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Eleonora Cella j,**, Marta Giovanetti a,c,k,* 

a Interunit Postgraduate Program in Bioinformatics, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais, Brazil 
b Federal University of Rio de Janeiro, Rio de Janeiro, Rio de Janeiro, Brazil 
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A B S T R A C T   

The COVID-19 pandemic has brought significant challenges for genomic surveillance strategies in public health 
systems worldwide. During the past thirty-four months, many countries faced several epidemic waves of SARS- 
CoV-2 infections, driven mainly by the emergence and spread of novel variants. In that line, genomic surveillance 
has been a crucial toolkit to study the real-time SARS-CoV-2 evolution, for the assessment and optimization of 
novel diagnostic assays, and to improve the efficacy of existing vaccines. During the pandemic, the identification 
of emerging lineages carrying lineage-specific mutations (particularly those in the Receptor Binding domain) 
showed how these mutations might significantly impact viral transmissibility, protection from reinfection and 
vaccination. So far, an unprecedented number of SARS-CoV-2 viral genomes has been released in public data
bases (i.e., GISAID, and NCBI), achieving 14 million genome sequences available as of early-November 2022. In 
the present review, we summarise the global landscape of SARS-CoV-2 during the first thirty-four months of viral 
circulation and evolution. It demonstrates the urgency and importance of sustained investment in genomic 
surveillance strategies to timely identify the emergence of any potential viral pathogen or associated variants, 
which in turn is key to epidemic and pandemic preparedness.   

1. SARS-CoV-2: an emerging threat of international concern 

In late December 2019, The World Health Organization (WHO) of
fice in China was informed about a cluster of novel cases of pneumonia 
of unknown aetiology detected in the city of Wuhan, Hubei province 
(Huang et al., 2020; Wu et al., 2020) (Fig. 1). Shortly afterwards, a new 
type of coronavirus, later named SARS-CoV-2, was isolated and identi
fied by the Chinese authorities and its genetic sequence was shared with 
the international community on 10 January 2020 (Zhou et al., 2020) 

(Fig. 1). The coronavirus disease 2019 (COVID-19) caused by SARS-CoV- 
2 was classified as a pandemic on 11 of March 2020 (Cucinotta and 
Vanelli, 2020) by The World Health Organization (WHO). Up to early 
November 2022, more than 627 million confirmed cases of SARS-CoV-2 
with exceeding 6.5 million associated deaths have been registered 
worldwide (WHO, 2022) (Fig. 1). As the pandemic advanced, a variety 
of methods were applied to understanding viral biology and identifying 
viral factors that influenced the evolution and global spread of this 
emerging threat. 
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Since the emergence of SARS-CoV-2, genome sequencing has 
accomplished the function of revealing genetic information, as well as in 
the development of specific serological and molecular diagnostic tools 
(Oude Munnink et al., 2021). Diagnostic testing is a critical component 
of monitoring, preventing and controlling transmission, for which 
typically the major techniques used have been: i) the detection of viral 
RNA by nucleic acid amplification tests (NAAT), such as isothermal 
amplification techniques and the real-time reverse transcription- 
polymerase chain reaction (RT-qPCR) which is the gold standard for 
the diagnosis of SARS-CoV-2 acute infection (Mardian et al., 2021); and 
ii) detection of viral antigens through immunodiagnostic techniques, 
commonly called rapid diagnostic tests (Ag-RDTs) that offer an oppor
tunity to increase the availability and speed of testing (Mardian et al., 
2021). Additionally, the diagnostic screening by NAAT based assays, 
was also largely used for the early detection of variants of concern 
(VOCs), of interest (VOI) and under monitoring (VUM), despite if in 
those cases, the Whole Genome Sequencing (WGS), or at least the partial 
S-gene sequencing, was described as the best method for characterising 
potential emerging strains (World Health Organization, 2021). 

COVID-19 hindered the healthcare systems of many countries 
worldwide. During the pandemic, in order to mitigate viral spread, 
many countries adopted non-pharmaceutical measures such as travel 
bans, social distancing, school closing and personal protection (Haug 
et al., 2020). While it partially controlled viral spreading and kept health 
systems functioning, the magnitude of the impact of the pandemic has 
varied very differently between countries (Bedford et al., 2020) (Chen 
et al., 2021) due to underlying local differences such as specific 

governmental policy responses. Nevertheless, some of those restrictions, 
such as lockdowns, revealed to be economically and socially unsus
tainable when applied for long periods of time (Mathieu et al., 2020), 
with critical side effects with long-lasting societal impacts such as 
limited access to education (Hoofman and Secord, 2021) and health 
treatments of other origin (Pley et al., 2021; Sengar et al., 2022). 

As part of past and ongoing efforts to contain the COVID-19 
pandemic, understanding the role of asymptomatic patients in the 
transmission chain appeared to be essential for infection control. 
Asymptomatic and pre-symptomatic transmission seems to be one of the 
most important features of SARS-CoV-2. Individuals without symptoms 
can transmit the virus but estimating their influence on outbreaks might 
be challenging. In this respect the most important evidence comes from 
epidemiological studies focusing on contact tracing, which helped 
directly determine whether infections arose in the close contacts of 
asymptomatic or pre-symptomatic cases, and to what extent this 
occurred. Recently released data estimated that asymptomatic infections 
could represent an excess of one-third of all SARS-CoV-2 infections, with 
a higher prevalence in children compared to elderly people (Oran and 
Topol, 2021; Sah et al., 2021; Wang et al., 2022). Studies have also 
revealed that the viral load in symptomatic and asymptomatic infections 
does not differ substantially, although the period of viral shedding in 
symptomatic infections appears to be longer (Oran and Topol, 2021; Sah 
et al., 2021; Zuin et al., 2021). Furthermore, it is still debated the how or 
the extent by which asymptomatic infection might act as a “silent 
trigger” for long-term COVID, and what subsequent immune protection 
might look like (Boyton and Altmann, 2021). 

Fig. 1. Timeline of the progression and milestones occurring during the COVID-19 pandemic (December 2019–October 2022). The first COVID-19 case reported is 
illustrated in blue, the number of reported COVID-19 cases milestones are illustrated in yellow, the total deaths milestones are illustrated in red, the detection of 
VOCs are illustrated in green. The ring colour indicates different years (2019–2022), as reported in the legend on the top left. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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The development of COVID-19 vaccines in a record time has been 
regarded as a triumph of biomedical research and public health. Existing 
vaccines have been developed using several different technologies, such 
as virus-like particles, inactivated viruses, protein subunits, adenoviral 
vectors and mRNA, leading to several hundred clinical trials and dozens 
of approved vaccines, representing an extraordinary advance in the field 
of vaccinology, with the first utilisation, in a high scale of mRNA vaccine 
technology (Barrett et al., 2022; Heinz and Stiasny, 2021). These tech
nologies, allied with a global effort towards high vaccine coverage has 
resulted in more than 12 billion vaccine doses administered worldwide 
up to late October 2022 (WHO, https://covid19.who.int/). 

Along the way, several challenges were faced regarding COVID-19 
vaccines, such as campaigning for uptake, inequitable worldwide dis
tribution, hesitancy, and the loss of vaccine induced-immunity due to 
waning and the emergence of antigenically variable and more trans
missible VOCs. Despite the latter, vaccine-induced protection against 
severe disease remains largely preserved, especially with booster doses 
(Sadarangani et al., 2021; Sitaras et al., 2022). In this respect it is 
important to note that whereas antibodies physiologically decline after 
every vaccination, B and T memory cells persist and perform their 
function, resulting in the prevention of clinical disease (Andrews et al., 
2022; Barouch, 2022). 

Additionally, during the pandemic, the implementation of an inte
grated genomics-based surveillance system together with open sharing 
of genomic surveillance data and collaborative online platforms (e.g. 
GISAID) have enabled to follow the SARS-CoV-2 real-time evolution, 
allowing the identification of specific point mutations that have affected 
the virulence, pathogenesis, host range, immune escape as well as the 
effectiveness of diagnostics tests, vaccines and therapeutics (Oude 
Munnink et al., 2021). 

In this review, we summarise the global history of SARS-CoV-2 
during the first thirty-four months of viral circulation and evolution, 
focusing particularly on how global genomic surveillance systems 
enabled the identification of spread, routes and early detection and 
characterization of variants of concern, and how these findings would 
eventually direct the global pandemic response. 

2. SARS-CoV-2 real-time evolution 

Viruses are continuously changing, and this also includes SARS-CoV- 
2. Genetic variations occur over time and can lead to the emergence of 
new variants that might express altered characteristics or phenotypes, 
some of which may be of public health concern. However, detection and 
general understanding of these variants may be hampered by limited 
availability of genomic and epidemiological data. Recently, a novel 
approach for the surveillance of emerging and re-emerging viral path
ogens using High Throughput Sequencing strategies, including portable, 
real-time nanopore sequencing (often termed ‘genomic epidemiology 
(Hill et al., 2021)), has impacted the current SARS-CoV-2 pandemic 
allowing the generation of an unprecedented number of genomic se
quences (14 million) (Khare et al., 2021) in a thirty-four months period. 
The framework described in Fig. 2 includes 6 main steps applied to 
follow the SARS-CoV-2 real-time evolution. The initial stage of investi
gation will be sample collection mainly through the nasopharyngeal 
swabs, followed by molecular screening using real-time PCR. Then, 
positive samples will be sent for whole genome sequencing, and after 
that they will either be assembled by mapping reads against a reference 
genome or by de novo method. The examination of the mutational 
pattern profile will be used to identify potential genomic changes after 
novel strains have been subjected to phylogenetic and phylodynamic 
inferences. The analysis of genomic data along with epidemiological, 
clinical, meteorological, and mobility data substantially facilitated 
extensive genomic epidemiological investigations. This allowed early 
sensitive detection and assignment of circulating viruses into named 
variants and lineages in a nearly real-time manner (Fig. 2). 

During the COVID-19 pandemic some emerging viral variants 
appeared to be of particular concern because they spread more rapidly, 
caused more severe disease, or also appeared to be capable of immune 
evasion. The first identified SARS-CoV-2 variant carried a single point 
mutation in the spike protein (D614G), emerged early in the pandemic 
and spread rapidly through Europe and North America. Several lines of 
evidence now suggest that SARS-CoV-2 variants carrying this mutation 
have increased transmissibility (Korber et al., 2020; Plante et al., 2021; 

Fig. 2. Genomic surveillance framework for the real-time monitoring of emerging and re-emerging viral pathogens. The framework will include 6 steps. The first step 
will focus on sample collection. In the second step, outbreak isolates are submitted to molecular screening using real-time PCR. Next (iii), positive samples will be 
submitted to whole genome sequences and subsequently assembled either using de novo or mapped against a reference genome strategy. Next (iv), novel strains will 
be submitted to phylogenetic and phylodynamic inferences which in turn will make possible the identification of potential genomic differences through the analysis 
of the mutational pattern profile (v). In the final step (vi), genomic data will be analysed together with epidemiological, clinical, climatic and mobility data for greatly 
facilitating large-scale genomic epidemiological investigations. 
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Volz et al., 2021; Yurkovetskiy et al., 2020; Giovanetti et al., 2022a; 
Nonaka et al., 2021). 

For the classification of SARS-CoV-2 genetic variants, WHO uses the 
Pango numeric nomenclature system. In this system, when an estab
lished circulating variant shows signs of changes in the detectability, 
transmissibility, disease severity, immune escape, or/and susceptibility 
to available vaccines and treatments in multiple countries, it is cat
egorised as a VOI. When a VOI starts to change its epidemiological 
behaviour, virulence, clinical symptoms, and/or global public health 
measures effectiveness, it is classified as a VOC (Boehm et al., 2021). A 
nomenclature using the Greek alphabet was proposed by the World 
Health Organization (WHO) and implemented starting in late May 2021 
across the globe (Tracking WHO Variants, WHO). 

Other variants that emerged in the fall of 2020 are nowadays called 
previously circulating variant of concern (VOCs) (Fig. 3): i) The Alpha 
variant (alias of B.1.1.7), first detected in the United Kingdom by the end 
of September 2020 (Fig. 1, Fig. 3), which carries 23 nucleotide sub
stitutions (Galloway, 2021) received WHO designation as a VOC (WHO, 
2022) on December 18, 2020 and became predominant in 21 nations as 
of March 16, 2021; ii) The Beta variant (alias of B.1.351) which emerged 
independently in South Africa in May 2020 was characterised by seven 
mutations in the spike protein, including three at key residues in the 
receptor-binding domain (RDB) (K417N, E484K and N501Y) (Tegally 
et al., 2021). Also on December 18, 2020, WHO designated Beta as a 
VOC (WHO, 2022).; iii) The Gamma variant (alias of P.1), first identified 
in Brazilian travellers in Japan and assigned as VOC in January 2021 
(WHO, 2022), which carries 17 unique mutations, including three in the 
(RDB) of the spike protein (K417T, E484K, and N501Y) (Faria et al., 
2021) and iv) in May 2021, the Delta variant (alias of B.1.617.2) first 
detected in India which carries 29 mutations in several proteins, some of 
them in RDB in the spike protein (L452R, T478K, P681R)(Cherian et al., 
2021; Giovanetti et al., 2022b). Delta was designated as a VOI on April 
4, 2021, and as a VOC March 11, 2021(WHO, 2022). 

The later identification of the Omicron (alias of B.1.1.529) variant in 

late November 2021 in Botswana and South Africa revealed the identi
fication of more than 50 novel point mutations, 30 of which associated 
with residue change in the spike protein leading WHO to designate 
Omicron as a VOC on November 26, 2021 (WHO, 2022). Circulation of 
Omicron-related lineages (BA.1, BA.2, BA.3, BA.4, and BA.5) rapidly 
replaced previously circulating variants. More recently, novel Omicron 
sub-variants BA.4-like and BA.5-like emerged (i.e., BA.5.1, BA.5.2, 
BA.5.2.1, BE., BF., BN.1, BQ.1 and others) with new defining point 
mutations which appear to be critical for escape from immune responses 
generated against older variants (Tegally et al., 2022a, 2022b; Tuek
prakhon et al., 2022; Alcantara et al., 2022). The measurable effects of 
vaccination and the ongoing sustained transmission of Omicron VOC- 
derived lineages under no significant changes in disease rates in pop
ulations with herd-immunity to previous variants raises questions about 
future viral adaptation to the human host and the transition from a 
pandemic to an endemic scenario. 

The replacement of dominant lineages during the pandemic reflected 
the success of SARS-CoV-2 intrinsic mechanisms of adaptation facing the 
host immune system triggered or not by vaccination and the effects of 
previous levels of infection by other VOCs across populations. Several 
studies revealed sporadic evidence of SARS-CoV-2 co-infection cases 
(Swets et al., 2022). In addition, events of recombination were also 
described, and appear to be more likely in cases of a sustained long 
period of infection, especially in immunocompromised or immunosup
pressed patients (Turakhia et al., 2022). Recombination may promote 
phenotypic changes and confer increases in viral fitness. Several 
recombination events were reported across the VOCs including Alpha- 
Delta, Beta-Delta, Delta-BA.1 and, BA.1-BA.2 and also across common 
lineages (Focosi and Maggi, 2022, p. 2). In the Pangolin lineage system 
(Rambaut et al., 2020), they are classified with the “X” prefix. Currently, 
WHO tracks the XBB variant (recombinant of BA.2.10.1 and BA.2.75 
sublineages) as possible Omicron sub-variants under monitoring 
(Tracking WHO Variants, WHO). 

Fig. 3. VOCs world distribution according to their sequenced genomes. The legend on the bottom right indicates the progression and the spread of each VOC through 
time at the countrywise level. 
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3. SARS-CoV-2 spillover and spillback 

Zoonotic spillover refers to the pathogen transmission from wild 
animals to humans. A solid percentage of human infectious diseases 
(70–80%) are from pathogens that originally circulated in non-human 
animal species (Jelinek et al., 2021). Zoonotic spillover thus has a key 
role in the emergence of new human infectious diseases (Jelinek et al., 
2021). Identifying the factors (e.g., recurrence of interactions between 
humans, livestock, animals, and wild species) that allow the trans
mission of pathogens from wild animals to humans is essential to 
implement strategies focused on preventing or ameliorating new epi
demics and pandemics. 

Up to now, different zoonoses have emerged from the Coronaviridae 
family in the past century (n = 7), including three responsible for 
noteworthy human mortality (SARS-CoV, MERS-CoV, and SARS-CoV-2). 
Those viruses are believed to have originally derived from a bat reser
voir species (Lytras et al., 2022; Pekar et al., 2022), although several 
intermediate wild animal species (such as dromedary camel, palm civet, 
and swine) have been suggested to participate in introduction to human 
populations, e.g., pangolins for SARS-CoV-2 (Schindell et al., 2022) and 
camels for MERS-CoV (Chu, 2015; Dudas et al., 2018). 

SARS-CoV-2 has shown the ability to jump across animal species, 
such that viral strains might acquire unique mutations to adapt to spe
cific hosts. Spillover (from animals) and spillback (from humans) (Fig. 4) 
thus allows for viral genetic diversity that may be of importance for both 
animal and human health (Fagre et al., 2021; Larsen et al., 2021; Sharun 
et al., 2021). Due to factors such as urbanisation and globalisation, there 
is currently a wide range of wild, farmed, and domesticated species of 
animals in close contact with humans across the world, within envi
ronments with adequate conditions for transmission (e.g., farms, wild- 
life trade). During the pandemic, spillback was shown to occur e.g., in 
domesticated animals such as cats and dogs (Bienzle et al., 2022), urban- 
related animals such as squirrels, and farmed animals such as minks and 
ferrets (Schindell et al., 2022). A notable example was the mid-2020 
mink farm outbreak in Denmark that revealed a mink-specific SARS- 
CoV-2 variant with a combination of mutations not previously 
described, but that critically included the mutation D614G which had 

been shown to play a major role in the maintenance of more trans
missible lineages among humans (Larsen et al., 2021). A second example 
was the finding of sustained transmission in deer US, which were 
documented to be susceptible to the infection caused by multiple SARS- 
CoV-2 variants (Hale et al., 2022). To date, however, there has been no 
evidence of spillback to the human population resulting in the emer
gence of successful new variants, but awareness of this possibility re
mains high among policy makers and genomic surveillance specialists 
(Tegally et al., 2022a, 2022b). 

4. Genomic surveillance as a tool to track the dynamics of the 
SARS-CoV-2 pandemic 

The COVID-19 pandemic marked a breakpoint for genomic surveil
lance across the globe, exposing the enormous challenges of imple
menting genomics in public health surveillance systems (Fig. 2). The 
first SARS-CoV-2 genomes were shared on January 10th, 2020, with its 
diagnostic assay available January 13th, 2020, in about less than 15 
days after the notification to WHO of an unusual cluster of pneumonia 
cases in China. The speed of data sharing and pathogen characterization 
was unprecedented and genomic surveillance started to be consistently 
used to monitor in real-time evolution and transmission, and to identify 
genetic variants that could negatively impact both pharmaceutical and 
non-pharmaceutical countermeasures. However, regional and temporal 
variation in the intensity of SARS-CoV-2 genome sequencing was pri
marily driven by socioeconomic disparities, as evidenced by the per
centage of COVID-19 cases sequenced in countries around the world. 
Nearly 80% of high-income countries had more than 0.5% of their 
COVID-19 cases sequenced, compared to less than 50% of middle and 
low-income countries (Brito et al., 2022). Recognising the significant 
opportunities afforded by genomics, there have been since the start of 
the pandemic major government investments in the development and 
implementation of whole-genome sequencing (WGS), predominantly 
within high-income settings. The United Kingdom rapidly established 
the COVID-19 Genomics UK Consortium (COG-UK) (Marjanovic et al., 
2022) and the United States government invested US$1.7 billion to 
expand genomics capacity for COVID-19 (The White House, 2021). In 

Fig. 4. Zoonotic transmission chains. Interactions between humans, and different host species (including wild, domestic animals and vectors), which are important 
drivers for spillover and spillback events. Different colours indicates different epidemic waves. 
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Australia, the pandemic highlighted the need for an integrated public 
health genomics surveillance system, resulting in the fast-tracked 
development of AusTrakka, Australia’s current pathogen genomics 
tool (Hoang et al., 2022). A world-class capacities for genomic surveil
lance of SARS-CoV-2 and potential viral threats was build up by South 
Africa aiming to implement the Network for Genomic Surveillance in 
South Africa (Msomi et al., 2020) within sixty days after the first cases in 
the region, in May 2020. After this first genome surveillance commit
ment, the country is implemented tools and efforts to extend the prompt 
surveillance to other African countries (Tegally et al., 2022a, 2022b). In 
South America, Brazil built up a National warning Network led by the 
Brazilian Ministry of Health and the Pan American Health Organization. 
Through this initiative a High Throughput Sequencing platform was 
implemented in all 27 Brazilian states that accounted for the generation 
of more than 190 k SARS-CoV-2 complete genomes in a 3-years-period. 

Across all of these initiatives, genomic surveillance demonstrated 
crucial knowledge and policy making capacities, including for example: 
i) genotyping, serotyping, lineage assignment of circulating viral di
versity; ii) identifying epidemiologically linked individuals for contact 
tracing; iii) identifying national and international transmission routes; 
iv) demonstrating that rapid and universal data sharing is feasible in 
research; v) democratising access to computational and bioinformatic 
resources and expertise, in particular from higher income countries to 
lower income countries; vi) detecting emerging variants of concern 
before their international expansion; vii) generating knowledge on the 
mutational landscape of circulating viruses, critical for evaluation and 
development of treatments and vaccines; viii) advancing methodologies 
and technology to deal with the never seen before demand for big data, 
real-time output. In the context of the latter, several inference methods 
were applied using large-scale models with relatively sparse sampling, 
as Bayesian inference to estimate the basic reproduction number (R0) 
(Geidelberg et al., 2021; Stockdale et al., 2022). In addition to that, 
significant efforts have also been made to complement traditional 
epidemiological tools with a recent revolution especially using artificial 
intelligence (AI). AI-based model systems could help to reconstruct 
outbreak transmission using genomic data, to estimate risk factors, to 
finely-detect transmission network, to improve pattern recognition of 
disease spread in populations and predictions of outbreaks in different 
geographical locations (Eraslan et al., 2019). 

5. Prospects and conclusion 

A take-home message from the COVID-19 pandemic is how timely 
generated knowledge has a critical role in the decision making towards 
containment and control of infectious disease threats. It has long been 
accepted that genomic data contributes in unique ways to a better un
derstanding of infections in a manner essential to guide and solve issues 
relevant to public health. However, genomic surveillance is affected by 
how the sampling is performed, case identification, correct use of 
diagnostic tests, viral load, and timeframe from case identification to 
genome sequencing. These pitfalls were exposed early on during the 
COVID-19 pandemic. Paradoxically, in time and in the presence of in
vestment, the pandemic also provided opportunities to demonstrate that 
genomics is an indispensable research tool for the real-time surveillance, 
policy making, control and prevention of emerging infectious diseases. 
The major technological and infrastructural development that took 
place due to a public health emergency of unprecedented dimension 
should not be lost. The new or revamped regional, country, and global 
level networks that developed and implemented sequencing and bioin
formatics of SARS-CoV-2 during the pandemic need to be ensured future 
sustained funding and complete integration into existing national sur
veillance, public health, and research systems. 
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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. 

Oran, D.P., Topol, E.J., 2021. The proportion of SARS-CoV-2 infections that are 
asymptomatic: A systematic review. Ann. Intern. Med. 174 (5), 655–662. https:// 
doi.org/10.7326/M20-6976. 

Oude Munnink, B.B., Worp, N., Nieuwenhuijse, D.F., Sikkema, R.S., Haagmans, B., 
Fouchier, R.A.M., Koopmans, M., 2021. The next phase of SARS-CoV-2 surveillance: 
real-time molecular epidemiology. Nat. Med. 27 (9) https://doi.org/10.1038/ 
s41591-021-01472-w. Article 9.  

Pekar, J.E., Magee, A., Parker, E., Moshiri, N., Izhikevich, K., Havens, J.L., 
Gangavarapu, K., Malpica Serrano, L.M., Crits-Christoph, A., Matteson, N.L., 
Zeller, M., Levy, J.I., Wang, J.C., Hughes, S., Lee, J., Park, H., Park, M.-S., Yan, Ching 
Zi, Lin, K., R. T. P, Wertheim, J.O., 2022. The molecular epidemiology of multiple 
zoonotic origins of SARS-CoV-2. Science 377 (6609), 960–966. https://doi.org/ 
10.1126/science.abp8337. 

Plante, J.A., Liu, Y., Liu, J., Xia, H., Johnson, B.A., Lokugamage, K.G., Zhang, X., 
Muruato, A.E., Zou, J., Fontes-Garfias, C.R., Mirchandani, D., Scharton, D., Bilello, J. 
P., Ku, Z., An, Z., Kalveram, B., Freiberg, A.N., Menachery, V.D., Xie, X., Shi, P.-Y., 
2021. Spike mutation D614G alters SARS-CoV-2 fitness. Nature 592 (7852). https:// 
doi.org/10.1038/s41586-020-2895-3. Article 7852.  

Pley, C.M., McNaughton, A.L., Matthews, P.C., Lourenço, J., 2021. The global impact of 
the COVID-19 pandemic on the prevention, diagnosis and treatment of hepatitis B 
virus (HBV) infection. BMJ Glob. Health 6 (1). https://doi.org/10.1136/bmjgh- 
2020-004275. Article 75.  
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