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Abstract: São Paulo state has been the epicenter of the Coronavirus Disease 2019 (COVID-19) in
Brazil, ranking first by state with over six million reported cases. In February 2021, the P.4 lineage
was reported in 21 cities across the state by public health authorities due to the L452R mutation. Here,
by analyzing 17,304 genome sequences of SARS-CoV-2 sampled between February and August of
2021 in 476 distinct cities in São Paulo, we assess the transmission dynamics of the P.4 lineage and
other SARS-CoV-2 variants that were, at the time of the study, co-circulating in the state. Additionally,
clinical parameters from the city of Araras, São Paulo (N = 251) were considered to estimate the
potential risk and mortality rate associated with the P.4 lineage since its higher prevalence was
observed in that city. Our data suggest a low frequency (0.55%) of the P.4 lineage across the state,
with the gamma variant being the dominant form in all regions (90%) at that time. Furthermore, no
evidence of increased transmissibility and disease severity related to the P.4 lineage was observed.
The displacement through the time of different lineages in São Paulo highlights how challenging
genomic surveillance appears to track the emergence of new SARS-CoV-2 lineages, which could
better guide the implementation of control measures.
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1. Introduction

Several genetic variants of the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) have emerged in the second year of the Coronavirus Disease 2019 (COVID-19)
pandemic and are currently circulating around the world [1–3]. In most cases, those
emerging variants have been associated with increased transmissibility, increased affinity
for the human ACE2 receptor, and more severe disease [3–5]. Genomic surveillance studies
have allowed the monitoring of circulating strains in different parts of the world, guiding a
better implementation of control measures [6].

SARS-CoV-2 is a positive-sense single-stranded RNA virus with among the largest
and most complex RNA viral genomes known, ranging from 26 to 32 kb [7]. Like any
RNA virus, its mutation rate is generally higher than that of DNA viruses [8], which
enhances the ability of these viruses to adapt to new conditions, including emerging into
new hosts and circumventing vaccine-induced immunity [9,10]. Coronaviruses, however,
experience fewer mutations than most RNA viruses because their RNA-dependent RNA
polymerase (RDRP) has proofreading activity. Therefore, numerous SARS-CoV-2 variants
can be explained in part by the low fidelity of their viral RNA polymerase [8,11,12].

Five main genetic variants emerged and sustained a trajectory of increasing in frequency:
the Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), Gamma (P.1), and Omicron (B.1.1.529).
These are considered “Variants of Concern” (VOC) because of increased transmissibility,
hospitalizations, and deaths, which has alarmed national and international organizations.

Brazil’s first COVID-19 case was reported on 26 February 2020 in São Paulo state
in a traveler returning from Italy. As of 13 October 2022, more than 6 million cases and
more than 170,000 deaths have been reported in the state, which makes it the epicenter
of the COVID-19 epidemic in Brazil. The Gamma VOC and the Zeta (P.2) VOI (Variant of
Interest) have been established as the most prevalent lineages circulating across all Brazilian
territories, with the higher prevalence of Gamma in São Paulo state up to February 2021 [13].
In February 2021, a new sub-lineage of the ancestral B.1.1.28 harboring the L452R spike
mutation, named P.4, was first identified in Porto Ferreira city, São Paulo, Brazil [14].

Since its first detection, an increase in frequency was observed in more than 21 cities
of the state [14]. In previous studies, this mutation has been associated with heightened
adaptiveness of the virus, decreased sensibility to neutralizing antibodies, escape from
cellular immunity, and increased infectivity [15–18]. In this respect, the Network for
Pandemic Alert of Emerging SARS-CoV-2 Variants based in the state of São Paulo and led
by the Butantan Institute analyzed n = 17,304 SARS-CoV-2 genome sequences to assess the
transmission dynamics of the variants that were co-circulating in the state. In this report,
we provide a retrospective genomic and clinical overview regarding the SARS-CoV-2 P.4
lineage with the intent to evaluate its potential impact.

2. Materials and Methods
2.1. SARS-CoV-2 Samples

The study included a total of 17,304 SARS-CoV-2 genome sequence data (Table S1)
from the Network for Pandemic Alert of Emerging SARS-CoV-2 Variants sampled between
21 February and 7 August 2021. Total nucleic acid was extracted from nasopharyngeal and
oropharyngeal swab samples using the Extract kit (Loccus, Cotia, São Paulo, Brasil) in an
automated system (Extracta 96, Loccus, Cotia, São Paulo, Brasil) and submitted to real-time
RT-PCR using different commercial assays (AllPlex 2019-nCoV Assay-Seegene; GeneFind-
erTM COVID-19 Plus RealAmp Kit; USA/CDC guidelines for N1 and N2 genes). SARS-
CoV-2 positive samples with Cq levels lower than 30 were selected for genomic surveillance.
This study was approved by the Ethics Committee of the School of Animal Science and Food
Engineering, University of Sao Paulo (protocol number: 46827521.3.0000.5422), following
Brazilian regulations and international ethical standards.
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2.2. SARS-CoV-2 Gamma//VOC Detection by Real-Time PCR

During the period in which the samples were collected for this study, there was a high
prevalence of circulation of VOC Gamma (P.1) in the São Paulo state. Therefore, we used
the frequency of the NSP6 deletion among real-time RT-PCR-positive cases as a reliable
indicator for frequency of VOC Gamma (P.1) to filter samples.

A total of 1246 samples were evaluated for Gamma/VOC by a real-time PCR screening
test developed by FioCruz/ILMD [4]. The test used a forward primer (Gamma/VOCs-FNF
5′-GGGTGATGCGTATTATGACATGGTTGG) a reverse primer (Gamma/VOCs-FNR 5′-
CTAGCACCATCATCATACACAGTTCTTGC) and a probe (Gamma/VOCs-FNP 5′(ZEN)-
TGGTTGATACTAGTTTGAAGCTAAAA) to detect the deletion in the ORF1b (NSP6:
S106del, G107del, F108del) found in the three VOCs (Gamma, Alpha, and Beta). Both
primers were used at 300 nM, and the probe was used at 150 nM (final concentration)
with AllPlex master Mix (Seegene Inc., Seoul, South Korea). Thus, a target sampling for
SARS-CoV2 sequencing was performed using just negative samples for NSP6 PCR (N = 29)
to identify new lineages. These samples are included in our 17,304 SARS-CoV-2 genome
sequence data.

2.3. SARS-CoV-2 Sequencing

The libraries were constructed using Illumina COVIDSeqTM Test (Illumina, San Diego,
CA, EUA), according to the manufacturer’s instructions. The cDNA was synthesized by
reverse transcriptase with random hexamers. The virus genome was amplified using two
pool primers in separate PCR reactions. The PCR-amplified product was processed for
tagmentation and adapter ligation using IDT for Illumina Nextera UD Indexes Set A, B, C,
and D (384 indexes). The enrichment and cleanup steps were carried out according to the
manufacturer’s protocol. All samples were processed as batches in a 96-well plate; these
96 libraries were pooled together in a tube. Pooled samples were quantified using a Qubit
dsDNA High Sensitivity assay kit on a Qubit fluorometer (Invitrogen Inc., Carlsbad, CA,
USA), and the fragment sizes were analyzed in Agilent Fragment analyzer 5200 (Agilent
Inc., Santa Clara, CA, USA). The pooled library was normalized to 4 nM concentration and
denatured with 5 µL of 0.2 N NaOH. The 1.2 pM library was spiked with 1% PhiX control
(PhiX Control v3) and was sequenced on an Illumina MiniSeq platform (Illumina) using a
MiniSeq System Mid-Output Kit (300 cycles).

2.4. Data Processing and Identification of SARS-CoV-2 Lineages

FASTQ reads were generated by the Illumina pipeline at BaseSpace (https://basespace.
illumina.com, accessed on 5 October 2021). The viral isolate sequences were aligned
with the reference sequence for SARS-CoV-2 using the Illumina DRAGEN COVIDSeq
Test pipeline (v3.5.3). Viral lineages were identified using the software Pangolin v.3.1.7
(http://pangolin.cog-uk.io/, accessed on 10 October 2021), and nucleotide and amino acid
mutations were mapped using Nextclade v0.14.3 (https://clades.nextstrain.org/, accessed
on 10 October 2021).

2.5. Evolutionary Analyses

The phylogenetic tree was estimated using FastTree v2.1.10 [19] under a GTR (General
Time Reversible) substitution model. Testing for informativeness regarding dating estimates
was performed in TempEst v1.5.3 using the best-fitting root function [20]. Ancestral area
reconstruction was conducted under a Bayesian Binary MCMC model in RASP 4.0 [21].
The Bayesian Binary MCMC (BBM) method infers the probabilities of each area at each
internal node by Markov Chain Monte Carlo sampling. Therefore, each pie chart depicts
the area(s) with the largest probability of having been occupied by the ancestor represented
by that node. Assessment of substitutions relative to the Wuhan-Hu-1 genome (GenBank
accession: NC_045512.2) was performed in NextClade CLI 1.4.0 (https://clades.nextstrain.
org/, accessed on 30 October 2021).

https://basespace.illumina.com
https://basespace.illumina.com
http://pangolin.cog-uk.io/
https://clades.nextstrain.org/
https://clades.nextstrain.org/
https://clades.nextstrain.org/
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2.6. Clinical Data and Statistical Analysis

The clinical data of the 251 patients from the city of Araras, São Paulo state (SP), Brazil,
were obtained between 31 March and 11 June 2021 using the epidemiological management
system that evaluates the development of clinical signs, hospitalization, and death of
patients. The analysis of variance (ANOVA) was performed using SAS software (9.4; SAS
Institute Inc., Cary, NC, USA) to evaluate associations between non-P.4 and P.4 lineage and
cohort characteristics (age, sex, disease stage, hospitalization, and death). A p-value < 0.05
was considered statistically significant.

3. Results
3.1. Detection of P.4 SARS-CoV-2 Lineage

A total of 17,304 SARS-CoV-2 genome sequences from 476 cities sampled between
February to August 2021 were analyzed in this study to assess the circulation of multiple
SARS-CoV-2 lineages, including the P.4 lineage, over time in the state of São Paulo. The
genomes reported in this study were assigned to 31 lineages based on the dynamic nomen-
clature of Phylogenetic Assignment of Named Global Outbreak Lineages (PANGOLIN
version 3.1.7), with the Gamma lineage predominating in 86% of the samples (Figure 1A).
The first case of the P.4 lineage was observed in the 10th epidemiological week (7–13 March
2021) in São Paulo city. Among the 17,304 genomes sequenced, a total of 94 were identified
as the P.4 lineage, which was distributed in 30 cities (Figure 1B), suggesting a low frequency
of this lineage (0.55%).

Because of the high prevalence of Gamma VOC in the São Paulo state, it was difficult to
track the P.4 variant in a randomized genomic surveillance study. Therefore, we genotyped
all SARS-CoV-2-positive samples (N = 1036) received between 23 and 29 May 2021 (21st
epidemiology week) by the real-time PCR assay to detect the deletion at ORF1b (NSP6:
S106del, G107del, F108del), which is a genetic signature of the VOCs Gamma (P.1), Alpha
(B.1.1.7), and Beta (B.1.351), to eliminate these samples from our sequencing and better esti-
mate the trajectory of P.4 in this region. Twenty-nine of the SARS-CoV-2-positive samples
failed for deletion, supporting our sequencing results that indicate the high prevalence
of the Gamma (P.1) lineage. Thus, we sequenced those failed samples and observed that
1.93% (20/1036) were classified as the P.4 lineage, of which 45% (9/20) were from the city
of Araras, SP, Brazil.

3.2. Phylogenetic Analysis of P.4 Genomes

Phylogenetic analysis was performed for a dataset of 94 P.4 genomes identified in this
study (Table S2). All P.4 genomes appeared in a monophyletic group, whose most recent
common ancestor was dated to April 2021 from the city of Palmares Paulista (Figure 2).
Within the P.4 lineage, we found that 100% of the sequences presented the following
nonsynonymous mutations: ORF1ab: A3143V, P971L, P314L, and Y822C; N: G204R and
R203K; and S: D614G, I720V, and V1176F. Only two samples were found without the L452R
mutation in the Spike protein (VOI) (Table S3).

The TempEst analysis focused on the P.4 subtree returned an R2 close to zero, indicating
that there is no sufficient signal in the P.4 genomes to allow divergence dating, which is
possibly due to collection times being relatively shallow regarding evolutionary time. The
biogeographic analysis of ancestral area estimation suggested the Piracicaba’s RHD as the
likely origin of this lineage (Figure 2).
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Paulo state showing the frequency of the P.4 lineage from genomes generated in this study in the 

different Regional Health Departments (RHD) of the state. RHD represents territorial divisions of a 

political‐administrative  nature  in  the  São  Paulo  state.  Araraquara’s  RHD  includes  the  city  of 

Descalvado and Porto Ferreira; Campinas’ RHD: Hortolândia, Socorro, Sumaré, and Valinhos; São 

Paulo’s  RHD:  Guararema,  Guarulhos,  and  Sao  Paulo;  Piracicaba’s  RHD:  Araras,  Conchal, 

Cordeirópolis, Ipeuna, Leme, Pirassununga, and Rio Claro; São João da Boa Vista’s RHD: Aguaí, 

Caconde, Casa Branca,  Itapira, Santa Cruz das Palmeiras, São  José do Rio Pardo, Tambaú,  and 

Figure 1. (A) Temporal distributions of SARS-CoV-2 lineages in the São Paulo state, Brazil, between
February and August 2021 estimated from the complete genome sequences; (B) Map of the São Paulo
state showing the frequency of the P.4 lineage from genomes generated in this study in the different
Regional Health Departments (RHD) of the state. RHD represents territorial divisions of a political-
administrative nature in the São Paulo state. Araraquara’s RHD includes the city of Descalvado
and Porto Ferreira; Campinas’ RHD: Hortolândia, Socorro, Sumaré, and Valinhos; São Paulo’s RHD:
Guararema, Guarulhos, and Sao Paulo; Piracicaba’s RHD: Araras, Conchal, Cordeirópolis, Ipeuna,
Leme, Pirassununga, and Rio Claro; São João da Boa Vista’s RHD: Aguaí, Caconde, Casa Branca,
Itapira, Santa Cruz das Palmeiras, São José do Rio Pardo, Tambaú, and Tapiratiba; São José do Rio
Preto’s RHD: José Bonifácio and Pindorama; and Sorocaba’s RHD: Capao Bonito, Ipero, Itapetininga,
and São Miguel Arcanjo.
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Figure  2.  Phylogenetic  tree  of  P.4  lineage  based  on  a  dataset with  17,304  genome  sequences. 

Sequences from this study that do not have an L452R mutation are highlighted with a blue arrow. 
Figure 2. Phylogenetic tree of P.4 lineage based on a dataset with 17,304 genome sequences. Sequences
from this study that do not have an L452R mutation are highlighted with a blue arrow. Each pie chart
depicts the area(s) with the largest probability of having been occupied by the ancestor represented
by that node.

3.3. Targeted Detection in the City of Araras-SP and Clinical Outcome of P4 in Patients

Considering that most sequences from lineage P.4 were from Araras-SP, we genotyped
all SARS-CoV-2-positive samples (N = 183) received between 6 and 12 June 2021 (23rd
epidemiological week) from Araras-SP. Eleven samples failed for the NSP6 deletion (6%)
and were therefore submitted for SARS-CoV-2 genome sequencing. From those, eight
samples (4.37%) were confirmed to be P.4 lineage (Table S4).

Subsequently, clinical data from a total of 251 patients with COVID-19 from the city
of Araras-SP, obtained in the period between 31 March and 11 June 2021, were analyzed
to estimate whether the lineage P.4 reflects severe cases, hospitalizations, and increased
mortality. Of these, 23 patients were assigned for P.4 lineage and 228 for non-P.4 lineage
by genome sequence. Overall, it was possible to determine the low incidence of hospital-
izations (1/23–4%) and no deaths associated with P.4 (Table 1). There were no significant
differences in sex and mortality rate between groups.
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Table 1. Cohort characteristics by SARS-CoV-2 non-P.4 and P.4 lineages.

Non-P.4 P.4 p-Value

AGE, years (n = 251) 228 (90.8%) 23 (9.2%) 0.0032
≤9 4 (1.6%) 0 (0%)

10–19 19 (7.6%) 1 (0.420%)
20–29 55 (21.96%) 4 (1.6%)
30–39 52(20.7%) 7 (2.8%)
40–49 44 (17.5%) 2 (0.8%)
50–59 42 (16.7%) 5 (2.0%)
60–69 9 (3.6%) 3 (1.2%)
70–79 3 (1.2%) 0 (0%)
≥80 0 (0%) 1 (0.4%)

SEX (n = 251) 228 (90.84%) 23 (9.16%) 0.4968
Female 108 (43.03%) 13 (5.18%)
Male 120 (47.81%) 10 (3.98%)

DISEASE STAGE (n = 249) 228 (91.6%) 21 (8.4%) 0.0502
Severe illness 2 (0.8%) 0 (0%)

Moderate illness 6 (2.4%) 1 (0.4%)
Mild illness 220 (88.3%) 20 (8.0%)

PATIENT HOSPITALIZED (n = 249) 228 (91.6%) 21 (8.4%) 0.0200
No 220 (88.3%) 20 (8.0%)
Yes 8 (3.2%) 1 (0.4%)

DEATH (n = 249) 228 (91.6%) 21 (8.4%) 0.0800
No 226 (90.8%) 21 (8.4%)
Yes 2 (0.8%) 0 (0%)

4. Discussion

Coronaviruses pose a major threat to human health, and SARS-CoV-2 has caused
more deaths than SARS or MERS [22]. It has been reported that SARS-CoV-2 accumulates
an average of one or two mutations per month [15]. This study described for the first
time the retrospective temporal monitoring window of the P.4 lineage in São Paulo state,
southeast Brazil. We analyzed 17,304 genome sequences from 476 cities of the São Paulo
state (Tables S1 and S5) over seven months and observed the first case at the beginning of
March; since then, the relative frequency of this lineage decreased. Cases of the P.4 lineage
have already been detected in the south region of Brazil since October 2020 [16].

The cases of P.4 attracted attention because, in addition to increasing the numbers
of cases from one week to another following a random sampling strategy for genomic
surveillance, the variant carries the spike L452R mutation (VOI), which has been reported
as one of the mutations associated with adaptiveness of the virus [15] and reduced antibody
neutralization [17,23]. Moreover, it was found that L452R mutation increases the free
energy of the RBD-ACE2 binding complex, resulting in stronger virus–cell attachment and,
consequently, rising infectivity [14,17]. However, in our study, the presence of this mutation
did not lead to an increased virulence or infectivity compared to Gamma (P.1). The L452R
mutation is also associated with other known variants such as the B.1.427/B.1.429 variant
identified in California, USA [17]; the A.27 variant in Germany [24]; and, most recently, the
B.1.617.2 (Delta) variant identified in India [5].

A combined targeted RT-qPCR screening (N = 1246) for a deletion of NSP6 and a
target sequencing approach using negative samples for this deletion was performed to
evaluate epidemiological hotspots in the region. We aimed to select samples for sequencing
to monitor the population distribution and frequency of the P.4 lineage in our region.
We observed a higher prevalence in the city of Araras-SP (45%), although the P.4 variant
frequency remained low (1.93%). A low frequency (0.68%) of the P.4 variant in Mexico
between March 2020 and February 2021 has also been reported [25]. According to these
authors, the P.4 lineage is the result of an early P.2 entry in Mexico followed by local
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evolution. Sant’Anna et al. also reported an increase in the P.2 lineage almost concurrently
with P.4.1 in South Brazil [16]. The circulation of P.4 was then also reported in 35% of the
samples analyzed in June 2021 in the city of Porto Ferreira-São Paulo, a city located 60 Km
from Araras-SP [14].

The replacement of a lineage or the ability to contain it within a country or region
depends on its survival benefits [26]. Some variants emerge and quickly become the refer-
ence lineage, while others increase the number of cases, collapse, and then disappear [12].
Although the L452R mutation indicates strong positive selection, this was not enough to
maintain the P.4 lineage, which had reduced cases from the 17th epidemiological week
onwards. Therefore, the combination of this with other mutations and epistatic effects
may have impacted virus transmissibility, thus limiting the spread of P.4 to other cities
in the region. On the other hand, recently released data suggest that the displacement
of different VOCs such Gamma with Delta and most recently Delta with Omicron was
observed in São Paulo state, demonstrating a selective advantage of those strains over all
the others [3,27–32].

To our knowledge, this is the first study that reports a retrospective genomic and
clinical overview of the P.4 lineage in Brazil. We did not find a higher risk of severe illness,
hospitalizations, transmissibility, or overall mortality associated with this lineage, but our
results highlight the importance of intense genomic monitoring in order to follow the
real-time evolution of SARS-CoV-2 lineages through time [30].
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