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ABSTRACT

In less than two years since SARS-CoV-2 emerged, the new coronavirus responsible for COVID-19, has accu-
mulated a great number of mutations. Many of these mutations are located in the Spike protein and some of them
confer to the virus higher transmissibility or partial resistance to antibody mediated neutralization. Viral variants
with such confirmed abilities are designated by WHO as Variants of Concern (VOCs). The aim of this study was to
monitor the introduction of variants and VOCs in Venezuela. A small fragment of the viral genome was
sequenced for the detection of the most relevant mutations found in VOCs. This approach allowed the detection
of Gamma VOC. Its presence was confirmed by complete genome sequencing. The Gamma VOC was detected in
Venezuela since January 2021, and in March 2021 was predominant in the East and Central side of the country,
representing more than 95% of cases sequenced in all the country in April-May 2021. In addition to the Gamma
VOC, other isolates carrying the mutation E484K were also detected. The frequency of this mutation has been
increasing worldwide, as shown in a survey of sequences carrying E484K mutation in GISAID, and was detected
in Venezuela in many probable cases of reinfection. Complete genome sequencing of these cases allowed us to
identify E484K mutation in association with Gamma VOC and other lineages. In conclusion, the strategy adopted
in this study is suitable for genomic surveillance of variants for countries lacking robust genome sequencing
capacities. In the period studied, Gamma VOC seems to have rapidly become the dominant variant throughout
the country.

1. Introduction

action of host deaminases on its viral genome, allows the emergence of
many mutations in the viral genome (Bakhshandeh et al., 2021; Pujol

A year and a half after the detection of the emerging coronavirus
SARS-CoV-2, COVID-19 has caused more than 200 million cases and
more than 4 million deaths worldwide. This virus belongs to the family
Coronaviridae. These viruses encode for an exonuclease, which enables
proof-reading capacity to the replication machinery, limiting mutational
events. However, the huge frequency of replication of this virus,
together with its high frequency of recombination, and the probable

et al., 2020), that leads to the generation of viral variants.

Different SARS-CoV-2 variants have emerged since the end of 2020.
Some of these variants have been classified as Variant of Interest (VOI)
or Concern (VOC) by WHO. VOIs carry mutations that might confer to
these viruses a specific phenotypic characteristic, such as higher trans-
mission or immune evasion. VOCs are VOIs for which at least one of such
characteristics has been confirmed. At present, 4 out of the VOIs have
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been classified as VOCs by WHO (WHO 2021. Tracking SARS-CoV-2
variants. https://www.who.int/en/activities/tracking-SARS-CoV-2-va
riants/). The grouping of each variant is defined according to the
Pango lineages classification (Rambaut et al., 2020). The Alpha VOC
(lineage B.1.1.7) emerged in UK (Challen et al., 2021), Beta VOC
(lineage B.1.351) in South Africa, Gamma VOC (lineage B.1.1.28.1 or
P.1) in Brazil (Campbell et al., 2021; Faria et al., 2021; Tegally et al.,
2021; WHO, 2021), and more recently, Delta VOC (lineage B.1.617.2) in
India (Callaway, 2021). In addition to their increased transmission rate,
these three later VOCs are also more resistant to the neutralizing activity
of antibodies produced during natural infection or vaccination (Gobeil
et al., 2021).

Many of the key mutations found in the VOIs and VOCs are located in
the Receptor Binding Domain (RBD) of the viral Spike protein (S). Mu-
tation N501Y, present in all except the Delta VOC, confers a higher af-
finity for the cellular ACE2 (Angiotensin-converting Enzyme 2) viral
receptor and may be related to an increased transmissibility of VOCs
carrying this mutation (Davies et al., 2021; Faria et al., 2021; Tegally
et al., 2021). Mutation E484K, present in Beta an Gamma VOCs, has
been frequently associated with reinfection cases and might reduce the
neutralizing activity of antibodies produced by vaccination (Altmann
et al., 2021; Ferrareze et al., 2021). Delta VOC harbors several muta-
tions, such as L452R and T478K, being the former associated with an
increased transmission potential and reduced susceptibility to protective
immunity, both at humoral and cellular level (Motozono et al., 2021;
Tao et al., 2021).

Genomic surveillance has been recommended by WHO, for moni-
toring the introduction of SARS-CoV-2 VOCs in each country (WHO,
2021). However, not all countries possess a robust genome sequencing
capacity, compared to the one available in many developed countries.
The aim of this study was the monitoring of VOIs and VOCs in
Venezuela. For this purpose, we developed a rapid screening procedure
for the detection of variants and VOCs in Venezuela, for the selection of
isolates to be definitively characterized by complete genome
sequencing. Special attention was also paid to mutation E484K alone, in
order to analyze its eventual association with cases of reinfection.

2. Materials and methods
2.1. Identification of VOCs or VOIs by partial genome sequencing

This study was approved by the Human Bioethical Committee of
IVIC. Samples, from nasopharyngeal or nasal swabs and positive by qRT-
PCR during the routine COVID-19 diagnosis in Venezuela, from the end
of October 2020 to May 2021, were analyzed (Fig. 1). The identity of the
patients was maintained anonymous. In the suspected cases of reinfec-
tion, informed consent was obtained from patients.

Nested RT-PCR was carried out using Artic primers 70 L and 84 L
(4.597 bp) for the first round and 76 L and 78R (1004 bp) for the second
round PCR (Artic Network, 2021) (Fig. 1), using SuperScript III One-Step
RT-PCR System with Platinum Taq High Fidelity DNA Polymerase for

Initial screening

(1050 nt fragment, aa 420-752, n=245)

Putative GAMMA VOC identified

and other eventual variants

‘/w‘

(n=13) Complete genome sequencing

High throughput screening
(293 nt fragment, aa 434-522, n=1491)
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the first round and Platinum Taq High Fidelity DNA Polymerase for the
second one (Thermo Fisher Scientific), and the following PCR condi-
tions: an incubation at 55 °C for 30 min, followed by 94 °C/3 min and 40
cycles of 94 °C/15 s, 55 °C/30 s and 68 °C/60 s per kb, with a final
extension of 68 °C for 7 min.

Once the Gamma VOC was detected, its spreading throughout the
country was monitored by a one-step PCR and sequencing of a smaller
fragment of 293 bp, by using primers 76.1 L (5-:CCAGATGATTTTA-
CAGGCTGCG-3') and 76.8R (5-GTTGCTGGTGCATGTAGAAGTTC-3'),
and the following PCR conditions: an incubation at 55 °C for 30 min,
followed by 94 °C/3 min and 40 cycles of 94 °C/15 s, 55 °C/30 s and
68 °C/30 s, with a final extension of 68 °C for 7 min (Jaspe et al., 2021a).
This fragment allows the analysis of amino acids 434-522 of the S
protein (Jaspe et al., 2021a).

PCR-purified fragments (from the second round of the first strategy
or the small fragment of the second strategy) were sent to Macrogen
Sequencing Service (Macrogen, Korea) for sequencing.

2.2. Complete genome sequencing of selected isolates

RNA of samples selected for complete genome sequencing was
extracted using the QIAamp Viral RNA Mini Kit (Hilden, Germany).
Nested RT-PCR was carried out using the SuperScriptIIl One-Step RT-
PCR Platinum Taq HiFi System (Invitrogen, Thermo Fisher Scientific,
USA) with specific Artic primers (Artic Network. SARS-CoV-2. https://
artic.network/ncov-2019, accessed April 5th, 2021) to produce 16
overlapped amplicons of approximately 2000 bp. These amplicons cover
the entire genome and were detected by electrophoresis on a 2% (w/v)
agarose gel. Equal amounts of each amplicon were used to generate a
pool, and DNA pool inputs between 250 and 500 ng were used to
generate sequencing libraries. Libraries were prepared according to the
Mlumina DNA Prep Reference Guide (Document # 1000000025416
v09), using the Nextera DNA CD Indexes 24 indexes-24 samples (Illu-
mina, Inc. USA). The libraries were quantified (Qubit DNA HS, Thermo
Scientific), checked their quality (Bio-Fragment Analyzer, Qsepl-Lite,
BiOptic), and pooled before sequence. The sequencing was performed
with 10% PhiX control v3 and a loading concentration of 200pM, using
an iSeq 100 platform and a 300 cycle V2 kit with paired-end sequencing.
Viral genome assembly and variant assignment were performed with the
Dragen COVID-19 program. Nucleotide sequences of complete genomes
have been deposited into the GISAID database and into the GenBank
with the accession numbers MZ611956-MZ611975.

2.3. Phylogenetic analysis

Sequence alignment was performed by the MUSCLE algorithm and
the phylogenetic analysis by the Maximum Likelihood method (1000
bootstrap replicas) with MEGA7 (Kumar et al., 2018). The evolutionary
history was inferred by using the Maximum Likelihood method based on
the General Time Reversible model. The tree with the highest log like-
lihood (—45,645.42) is shown. The percentage of trees in which the

Fig. 1. Workflow strategy for genomic sur-
veillance of VOCs in Venezuela. A nested
PCR product, amplifying a fragment of the
SARS-CoV-2 genome was sequenced for
genomic surveillance of viral variants. Once
the first Gamma VOC was identified, the
original method was substituted by a more
rapid method (one step PCR of a smaller
fragment) focused on detection of the char-
acteristics mutations of Gamma VOC. Some
samples from the first (n = 6, 5 of which
were Gamma VOCs) and second (n = 13, 11
of which were Gamma VOCs) partial
genomic sequencing methodology were
selected for complete genome analysis.

(n=19)
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associated taxa clustered together (bootstrap) is shown next to the
branches. Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the Maximum Composite Likeli-
hood (MCL) approach, and then selecting the topology with a superior
log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (3 categories (+G, parameter
= 0.0500)). The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. The analysis involved 70 nucleotide
sequences. Codon positions included were 1st + 2nd + 3rd + Non-
coding. There was a total of 29,725 positions in the final dataset.
Reference sequences from different lineages were included in the
phylogenetic analysis and lineages assigned with the Pango Lineage
Assigner (Rambaut et al., 2020).

2.4. Investigation of E484K mutation

A review of reinfection cases was conducted until June 1th, 2021,
using the search terms: " "SARS-CoV-2" "reinfection" and "sequence", or
"COVID" "reinfection" and '"sequence", or "SARS-CoV-2" "reinfection"
AND "genetic evidence", or "SARS-CoV-2" "re-infection" and "evidence"
in PubMed database, online press source and reinfection tracker
(https://bnonews.com/index.php/2020/08/covid-19-reinfection-tr
acker/). Peer-reviewed, preprints and website reports were evaluated.
The cases investigated are of patients who meet the criteria for defining
reinfection, with both SARS-CoV-2 infecting-genomes confirmed by
sequencing.

2.5. Statistical analysis

Statistical differences were evaluated by the Student t-test or Chi-
Square test with Yates correction, or Fisher Exact test (when a number
under 5). Chi-Square tests were done using the Epi Info program, version
3.5.3 (Centers for Disease Control and Prevention, Atlanta, GA). P values
less than 0.05 were considered significant.

3. Results

A partial sequencing methodology was developed to allow the
screening of a large number of samples for genomic monitoring of var-
iants (Fig. 1). The first screening was performed by amplification of a
two-round PCR, to analyze a fragment covering amino acid 420 to 752 of
the SARS-CoV-2 Spike protein, allowing us to detect key mutations
associated with VOCs. With this first strategy, from these first 245 iso-
lates for which sequence was obtained, 29 carried both mutations E484K
and N501Y, and one carried only the mutation E484K.

This nested PCR strategy failed to amplify around 25% of samples
with Ct values between 25 and 30, but also some samples with Ct values
below 15, these probably because of PCR inhibition or sample integrity
problems. In addition, the methodology required two rounds of ampli-
fication. Thus, once the putative VOCs were detected, a single round RT-
PCR strategy was adopted, to amplify a shorter fragment, allowing the
analysis of amino-acids 434-522 (Fig. 1). This strategy was more suit-
able to determine the prevalence of Gamma VOC and monitoring the
circulation of other putative variants. With this one step-PCR method,
more than 95% of the sequences of samples with Ct below 30 could be
obtained.

The presence of VOCs in symptomatic infections was evaluated in a
group of 245 individuals for which sample sequence was available to
determine the influence of sampling bias on the prevalence of VOCs. A
total of 79% of these samples (194/245) was from symptomatic persons,
from mild to severe COVID-19 infections. No significant difference was
observed in the prevalence of Gamma VOC between symptomatic and
asymptomatic individuals (Table 1). Another possible bias that might
alter the frequency of VOC in the samples tested is the fact that samples
with Ct higher than 30 were excluded from the analysis. A significantly
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Table 1

Prevalence of VOC B.1.1.28.1 in symptomatic and asymptomatic individuals.
Clinical status Prevalence of VOC P value
Asymptomatic 44/50 (88%) > 0.05

Symptomatic 146/195 (75%)

lower Ct value was observed for Gamma VOCs samples, for one fluo-
rophore. The reduction was only in 1 point, suggesting an average two/
fold increase in viral concentration (Table 2). Since the difference in Ct
values observed between Gamma VOC and non-VOC samples was too
low, it does not seem to introduce a bias in the frequency of VOCs
detected.

Complete genome analysis of selected samples confirmed the pres-
ence of Gamma VOC (lineage P.1) circulating in Venezuela (Fig. 2). A
total of 16 complete genomes were obtained from this lineage, from
samples analyzed with both PCR strategies (Fig. 1). They displayed more
than 99.9% identity between them.

The predominance of Gamma VOC was monitored through time. The
first isolate was detected at the end of January 2021. A rapid increase in
the frequency of this VOC was observed from January to April-May. In
March 2021, more than 95% of the tested isolates belonged to this
lineage in Bolivar State. Frequencies of less than 95% for Gamma VOC
were found in some Western states of the country, in agreement with a
possible introduction of this VOC through the Eastern Bolivar State
(Fig. 3). In April-May, the frequency of Gamma VOC was 96% in the
country, and more frequent in states from the Eastern and Central re-
gions of the country (Fig. 4).

Table 3 describes some documented cases of suspected reinfection
despite vaccination. A suspected reinfection case was defined as a case
with two PCR-positive detections with more than 3 months of separa-
tion. Unfortunately, the samples from the first episode were not avail-
able for sequencing, thus the cases were defined as suspected and not
confirmed reinfection. In all of them, the infecting virus carried the
mutation E484K, either from a Gamma VOC or, in one sample, E3344,
the E484K mutation alone (Table 3). Only the S genomic region could be
sequenced for the E3344 sample, so the sample could not be classified in
a specific lineage. S sequence from E3344 was closely related to D1444
isolate (B.1) and sequences from Brazil available at GISAID (EPL-
ISL_2017450_Brazil, P1, EPI_ISL 2241594 Brazil, P2, and EPI-
ISL_2466142_Brazil, P2). E484K mutation without the N501Y one was
found in a total of 8 cases out of the 1736 samples analyzed in this study
(0.5%). In the other 7 cases, no evidence of a previous infection was
found. Complete genome sequence for 3 of these cases showed that these
isolates belonged to lineages B.1, B.1.111 and B.1.526 (Fig. 2).

The presence of E484K mutation in the virus (from a Gamma VOC or
another lineage) infecting some cases of suspected reinfection in our
study, prompted us to analyze the presence of this mutation in the se-
quences available worldwide in the GISAID database over time, to
evaluate if the frequency of this mutation could be related to reinfection
(Fig. 5). Although it emerged in early 2020 (first report on February
2020) its prevalence only increased significantly in 2021 (Fig. 5A). Since
a high number of GISAID database sequences are from VOCs, the
prevalence of this mutation was also analyzed in non- Alpha, Beta or
Gamma VOCs, which are very prevalent in the database. An unexpected
increasing frequency of sequences carrying the E484K mutation was
found also among non-VOCs isolates (Fig. 5B).

Table 2
Difference in Ct values between VOC and non-VOC samples tested.
Gene detected Average Ct of Average Ct of other t Student
(fluorophore) Gamma VOC (n = samples (n = 130) test
563)
ORFlab (Fam) 22.64 23.29 >0.05
N (Rox) 20.73 21.83 0.0015
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Fig. 3. Dynamic of Gamma VOC dissemination in selected states of Venezuela during the first months of 2021. The frequency of VOC is shown according to the
month of collection of samples in: Anzoategui (103 total samples), Bolivar (70 total samples), Capital Region (Miranda and Distrito Capital, 263 total samples), La
Guaira (146 total samples), Mérida (82 total samples), and Nueva Esparta (69 total samples).

In order to assess the contribution of E484K mutation to the inci-
dence of reinfections, a review of reinfection cases was conducted until
June 1st, 2021, as described in Materials and Methods. A total of 89
reported cases of reinfection were identified worldwide, 41 of which
were supported by a preprint or a peer-reviewed article (Fig. 6). For the
cases in which severity could be compared between episodes, most were
similar or less severe, except one with fatal evolution, raising the pos-
sibility of partial immune protection, although no information of their
immune status was available. Most of them exhibited a different clade or
lineage detected between initial infection and reinfection.

Reinfection with SARS-CoV-2 genomes harboring E484K occurred
only across geographically diverse regions from Brazil and among pa-
tients spanning a broad distribution of ages and baseline health status,
whose initial and second infections were respectively asymptomatic or
mild and mild/severe. The interval time was as early as 24 days or until
224 days after the initial infection. E484 substitution was found mainly
associated with Gamma VOC and lineage P.2.

4. Discussion

SARS-CoV-2 variants are emerging and spreading rapidly in several

parts of the world (Boehm et al., 2021). Many of the key mutations found
in the VOCs are found in or near the RBD. For this reason, we adopt a
strategy focused on Sanger sequencing of a small region of the SARS-
CoV-2 targeting the RBD genome sequence. This strategy allowed us
to process a large number of samples, with a special focus on amino acid
positions 484 and 501 in the S protein, but also 452.

The presence of any of these mutations does not necessarily mean
that a VOC is circulating in a specific country, nor that this isolate will
gain the phenotypic advantages provided by these mutations in VOCs, as
the increased transmissibility observed for the VOCs due to the N501Y.
Many other mutations present in these VOCs (point mutations and de-
letions) are contributing to the enhanced transmissibility of these VOCs
(Altmann et al., 2021; Gobeil et al., 2021). Indeed, these mutations,
particularly, E484K one, have emerged in many other lineages, as pre-
viously reported (Ferrareze et al., 2021). However, the specific detection
of these two mutations, allowed us to rapidly detect the introduction of
Gamma VOC. This introduction was confirmed by complete genome
sequencing of 16 samples. All the sequences were closely related, sug-
gesting few introductions of the VOC and then a rapid dissemination
throughout the country, despite national mobility restrictions (Lampo
et al., 2021).
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Fig. 4. Prevalence of Gamma VOC in April-May 2021 in Venezuela. Each state is colored according to the prevalence of VOC: 95-100% (purple), less than 95%
(lilac), not available (white). The number of samples studied were: Amazonas (22) Anzoategui (45), Apure (78), Aragua (48), Barinas (37), Bolivar (40, of March),
Carabobo (25), Delta Amacuro (12), Falcon (55), Guarico (12), La Guaira (20), Lara (20), Mérida (38), Metropolitan Region (Miranda and Distrito Capital, 124),
Monagas (44), Nueva Esparta (69), Portuguesa (37), Sucre (74), and Yaracuy (23). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 3
Suspected reinfection cases, and/or infection despite vaccination.

Sample History Sequence analysis

ID

Mir761 First PCR positive detection: 25/9/2020 Gamma VOC
One vaccine dose: 23/03/2021
Second PCR positive detection: 4/4/ 2021

Dtt 24 Two doses vaccine, second dose on 24/3/ Gamma VOC
2021
PCR positive detection: 18/4/2021

Mirl7 Two dose vaccine. Second dose on February =~ Gamma VOC
19, 2021. PCR positive detection on March
19, 2021.

Dtt 17 Two doses vaccine, second dose on 24/3/ Gamma VOC
2021
PCR positive detection: 23/5/2021

Lab29.2 First PCR positive detection: 27,/9/2020. Gamma VOC

Second PCR positive detection: 24/5/2021

E3344 First PCR positive detection: 31/7 and 24/
8, 2020. Second PCR positive detection:
12/2 and 19/2, 2021

sample of 19/2/2021%
S mutations: W152G,
E484K,D614G, D796Y

? Only S genomic region was available.

After its detection in January 2021, it took 2 months for the Gamma
VOC to predominate in most parts of the country. It cannot be ruled out
that the studied sample set may have some bias, introduced by the fact
that most of the samples were from symptomatic individuals and with Ct

lower than 30. However, an analysis of a group of samples showed that
the Gamma VOC does not seem to be more prevalent among symp-
tomatic patients. Only a minimal difference in Ct value was observed
between Gamma VOC and the other circulating isolates. A small
reduction in Ct value was also observed in Brazil for this VOC. However,
this difference was not observed when adjusting for the time of onset of
symptoms (Faria et al., 2021). A lower Ct value was however found in
another report from Brazil (Naveca et al., 2021). Rapid emergence and
predominance of Gamma VOC were observed in Manaus some months
before Venezuela (Faria et al., 2021), evolving from a local B.1.1.28
clade in late November 2020 and replacing it in less than two months in
the Amazon (Naveca et al., 2021).

Wang et al. (2021) also reported that Gamma VOC is relatively
resistant to neutralization by multiple therapeutic monoclonal anti-
bodies, convalescent plasma, and sera from vaccinated individuals. This
ability is due to a combination of the amino acid substitutions present in
S and a particular conformation with one of the RBD in an “up” position
(Increased resistance of SARS-CoV-2 variant P.1 to antibody neutrali-
zation). Indeed, infection with Gamma VOC was found in some vacci-
nated individuals or cases of reinfection.

Specifically, the E484K mutation is associated with antibody evasion
in Beta and gamma VOCs (Dejnirattisai et al., 2021), but also in some
other lineages (Jangra et al., 2021; Nonaka et al., 2021). In our study,
from 6 cases of suspected reinfection, all the isolates from the last
infection carry the mutation E484K, either belonging to the Gamma VOC
or associated with another lineage. The frequency of this mutation has
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Fig. 5. Frequency of E484K mutation in the complete genome sequences
available from worldwide in GISAID according to time. A. Frequency among all
complete genome sequences available. B. Frequency of E484K mutation in
complete genome sequences, excluding Alpha, Beta, Gamma, and Zeta variants.
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Fig. 6. Geographic distribution of the genetically confirmed reinfection cases
worldwide. The analysis included 89 reported cases of reinfection worldwide,
with SARS-CoV-2 genomes confirmed by sequencing, 41 of which were sup-
ported by a preprint or a peer-reviewed article: 13/89 (14.6%) of them
harbored the mutation E484K, all of them from Brazil. (*) 5/13 supported by a
preprint or a peer-reviewed article.

been increasing in Brazil and worldwide, not only in VOC samples, as
shown in this study and another one (Ferrareze et al., 2021). This mu-
tation has also been found associated with COVID-19 cases despite
vaccination (Fabiani et al., 2021).

Three sequences carrying the mutation E484K but not classified as
Gamma VOC, belonged to three different lineages: B.1, B.1.111 and
B.1.526. According to the Pangolin database, B.1 is a large European
lineage the origin of which roughly corresponds to the Northern Italian
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outbreak early in 2020, and is widely present throughout the world.
B.1.111 lineage is described as South/Central American lineage and, in
addition to USA, has been found mostly in Trinidad and Colombia.
Lineage B.1.526 has been predominantly circulating in New York but
has also been detected in Aruba, Colombia, and Ecuador (Rambaut et al.,
2020). Lineage B.1.526 was identified in New York, USA, in November
2020, and its prevalence increased sharply. Approximately one half of
the B.1.526 carry the E484K mutation. However, this lineage, with or
without the E484K mutation, was not more associated with cases of
reinfection, when compared to other lineages (Thompson et al., 2021).

A worldwide increase in frequency of E484K mutation in the se-
quences was observed during the second year of pandemic, where
reinfection cases were expected to be more common (Fig. 5). The effect
of this mutation on escape to neutralizing antibodies and its observed
increase in frequency led us to suspect that reinfection cases might be
associated with the presence of this mutation. Contrary to our expec-
tations, documented cases of reinfection worldwide were not associated
with the presence of E484K mutations, even during the period of
March-May 2021, when the frequency of this mutation increased
significantly (Fig. 5). The only exception is Brazil, where some reinfec-
tion cases were associated with the presence of E484K mutation (Fig. 6).
However, E484K mutation is very frequent in Brazilian sequences, either
in the Gamma VOC or in the P.2 or B.1.1.33 lineages (Ferrareze et al.,
2021; Goes et al., 2021). Thus, the presence of E484K mutation in
reinfection cases may be only the reflection of the high frequency of
circulation of this mutation in the country.

In Venezuela, however, although only a limited number of suspected
cases of reinfection or infection despite vaccination were analyzed, all of
them were infected with viruses carrying this mutation, in agreement
with the ability of this substitution to partially escape protective im-
munity. However, as in Brazil, the presence of E484K mutation in the
suspected reinfection cases may be only the reflection of the high fre-
quency of circulation of Gamma VOC in the country, although, in one
case, the infecting virus was not the Gamma VOC and carried the E484K
mutation associated with another lineage.

In conclusion, the present methodology allowed us the rational
detection of the introduction and rapid dissemination of Gamma VOC in
Venezuela. The use of the selected methodology for genomic surveil-
lance presents some limitations, since it is mainly based on the detection
of key amino acids such as those in positions 452, 478, 484, 490, and
501. Another amino acid position, 417, missing in this fragment, is also
important to differentiate Gamma, Beta, Alpha with E484K, and Mu
variants. The methodology described in this study was sufficient to
detect the first variant introduced in Venezuela, or at least the first
which disseminated and could be detected, i.e. Gamma VOC. However,
since then, other variants have been introduced in Venezuela: Alpha,
Delta, Lambda, and Mu have been detected later (Jaspe et al., in prep-
aration). For a more accurate rapid detection of mutations useful for the
initial identification of putative variants, we adopted the amplification
and sequencing of a slightly larger fragment of 593 nt, which allows also
the detection of amino acid in position 417. However, the smaller
fragment used in this study is still useful for us, for an even more rapid
detection (in one day) of the most frequent variants circulating in
Venezuela, by restriction enzyme analysis to detect E484K (Jaspe et al.,
2021a) and L452R mutations (Jaspe et al., 2021b). Continuous moni-
toring is on way to detect the eventual introduction of other variants in
the country and their temporal dynamic in each region.

Funding

This study was supported by Ministerio del Poder Popular de Ciencia,
Tecnologia e Innovacion of Venezuela.

Credit author statement

Rossana C Jaspe, Esmeralda Vizzi: Investigation, Formal analysis,



R.C. Jaspe et al.

Writing - Original Draft. Writing - Review & Editing.

Carmen L Loureiro: Investigation, Formal analysis.

Yoneira Sulbaran, Zoila C Moros, Mariana Hidalgo: Investigation.

José Luis Zambrano: Investigation, Visualization.

Pierina D’Angelo, Lieska Rodriguez, Victor Alarcon, Marwan Agui-
lar, Domingo J Garzaro, CoViMol Group: Resources.

Héctor R Rangel, Flor H Pujol: Formal analysis, Investigation,
Writing - Original Draft. Writing - Review & Editing, Supervision,
Project administration, Funding acquisition.

Declaration of competing interest
I declare that we have no conflict of interest.
Acknowledgements

We wish to thank Dr. Ferdinando Liprandi for his critical reading of
the manuscript.

References

Altmann, D.M., Boyton, R.J., Beale, R., 2021. Immunity to SARS-CoV-2 variants of
concern. Science 371 (6534), 1103-1104. https://doi.org/10.1126/science.
abg7404.

Artic Network, Artic Network. SARS-CoV-2. https://artic.network/ncov-2019 (accessed
April 5th, 2021).

Bakhshandeh, B., Jahanafrooz, Z., Abbasi, A., Goli, M.B., Sadeghi, M., Mottaqi, M.S.,
Zamani, M., 2021. Mutations in SARS-CoV-2; consequences in structure, function,
and pathogenicity of the virus. Microb. Pathog. 154, 104831 https://doi.org/
10.1016/j.micpath.2021.104831.

Boehm, E., Kronig, 1., Neher, R.A., Eckerle, L., Vetter, P., Kaiser, L., Geneva Centre for
Emerging Viral Diseases, 2021. Novel SARS-CoV-2 variants: the pandemics within
the pandemic. Clin. Microbiol. Infect. https://doi.org/10.1016/j.cmi.2021.05.022.
S$1198-743X(21)00262-7.

Callaway, E., 2021. Delta coronavirus variant: scientists brace for impact. Nature 595
(7865), 17-18. https://doi.org/10.1038/d41586-021-01696-3.

Campbell, F., Archer, B., Laurenson-Schafer, H., Jinnai, Y., Konings, F., Batra, N.,
Pavlin, B., Vandemaele, K., Van Kerkhove, M.D., Jombart, T., Morgan, O., le Polain
de Waroux, O., 2021. Increased transmissibility and global spread of SARS-CoV-2
variants of concern as at June 2021, 26 (24), 2100509. https://doi.org/10.2807/
1560-7917.ES.2021.26.24.2100509.

Challen, R., Brooks-Pollock, E., Read, J.M., Dyson, L., Tsaneva-Atanasova, K., Danon, L.,
2021. Risk of mortality in patients infected with SARS-CoV-2 variant of concern
202012/1: matched cohort study. Br. Med. J. 372, n579 https://doi.org/10.1136/
bmj.n579.

Davies, N.G., Abbott, S., Barnard, R.C., Jarvis, C.I., Kucharski, A.J., Munday, J.D.,
Pearson, C.A.B., Russell, T.W., Tully, D.C., Washburne, A.D., Wenseleers, T.,
Gimma, A., Waites, W., Wong, K.L.M., van Zandvoort, K., Silverman, J.D., CMMID
COVID-19 Working Group; COVID-19 Genomics UK (COG-UK) Consortium, Diaz-
Ordaz, K., Keogh, R., Eggo, R.M., Funk, S., Jit, M., Atkins, K.E., Edmunds, W.J.,
2021. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in
England. Science 372 (6538). https://doi.org/10.1126/science.abg3055 eabg3055.

Dejnirattisai, W., Zhou, D., Supasa, P., Liu, C., Mentzer, A.J., Ginn, H.M., Zhao, Y.,
Duyvesteyn, H.M.E., Tuekprakhon, A., Nutalai, R., Wang, B., Lopez-Camacho, C.,
Slon-Campos, J., Walter, T.S., Skelly, D., Costa Clemens, S.A., Naveca, F.G.,
Nascimento, V., Nascimento, F., Fernandes da Costa, C., Resende, P.C., Pauvolid-
Correa, A., Siqueira, M.M., Dold, C., Levin, R., Dong, T., Pollard, A.J., Knight, J.C.,
Crook, D., Lambe, T., Clutterbuck, E., Bibi, S., Flaxman, A., Bittaye, M., Belij-
Rammerstorfer, S., Gilbert, S.C., Carroll, M.W., Klenerman, P., Barnes, E.,
Dunachie, S.J., Paterson, N.G., Williams, M.A., Hall, D.R., Hulswit, R.J.G.,
Bowden, T.A., Fry, E.E., Mongkolsapaya, J., Ren, J., Stuart, D.I., Screaton, G.R.,
2021. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 184 (11), 2939-2954.
€9. https://doi.org/10.1016/j.cell.2021.03.055.

Fabiani, M., Margiotti, K., Viola, A., Mesoraca, A., Giorlandino, C., 2021. Mild
symptomatic SARS-CoV-2 P.1 (B.1.1.28) infection in a fully vaccinated 83-year-old
man. Pathogens 10 (5), 614. https://doi.org/10.3390/pathogens10050614.

Faria, N.R., Mellan, T.A., Whittaker, C., Claro, .M., Candido, D.D.S., Mishra, S.,
Crispim, M.A.E., Sales, F.C.S., Hawryluk, 1., McCrone, J.T., Hulswit, R.J.G.,
Franco, L.A.M., Ramundo, M.S., de Jesus, J.G., Andrade, P.S., Coletti, T.M.,
Ferreira, G.M., Silva, C.A.M., Manuli, E.R., Pereira, R.H.M., Peixoto, P.S.,
Kraemer, M.U.G., Gaburo Jr., N., Camilo, C.D.C., Hoeltgebaum, H., Souza, W.M.,
Rocha, E.C., de Souza, L.M., de Pinho, M.C., Araujo, L.J.T., Malta, F.S.V., de Lima, A.
B., Silva, J.D.P., Zauli, D.A.G., Ferreira, A.C.S., Schnekenberg, R.P., Laydon, D.J.,
Walker, P.G.T., Schliiter, H.M., Dos Santos, A.L.P., Vidal, M.S., Del Caro, V.S.,
Filho, R.M.F., Dos Santos, H.M., Aguiar, R.S., Proenca-Modena, J.L., Nelson, B.,
Hay, J.A., Monod, M., Miscouridou, X., Coupland, H., Sonabend, R., Vollmer, M.,
Gandy, A., Prete Jr., C.A., Nascimento, V.H., Suchard, M.A., Bowden, T.A., Pond, S.L.
K., Wu, C.H., Ratmann, O., Ferguson, N.M., Dye, C., Loman, N.J., Lemey, P.,
Rambaut, A., Fraiji, N.A., Carvalho, M.D.P.S.S., Pybus, O.G., Flaxman, S., Bhatt, S.,
Sabino, E.C., 2021. Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in

Infection, Genetics and Evolution 96 (2021) 105147

Manaus, Brazil. Science 372 (6544), 815-821. https://doi.org/10.1126/science.
abh2644.

Ferrareze, P.A.G., Franceschi, V.B., Mayer, A.M., Caldana, G.D., Zimerman, R.A.,
Thompson, C.E., 2021. E484K as an innovative phylogenetic event for viral
evolution: genomic analysis of the E484K spike mutation in SARS-CoV-2 lineages
from Brazil. Infect. Genet. Evol. 93, 104941 https://doi.org/10.1016/j.
meegid.2021.104941.

Gobeil, S.M., Janowska, K., McDowell, S., Mansouri, K., Parks, R., Stalls, V., Kopp, M.F.,
Manne, K., Saunders, K., Edwards, R.J., Haynes, B.F., Henderson, R.C., Acharya, P.,
2021. Effect of natural mutations of SARS-CoV-2 on spike structure, conformation,
and antigenicity. Science. https://doi.org/10.1126/science.abi6226 eabi6226.

Goes, L.R., Siqueira, J.D., Garrido, M.M., Brunna, M.A., Pereira, A.C.P.M., Cicala, C.,
Arthos, J., Viola, J.P.B., Soares, M.A., INCA COVID-19 Task Force, 2021. New
infections by SARS-CoV-2 variants of concern after natural infections and post-
vaccination in Rio de Janeiro, Brazil. Infect. Genet. Evol. 94, 104998 https://doi.
org/10.1016/j.meegid.2021.104998.

Jangra, S., Ye, C., Rathnasinghe, R., Stadlbauer, D., Personalized Virology Initiative
study group, Krammer, F., Simon, V., Martinez-Sobrido, L., Garcia-Sastre, A.,
Schotsaert, M., 2021. SARS-CoV-2 spike E484K mutation reduces antibody
neutralisation. Lancet Microbe 2 (7), e283-e284. https://doi.org/10.1016/52666-
5247(21)00068-9.

Jaspe, R.C., Sulbaran, Y., Loureiro, C.L., D Angelo, P., Rodriguez, L., Garzaro, D.,
Rangel, H.R., Pujol, F.H., 2021a. Importance of mutations in amino acid 484 of the
spike protein of SARS-CoV-2: rapid detection by restriction enzyme analysis.
Investig. Clin. 62 (Suppl. 2), 16-24. https://doi.org/10.22209/1C.v62s2a02.

Jaspe, R.C., Sulbaran, Y., Loureiro, C.L., D Angelo, P., Rodriguez, L., Garzaro, D.,
Rangel, H.R., Pujol, F.H., 2021b. A simple method for detection of mutations in
amino acid 452 of the spike protein of SARS-CoV-2 using restriction enzyme
analysis. Investig. Clin. 62 (4), 371-377.

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35,
1547-1549. https://doi.org/10.1093/molbev/msy096.

Lampo, M., Hernandez-Villena, J.V., Cascante, J., Vincenti-Gonzalez, M.F., Forero-
Pena, D.A., Segovia, M.J., Hampson, K., Castro, J., Grillet, M.E., 2021. Signatures of
the Venezuelan humanitarian crisis in the first wave of COVID-19: fuel shortages and
border migration. Vaccines 9, 719. https://doi.org/10.3390/vaccines9070719.

Motozono, C., Toyoda, M., Zahradnik, J., Saito, A., Nasser, H., Tan, T.S., Ngare, I.,
Kimura, 1., Uriu, K., Kosugi, Y., Yue, Y., Shimizu, R, Ito, J., Torii, S., Yonekawa, A.,
Shimono, N., Nagasaki, Y., Minami, R., Toya, T., Sekiya, N., Fukuhara, T.,
Matsuura, Y., Schreiber, G., Genotype to Phenotype Japan (G2P-Japan) Consortium,
Ikeda, T., Nakagawa, S., Ueno, T., Sato, K., 2021. SARS-CoV-2 spike L452R variant
evades cellular immunity and increases infectivity. Cell Host Microbe 29,
1124-1136.el1. https://doi.org/10.1016/j.chom.2021.06.006.

Naveca, F.G., Nascimento, V., de Souza, V.C., Corado, A.L., Nascimento, F., Silva, G.,
Costa, A., Duarte, D., Pessoa, K., Mejia, M., Brandao, M.J., Jesus, M., Gongalves, L.,
da Costa, C.F., Sampaio, V., Barros, D., Silva, M., Mattos, T., Pontes, G., Abdalla, L.,
Santos, J.H., Arantes, ., Dezordi, F.Z., Siqueira, M.M., Wallau, G.L., Resende, P.C.,
Delatorre, E., Graf, T., Bello, G., 2021. COVID-19 in Amazonas, Brazil, was driven by
the persistence of endemic lineages and P.1 emergence. Nat. Med. 27 (7),
1230-1238. https://doi.org/10.1038/541591-021-01378-7.

Nonaka, C.K.V., Franco, M.M., Grf, T., de Lorenzo Barcia, C.A., de Avila Mendonca, R.
N., de Sousa, K.A.F., Neiva, L.M.C., Fosenca, V., Mendes, A.V.A., de Aguiar, R.S.,
Giovanetti, M., de Freitas Souza, B.S., 2021. Genomic evidence of SARS-CoV-2
reinfection involving E484K spike mutation, Brazil. Emerg. Infect. Dis. 27 (5),
1522-1524. https://doi.org/10.3201/eid2705.210191.

Pujol, F.H., Zambrano, J.L., Jaspe, R., Loureiro, C.L., Vizzi, E., Liprandi, F., Rangel, H.R.,
2020. Biologia y evolucion del coronavirus causante de la COVID-19. Rev. Soc.
Venez. Microbiol. 40, 63-70.

Rambaut, A., Holmes, E.C., O’Toole, A., Hill, V., McCrone, J.T., Ruis, C., du Plessis, L.,
Pybus, O0.G., 2020. A dynamic nomenclature proposal for SARS-CoV-2 lineages to
assist genomic epidemiology. Nat. Microbiol. 5 (11), 1403-1407. https://doi.org/
10.1038/541564-020-0770-5.

Tao, K., Tzou, P.L., Nouhin, J., Gupta, R.K., de Oliveira, T., Kosakovsky Pond, S.L.,
Fera, D., Shafer, R.W., 2021. The biological and clinical significance of emerging
SARS-CoV-2 variants. Nat. Rev. Genet. 1-17. https://doi.org/10.1038/s41576-021-
00408-x.

Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari, J.,
Doolabh, D., Pillay, S., San, E.J., Msomi, N., Mlisana, K., von Gottberg, A.,

Walaza, S., Allam, M., Ismail, A., Mohale, T., Glass, A.J., Engelbrecht, S., Van Zyl, G.,
Preiser, W., Petruccione, F., Sigal, A., Hardie, D., Marais, G., Hsiao, N.Y.,
Korsman, S., Davies, M.A., Tyers, L., Mudau, I., York, D., Maslo, C., Goedhals, D.,
Abrahams, S., Laguda-Akingba, O., Alisoltani-Dehkordi, A., Godzik, A., Wibmer, C.
K., Sewell, B.T., Lourenco, J., Alcantara, L.C.J., Kosakovsky Pond, S.L., Weaver, S.,
Martin, D., Lessells, R.J., Bhiman, J.N., Williamson, C., de Oliveira, T., 2021.
Detection of a SARS-CoV-2 variant of concern in South Africa. Nature 592 (7854),
438-443. https://doi.org/10.1038/s41586-021-03402-9.

Thompson, C.N., Hughes, S., Ngai, S., Baumgartner, J., Wang, J.C., McGibbon, E.,
Devinney, K., Luoma, E., Bertolino, D., Hwang, C., Kepler, K., Del Castillo, C.,
Hopkins, M., Lee, H., DeVito, A.K., Rakeman, J.L., Fine, A.D., 2021. Rapid
emergence and epidemiologic characteristics of the SARS-CoV-2 B.1.526 variant -


https://doi.org/10.1126/science.abg7404
https://doi.org/10.1126/science.abg7404
https://artic.network/ncov-2019
https://doi.org/10.1016/j.micpath.2021.104831
https://doi.org/10.1016/j.micpath.2021.104831
https://doi.org/10.1016/j.cmi.2021.05.022
https://doi.org/10.1038/d41586-021-01696-3
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
https://doi.org/10.1136/bmj.n579
https://doi.org/10.1136/bmj.n579
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1016/j.cell.2021.03.055
https://doi.org/10.3390/pathogens10050614
https://doi.org/10.1126/science.abh2644
https://doi.org/10.1126/science.abh2644
https://doi.org/10.1016/j.meegid.2021.104941
https://doi.org/10.1016/j.meegid.2021.104941
https://doi.org/10.1126/science.abi6226
https://doi.org/10.1016/j.meegid.2021.104998
https://doi.org/10.1016/j.meegid.2021.104998
https://doi.org/10.1016/S2666-5247(21)00068-9
https://doi.org/10.1016/S2666-5247(21)00068-9
https://doi.org/10.22209/IC.v62s2a02
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0080
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0080
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0080
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0080
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3390/vaccines9070719
https://doi.org/10.1016/j.chom.2021.06.006
https://doi.org/10.1038/s41591-021-01378-7
https://doi.org/10.3201/eid2705.210191
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0110
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0110
http://refhub.elsevier.com/S1567-1348(21)00447-0/rf0110
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41576-021-00408-x
https://doi.org/10.1038/s41576-021-00408-x
https://doi.org/10.1038/s41586-021-03402-9

R.C. Jaspe et al. Infection, Genetics and Evolution 96 (2021) 105147

new York City, New York, January 1-April 5, 2021. MMWR Morb. Mortal. Wkly Rep. Dizon, J., Unson-O’Brien, C., Shimeliovich, I., Gazumyan, A., Caskey, M.,

70 (19), 712-716. https://doi.org/10.15585/mmwr.mm?7019el. Bjorkman, P.J., Casellas, R., Hatziioannou, T., Bieniasz, P.D., Nussenzweig, M.C.,
Wang, Z., Schmidt, F., Weisblum, Y., Muecksch, F., Barnes, C.O., Finkin, S., Schaefer- 2021. mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants.
Babajew, D., Cipolla, M., Gaebler, C., Lieberman, J.A., Oliveira, T.Y., Yang, Z., Nature 592 (7855), 616-622. https://doi.org/10.1038/s41586-021-03324-6.
Abernathy, M.E., Huey-Tubman, K.E., Hurley, A., Turroja, M., West, K.A., WHO, 2021. Tracking SARS-CoV-2 variants. https://www.who.int/en/activities/tra

Gordon, K., Millard, K.G., Ramos, V., Da Silva, J., Xu, J., Colbert, R.A., Patel, R., cking-SARS-CoV-2-variants/.


https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.1038/s41586-021-03324-6
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/

