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Abstract

:

Since its first identification in Brazil, the variant of concern (VOC) Gamma has been associated with increased infection and transmission rates, hospitalizations, and deaths. Minas Gerais (MG), the second-largest populated Brazilian state with more than 20 million inhabitants, observed a peak of cases and deaths in March–April 2021. We conducted a surveillance study in 1240 COVID-19-positive samples from 305 municipalities distributed across MG’s 28 Regional Health Units (RHU) between 1 March to 27 April 2021. The most common variant was the VOC Gamma (71.2%), followed by the variant of interest (VOI) zeta (12.4%) and VOC alpha (9.6%). Although the predominance of Gamma was found in most of the RHUs, clusters of Zeta and Alpha variants were observed. One Alpha-clustered RHU has a history of high human mobility from countries with Alpha predominance. Other less frequent lineages, such as P.4, P.5, and P.7, were also identified. With our genomic characterization approach, we estimated the introduction of Gamma on 7 January 2021, at RHU Belo Horizonte. Differences in mortality between the Zeta, Gamma and Alpha variants were not observed. We reinforce the importance of vaccination programs to prevent severe cases and deaths during transmission peaks.
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1. Introduction


The emergence of a novel Betacoronavirus infecting humans in late 2019 led the world to this century’s most challenging global health crisis. The Coronavirus Disease 2019 (COVID-19) pandemic, caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), resulted in more than 621.87 million cases and 6.56 million deaths worldwide by October 2022 [1]. The pandemic caused collapses in health systems worldwide, especially in locations where effective measures to control viral spread were not practised or available [2].



Among the numerous lineages of SARS-CoV-2 described so far, some have called the attention of public health authorities, given their association with higher rates of viral transmission, disease severity, and resistance to the neutralizing antibodies elicited by prophylactic vaccines [3,4]. These lineages were defined as Variants of Concern (VOCs) and are responsible for increased disease incidence and transmission waves [1]. These VOCs were initially identified in the United Kingdom (Alpha), South Africa (Beta), Brazil (Gamma), and India (Delta) [5,6,7,8,9]. More recently, the VOC Omicron emerged with up to 46 new mutations in the SARS-CoV-2 genome (initially described in South Africa), which has spread rapidly, creating new COVID-19 waves, including in Brazil [10].



Since the beginning of the COVID-19 pandemic in Brazil, genomic surveillance studies showed the replacement of SARS-CoV-2 lineages over time [11,12,13]. Most of the early COVID-19 cases were caused by the introduction of B.1.1.28 and B.1.1.33 lineages, followed by the Zeta (P.2) variant in the southeast region of Brazil in July 2020, concurrent with the progressive decline of the number of cases. Despite the international introduction of VOC Alpha at the end of 2020, the number of cases associated with this variant never reached the same proportion in the UK or other countries in the northern hemisphere [14,15]. The VOC Gamma, first named P.1, emerged in Manaus, possibly in mid-November 2020, resulting in a new wave of infections and causing the local public health system to collapse [16]. Until 2020, the country had registered around 7.6 million cases and 195,000 deaths [17]. Four months later, another wave of infection occurred, reaching a 7-days moving average of 77,000 new cases and 3000 deaths per day [17]. The progression of the disease was observed in all states of the country. In Minas Gerais (MG), the fourth largest state in area and second most populous in the country, there was an increase of approximately 240% in the moving average of cases and 470% of deaths from January 01 to the peak of the disease in mid-April 2021 [17]. Brazil is the most populous South American country, borders ten different countries, and presents different socioeconomic groups that can favour the occurrence and emergence of VOCs and other lineages. Due to the size of the population, methods that aim to classify circulating VOCs and lineages that present low cost and quick results are essential for monitoring the spread of COVID-19.



Substantial decreases in COVID-19 cases and deaths were observed after approving safe and effective vaccines by the end of 2020 [18]. Since the beginning of vaccination programs, the number of severe cases and deaths have dramatically declined in Brazil. Until the beginning of April 2021, during VOC Gamma establishment, 13.6% population (28,696,332 doses) were vaccinated in all Brazilian territories, in which 1.1% (2294,840 doses) corresponded to the MG state population [17]. The emergence and dissemination of VOCs throughout Brazil highlighted the necessity and importance of genomic surveillance as a fundamental strategy in public health. Notwithstanding, previous studies suggested increasing the number of hospitalization and death cases with the emergence of VOC Gamma, but not at the patient level. Most studies compared the mortality rates in pre- and post-periods of Gamma introduction [2,4,7,19]. Herein, we conducted a retrospective epidemiological study in the MG State.




2. Materials and Methods


2.1. Study Design


We conducted a population-based retrospective study with samples from March 01 to 27 April 2021—Epidemiological Weeks (EW) 9-18/2021. MG is administratively divided into 28 Regional Health units (RHUs) (Supplementary Figure S1). We conducted a two-stage sampling with 56% of the sample size allocated uniformly to all RHUs and 44% proportionally to each unit’s population density (Supplementary Table S2). Samples with Ct values under 30 were randomly selected (n = 1240). De-identified leftover nasopharyngeal samples were obtained from Secretaria do Estado de Saúde (SES-MG), a public organization responsible for COVID-19 diagnosis. Diagnostic tests were performed in subjects presenting flu-like or severe acute respiratory syndrome symptoms or hospitalized patients. The samples were processed in nine laboratories: Universidade Federal de Minas Gerais (Laboratório de Biologia Integrativa, Laboratório de Vírus, Laboratório Institucional de Pesquisa em Biomarcadores, Núcleo de Ações e Pesquisa em Apoio Diagnóstico, CT Vacinas), Universidade Federal de Viçosa, Universidade Federal dos Vales do Jequitinhonha e Mucuri, Laboratório de Referência da Prefeitura Municipal de Belo Horizonte and Fundação Ezequiel Dias. Research Ethics Committee approved the study (CAAE 33202820.7.1001.5348).




2.2. Epidemiological Data and Clinical Outcome Analysis


COVID-19 cases, deaths, and vaccination data were obtained from public databases https://coronavirus.saude.mg.gov.br/dadosabertos and https://saude.gov.br (Access date: 15 July 2022). Case and death heatmaps were generated. All analyses were performed in Rstudio version 4.2.3, using the packages Rlang [20], geobr [21], ggplot2 [22], ggaluvial [23], and sf [24]. Symptomatology and clinical outcome data were retrieved from Sistema de Informações de Vigilância Epidemiológica and e-SUS databases, respecting patient protection laws. Comorbidity, symptomatology, and clinical outcome data were available for 91,657, and 587 subjects, respectively. Logistic regression models were estimated on R.



To explore the transmissibility of SARS-CoV-2 lineages in MG, we investigated the RT-qPCR Ct values during the EW 45/2020–13/2021 (November 2020 to March 2021) (n = 119,507). Samples were diagnosed at the Instituto Hermes Pardini laboratory covering 343 (40.1%) municipalities in all the RHUs using the TaqPath COVID-19 CE-IVD RT-PCR kit (ThermoFisher Scientific, Burlington, ONT, Canada). The median for the genes MS2 (extraction control) and viral Nucleocapsid (N gene) were calculated per EW, and a curve was plotted using the R ggplot2 package [22].




2.3. cDNA Synthesis and rhAmp Genotyping Assay


The samples were genotyped using specific primers and probes to detect defining variant mutations (Figure 1). We synthesize cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The cDNA was used as input in an RT-qPCR reaction using the rhAmp SNP Genotyping System technology (Integrated DNA Technology-IDT, San Diego, CA, USA) as described previously (Geddes et al., 2021). The concentration of each solution and final volume used for each genotyping reaction was: rhAmp Genotyping Master Mix (1X), rhAmp Reporter Mix (1.12X), and Specific SNP Primer (1.5X) in a final volume of 10 µL. Cycling conditions were 95 °C for 10 min and 60 cycles with 95 °C for 15 s, 57 °C for 1 min, and 68 °C for 30 s. We evaluated K417T (A22812C), E484K (G23012A), and N501Y (A23063T) mutations. The samples were classified as indicated in Figure 1. Samples with mutation profiles different from expected variants were denominated “others” and sequenced.




2.4. Library Preparation and Genome Sequencing


Sequencing was performed using two different technologies, Illumina (Illumina, San Diego, CA, USA) and IonTorrent (ThermoFisher Scientific, San Francisco, CA, USA), totaling 239 genomes. These genomes were derived from three different sampling groups. The first one consisted of 62 samples collected between 28 October 2020 and 28 February 2021. The second group consisted of 174 positive samples collected between 1 March 2021 and 31 March 2021. From this group, 34 samples were classified with the genotyping method as “other” lineages, and 140 samples were randomly selected for sequencing. The third group were composed of three samples with collection date after the genotyping sampling period (first week of May) (Figure 1).



The sequencing libraries were prepared using the QIAseq FX DNA Library Prep kit (QIAGEN, Germantown, MD, USA) and sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) with v3 (600 cycles) cartridges, following all manufacturer’s instructions. Negative controls were used in each round of sample processing steps (cDNA synthesis, viral genome amplification, and library preparation). IonTorrent libraries were prepared using the Ion AmpliSeq SARS-CoV-2 Panel (ThermoFisher Scientific, San Francisco, CA, USA) and sequenced on the Ion Torrent PGM platform with a 314-chip kit (ThermoFisher Scientific, San Francisco, CA, USA) according to the manufacturer’s recommendations. Three negative controls were used in all sample processing steps (cDNA synthesis, viral genome amplification, and library preparation in each batch).




2.5. SARS-CoV-2 Genome Assembly and Lineage Classification


The sequencing data was processed following a previously described pipeline [25]. Briefly, raw reads were filtered with fastp v0.20.1 [26] to remove short and low-quality reads (Phred score < 30) and adapter sequences. The remaining reads were aligned against the SARS-CoV-2 reference genome (NC_045512.2) with Bowtie2 v2.4.2 [27]. Mapping files were then indexed and sorted with SAMtools v1.12 [28] and BCFtools v2.30.0 [28], and they were used to infer the consensus genome sequences. Finally, BEDtools [29] was used to mask low-depth sites (<10 × coverage). Sequences with less than 70% genome coverage were removed from the downstream analysis. The consensus sequences generated in our study were classified using the Pangolin tool v.3.1.14 and the NextClade web application v.1.7.0 [30]. Mutations associated with possible novel lineages have been manually verified in raw sequencing data. All consensus sequences were deposited on the GISAID EpiCOV database.




2.6. Phylogenetic and Phylodynamic Analysis of VOCs in Minas Gerais


A comprehensive reference dataset (n = 6110) was created with public genomes available on the GISAID EpiCOV database to confirm the lineage classification and contextualize the novel genomes. This dataset comprehends all Brazilian sequences, plus one international sequence per country per EW, including each country’s first reported SARS-CoV-2 genome (available on GISAID 11 April 2022). We also used as a reference the top ten sequences closely related to each genome generated in our study. The dataset was aligned with minimap v [31], and a maximum likelihood phylogeny was inferred with an IQ-tree v2.0.3 [32] under the GTR + F+I + G4 model [33,34].



To further contextualize the dynamics of the introduction and spread of SARS-CoV-2 VOC Gamma into MG, we assembled one additional dataset to perform the time-scaled phylogeographic reconstruction. Brazilian sequences from all states created the dataset. The number of sequences included is proportional to each federal unit (n = 1610, considering approximately 20 sequences for each of the 27 federative units of Brazil during January–May 2021). Given the size of the obtained datasets, an efficient maximum-likelihood-based method—Tree Time v [35]—was used to scale branch lengths in time and reconstruct phylogeographic history. The molecular clock analysis was performed using a fixed evolutionary rate (1 × 10−3), and a discrete symmetric model was used to estimate transitions among ancestral locations in the trees. The model comprehended six discrete categories, MG (n = 115) and five Brazilian politically defined regions: North (n = 376), Northeast (n = 583), CentreWest (n = 154), Southeast (except MG; n = 182), and South (n = 200). The tree was rooted in the divergence between P.1 and the clade P.1-like I [19]. Migration models were applied to infer the number of import and export cases to MG.





3. Results


3.1. Epidemiological Data and Clinical Aspects of SARS-CoV-2 in MG State


Here, we investigated the dynamics of cases and deaths in the MG state before introducing the VOC Gama. The first genome sequenced of VOC Gamma in MG was identified in EW 5 of 2021 (accessed on the GISAID EPICoV database on 30 January 2021). The number of cases and deaths was lower during the EWs 45–53 (2020) in contrast with increasing death rates observed by SES-MG during the first 13 EWs of 2021, after Gamma introduction (Figure 2A and Supplementary Table S3). In EW 45 (2020), 9637 positive cases and 189 deaths were confirmed. During the entire period evaluated in 2020, 189,630 cases and 3008 deaths were confirmed (for every 63 cases of COVID-19, one patient died). However, only in EW 8 (three weeks after Gamma’s first description in MG state), 37,578 cases and 837 deaths were confirmed (for every 44 cases of COVID, one patient died). The increasing rates in mortality were observed until the last EW evaluated (EW 13), in which 59,987 cases and 2174 deaths were confirmed (one died out of 28 cases). The epidemiological data suggests increasing rates of transmission and fatality after Gamma introduction in the state of MG (Figure 2A and Supplementary Table S3).



Gamma introduction in MG happened in a scenario where the vaccination process was starting only to the population classified as at-risk groups (healthy workers or individuals with ages superior to 80 years). Vaccination against COVID-19 in the MG state started during EW 4 (2021) and continued to increase during the consecutive weeks. In total, 2297,840 doses were distributed in the state during the entire period of our analysis (equivalent to almost 11% of the population of MG) (Figure 2B and Supplementary Table S3). Increasing transmission rates also followed the Gamma introduction in MG. An analysis from 119,507 RT-PCR-confirmed cases from 343 (40.1%) municipalities showed a significant decrease in Cts values from the N gene with no corresponding variation in endogenous cellular control (MS2 gene) (Figure 2C). We observed a difference in medians between the EWs for the Cts referring to the N gene amplification (p < 0.0001; df = 4), and the EWs 5 and 13 were below the general median (considering all Cts from the EW evaluated in this study) (Ct = 18.34). The overall median Ct value was 25.78 (Supplementary Table S4). The higher viremia, represented by lower Cts values during Gamma epidemics, could explain the increasing transmission rates of this SARS-CoV-2 variant.



Moreover, our analysis showed an oscillation in the number of confirmed cases across the state during the time interval of this study (22 EWs) (Figure 3A). The RHU Belo Horizonte, which corresponds to the capital from MG, and presents a superior population density, maintained higher positivity rates, reaching 21,028 cases in the EW 12 after Gamma introduction. The RHU Uberlândia also showed increasing cases in the first weeks, reaching 5322 cases in EW 8. Nevertheless, there was a decrease in positive cases after the EW 10 (Figure 3A). At the end of the EW 17, the RHUs Belo Horizonte and Uberlândia had the highest positive cases in the state with 204,005 and 66,567 positive cases, respectively. RHU’s Januária and Pirapora (both in the North region) had a lower number of cases at the end of the study, corresponding to 6135 and 4643, respectively (Supplementary Figure S1 and Supplementary Table S3D). The total number of cases recorded over time was reflected in the state’s mortality (Figure 3B). The RHU Belo Horizonte (Center region—Supplementary Figure S1) maintained the higher numbers of deaths over the 17 weeks evaluated with a peak at EW 15, counting 610 deaths. The RHU Uberlândia had a rise in EW 10 (266 deaths) followed by a decrease, reaching 113 deaths in EW 17. The RHUs Januária and Pirapora also had the total number of cases reflected in mortality, representing 96 and 86 deaths, respectively (Supplementary Table S3E). These results suggest a possible introduction of Gamma from the North-Triângulo region of MG state (RHU Uberlandia) coming from the north Brazilian area (Manaus, Amazon state), where Gamma was first described.




3.2. Circulation of SARS-CoV-2 Variants in MG State


We observed that the majority of the samples were classified as VOC Gamma (71.2%) (Figure 4A), followed by the VOI Zeta (12.4%) (Figure 4B). The VOC Alpha was also identified with a lower frequency (9.6%) (Figure 4C). Other genotypes presenting different combinations of lineage-defining mutations in the S gene (K417T, E484K and N501Y) were classified as “others” (6.8%) and targeted for whole genome sequencing (Figure 4D).



Heterogenous spatial variant distribution was seen. The VOI Zeta was present in 54.5% of the total samples from RHU Pedra Azul and 41.4% in RHU Ubá (Figure 4B and Supplementary Table S6). The VOC Alpha represented 53.2% of the total samples from RHU Coronel Fabriciano and 44.8% from RHU Teófilo Otoni (Figure 4C). “Other” lineages were particularly significant in the RHUs Pirapora and Alfenas—showing frequencies of 21.4% and 17.1%, respectively (Supplementary Table S6). A similar clustering pattern was found for VOC Gamma (Figure 4A). RHUs Patos de Minas and Uberlândia presented VOC Gamma in 100% of the samples, while RHUs Pedra Azul and Teófilo Otoni had the lowest relative frequencies at 30.3% and 24.1%, respectively.



For the samples classified as VOCs and VOIs, data related to symptoms, comorbidities, and clinical outcomes were obtained from SES-MG (Supplementary Table S3). The subjects participating in the study presented comorbidities such as asthma, heart disease, diabetes, immunosuppression, neurological disorders, obesity, pneumonia, and kidney disease (Figure 4E). Heart disease, diabetes, and obesity were most frequent in patients infected with the VOC Gamma (42.2%, 25.7%, and 10.8%, respectively). The most frequent comorbidities were heart diseases, diabetes, and obesity without association with SARS-CoV-2 variants (Supplementary Table S3E).



The symptoms of cough, coryza, fever, headache, sore throat, dyspnea, anosmia, and ageusia were reported (Figure 4F). Fever, cough, and headache were the most reported symptoms presented by all patients independent of variants. No statistical differences were observed between Alpha, Gamma, Zeta, and other lineage symptoms, comorbidities and deaths excluding sore throat; Gamma-infected subjects were 40% less likely to present it than Zeta-infected patients (p = 0.034; OR: 0.60; 95%CI: 0.38–0.96) (Supplementary Table S3F).




3.3. Sequencing Results


A subset of 239 novel SARS-CoV-2 genomes was generated. The average genome coverage was 97.84%, and the mean depth of 585x. Complete whole-genome sequencing metrics are available in Supplementary Table S7. According to the Pango lineages classification, 40% of the samples were identified as Gamma (36.4%; 87/239) or other five sublineages (P.1.1-1, P.1.7-1, P.1.14-10, P.1.15-15, P.1.17-1; total 28/239, 11.71%). Other lineages were also found: VOC Alpha (12.55%; 30/239), B.1.1.28 (3.35%; 8/239), VOI Zeta (26.78%; 64/239), P.4 (2.09%; 5/239), B.1.1 (1.67%; 4/239), B.1.1.33 (0.42%; 1/239), and P.7 (0.42%; 1/239) (Figure 5 and Supplementary Table S7).




3.4. Circulation of Other SARS-CoV-2 Lineages in MG


Eighty-four samples were classified as “other” lineages with different combinations of defining VOCs and VOIs spike mutations, from which 21 were sequenced. The Pangolin tool classified sixteen (76.19%) sequences as other lineages. One sequence (LBI412) in the phylogenetic analysis was close to the P.5 lineage clade as an ancestral group. However, these sequences do not present the same mutation profile as the P.5 reference (S: Q14K, T95I, G142D, N501Y, S640F, Q677H, D936G, V1176F), suggesting a novel genome lineage. Moreover, five sequences (LBI311, LBI312, LBI313, LBI401, and LBI406) were characterized as the P.4 lineage. The primary mutation that characterizes the P4 variant is the L452R and I720V in the spike gene. Another sample also had the mutation L452R but was classified as B.1.1 (LBI318 and LBI314). Our dataset also identified a sample classified as P.7 (LBI402) (Figure 5). Unlike the other variants identified in this study that have many mutations in the spike gene, the P.7 variant has only three: T21835C, A23403G/D614G, and G25088T/V1176F. Moreover, ten sequences were classified as B.1.1.28 (LBI315, LBI316, LBI321, LBI404, LBI405, LBI422, LBI423, and LBI424). Two genomes (LBI215 and LBI218) near the B.1.1.28 clade presenting the unique mutations E484Q and N501T forming a novel sub-cluster of B.1. In our phylogenetic analyses, five samples (LBI322, LBI325, LBI375, LBI378, and LBI379) classified as Gamma presented the unique E484K and N501T, being considered P.1-like genomes. All these results reinforce the importance of our strategy of genotyping/sequencing to screen large-scale samples increasing the chance of identifying novel SARS-CoV-2 genomes with higher frequencies of 2.5% in the population.




3.5. Phylodynamics of VOC Gamma Introduction into MG


A time-scaled phylogeographic reconstruction has been performed with a comprehensive dataset to explore the temporal and spatial dynamics of VOC Gamma introduction into the MG state (Figure 6). Analysis of the dataset estimated the origins of VOC Gamma on 19 October 2020 (90% CI: 7 September 2020–11 November 2020), with the earliest introduction in MG occurring by the beginning of 2021 (7 January 2021; 90% CI: 25 December 2020–25 January 2021). The model suggests more than 100 distinct introduction events in Brazil (103 events), culminating in diverse clades, revealing autochthonous transmission chains. The Southeast region is mainly responsible for importation cases in MG (with more than 70 introduction events), followed by the Northeast and South regions (each region with 14 and 8 introduction events). These events led to 16 different clades from MG, while others are represented by single sequences (singletons) (Figure 6). The most recent common ancestor for MG clades was 21 June 2020. Our time-scaled phylogeographic reconstructions coincide with the first confirmed infection by the Gamma variant in MG identified in mid-January 2021. Since then, the number of cases identified as the Gamma variant has been increasing, reaching the highest in March and April. Following the dominance of Gamma VOC in the MG state, new genomes were identified with lower frequencies (13.71%; 17/124) presenting new signatures such as K417T, synA23380T, and A845S mutations in the spike gene, suggesting diversification of this variant.





4. Discussion


Since the first identification of VOC Gamma, studies have reported the spread of this variant associated with increasing cases of and deaths from COVID-19, leading to a public health collapse in the country [2,25]. Our time-scaled phylogenetic inference suggests that VOC Gamma emerged in October–November 2020 in the Brazilian North region, as described by previous studies [7,36]. This variant became the most prevalent in all Brazilian states during the first months of 2021 and was responsible for Brazil’s second wave of COVID-19 [2]. COVID-19 cases and deaths also increased after VOC Gamma introduction in MG. The first introduction event was in the RHU Belo Horizonte (90% CI 7 January 2021; 90% CI: 25 December 2020–25 January 2021) and after that, through multiple locations, the Southeast region being responsible for most of the introduction events [5]. Several studies suggest that Gamma is more transmissible than other lineages, such as the previous Zeta and B.1.1.28, with higher viral loads on human samples [2,14,25]. Our study observed a reduction in Ct value for the Nucleoprotein (N) gene, corroborating the previous studies indicating that Gamma presents higher viral loads than the other lineages circulating in the same period in the MG state.



Higher viral loads (lower Cts values) were also observed, potentializing the virus transmission rates. Our results suggest a change in the epidemiological scenario after describing the first VOC Gamma genome in MG (30 January 2021), just one month after its identification in Manaus [5,7]. At the end of our study, the prevalence of Gamma cases was 71.2%. Gamma reached 100% prevalence in MG’s capital, Belo Horizonte, at the end of April 2021 [37]. Studies involving Gamma showed that this variant presents a higher spread rate and chances of developing severe cases and deaths related to different mutations in the spike gene [7,25]. The N501Y, first described in VOC Alpha, increases the affinity of spike viral protein to the human ACE2 receptor [9], with an additional effect when the K417T is present [16]. This process can contribute to the patient’s viral load and severe clinical outcomes [7].



COVID-19 symptom heterogeneity has been reported throughout the pandemic [38,39,40]. Many of the described comorbidities associated with severe COVID-19 were evaluated in our study. Patients with heart disease, diabetes, and hypertension comprise a large part of the risk groups for severe COVID-19 [40,41,42]. Heart diseases were reported in almost half of these patients, reinforcing the risk of cardiac comorbidities to develop severe cases of COVID-19. Patients diagnosed with diabetes were also frequent in our cohort. Chronic exposure to an abnormal metabolic environment can lead to disturbances in innate and adaptive immunity, cytokine storm release, and an increase in viral infection [41,42]. Together, all these factors can increase the risk of a severe prognosis for COVID-19 [39,41].



The study period coincides with the beginning of vaccination in Brazil. Official data indicates that 76% of the target population had already received the first dose, and 24% had received the second dose until the first week of April 2021. The available vaccines were Oxford-AstraZeneca (ChAdOx1) and CoronaVac (Sinovac Biotech, Haidian District, Beijing, China), responsible for more than 80% of applications at that time. Although the vaccination program was expected to reduce cases and deaths and improve patient prognosis [4,43], the vaccination strategy did not prevent the spread of Gamma during March and April 2021.



To corroborate the results found in our PCR-genotyping strategy, we selected 174 samples to further whole genome sequence analysis. Sequencing and phylogenetic analyses confirmed all PCR-genotyping results. Other lineages were also found in circulation with a much lower frequency. For example, the P.4 lineage, described as the second most prevalent in some regions of SP bordering MG, was found with low frequency. This lineage has 15 amino-acid mutations (six occurring in the spike gene, such as L452R and I720V). After its description in Porto Ferreira city, it was described circulating in 29 other cities within SP state (southeast region) [44]. Another case is the P.5 lineage, described for the first time in the states of SP and RJ. Only three samples of this lineage were found in our study [45]. P.5 presents 12 nonsynonymous mutations, of which five are in the Spike gene (F2L, Q14K, T95I, E484Q, and N501T). We also identified samples classified as P.7 lineage, first described in the SP state. Nevertheless, different from the P.7 reference sequence, our sequences harbour two additional mutations in the Spike gene (D614G and V1176F) and other positions on the genome N:P13L, ORF3a: T151I, and ORF9b P10S [46]. In the GISAID EpiCoV database (search on 28 September 2022), 271 sequences classified as P.4, 59 classified as P.5, and 282 genomes classified as P.7 are available. All P.4 and P.5 genomes available are from Brazil. More than 73% (208 genomes) of P.7 genomes were also identified in our country. These three lineages emerged in the first semester of 2021 in Brazilian states and descended from the lineage B.1.1.28 [44,45,46]. Those lineages were not found with high frequencies in other Brazilian regions; therefore, they are not considered a variant of interest or concern.



The first Brazilian identification of the VOC Alpha occurred in MG. However, Alpha frequencies were never significant statewide and were restricted to specific regions of the state. Those regions are related to intense human mobility to the USA as hotspots of immigration, where Alpha was dominant at the time of this study [47,48]. In this study, we also identified sub-lineages of Gamma, including P.1.1, P.1.14, P.1.15, and P.1.17. These sub-lineages can also be called P.1-like genomes and present additional mutations not identified in the first description of the VOC Gamma [25,49].



The Gamma dominance period was followed by VOC Delta in MG [50]. Delta’s introduction in Brazil and MG did not lead to the third wave of infection, later caused by the Omicron variant. It was first confirmed in MG in December 2021, reaching 100% of state infections in EW 4/2022. Omicron, its sub-variants (BA.2, BA.3, BA.4, and BA.5) and recombinants were responsible for most 2022 infections [51]. The higher transmission rates of Omicron associated with vaccine escape mutations and the relaxation of preventive measures may explain the increase in cases [52].



Our results reinforce the combination of genotyping and whole-genome sequencing as an effective strategy to improve and accelerate large-scale genome surveillance programs to detect and track the expansion of circulating lineages. With this strategy, more samples can be classified quickly, allowing real-time monitoring in limited resources scenarios. Our study presents limitations. We only used samples from symptomatic subjects, and it was impossible to retrieve information on symptoms and comorbidities presented by all individuals. Nevertheless, these results helped public health agencies monitor the spread of COVID-19 in MG. Moreover, genomic epidemiological surveillance must continue monitoring the state’s viral spread.




5. Conclusions


Overall, our study reports a genomic surveillance analysis based on PCR-genotyping and whole-genome sequencing that unveiled the epidemiological dynamics of the introduction of VOC Gamma in MG. In this study, we did not observe an association between virus load and the clinical outcomes evaluated for the VOC Alpha, Gamma, and VOI Zeta outcomes. Other lineages were also found circulating at low frequencies. From the phylogenetic reconstruction analysis, it was possible to establish that the southeast region was responsible for the state’s most significant number of introductions. Finally, the dispersion and dominance descriptions of the VOC Gamma were essential for understanding the evolutionary dynamics of SARS-CoV-2 contributing to epidemiological interventions.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14122747/s1, Figure S1: Representation of the 28 Regional Health Units in the state of MG, distributed among the macro-regions of the state; Table S1: Information about the samples used in this study; Table S2: Calculation of sample size for each of the 28 Regional Health Unit, MG-Brazil; Table S3: Clinical and epidemiological data. (3A) Distribution of positive cases in the state of MG throughout EW 45/2020–13/2021. (3B) Distribution of vaccine doses applied in the state of MG throughout EW 45/2020–13/2021. (3C) Clinical data collected from comorbidities, observed symptoms, and clinical outcomes. (3D) Distribution of positive cases among the 28 Regional Health Units between EWs 45/2020 and 13/2021. (3E) Distribution of deaths among the 28 Regional Health Units between EWs 45/2020 and 13/2021. (3F) Logistic regression used to compare the variables of comorbidities and symptoms in relation to the variants found; Table S4: Ct data; Table S5: Primers and probes used to determine SARS-CoV-2 lineages; Table S6: Frequency comparison between SARS-CoV-2 lineages by RHU in MG state; Table S7: Whole genome sequencing data from the samples in this study.





Author Contributions


Conceptualization, F.C.d.M.I., R.P.d.S., R.S.A. and S.M.R.T.; acquisition, A.d.P.S., A.C.d.S.F., A.F.d.C., A.P.S.M.F., A.V.F.G.S., A.L.M., C.S.A.d.S., D.C.Q., D.A.G.Z., D.M.B., E.S.d.O., E.L.A.M., P.A.-Z., F.C.d.M.I., F.R.R.M., F.O.d.S., F.G.d.F., F.S.V.M., H.J.A., J.S.d.O., J.L.F.d.A., J.d.P.S., J.S.A., J.W.S., K.L.L., L.d.A.X., L.M., N.R.G., N.V.C., P.L.C.F., P.A.-Z., R.M.d.S., R.P.d.S., R.G.M., R.S.A., R.A.L.R., S.M.R.T., T.E.R.A., V.E.V.G., W.C.C. and A.A.R., analysis, A.P.S.M.F., C.S.A.d.S., D.M.B., E.L.A.M., F.C.d.M.I., F.R.R.M., F.G.d.F., H.J.A., J.S.d.O., J.W.S., K.L.L., P.L.C.F., R.M.d.S., R.P.d.S., R.S.A., S.M.R.T. and T.E.R.A., interpretation, A.P.S.M.F., F.C.d.M.I., F.R.R.M., F.G.d.F., H.J.A., P.L.C.F., R.M.d.S., R.P.d.S., R.S.A., S.M.R.T. and T.E.R.A., drafting, F.R.R.M., P.L.C.F., R.M.d.S., R.P.d.S. and R.S.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Rede Corona-ômica BR MCTI/FINEP affiliated to 116 RedeVírus/MCTI (FINEP 01.20.0029.000462/20, CNPq 404096/2020-4); R.P.S.: 310627/2018-4), MEC/CAPES 118 (14/2020-23072.211119/2020-10), FINEP (0494/20 01.20.0026.00), UFMG-NB3, FINEP nº 1139/20 (RSA), FAPEMIG (R.P.S.: APQ-00475-20) and FAPERJ (R.S.A 202.922/2018).




Institutional Review Board Statement


Research Ethics Committee approved our study under protocol CAAE 33202820.7.1001.5348.




Informed Consent Statement


Research protocol was approved without informed consent in accordance with Brazilian National Health Council’s Resolution 510/2016. All samples were residual COVID-19 clinical diagnostic samples de-identified before receipt by the researchers.




Data Availability Statement


All consensus genome sequences characterized in this study have been deposited on GISAID and are publicly available (Supplementary Table S7).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization. WHO COVID-19 Weekly Epidemiological Update; World Health Organization: Geneva, Switzerland, 2022; pp. 1–23. [Google Scholar]

	



Brizzi, A.; Whittaker, C.; Servo, L.M.S.; Hawryluk, I.; Prete, C.A.J.; de Souza, W.M.; Aguiar, R.S.; Araujo, L.J.T.; Bastos, L.S.; Blenkinsop, A.; et al. Spatial and Temporal Fluctuations in COVID-19 Fatality Rates in Brazilian Hospitals. Nat. Med. 2022, 28, 1476–1485. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Lai, S.; Gao, G.F.; Shi, W. The Emergence, Genomic Diversity and Global Spread of SARS-CoV-2. Nature 2021, 600, 408–418. [Google Scholar] [CrossRef] [PubMed]

	



Gidari, A.; Sabbatini, S.; Bastianelli, S.; Pierucci, S.; Busti, C.; Monari, C.; Luciani Pasqua, B.; Dragoni, F.; Schiaroli, E.; Zazzi, M.; et al. Cross-Neutralization of SARS-CoV-2 B.1.1.7 and P.1 Variants in Vaccinated, Convalescent and P.1 Infected. J. Infect. 2021, 83, 467–472. [Google Scholar] [CrossRef]

	



Naveca, F.G.; Claro, I.; Giovanetti, M.; de Jesus, J.G.; Xavier, J.; Iani, F.C.d.M.; do Nascimento, V.A.; de Souza, V.C.; Silveira, P.P.; Lourenço, J.; et al. Genomic, Epidemiological and Digital Surveillance of Chikungunya Virus in the Brazilian Amazon. PLoS Negl. Trop. Dis. 2019, 13, e0007065. [Google Scholar] [CrossRef] [PubMed]

	



Cherian, S.; Potdar, V.; Jadhav, S.; Yadav, P.; Gupta, N.; Das, M.; Rakshit, P.; Singh, S.; Abraham, P.; Panda, S.; et al. SARS-CoV-2 Spike Mutations, L452R, T478K, E484Q and P681R, in the Second Wave of COVID-19 in Maharashtra, India. Microorganisms 2021, 9, 1542. [Google Scholar] [CrossRef] [PubMed]

	



Faria, N.R.; Mellan, T.A.; Whittaker, C.; Claro, I.M.; Candido, D.d.S.; Mishra, S.; Crispim, M.A.E.; Sales, F.C.S.; Hawryluk, I.; McCrone, J.T.; et al. Genomics and Epidemiology of the P.1 SARS-CoV-2 Lineage in Manaus, Brazil. Science 2021, 372, 815–821. [Google Scholar] [CrossRef] [PubMed]

	



Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.; et al. Detection of a SARS-CoV-2 Variant of Concern in South Africa. Nature 2021, 592, 438–443. [Google Scholar] [CrossRef]

	



Volz, E.; Mishra, S.; Chand, M.; Barrett, J.C.; Johnson, R.; Geidelberg, L.; Hinsley, W.R.; Laydon, D.J.; Dabrera, G.; O’Toole, Á.; et al. Assessing Transmissibility of SARS-CoV-2 Lineage B.1.1.7 in England. Nature 2021, 593, 266–269. [Google Scholar] [CrossRef]

	



Kannan, S.R.; Spratt, A.N.; Sharma, K.; Chand, H.S.; Byrareddy, S.N.; Singh, K. Omicron SARS-CoV-2 Variant: Unique Features and Their Impact on Pre-Existing Antibodies. J. Autoimmun. 2022, 126, 102779. [Google Scholar] [CrossRef]

	



Claro, I.M.; da Silva Sales, F.C.; Ramundo, M.S.; Candido, D.S.; Silva, C.A.M.; de Jesus, J.G.; Manuli, E.R.; de Oliveira, C.M.; Scarpelli, L.; Campana, G.; et al. Local Transmission of SARS-CoV-2 Lineage B.1.1.7, Brazil, December 2020. Emerg. Infect. Dis. 2021, 27, 970–972. [Google Scholar] [CrossRef]

	



Slavov, S.N.; Giovanetti, M.; Dos Santos Bezerra, R.; Fonseca, V.; Santos, E.V.; Rodrigues, E.S.; Adelino, T.; Xavier, J.; Borges, J.S.; Evaristo, M.; et al. Molecular Surveillance of the On-Going SARS-COV-2 Epidemic in Ribeirao Preto City, Brazil. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2021, 93, 104976. [Google Scholar] [CrossRef] [PubMed]

	



Voloch, C.M.; da Silva Francisco, R.; de Almeida, L.G.P.; Cardoso, C.C.; Brustolini, O.J.; Gerber, A.L.; Guimarães, A.P.d.C.; Mariani, D.; da Costa, R.M.; Ferreira, O.C.; et al. Genomic Characterization of a Novel SARS-CoV-2 Lineage from Rio de Janeiro, Brazil. J. Virol. 2021, 95, e00119-21. [Google Scholar] [CrossRef] [PubMed]

	



Torres, C.; Mojsiejczuk, L.; Acuña, D.; Alexay, S.; Amadio, A.; Aulicino, P.; Debat, H.; Fay, F.; Fernández, F.; Giri, A.A.; et al. Cost-Effective Method to Perform SARS-CoV-2 Variant Surveillance: Detection of Alpha, Gamma, Lambda, Delta, Epsilon, and Zeta in Argentina. Front. Med. 2021, 8, 755463. [Google Scholar] [CrossRef]

	



Paulo, S.; Nanev, S.; Bezerra, S.; Strazza, E.; Vieira, E.; Serrano, J.; De, L.; Ribeiro, G.; Patan, L.; Ranieri, A.; et al. Genomic Monitoring of the SARS-CoV-2 B1.1.7 (WHO VOC Alpha) in The. Virus Res. 2022, 308, 198643. [Google Scholar] [CrossRef]

	



Castro, M.C.; Kim, S.; Barberia, L.; Ribeiro, A.F.; Gurzenda, S.; Ribeiro, K.B.; Abbott, E.; Blossom, J.; Rache, B.; Singer, B.H. Spatiotemporal Pattern of COVID-19 Spread in Brazil. Science 2021, 372, 821–826. [Google Scholar] [CrossRef] [PubMed]

	



OPAS. Alerta Epidemiológico COVID-19: Aumento de Hospitalizações e Mortes Entre Pacientes Com Menos de 60 Anos de Idade. 26 de abril de 2021; Organização Pan-Americana da Saúde: Washington, DC, USA, 2021. [Google Scholar]

	



Brüssow, H.; Zuber, S. Can a Combination of Vaccination and Face Mask Wearing Contain the COVID-19 Pandemic? Microb. Biotechnol. 2022, 15, 721–737. [Google Scholar] [CrossRef] [PubMed]

	



Gräf, T.; Bello, G.; Venas, T.M.M.; Pereira, E.C.; Paixão, A.C.D.; Appolinario, L.R.; Lopes, R.S.; Mendonça, A.C.D.F.; da Rocha, A.S.B.; Motta, F.C.; et al. Identification of a Novel SARS-CoV-2 P.1 Sub-Lineage in Brazil Provides New Insights about the Mechanisms of Emergence of Variants of Concern. Virus Evol. 2021, 7, veab091. [Google Scholar] [CrossRef]

	



Lionel, A.; Wickham, H.; Henry, M.L. CRAN, 2022-09-24 05:40:02 UTC. Package ‘Rlang.’ 2022. Available online: https://cran.r-project.org/web/packages/rlang/index.html (accessed on 27 November 2022).

	



Almeida, R.; Arruda, D.; Nascimento, I.; Santiago, B.; Silva, W.; Andrade, P.R.; Kauê, C.; Braga, V. CRAN, 2022-08-16 07:50:02 UTC. Package ‘Geobr’ R Topics Documented. 2020. Available online: https://cran.r-project.org/web/packages/geobr/index.html (accessed on 27 November 2022).

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2022; ISBN 978-3-319-24277-4. Available online: https://ggplot2.tidyverse.org (accessed on 27 November 2022).

	



Jason, A.; Brunson, C.; Read, Q.D. Package ‘Ggalluvial’; 2020; ISBN 0387286950. Available online: https://cran.r-project.org/web/packages/ggalluvial/index.html (accessed on 27 November 2022).

	



Sumner, M.; Cook, I.; Baston, D. Package ‘Sf.’ 2022. Available online: https://cran.r-project.org/web/packages/sf/sf.pdf (accessed on 27 November 2022).

	



Romero, F.; Moreira, R.; Mirela, D.; Mariani, D.; Herlinger, A.L.; Schiffler, F.B.; Rossi, Á.D.; Leitão, I.D.C.; Miranda, S.; Augusto, M.; et al. Epidemiological Dynamics of SARS-CoV-2 VOC Gamma in Rio de Janeiro, Brazil. Virus Evol. 2021, 7, veab087. [Google Scholar]

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An Ultra-Fast All-in-One FASTQ Preprocessor. Bioinformatics 2018, 34, i884–i890. [Google Scholar] [CrossRef]

	



Langmead, B.; Salzberg, S.L. Fast Gapped-Read Alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [Google Scholar] [CrossRef]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence Alignment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef] [PubMed]

	



Quinlan, A.R.; Hall, I.M. BEDTools: A Flexible Suite of Utilities for Comparing Genomic Features. Bioinformatics 2010, 26, 841–842. [Google Scholar] [CrossRef] [PubMed]

	



Hadfield, J.; Megill, C.; Bell, S.M.; Huddleston, J.; Potter, B.; Callender, C.; Sagulenko, P.; Bedford, T.; Neher, R.A. Nextstrain: Real-Time Tracking of Pathogen Evolution. Bioinformatics 2018, 34, 4121–4123. [Google Scholar] [CrossRef] [PubMed]

	



Li, H. Minimap2: Pairwise Alignment for Nucleotide Sequences. Bioinformatics 2018, 34, 3094–3100. [Google Scholar] [CrossRef]

	



Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530–1534. [Google Scholar] [CrossRef]

	



Tavare, S. Some Probabilistic and Statistical Problems in the Analysis of DNA Sequences. Some Math. Quest. Biol./DNA Seq. Anal. Ed. Robert M. Miura 1986, 57–86. Available online: https://agris.fao.org/agris-search/search.do?recordID=US201301755037 (accessed on 27 November 2022).

	



Yang, Z. Maximum Likelihood Phylogenetic Estimation from DNA Sequences with Variable Rates over Sites: Approximate Methods. J. Mol. Evol. 1994, 39, 306–314. [Google Scholar] [CrossRef]

	



Sagulenko, P.; Puller, V.; Neher, R. TreeTime: Maximum-Likelihood Phylodynamic Analysis. Virus Evol. 2018, 4, vex042. [Google Scholar] [CrossRef]

	



Naveca, F.G.; Nascimento, V.; de Souza, V.C.; Corado, A.D.L.; Nascimento, F.; Silva, G.; Costa, Á.; Duarte, D.; Pessoa, K.; Mejía, M.; et al. COVID-19 in Amazonas, Brazil, was driven by the persistence of endemic lineages and P. 1 emergence. Nat. Med. 2021, 27, 1230–1238. [Google Scholar] [CrossRef]

	



Silva, J.P.; De Lima, A.B.; Alvim, L.B.; Mendonça, C.P.T.B.; Fonseca, P.L.C.; Moreira, F.R.R.; Queiroz, D.C.; Ferreira, J.G.G.; Ferreira, A.C.S.; Souza, R.P.; et al. Delta Variant of SARS-CoV-2 Replacement in Brazil: A National Epidemiologic Surveillance Program. Viruses 2022, 14, 847. [Google Scholar] [CrossRef]

	



Carrillo-Larco, R.M.; Altez-Fernandez, C. Anosmia and Dysgeusia in COVID-19: A Systematic Review. Wellcome Open Res. 2020, 5, 94. [Google Scholar] [CrossRef]

	



Izcovich, A.; Ragusa, M.A.; Tortosa, F.; Lavena Marzio, M.A.; Agnoletti, C.; Bengolea, A.; Ceirano, A.; Espinosa, F.; Saavedra, E.; Sanguine, V.; et al. Prognostic Factors for Severity and Mortality in Patients Infected with COVID-19: A Systematic Review. PLoS ONE 2020, 15, e0241955. [Google Scholar] [CrossRef] [PubMed]

	



Oran, D.P.; Topol, E.J. The Proportion of SARS-CoV-2 Infections That Are Asymptomatic: A Systematic Review. Ann. Intern. Med. 2021, 174, 655–662. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.-D.; Ding, M.; Dong, X.; Zhang, J.-J.; Kursat Azkur, A.; Azkur, D.; Gan, H.; Sun, Y.-L.; Fu, W.; Li, W.; et al. Risk Factors for Severe and Critically Ill COVID-19 Patients: A Review. Allergy 2021, 76, 428–455. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Chi, J.; Lv, W.; Wang, Y. Obesity and Diabetes as High-Risk Factors for Severe Coronavirus Disease 2019 (COVID-19). Diabetes Metab. Res. Rev. 2021, 37, e3377. [Google Scholar] [CrossRef]

	



Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782–793. [Google Scholar] [CrossRef]

	



Bittar, C.; Possebon, F.S.; Ullmann, L.S.; Geraldini, D.B.; da Costa, V.G.; de Almeida, L.G.P.; da S Sanches, P.R.; Nascimento-Júnior, N.M.; Cilli, E.M.; Artico Banho, C.; et al. The Emergence of the New P.4 Lineage of SARS-CoV-2 With Spike L452R Mutation in Brazil. Front. Public Health 2021, 9, 745310. [Google Scholar] [CrossRef]

	



Francisco Junior, R.d.S.; Lamarca, A.P.; de Almeida, L.G.P.; Cavalcante, L.; Machado, D.T.; Martins, Y.; Brustolini, O.; Gerber, A.L.; Guimarães, A.P.d.C.; Gonçalves, R.B.; et al. Turnover of SARS-CoV-2 Lineages Shaped the Pandemic and Enabled the Emergence of New Variants in the State of Rio de Janeiro, Brazil. Viruses 2021, 13, 2013. [Google Scholar] [CrossRef]

	



Sant’Anna, F.H.; Muterle Varela, A.P.; Prichula, J.; Comerlato, J.; Comerlato, C.B.; Roglio, V.S.; Mendes Pereira, G.F.; Moreno, F.; Seixas, A.; Wendland, E.M. Emergence of the Novel SARS-CoV-2 Lineage VUI-NP13L and Massive Spread of P.2 in South Brazil. Emerg. Microbes Infect. 2021, 10, 1431–1440. [Google Scholar] [CrossRef]

	



Mitchell, P.K.; Martins, M.; Reilly, T.; Caserta, L.C.; Anderson, R.R.; Cronk, B.D.; Murphy, J.; Goodrich, E.L.; Diel, D.G. SARS-CoV-2 B.1.1.7 Variant Infection in Malayan Tigers, Virginia, USA. Emerg. Infect. Dis. 2021, 27, 3171–3173. [Google Scholar] [CrossRef]

	



Washington, N.L.; Gangavarapu, K.; Zeller, M.; Bolze, A.; Cirulli, E.T.; Schiabor Barrett, K.M.; Larsen, B.B.; Anderson, C.; White, S.; Cassens, T.; et al. Emergence and Rapid Transmission of SARS-CoV-2 B.1.1.7 in the United States. Cell 2021, 184, 2587–2594.e7. [Google Scholar] [CrossRef]

	



Campos, K.R.; Sacchi, C.T.; Abbud, A.; Caterino-de-Araujo, A. SARS-CoV-2 variants in severely symptomatic and deceased persons who had been vaccinated against COVID-19 in São Paulo, Brazil. Rev. Panam Salud Publica 2021, 45, e126. [Google Scholar] [CrossRef] [PubMed]

	



Fonseca, P.L.C.; Moreira, F.R.R.; de Souza, R.M.; Guimarães, N.R.; Carvalho, N.O.; Adelino, T.E.R.; Alves, H.J.; Alvim, L.B.; Candido, D.S.; Coelho, H.P.; et al. Tracking the Turnover of SARS-CoV-2 VOCs Gamma to Delta in a Brazilian State (Minas Gerais) with a High-Vaccination Status. Virus Evol. 2022, 8, veac064. [Google Scholar] [CrossRef] [PubMed]

	



Queiroz, D.C.; Carobin, N.V.; de Araújo e Santos, L.C.G.; Fonseca, P.L.C.; Braga-Paz, I.L.; Dias, R.C.; Ferreira, J.G.G.; Freitas, T.R.; Menezes, D.; Nolasco, S.C.V.M.; et al. SARS-CoV-2 Omicron BA.1, BA.2, and XAG Identification during Routine Surveillance on a University Campus in Belo Horizonte, Brazil, 2022. Braz. J. Microbiol. 2022, 54, 2009–2014. [Google Scholar] [CrossRef] [PubMed]

	



Chenchula, S.; Karunakaran, P.; Sharma, S.; Chavan, M. Current Evidence on Efficacy of COVID-19 Booster Dose Vaccination against the Omicron Variant: A Systematic Review. J. Med. Virol. 2022, 94, 2969–2976. [Google Scholar] [CrossRef]








[image: Viruses 14 02747 g001 550] 





Figure 1. Workflow strategy for genomic evaluation of SARS-CoV-2 variants in MG. Twenty samples/week positive for SARS-CoV-2 with Ct < 30 were obtained from 28 Regional Health Units. Samples were screened for specific mutations in the Spike gene through PCR-genotyping (K417T, E484K and N501Y). Samples with mutations in each position are marked with green check symbol. Samples that presented different mutational profile are marked with red interrogation symbol. The description of the 1240 samples obtained, collection date, municipality of origin and genotyping result are included in Supplementary Table S1. A subset (239 samples) was selected for genome sequencing and phylogenetic analysis. A total of 78 new Gamma genomes were generated by our study and the genomes were used to infer the probable date of insertion in MG. 
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Figure 2. Epidemiological and viral data during Gamma introduction in MG state (45/2020–13/2021). (A) Numbers of positive and death cases in Brazil. (B) The first and second vaccine doses distributed in MG. (C) Distribution of median Cts values for SARS-CoV-2 N gene and MS2 (intern control gene) from 119,507 positive samples from 343 municipalities from MG. 
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Figure 3. Spatio-temporal distribution of cases (A) and deaths (B) during Gamma introduction in MG. 
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Figure 4. Distribution frequencies, symptoms and comorbidities of SARS-CoV-2 lineages in MG. Spatial frequency distribution of samples genotyped as VOC Gamma (A), Zeta lineage (B), VOC Alpha (C), and “Other” lineages (D). Comorbidities (E) and symptoms (F) reported by patients related to the SARS-CoV-2 variants identified. 
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Figure 5. Maximum likelihood phylogeny inference corroborating the lineage classification using a global reference dataset (see material and methods section). Blue circles represent genomes generated in our study (n = 239). Grey lines represent reference genomes. 
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Figure 6. Timing and geographical introduction of novel Gamma genomes in MG state (molecular clock). (A) Time-scaled phylogeographic estimated with TreeTime under a fixed evolutionary rate (10−3) and a six-states symmetric discrete model (North, Northeast, Southeast, South, Centra-West and MG. (B) Number of SARS-CoV-2 introduction events for the MG state compared to other Brazilian regions, according to the timescale analysis. 
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