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The emergence of several SARS-CoV-2 lineages presenting adaptive mutations is a
matter of concern worldwide due to their potential ability to increase transmission
and/or evade the immune response. While performing epidemiological and genomic
surveillance of SARS-CoV-2 in samples from Porto Ferreira—Sao Paulo—Brazil, we
identified sequences classified by pangolin as B.1.1.28 harboring Spike L452R mutation,
in the RBD region. Phylogenetic analysis revealed that these sequences grouped into a
monophyletic branch, with others from Brazil, mainly from the state of Sao Paulo. The
sequences had a set of 15 clade defining amino acid mutations, of which six were in
the Spike protein. A new lineage was proposed to Pango and it was accepted and
designated P.4. In samples from the city of Porto Ferreira, P.4 lineage has been increasing
in frequency since it was first detected in March 2021, corresponding to 34.7% of the
samples sequenced in June, the second in prevalence after P.1. Also, it is circulating in
30 cities from the state of Sdo Paulo, and it was also detected in one sample from the
state of Sergipe and two from the state of Rio de Janeiro. Further studies are needed to
understand whether P.4 should be considered a new threat.
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INTRODUCTION

The emergence of SARS-CoV-2 at the end of 2019 has led to over
4 million deaths worldwide so far (1). Coronavirus is a group
of enveloped, single-stranded positive RNA viruses which infects
mammals and birds (2). Molecular data suggest that SARS-CoV-
2 originated in bats, as has the other Betacoronavirus that cause
severe respiratory syndrome SARS-CoV and MERS-CoV, and
emerged in humans following passage through an intermediary
host (3, 4).

Viruses from the Coronaviridae family have unusually large
genomes for RNA viruses (26 to 30kb) (5). This is only
possible due to the exonuclease activity of Nspl4 protein
responsible for proofreading the RNA during replication, which
maintains genome stability and a mutation rate of ~107°
mutations/site/cycle (6-8). Despite the low mutation rate,
the intense circulation of the virus favors the appearance of
mutations in the genomes leading to the development of many
different lineages (9, 10).

The emergence of lineages bearing adaptive mutations has
raised concerns worldwide since they increase viral fitness and
have rapidly spread and replaced previously circulating viruses
(11-13). B.1.1.7 (Alpha), B.1.351 (Beta), Lineages P.1 (Gamma),
and B.1.617.2 (Delta, a L452R mutant) are the current Variants
of Concern (VOC) (14). They all present important mutations in
Spike protein, especially in the Receptor Binding Domain (RBD)
region, that have shown to reduce recognition by neutralizing
antibodies in vitro (15). Although, studies show that the vaccines
available so far are still effective against these new variants, as the
virus continues to circulate at high rates, new adaptive mutations
can emerge compromising the immunization of the population
(16, 17). Thus, genomic surveillance is essential to identify new
mutations in the existing VOCs as well as new emerging lineages
that might pose a threat.

While doing epidemiological and genomic surveillance of
SARS-CoV-2 in samples from the city of Porto Ferreira—
SP—Brazil, using Sanger and NGS techniques, we detected
a new lineage designated by Pango as P.4, harboring the
L452R mutation, that is circulating in Sdo Paulo state
(18). This new variant may be regarded as a VOI and
we should maintain a close look in its dissemination
and evolution.

MATERIALS AND METHODS

Samples

This study is a part of the Corona-6mica.BR/MCTI
Network and included RT-qPCR positive nasopharyngeal
swab (NPS) samples from subjects from the city of Porto

Ferreira—SP—Brazil, that were sent to the Instituto
de Biotecnologia, UNESP, Botucatu for SARS-CoV-
2 diagnosis. Samples collected from January to June

with Cq levels lower than 27 were selected for genomic
surveillance (19). This study was approved by the
Institutional ~ Ethical Review Board (protocol number:
33202820.7.1001.5348), following Brazilian regulations and
international ethical standards.

RNA Extraction

Purified RNA was obtained with Guanidine Isothiocyanate cell
lysis and nuclease inactivation, followed by magnetic beads
purification (20) After diagnosis, aliquots of purified RNA
samples were kept in —80°C storage until further analysis.

Tracking Variants by Sanger Sequencing

A Sanger sequencing strategy was designed to differentiate the
main variants of concern (VOC) that have been circulating
in Brazil. A set of PCR primers (SARS-CoV-2_S1_PF 5
GAGTCCAACCAACAGAATC 3 and SARS-CoV-2_S1_PR ¥
GAATCTCAAGTGTCTGTGG 3') was designed to amplify
a fragment of the Spike genomic region (nt 956 to nt
1753), comprising the Receptor Binding Domain (RBD).
cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) replacing random
primers by the specific SARS-CoV-2_S1_PR primer. The PCR
reaction was performed using GoTaq G2 Green Master Mix
(Promega) and the specific primers. The sequencing reactions
were set up in duplicates using SARS-CoV-2_S1_PF primer
and BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and readings were made in ABI 3130xl Genetic
Analyzer (Applied Biosystems).

Sanger Sequences Analyses

Partial Spike sequences obtained by Sanger sequencing were
submitted to Electropherogram Quality Analysis for quality
check and contig assembly (21). Sequences were aligned with
the GISAID reference sequence EPI_ISL_402124 (only Spike)
using Clustal Omega available at Seaview 4.6.1 (22, 23). The
alignment was analyzed using BioEdit 7.2.5 (24). By analyzing
four codons it is possible to differentiate between B.1.1.7, P.1,
B.1.351 and P.2/N.9 as can be seen in Supplementary Figure 1.
The analysis of the fragment also allows detecting new mutations
in the RBD region.

Next Generation Sequencing (NGS)

NGS was used to confirm mutations found in Sanger screening.
Libraries were prepared with the COVIDSeq™ Illumina
Test (Illumina Inc., San Diego, CA, USA), according to the
manufacturer’s instructions. Briefly, 8.5 pL of RNA was used
as input for cDNA synthesis, followed by amplification with
two sets of primers covering the entire SARS-CoV-2 genome,
tagmentation, and amplification. Libraries were then pooled and
purified. The final pool was quantified with the Qubit DNA High
Sensitivity kit (Thermo Fisher Scientific, Waltham, MA, USA),
denatured and sequenced in 600 cycles V3 flow cells (2 x 151
cycles) with the MiSeq System (Illumina Inc.) at 10 pM and
10% PhiX..

NGS Reads Analysis and Lineage
Classification

The Illumina™ DRAGEN COVID Lineage workflow (Illumina
Inc., San Diego, CA, USA—Available at https://www.illumi
na.com/products/by-type/informatics-products/dragen-bio-it-
platform) was used to assemble NGS reads and generate
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consensus sequence. Sequences were classified using Pango
lineages assignment tool (pangolin) (18).

Mutation Analysis

Preliminary mutation analyses were performed using Nextclade
(25). To determine the set of characterizing mutations present
in the potential new lineage, a database containing all mutations
present in 2,770 genomes classified as B.1.1.28 was constructed
(downloaded from GISAID June 4, 2021—acknowledgments in
Supplementary File 1). The variant calling and annotation were
performed with the snpsites v2.3.3 and SnpEft/snpSift 4.5covid19
programs, respectively. Using the database, we searched for all
genomes that contain the T22917G (L452R) mutation. Next, in
the set of genomes found, we verified all mutations, excluding
those that define the B.1.1.28 lineage (C241T, F924F, P4715L,
D614G, V1176F, R203K, R203R and G204R).

Phylogenetic Analysis

Two datasets were assembled for phylogenetic analysis. The
first is composed of complete genome sequences generated
in this study along with high coverage sequences available
in GISAID of B.1.1.28 lineage with L452R mutation as
well as representatives from B.1.1.28, P.1, P.2, P.3, B.1.1.7,
B.1.427, B.1.429, B.1.617 lineages plus the reference sequence
WIV04/2019|EPI_ISL_402124. The second is composed of all
high coverage sequences, assigned by Pango as P.4, available
in GISAID up until August 28, 2021. The datasets were
aligned in MAFFT 7, available at https://mafft.cbrc.jp/alignment/
server/, using default parameters. Both ends of the alignments
were trimmed based on the smaller sequence using BioEdit.
Maximum likelihood phylogenetic analyses were performed
using PhyML 3.0 hosted at ATGC Montpellier Bioinformatics
Platform (26). The substitution model was estimated by Smart
Model Selection (SMS) implemented in PhyML and branch
support was calculated by aLRT (27, 28). The phylogenetic tree
based on the first dataset was edited using FigTree 1.1.4 (29). The
P.4 phylogeny, based on the second dataset, was associated with
geographical and temporal data using Microreact (30).

Modeling the Structure of SARS-CoV-2
Spike Protein From P.4 and Its Interaction
With ACE2 Receptor

The structure of the Spike protein from P.4 lineage was
modeled using SWISS-MODEL (31). A FASTA amino acid
sequence of the Spike protein was loaded and a structure
of the Spike protein from SARS-CoV-2 (Wuhan) bounded to
the angiotensin-converting enzyme 2 (ACE2) was identified
as the most appropriated template (PDB ID: 7DF4) for the
computational study, presenting resolution of 3.80 A2 (32). The
7df4.pdb file was downloaded from Protein Data Bank website
and was used as template for modeling (33). The interaction
between the P.4 Spike protein was analyzed by PyMol Molecular
Graphics System (version: 2.3.2) and compared with the Spike
from Wubhan strain (34).

RESULTS

Porto Ferreira is a city with 56,504 habitants and reported 6,720
Covid-19 cases and 149 deaths by COVID-19 as of the date this
manuscript was written. From a total of 2,515 exams of RT-qPCR
in NPS samples received by Instituto de Biotecnologia from Porto
Ferreira city for Sars-CoV-2 detection, between February and
June of 2021, 439 were positive and eligible for variant tracking by
Sangersequencing. We detected the circulation of lineages P.1 (n
=302),B.1.1.7 (n = 18) and P.2/N.9 (n = 23). Also, 96 sequences
presented only the mutation L452R in the analyzed fragment.

The L452R mutation had not been reported in any
endogenous lineage circulating in Brazil at the time of the
study (variant Delta was only introduced in the country
later), so it required further investigation, through complete
genome analysis, to understand which lineage we were detecting.
Following, we sequenced the complete genome of 251 samples
from Porto Ferreira from those that were previously screened
by Sanger, being 92 samples that presented the L452R mutation,
initially classified by pangolin as B.1.1.28, 142 classified as
Gamma (P.1), and 14 classified as Alpha (B.1.1.7).

We performed a phylogenetic analysis using the Maximum
Likelihood method, using the GTR+G+I model, with only
high coverage sequences based on a dataset of 407 sequences.
The dataset included sequences harboring the L452R mutation
from this study together with representatives of B.1.1.28, P.1,
P2, P.3, B.1.1.7, B.1.427, B.1.429, B.1.617 lineages and the
reference sequence WIV04/2019|EPI_ISL_402124 available on
GISAID (see Supplementary File 2 for sequence information).
The analysis revealed that sequences from Porto Ferreira, with
L452R mutation, grouped into a monophyletic branch, with
strong branch support (aLRT 1) along with other Brazilian
sequences deposited on GISAID carrying the same mutation
(Figure 1; Supplementary Figure 2). Most sequences of this
branch belonged to other 28 cities from Sao Paulo state.

We also analyzed the set of mutations shared by the sequences
that composed the clade, to verify the defining mutations of
this possible new variant. Results showed that most of the
sequences share 21 nucleotide mutations, resulting in 15 amino
acid substitutions that are not present together in other B.1.1.28
sequences (Table 1). Six of those mutations occur in the Spike
protein, but only L452R is in the RBD region. We submitted a
proposal to Pango to consider this clade as a new lineage. The
proposal was accepted and the new lineage was designated as
P.4 (35).

Following, we did a phylogenetic analysis based on a dataset
that includes all high coverage sequences, classified by Pango as
P.4, available on GISAID until late August 2021 and associated
with geographical and temporal data using Microreact (See
Supplementary File 3 for sequence information) (30). Results
show that although P.4 lineage has been mostly reported in
the state of Sdo Paulo it was also detected in other two
Brazilian states, Sergipe (May) and Rio de Janeiro (June and July)
(Figures 2, 3).

Considering that most sequences from lineage P.4 are from
Porto Ferreira—SP, we analyzed the distribution of all the
lineages in this city. The P.4 lineage increased in frequency after
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FIGURE 1 | Maximum Likelihood Phylogenetic tree based on a dataset of 407 complete genome sequences of SARS-CoV-2. Tree was reconstructed based on
GTR+G+! model and branch support calculated by aLRT (See Supplementary Figure 2 for detail on P.4 branch).
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TABLE 1 | Lineage P4 defining mutations.

Genomic region Nucleotide Amino acid
A136G -
ORF1a G1811A A516T
ORF1a C3177T PO71L
ORF1a C9693T A3143V
ORF1a T9867C L3201P
ORF1a C11450A Q3729K
ORF1a C12008T L3915F
ORF1a C12880T -
ORF1b A15932G Y822C
ORF1b G18756T -
ORF1b C20436T -
S G21987T G142v
S T22054G N164K
S C22079A Q173K
S T22917G L452R
S C23673T S704L
S A23720G 1720V
ORF3a G25540A V50l
ORF8 C28253T -
A28271C -
N C28932T A220V

its emergence in March when 67.4 and 16.3% of detected lineages
were assigned as P.1 and P.2, respectively. The P.4 prevalence
increased in the following months, reaching 34.7 % (26/75) in
June, representing the second most prevalent after P.1 (Figure 4).

The interaction between the Spike protein of P.4 lineage
with the ACE2 receptor was modeled and compared with the
Wuhan original strain. Figure 5 illustrates the position of the

mutation present on the Spike protein: G142V, N164K, Q173K,
L452R, S704L, and 1720V. The region of interaction between
the Spike protein and ACE2 receptor is presented in Figure 6.
We have arbitrarily divided this region in three parts in order
to aid the analysis: (i) the “Left region” comprising E23, Q24,
T27, F28, T78, L79, and M82 residues of ACE2 (in orange), (ii)
the “Right region” comprising Q325, G326, G352, K353, G354
and D355 residues of ACE2 and (iii) the “Mutation region”
comprising E34 and H35 residues of ACE2. Both SARS-CoV-
2 Spike proteins present the same residues in the “Left region”
and in the “Right region,” where carbons are presented in late
for P.4 lineage (Figure 6A) and in yellow for Wuhan (Figure 6B)
Spike proteins. These residues are in the regions which are
responsible for Spike-ACE2 interactions for both SARS-CoV-
2 Spike proteins. The “Mutation Region” highlights the R452
residue in the P.4 Spike protein (in green, Figure 6A) which may
be able to perform electrostatic and cation-m interactions with
E34 and H35 (respectively) depending on the conformational
Spike-ACE2 changes. These strong potential interactions are not
possible for the L452 residue in the Wuhan Spike protein (in
magenta, Figure 6B).

DISCUSSION

The explosive circulation of SARS-CoV-2 since its emergence
in late 2019 has allowed the virus to diversify, giving rise to
hundreds of different lineages. Some of those present adaptive
mutations with considerable impact in transmission efficiency
and potential reduction on the effectiveness of vaccines (15).
Through genomic surveillance of lineages circulating in the
state of Sdo Paulo—Brazil, we detected the circulation of a new
lineage of SARS-CoV-2 in the city of Porto Ferreira bearing the
L452R mutation as well as other 14 non-synonymous mutations,
not found together in other SARS-CoV-2 sequences. Further
analyses, based on our sequences and other sequences deposited
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on GISAID, revealed that the new variant is circulating in
different cities from the state of Sdo Paulo and was also detected
in the states of Sergipe and Rio de Janeiro. This lineage descends
from B.1.1.28, as has P.1 and P.2 (Zeta) lineages, both of which
also emerged in Brazil and was named P.4.

Although we do not know at this time where or how P.4
lineage emerged, persistent circulation is known to be a major

driver of emergence of adaptive mutations, which in turn favors
the appearance of new lineages. In this case, lineages emerge
by a multi-step process, where mutations rise one at a time,
along several infections. An alternative hypothesis would be
that long-term infections, especially in immunocompromised
individuals, could provide a favorable environment for the rapid
accumulation of several mutations, being a potential source of
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FIGURE 5 | Positions of the mutated residues (presented in spheres, with
nitrogen atoms in blue and oxygen atoms in red) in the SARS-CoV-2 Spike
proteins. (A). SARS-CoV-2 P.4 lineage (ribbon in green). (B). SARS-CoV-2
Wuhan ribbon in magenta as a trimer. ACE2 is presented in orange (ribbon) for
both complexes. The figure was generated using PyMol software.

emergence of new lineages (36). Studies on lineages Gamma
(P.1) and Beta (B.1.351) indicate that they emerged through
sequential steps (37, 38). Considering the increase in the number

of cases of COVID-19 in early 2021 in Brazil with social
distancing levels lower than 40% in the state of Siao Paulo
(1, 39), and limited NGS data, it is possible that intermediate
sequences, harboring a subset, of mutations were not sequenced.
It is therefore likely that the emergence of P.4 is a result of
increased viral circulation due to low social distancing and low
vaccination rates.

We analyzed how the mutations found in P.4 could interfere
in Spike-ACE2 recognition. Results showed that the mutation
of a Leucine (L) to an Arginine (R) in residue 452 has an
impact since it allows additional interactions between Spike
protein and the cell receptor. The other five mutations present
in Spike protein from P.4 lineage did not affect the interaction
with this receptor, which was expected since they are not
located in the RBD region. The mutation L452R has been
shown to decrease sensitivity to neutralizing antibodies in
previous studies, when compared with parental strains, and
has been emerging independently by convergent evolution in
different lineages like the VOCs B.1.427/B.1.429 (Epsilon) and
B.1.617.2 (Delta) (40-43). This mutation has been increasing in
frequency worldwide since November 2020, being the second
most frequent mutation up until July 2021, preceded only by
N501Y (44).

Although we do not know at this time how P.4 will behave
and if it will pose a significant problem, it certainly raises
some concerns. Our analysis in Porto Ferreira—SP showed
that P.4 emerged in a scenario of predominance of P.1 and
has increased in frequency corresponding to 34.7 % of the
samples analyzed in June 2021. P.1 is a highly aggressive
lineage that has been shown to replace previously circulating
lineages, in a short time, following its introduction in cities
from Brazil (37, 45). In fact, it is the most prevalent lineage
in all regions of the state of Sdao Paulo (46). Our results
revealed that P.4 is circulating in at least 30 cities of the
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A ) Mutation region |

FIGURE 6 | The interaction regions between the SARS-CoV-2 Spike proteins
and the ACE2 receptor (ribbons and sticks in orange). (A). SARS-CoV-2 Spike
protein for the P.4 lineage (in silico model) is highlighted in green (ribbons and
sticks, including the mutated residue), with important conserved residues in
slate (sticks). (B). SARS-CoV-2 Spike protein for the Wuhan glycoprotein
(cryo-EM structure) is highlighted in magenta (ribbon and sticks, including the
mutated residue), with important conserved residues in yellow (sticks). For all
atoms presented in sticks, carbon atoms are shown in orange (ACE2) or
green/slate/magenta/yellow (Spike proteins), nitrogen atoms are shown in
blue, oxygen atoms are shown in red and all hydrogen atoms are omitted for
clarity. The figure was generated using PyMol software.

state, suggesting an ability to compete with P.1. Unfortunately,
the lack of epidemiological data prevented us to correlate the
emergence of P.4 and the number of cases, severity and death in
the city.

In summary, we report the emergence of a new lineage called
P.4 of SARS-CoV-2 derived from B.1.1.28. Further studies are
necessary to understand how transmissible and pathogenic P.4
lineage is and if or how it will impact the immunization of the
population and/or pathogenicity of the disease.
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