following two vaccine doses by exploring the cases ζ
= 70% and 80% against infection63.

Counterfactual analysis. In a separate analysis, we explored four
counterfactual molecular and antigen testing scenarios in Veneto. In
scenario 1, we assumed that the proportion of antigen and molecular
tests conducted in Veneto was the same as in the rest of Italy over the
study period. In scenario 2, we assumed that a molecular test followed
a negative antigenic test and that those receiving a positive antigenic
test isolate without molecular confirmation. Finally, we modelled an
antigen-only testing strategy (without molecular confirmation),
assuming antigen sensitivity against the concordant variants to be

68.9% (Scenario 3) and 87.5% (Scenario 4), respectively (Supplemen-
tary Tables 3 and 4).

Finally, in a separate analysis, we explored the transmission
dynamics ofM234I-A376T assuming different values of R0M compared
to the fitted estimates, which were obtained by multiplying the esti-
mated R0M value by 0.8, 1.2, 1.4 and 1.6.

Estimating test performance metrics. We calculated the PPV , NPV
and p T +� �

for all possible combinations of concordant θc and dis-
cordant θd prevalence values under different testing strategies. LetϕTc

and ϕTd denote the test sensitivity against the concordant and dis-
cordant variants, respectively. Let εT denote test specificity, as above.
Note that for molecular tests ϕMOc = ϕMOd . We define the true positive
(TPT ), true negative (TNT ), false positive (FPT ) and false negative
(FNT ) values are as follows:

TPT =ϕTcθc +ϕTdθd ð10Þ

TNT = εT ð1� θc � θdÞ ð11Þ

FPT = 1� εT
� �ð1� θc � θdÞ ð12Þ

FNT = ð1� ϕTcÞθc + ð1� ϕTdÞθd ð13Þ
If only molecular or only antigen testing is conducted, then:

PPVT =
TPT

TPT + FPT
ð14Þ

NPVT =
TNT

TNT + FNT
ð15Þ

p T +
T

� �
=TPT + FPT ð16Þ

In testing strategies using both molecular and antigen testing, we
assume individuals presenting for diagnosis initially receive an antigen
test and that X proportion of either positive or negative antigen tests
are followed up with a molecular test. We assume that if there is a
discordant result between the antigen and molecular tests, the mole-
cular test result is reported, and that concordant antigen and mole-
cular results are only reported once. Thus, if a proportion X of antigen-
positive tests are confirmed with molecular, we obtain:

PPV =
TPAN XϕMO

� �
+ ð1� XÞTPAN

� �

TPAN XϕMO

� �
+ ð1� XÞTPAN

� �
+ FPANX 1� εMO

� �� �
+ ð1� XÞFPAN

� �

ð17Þ

NPV =
TNAN + FPAN X εMO

� �

TNAN + FPAN X εMO

� �
+ FNAN + TPAN X 1� ϕMO

� �� � ð18Þ

p T +� �
= TPAN XϕMO

� �
+ ð1� XÞTPAN

� �
+ FPANX 1� εMO

� �� �
+ ð1� XÞFPAN

� �

ð19Þ

%of diagnostic tests that are antigen=
1

1 +X TPAN + FPAN

� � ð20Þ

Similarly, if a proportion X of antigen-negative tests are confirmed
with a molecular test, we obtain:

PPV =
TPAN + FNA XϕMO

� �

TPAN + FNAN XϕMO

� �
+ FPAN + TNAN X ð1� εMOÞ

� � ð21Þ
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NPV =
1� Xð ÞTNAN

� �
+ TNAN X εMO

� �

1� Xð ÞTNAN

� �
+ TNAN X εMO

� �
+ 1� Xð ÞFNAN

� �
+ FNAN X ð1� ϕMOÞ
� �

ð22Þ

p T +� �
=TPAN + FNAN XϕMO

� �
+ FPAN + TNAN X ð1� εMOÞ

� � ð23Þ

%of diagnostic tests that are antigen=
1

1 +X TNAN + FNAN

� � ð24Þ

In this analysis, we assumed that the sensitivity and specificity
of molecular tests are 92%57 and 100%, respectively, regardless of
the infecting variant and that antigen sensitivity was 68.9% against
the concordant variant and 0% against the discordant variant
(Supplementary Table 3). We allowed for imperfect antigen spe-
cificity (99.68%) against both variants64 to explore the variability
in PPV (i.e., there is no variability in PPV assuming 100%
specificity).

Estimating detection by genomic surveillance. Let φ denote the
proportion of viral samples sequenced for genomic surveillance
(ranging from 0 to 3%)37 and PVseq denote the percentage of cases
of a discordant or concordant variant (denoted subscript V) that
are detected by genomic surveillance. If only molecular or only
antigen testing is conducted and positive samples are sequenced
then:

PVseq =ϕTV
θV φ ð25Þ

Equally, if onlymolecular or only antigen testing is conducted and
negative samples are sequenced then:

PVseq = 1� ϕTV

� 	
θV φ ð26Þ

If a proportion X of antigen-positive tests are confirmed with a
molecular test and positive molecular samples are sequenced, then:

PVseq =ϕANV
θV X ϕMOV

φ ð27Þ
If a proportion X of antigen-negative tests are confirmed with a

molecular test and positive molecular samples are sequenced, then:

PVseq = 1� ϕANV

� 	
θV X ϕMOV

φ ð28Þ

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

Data availability
The SARS-CoV-2 genomic sequences of the concordant and the dis-
cordant samples are available in Supplementary Data 1, together with
their relative GenBank and GISAID accession numbers. The GISAID
acknowledgements table is provided as Supplementary Data 2, where
all the GISAID accession numbers of the sequences downloaded from
GISAID for this study are available. All data used in themodelling study
are on GitHub at https://github.com/bnc19/COV_Italy_multistrain.

Code availability
Code is available at: https://github.com/bnc19/COV_Italy_multistrain 61.
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