








health care system, or both. Detailed clinical
investigations of P.1 infections are needed.
Our model makes the assumption of a homo-
geneously mixed population and therefore
ignores heterogeneities in contact patterns (dif-
ferences in private versus public hospitals are
provided in fig. S13). This is an important area
for future research. The model fits observed
time series data from Manaus on COVID-19
mortality (Fig. 4C) and the relative frequency
of P.1 infections (Fig. 4D) and also captures
previously estimated trends in cumulative sero-
positivity in the city (Fig. 4E). We estimate the
reproduction number (Rt) on 7 February 2021
to be 0.1 (median, 50% BCI, 0.04 to 0.2) for
non-P.1 and 0.5 (median, 50% BCI, 0.4 to 0.6)
for P.1 (Fig. 4F).

Characterization and adaptation of a constellation
of spike protein mutations

Lineage P.1 contains 10 lineage-defining amino
acidmutations in the virus spike protein (L18F,

T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, H655Y, and T1027I) compared with
its immediate ancestor (B.1.1.28). In addition
to the possible increase in the rate of molec-
ular evolution during the emergence of P.1, we
found by use of molecular selection analyses
(47) evidence that eight of these 10 mutations
are under diversifying positive selection (table
S1 and fig. S14). (Single-letter abbreviations for
the amino acid residues are as follows: A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
and Y, Tyr. In the mutants, other amino acids
were substituted at certain locations; for ex-
ample, K417T indicates that lysine at position
417 was replaced by threonine.)
Three key mutations present in P.1—N501Y,

K417T, and E484K—are in the spike protein
RBD. The former two interact with human
ACE2 (hACE2) (11), whereas E484K is located
in a loop region outside the direct hACE2 in-

terface (fig. S14). The same three residues are
mutated with the B.1.351 variant of concern,
andN501Y is also present in the B.1.1.7 lineage.
The independent emergence of the same con-
stellation of mutations in geographically dis-
tinct lineages indicates a process of convergent
molecular adaptation. Similar to SARS-CoV-1
(48–50), mutations in the RBD may increase
affinity of the virus for host ACE2 and conse-
quently influence host cell entry and virus trans-
mission. Recentmolecular analysis of B.1.351 (51)
indicates that the three P.1 RBDmutations may
similarly enhance hACE2 engagement, provid-
ing a plausible hypothesis for an increase in
transmissibility of the P.1 lineage. Moreover,
E484K is associated with reduced antibody
neutralization (6, 9, 52, 53). RBD-presented epi-
topes account for ~90% of the neutralizing ac-
tivity of sera from individuals previously infected
with SARS-CoV-2 (54); thus, tighter binding of
P.1 viruses to hACE2 may further reduce the
effectiveness of neutralizing antibodies.
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Fig. 4. Estimates of the epidemiological characteristics of P.1 inferred from a
multicategory Bayesian transmission model fitted to data from Manaus,
Brazil. (A) Joint posterior distribution of the cross-immunity and transmissibility
increase inferred through fitting the model to mortality and genomic data. Gray
contours indicate posterior density intervals ranging from the 95 and 50% isoclines.
Marginal posterior distributions for each parameter shown along each axis. (B) As
for (A), but showing the joint-posterior distribution of cross-immunity and the
inferred relative risk of mortality in the period after emergence of P.1 compared with
the period prior. (C) Daily incidence of COVID-19 mortality. Points indicate severe
acute respiratory mortality records from the SIVEP-Gripe database (67, 69). Brown
and green ribbons indicate model fit for COVID-19 mortality incidence, disaggregated

by mortality attributable to non-P.1 lineages (brown) and the P.1 lineage (green).
(D) Estimate of the proportion of P.1 infections through time in Manaus. Black data
points with error bars are the empirical proportion observed in genomically
sequenced cases (Fig. 3A), and green ribbons (dark = 50% BCI, light = 95% BCI) are
the model fit to the data. (E) Estimated cumulative infection incidence for the
P.1 and non-P.1 categories. Black data points with error bars are reversion-corrected
estimates of seroprevalence from blood donors in Manaus (2). Colored ribbons are
the model predictions of cumulative infection incidence for non-P.1 lineages
(brown) and P.1 lineages (green). These points are shown for reference only and
were not used to fit the model. (F) Bayesian posterior estimates of trends in
reproduction number Rt for the P.1 and non-P.1 categories.
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Conclusion

Weshow that P.1most likely emerged inManaus
inmid-November, where high attack rates have
been previously reported.High rates ofmutation
accumulation over short time periods have
been reported in chronically infected or im-
munocompromised patients (13). Given a
sustained generalized epidemic in Manaus,
we believe that this is a potential scenario
for P.1 emergence. Genomic surveillance and
early data sharing by teams worldwide have
led to the rapid detection and characteriza-
tion of SARS-CoV-2 and new variants of con-
cern (VOCs) (25), yet such surveillance is still
limited in many settings. The P.1 lineage is
spreading rapidly across Brazil (55), and this
lineage has now been detected in >36 coun-
tries (56). But existing virus genome sampling
strategies are often inadequate for determin-
ing the true extent of VOCs in Brazil, andmore
detailed data are needed to address the im-
pact of different epidemiological and evolution-
ary processes in their emergence. Sustainable
genomic surveillance efforts to track variant
frequency [for example, (57–59)] coupled with
analytical tools to quantify lineage dynamics
[for example, (60, 61)] and anonymized epide-
miological surveillance data (62, 63) could
enable enhanced real-time surveillance of
VOCs worldwide. Studies to evaluate real-
world vaccine efficacy in response to P.1 are
urgently needed. Neutralization titers repre-
sent only one component of the elicited re-
sponse to vaccines, and minimal reduction of
neutralization titers relative to earlier cir-
culating strains is not uncommon. Until an
equitable allocation and access to effective
vaccines is available to all, nonpharmaceut-
ical interventions should continue to play an
important role in reducing the emergence of
new variants.
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accelerated by stark local inequalities and political upheaval, which compromised a prompt federal response.
evolution, this variant emerged in Brazil during November 2020. Coupled with the emergence of P.1, disease spread was
has 17 mutations, including three (K417T, E484K, and N501Y) in the spike protein. After a period of accelerated 

 tracked the evolution of a new, more aggressive lineage called P.1, whichet al.momentary respite in mid-2020. Faria 
more than a month as it spread north from Sã o Paulo. In Manaus, transmission reached unprecedented levels after a 
deaths before cases became apparent indicated unmitigated spread. SARS-CoV-2 circulated undetected in Brazil for
analyzed the pattern of spread of COVID-19 cases and deaths in the country from February to October 2020. Clusters of 

et al.respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Using daily data from state health offices, Castro 
Despite an extensive network of primary care availability, Brazil has suffered profoundly during the severe acute
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