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Our understanding of the still unfolding severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemicwould have been extremely limitedwithout the studyof the genetics
and evolution of this new human coronavirus. Large-scale genome-sequencing efforts have
provided close to real-time tracking of the global spread and diversification of SARS-CoV-2
since its entry into the human population in late 2019. These data have underpinned analysis
of its origins, epidemiology, and adaptations to the human population: principally immune
evasion and increasing transmissibility. SARS-CoV-2, despite being a new human pathogen,
was highly capable of human-to-human transmission. During its rapid spread in humans,
SARS-CoV-2 has evolved independent new forms, the so-called “variants of concern,” that
are better optimized for human-to-human transmission. Themost important adaptation of the
bat coronavirus progenitor of both SARS-CoV-1 and SARS-CoV-2 for human infection (and
other mammals) is the use of the angiotensin-converting enzyme 2 (ACE2) receptor. Relaxed
structural constraints provide plasticity to SARS-related coronavirus spike protein permitting it
to accommodate significant amino acid replacements of antigenic consequence without
compromising the ability to bind to ACE2. Although the bulk of research has justifiably
concentrated on the viral spike protein as the main determinant of antigenic evolution and
changes in transmissibility, there is accumulating evidence for the contribution of other
regions of the viral proteome to virus–host interaction. Whereas levels of community trans-
mission of recombinants compromising genetically distinct variants are at present low, when
divergent variants cocirculate, recombination between SARS-CoV-2 clades is being detected,
increasing the risk that viruses with new properties emerge. Applying computational and
machine learning methods to genome sequence data sets to generate experimentally verifi-
able predictions will serve as an early warning system for novel variant surveillance and will
be important in future vaccine planning. Omicron, the latest SARS-CoV-2 variant of concern,
has focused attention on step change antigenic events, “shift,” as opposed to incremental
“drift” changes in antigenicity. Both an increase in transmissibility and antigenic shift in
Omicron led to it readily causing infections in the fully vaccinated and/or previously infected.
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Omicron’s virulence, while reduced relative to the variant of concern it replaced, Delta, is
very much premised on the past immune exposure of individuals with a clear signal that
boosted vaccination protects from severe disease. Currently, SARS-CoV-2 has proven itself to
be a dangerous new human respiratory pathogen with an unpredictable evolutionary capac-
ity, leading to a risk of future variants too great not to ensure all regions of the world are
screened by viral genome sequencing, protected through available and affordable vaccines,
and have non-punitive strategies in place for detecting and responding to novel variants of
concern.

The new human pathogen severe acute res-
piratory syndrome coronavirus 2 (SARS-

CoV-2) was first identified as the cause of coro-
navirus disease 2019 (COVID-19) in December
2019 when severe pneumonia-hospitalized
cases in Wuhan city, China, were connected
through epidemiological links to the Huanan
Seafood Market in Wuhan (Worobey 2021; see
key dates of the pandemic in Table 1). Despite
some recording of direct human-to-human
transmissions, the lack of known contacts be-
tween most of the cases detected early (not sur-
prising in hindsight given the frequency of mild
symptoms and asymptomatic cases) led to an
incorrect assumption of exclusively animal-to-
human transmission. The animal–market link
(a known risk factor from the first SARS virus

spillovers 20 years ago) resulted in the clearing
and closure of the Huanan market on January 1,
2020. Recognition of the extent of human-to-
human transmission was slow, necessitating a
lockdown on an unprecedented scale in Wuhan
and other Hubei cities to control rising case
numbers. Despite this well-reported outbreak,
the knowledge by mid-January that a SARS-
like virus had returned and the World Health
Organization (WHO) reporting a public health
emergency of international concern on January
30, 2020, most countries responded with a lack
of urgency, and a pandemic was declared by the
WHO on March 11, 2020. The nature of the
response to the COVID-19 threat varied dra-
matically from country to country. SARS-
CoV-2 is now estimated to have killed over six

Table 1. Some key dates in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic

Key dates Events

December 2019 First pneumonia cases identified in Wuhan city, Hubei Province, China
Late December 2019 Pneumonia cases of unknown etiology linked to Huanan market
31 December 2019 World Health Organization (WHO) notified of outbreak of severe pneumonia cases
1 January 2020 Huanan market closed, cleared of animals and sanitized
10 January 2020 First SARS-CoV-2 genome, Wuhan-Hu-1, released on Virological.org and 2 days

later on GenBank, accession number MN908947
30 January 2020 WHO declares public health emergency of international concern (PHEIC)
11 March 2020 WHO declares the novel coronavirus outbreak a pandemic
March 2020 First companion animals (dogs) found to be infected with SARS-CoV-2 from owners
April 2020 Second companion animals (cats) found to be infected with SARS-CoV-2 from owners
April 2020 SARS-CoV-2 infections on mink farms reported with transmission back to humans
December 2020 First variant of concern (VOC) identified, Alpha; first detected in the United Kingdom
December 2020 Second VOC identified, Beta; first detected in South Africa
January 2021 Third VOC identified, Gamma; first detected in Japan in traveler from Brazil
May 2021 Fourth VOC identified, Delta; first detected in India
August 2021 Wild deer infections identified and possible transmission back to humans
November 2021 Fifth VOC identified, Omicron; first detected in South Africa

A. Telenti et al.

2 Cite this article as Cold Spring Harb Perspect Med 2022;12:a041390

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



million people (covid19.who.int) and is firmly
established in the human population as a new
pathogen.

Classically, and in retrospect, naively, it is
often assumed that novel human viruses will
not initially be particularly successful as there
has to be some adaptation/fine-tuning to a
new host to achieve efficient spread. This has
not been the case for SARS-CoV-2. Despite be-
ing descended from a bat coronavirus and most
likely transmitted to humans via an intermedi-
ate host, it was immediately very successful in
humans. This is very similar to the first SARS
virus identified (SARS-CoV, referred to as
SARS-CoV-1 for clarity), both in the likely route
of emergence (live animal markets) and in its
high transmissibility, although SARS-CoV-1 is
not to quite the same extent as SARS-CoV-2.
Worryingly, this host-species promiscuity/gen-
eralist property has led to infections in many
other animals, as well as establishment of the
virus in wild species and spillback to humans
(Oreshkova et al. 2020; Pickering et al. 2022).

Hospital treatments such as intensive
care and/or oxygen for the very sick, and non-
pharmaceutical interventions—including mask
mandates, shielding, and national lockdowns—
protected healthcare workers and societies
from COVID-19 to the degree that control
measures were implemented and adopted.
Vaccines have been developed rapidly, includ-
ing use of new mRNA technologies, and more
recently effective pharmaceuticals have begun
to become available. These treatments work
effectively because acute viral infections are
(usually) rapidly cleared by the immune re-
sponse, with chronic infections limited to im-
munocompromised individuals, and so are rel-
atively rare. However, being new to the human
population, SARS-CoV-2 has much potential
to adapt to its new host species, in particular
by increasing transmissibility, a property first
exemplified by the spike amino acid replace-
ment D614G (Korber et al. 2020). The first
variants of concern (VOCs: Alpha, Beta, Gam-
ma, and Delta; see key dates in Table 1) can be
considered a second phase of the pandemic:
the evolution of distinct variants capable of
spreading more efficiently despite increasing

levels of host immunity (either vaccine or virus
elicited by past infection). Surprisingly, given
the initially relatively slow rate of evolution of
SARS-CoV-2 (MacLean et al. 2021), each VOC
has displayed a significant amount of evolu-
tionary change resulting in rapid replacement
of previous variants. Whether such step
changes in SARS-CoV-2 biology continue or
its evolution becomes more incremental, it is
inevitable that further evolution and novel var-
iants will emerge with altered properties of
antigenic escape and potentially antigenic shift
on top of high transmissibility, as shown by
SARS-CoV-2 Omicron (Cameroni et al.
2022). However, in the context of increasing
immunity from vaccinations and past infec-
tions (and better treatments), future variants
will hopefully not cause severe disease in large
numbers of infected people.

Another major concern is reverse zoonoses,
the zooanthroponotic spread to animal popula-
tions, a direct result of the generalist nature of
SARS-related viruses. Since 2020, SARS-CoV-2
was found to infect companion animals (Table
1) and has become established in wild animal
species, most notably white-tailed deer in the
United States (Hale et al. 2022). SARS-CoV-2
in animals could, thus, establish new reservoirs
for future spillover. Coupled with coronaviruses
with SARS-virus-like properties already being
distributed over wide geographical areas in their
host bat species, future human infections from
animals are very likely and such variants could
even recombine with circulating SARS-CoV-2.
Here, we review current knowledge of the bio-
logical properties of amino acid replacements in
SARS-CoV-2proteins, SARS-CoV-2 lineages and
VOCs, and variants of interest/being monitored
(VOIs/VBMs). Key terms are listed in Box 1.

PHYLOGENY OF THE CORONAVIRIDAE

The Coronaviridae include two subfamilies, five
genera, and 26 subgenera (ictvonline.org). SARS-
CoV-2 and related bat sarbecoviruses are a sister
clade to SARS-CoV-1 and various other bat sar-
becoviruses (Fig. 1). Collectively, these form the
species severe acute respiratory syndrome–related
coronavirus (SARSr-CoV), the sole member of
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the subgenus Sarbecovirus, genus Betacoronavi-
rus, of the Orthocoronaviridae subfamily (Coro-
naviridae StudyGroup of the International Com-
mittee on Taxonomyof Viruses 2020). Following
emergence, SARS-CoV-2spreadwithunexpected
ability among humans owing to efficient human-
to-human transmission (www.who.int/news-
room/commentaries/detail/transmission-of-sars-
cov-2-implications-for-infection-prevention-

precautions). This immediate “success” in the
spreadof SARS-CoV-2 is also associatedwith the
relatively promiscuous nature of the virus, evi-
denced by frequent transmission to mammals
such as minks, cats, gorillas, white-tailed deer,
andmanyother species (Telenti et al. 2021). This
is presumably linked to the high diversity of bat
species (and subspecies) in the horseshoe bat
genus, with bat SARS-related coronaviruses be-

BOX 1. GLOSSARY

Variant A variant is a distinct viral genome that contains one or more mutations relative to
other viral genomes.

Strain A novel variant with significantly altered phenotypic properties compared to
previous variants. Not used to date in severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) nomenclature but arguably Omicron’s phenotypic
properties relative to the other SARS-CoV-2 variants might warrant its use.

Lineage A group of closely related viruses with a shared common ancestor. Tends to be used
interchangeably with clade, a monophyletic grouping in a phylogenetic tree.

Variant of concern
(VOC)

Public health agencies, for example, the Centers for Disease Control and
Prevention (CDC) or the UK Health Security Agency (UKHSA), define a VOC
as a specific variant for which there is evidence of an increase in transmissibility,
more severe disease, significant reduction in neutralization, reduced
effectiveness of treatments or vaccines, or diagnostic detection failures.

Variant of interest
(VOI) or variant
under investigation
(VUI)

Variant with specific genetic markers that have been associated with changes to
receptor binding, reduced neutralization, reduced efficacy of treatments,
potential diagnostic impact, or predicted increase in transmissibility or disease
severity.

Variant being
monitored (VBM)

Variants where data indicate there is a potential or clear impact on approved or
authorized medical countermeasures or that have been associated with more
severe disease or increased transmission but are no longer detected, or are
circulating at very low levels.

Nextstrain An open-source project and phylogenetic toolset to harness the scientific and
public health potential of pathogen genome data (nextstrain.org/).

GISAID The Global Initiative on Sharing All Influenza Data (GISAID) promotes the rapid
sharing of data from all influenza viruses and the coronavirus causing
coronavirus disease 2019 (COVID-19). This includes genetic sequence and
related clinical and epidemiological data (www.gisaid.org/).

Pango nomenclature Phylogenetic assignment of named global outbreak (Pango) is a dynamic
nomenclature to classify genetic lineages for SARS-CoV-2 (www.pango
.network/).

Spike A viral surface protein that has a key role in viral entry and immune recognition.
SARS-CoV-2 spike is involved in receptor recognition and cell membrane
fusion.

Antigenic drift The progressive accumulation of mutations within antigenically important sites in
the virus genome/proteome.

Antigenic shift Step change in the antigenicity of a virus conferringmarked escape from previously
acquired immunity. Can arise by repeated antigenic drift or recombination.

(h)ACE2 (Human) angiotensin-converting enzyme 2, the cellular receptor for SARS-CoV-2.
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ing unusually genus specialists (Zhou et al. 2020;
Holmes et al. 2021). This generalist host-tropism
has permitted other mammals to be infected
without the need for much, if any, evolutionary
change. As is sometimes the case in evolution,
adaption toone circumstancehasbroughtwith it
(blindly) a broader success (i.e., ability to infect
many mammal species of which one, humans,
because of a highly interconnected world that is
near perfectly optimized with high population
densities for transmission, permitted efficient
virus spread).

To understand SARS-CoV-2’s origin, it has
been imperative to identify the closest animal
viral genomes. Initially only genome fragments
in previously reported recombinant SARS-relat-
ed coronaviruses (ZXC21, ZC45, and Long-
quan140) were identified but quickly a relatively
close bat virus was reported, RaTG13 (Zhou
et al. 2020), although with an unusual recep-
tor-binding domain (RBD) in the spike protein,
which was inferred to be due to recombination
(Boni et al. 2020). Subsequently more recombi-
nants genetically closer than RaTG13 to SARS-

0.05

SARS-CoV-1

Bat

Civet

Pangolin

Human

SARS-CoV-2

Host:

Figure 1. Phylogenetic tree showing severe acute respiratory syndrome coronavirus 1 and 2 (SARS-CoV-1 and -2)
emerging from divergent SARS-related coronavirus lineages. The Sarbecovirus subgenus includes, in addition to
the SARS-CoV-2 clade, related SARS-like viruses sampled from horseshoe bats, pangolins, civets, and the first
SARS-virus clade, SARS-CoV-1 (see key). The tree-branching structure depicts most recent common ancestry
relative to the genome sequences at the tips on the right (colored by host species). The scale bar shows nucleotide
substitutions per site and refers to the horizontal branch lengths. Placing of some of these relationships is
approximate owing to recombination in the evolutionary history of these viruses (Boni et al. 2020). (Analysis
and images reprinted from Nextstrain.org [nextstrain.org/groups/blab/sars-like-cov] under an Attribution 4.0
International (CC-BY-4.0) license.)
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CoV-2 were identified in Yunnan (RmYN02,
RpYN06, and PrC31), outside China in Cambo-
dia and Thailand (RshSTT182, RshSTT200, and
RacCS203), and most recently in Laos: BANAL-
52, -103, -116, -236 (Temmam et al. 2022). Al-
though genetically close in at least parts of their
genomes, all are too divergent from SARS-CoV-
2, sharing amost recent ancestor decades ago, to
be the direct progenitor (Lytras et al. 2022). In-
terestingly, all of these recombinant bat corona-
viruses have non-SARS-CoV-2-like spike pro-
teins except for one of the Laos viruses,
BANAL-20-52. Importantly, BANAL-20-52
demonstrates definitively that the exact SARS-
CoV-2 sequence conferring the ability to bind to
and use angiotensin-converting enzyme 2
(ACE2) as a receptor exists naturally in bat vi-
ruses. The broader ACE2 usage is an ancestral
state in the SARS-related coronaviruses (Starr
et al. 2022) and was known before the
COVID-19 pandemic (Menachery et al. 2015).

The use of the ACE2 receptor is one of the
most important adaptations of both SARS-CoV-
1 and SARS-CoV-2 for human infection (and
other mammals). Whereas ACE2 is also used
by other coronaviruses, other receptors support
coronavirus entry of host cells (for review, see
Millet et al. 2021). The spike proteins of several
members of the Alphacoronavirus genus are
known to bind to amino peptidase N (APN,
CD13)molecules of their respective host species.
Murine hepatitis virus (MHV) of the Betacoro-
navirus genus uses murine carcinoembryonic
antigen-related cell adhesion molecule 1 (CEA-
CAM1). MERS-CoV uses dipeptidyl peptidase
4 (DPP4). Worryingly, a recent MERS-CoV-re-
lated virus, amerbecovirus, was shown to be able
to useACE2 (Xiong et al. 2022), emphasizing the
need for surveillance for potential spillovers.

The only unique feature of SARS-CoV-2 yet
to be identified in a closely related SARS-like
virus is the furin cleavage site in spike that is
important for virus entry. This was probably
acquired by nonhomologous recombination
between SARS-related coronaviruses (Lytras
2020) or could be derived from host transcripts
(Peacock et al. 2021a). Presence of a furin cleav-
age site at the S1/S2 junction isnot uncommon in
human coronaviruses; half of human seasonal

coronaviruses as well as MERS-CoV contain
furin cleavage sites (Coutard et al. 2020; Peacock
et al. 2021c). The furin cleavage site does appear
to be a crucial adaption of the SARS-CoV-2 to
nonbat species as loss of this affects SARS-CoV-
2’s fitness (Johnson et al. 2021). Collectively,
the evidence for the origins of SARS-CoV-2
points conclusively to an animal source via a
transient intermediate species,much like thefirst
SARS virus (Holmes et al. 2021; Lytras et al.
2021) and centered on theHuananmarket (Wo-
robey et al. 2022).

The existence of SARS-related coronaviruses
in horseshoe bats that could use hACE2 was
known before the pandemic (Menachery et al.
2015). This research followed the first SARS out-
break in 2002 and again in 2003, which although
connected to civets, ferret badgers, and raccoon
dogs in wet markets selling live animals, was ul-
timately shown to be due to spillover of horse-
shoe bat SARS-related coronaviruses to humans
via the intermediate species. Infected civets on
farmswere also identified inHubei province (Hu
et al. 2005; Shi andHu2008), explaining the large
geographic distance between themost closely re-
lated bat viruses (i.e., animal trading introducing
infected animals into city markets) (Lytras et al.
2021). Such a link to an intermediate species has
not been made for SARS-CoV-2, because the
market was cleared rapidly (Table 1) and none
of the animal species reported to be susceptible
that were present at the market were tested (Wo-
robey et al. 2022). Serology studies have also
demonstrated that SARS-related coronavirus
spillovers happen fairly regularly in rural China
(Sánchez et al. 2021). That both SARS-CoV-1
and -2 emerged in large urban areas, despite
these infections in rural settings, shows the im-
portance of high human population densities to
sustain large chains of transmission.

SARS-CoV-2 infection relies on the ACE2
receptor. However, ACE2 is found at relatively
low levels in the respiratory tract, which suggests
that there may be additional mechanisms facili-
tating infection; C-type lectin receptors, DC-
SIGN, L-SIGN, and the sialic-acid-binding
immunoglobulin-like lectin 1 (SIGLEC1) func-
tion as attachment receptors to facilitate trans-
infection, amechanismof enhancing infectionof
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susceptible cells by virus captured on myeloid
cells (Lempp et al. 2021). In addition to the
high-affinity specific binding of the viral spike
carboxy-terminal domain (CTD) to protein
receptors, coronaviruses can bind with lower af-
finity to carbohydrates via their spike amino-ter-
minal domain (NTD). This mode of interaction
may be a lower affinity, nonspecialized binding
module that many coronaviruses retain (Millet
et al. 2021). These authors speculate that the
NTD may play a critical role when viruses cross
the species barrier by allowing an emerging co-
ronavirus to adapt to a new host environment
and maintain a minimal level of binding that
would allow infection of new host cells via sialic
acids, while the CTD gains adaptive mutations
that optimize binding to a new host receptor
(Millet et al. 2021).

EVOLUTION OF SARS-CoV-2

The evolution of a novel pathogen involves un-
predictable changes in transmissibility and vir-
ulence (the degree of harm caused by infection).
In the case of SARS-CoV-2, this unpredictability
is magnified by it being a new human pathogen
with, in most of the world, multiple periods of
uncontrolled spread providing ongoing oppor-
tunity to acquire adaptations for more efficient
transmission in the human population (Martin
et al. 2021). Importantly, the oft-repeated state-
ment that viruses inevitably evolve to lower vir-
ulence is generally incorrect. Whereas some vi-
ruses that have infected humans for many years
may seem less virulent, this can simply be be-
cause the susceptible individuals died amid an
evolutionary process (this is why we can see
signatures of virus adaptations in the human
genome) (McLaren et al. 2015; Enard et al.
2016) and/or survivors of infection acquired
some or complete immunity to infection (i.e.,
this is a change in the human population not
the intrinsic properties of the virus). Generally,
there is a tradeoff between transmission and vir-
ulence, such that as long as transmission is high,
virulence is relatively unconstrained.

SARS-CoV-2 is perceived to be unusual be-
cause new human pathogens observed in recent
decades often have higher virulence as a result of

a lack of host immunity. However, whereas
SARS-CoV-2’s virulence is heavily skewed with
a strong age, comorbidity, and stochastic effect,
the majority of infections—and not discounting
the rare but high disease burden of long COVID
cases—are associated with relatively mild symp-
toms or asymptomatic infections. As SARS-
CoV-2’s transmission rate was already high,
there was assumed to be no selective advantage
for any decrease in virulence. Nonetheless in the
case of Omicron there has been, unpredictably
and thankfully given its high rate of transmissi-
bility, a marked drop in the severity of infections
owing to a change in preference for upper respi-
ratory infection (Peacock et al. 2021b;McMahan
et al. 2022; Meng et al. 2022; Willett et al. 2022).
As theVOCshave evolved independently (Fig. 2)
in the human population, each discovering dif-
ferent trajectories to greater success relative to
early 2020 variants, we cannot assume that a
new VOC will not emerge with different
virulence properties once again. Whether post-
Omicron evolution will be based on this new
“milder” form of SARS-CoV-2 or another novel
VOC will emerge with novel properties is thus
unknown because of the unpredictable nature of
SARS-CoV-2 evolution.

The main driver of virus evolution (i.e., re-
productive success in terms of onward transmis-
sions) is an interplay of chance epidemiological
effects, mutations that impact immune escape,
and adaptation to the new host, all occurring in
a changing host landscape marked by past expo-
sures, vaccinations, and boosters. An additional
wildcard is that viral evolution involves occa-
sional fixation of low-frequency mutations dur-
ing transmission (i.e., there are strong transmis-
sion bottlenecks that dominate viral evolution
even during superspreading events) (Hannon
et al. 2022). SARS-CoV-2 has repeatedly ac-
quired enhanced transmissibility and immune-
evasion properties to enable it to persist in this
changing landscape. The first of these was the
amino acid replacementD614G in the spike pro-
tein that conferred a measurable transmission
advantage (Korber et al. 2020). This was the de-
fining amino acid replacement of the B.1 Pango/
20A Nextstrain lineage (Box 2). Soon after, the
characterization of N439K in the spike receptor-
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binding motif (RBM) provided conclusive evi-
dence for a spike protein with enhanced binding
affinity for the human ACE2 receptor, while si-
multaneously reducing the activityof somepoly-
clonal sera from people who had been infected
(Thomson et al. 2021). N439K viruses presented

similar in vitro replication fitness and cause in-
fections with similar clinical outcomes com-
pared with wild-type. N439K was the first RBM
amino acid replacement, relative to the original
genotype SARS-CoV-2 variant used in vaccine
preparations, to increase to high frequency and
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Figure 2.The evolutionary and temporal relationships of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) clades. Since its emergence in late 2019, SARS-CoV-2’s two initial lineages (A,B) have continued to
diversify, forming novel genetic variants with a subset of “variants of concern” dominating at different times in
the pandemic. (A) Unrooted phylogenetic tree showing the main SARS-CoV-2 clades, which are defined by
different nomenclature conventions (see Box 2). The tree-branching structure depicts most recent common
ancestry relative to the genome sequences at internal nodes or the tips of each branch (colored by Nextstrain and
WHO clade designations with Omicron also labeled with its Pango sublineages; see key). Branch lengths
correspond to genetic change. (B) Frequencies of SARS-CoV-2 variants colored by clade (see key) from late
March 2021 to March 2022. A subset of variants of concern have dominated in the pandemic (Alpha, Delta, and
Omicron) with Omicron clades constituting the majority of infections as of March 2022. This visualization is
based on a subsample of available full genome data (∼600 genomes per continental region with ∼400 from the
previous 4 mo and ∼200 from before this). This subsampling results in a more equitable global sequence
distribution. (Analysis and images reprinted from Nextstrain.org [nextstrain.org/ncov/gisaid/global] under an
Attribution 4.0 International (CC-BY-4.0) license.)
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sowas aportend for future immune-evasionevo-
lution, clearly demonstrating the malleability of
the RBD–ACE2 interaction (Telenti et al. 2021;
Thomson et al. 2021).

For most of 2020, SARS-CoV-2 evolved rel-
atively slowly for an RNAvirus, which suggested
vaccines would easily control infections (Dear-
love et al. 2020), but by December 2020 the first
VOC was detected (Fig. 3). This more heavily
mutated lineage, Pango B.1.1.7/Nextstrain 20I,
was subsequently named Alpha by the WHO.
Alpha was first identified in the United King-
dom and demonstrated an unpredicted step
change in SARS-CoV-2 evolution (Hill et al.
2022). A high number of mutations were appar-
ently generated over a shorter period of time and
were thought to be derived from chronic infec-
tion of immunocompromised hosts (Corey et al.
2021). Other VOCs (e.g., Beta and Gamma)
seem to have evolved in areas with high infection
rates, which is consistent with increasing host
immunity creating a selective environment for
their emergence (Martin et al. 2021). Experi-
mental neutralization studies confirmed these
variants would, to some extent, challenge vac-

cines based on the early Wuhan-Hu-1 sequence
or other original genotype sequences (Fig. 4).
Concomitant with the emergence of these
VOCs in late 2020, there was a detectable in-
crease in the positive selection signals in the viral
genome that was inferred to be due to increasing
host immunity (i.e., SARS-CoV-2 now circulat-
ing in a less susceptible human population be-
cause of immunity acquired from past infec-
tions) (Martin et al. 2021; Maher et al. 2022).
The relative influences of this changing host en-
vironment/immune landscape versus the intrin-
sic advantage of increased transmissibility con-
ferred by virus biology are hard to disentangle.

Alpha quickly seeded a second variant-driven
global wave of SARS-CoV-2. However, rather
than it accumulating further antigenic change
and persisting, it was displaced by another even
more transmissible variant, 21A/B.1.617.2,
namedDelta by theWHO.Delta, which emerged
in India in late 2020, then seeded a third wave in
the pandemic in 2021 (Mlcochova et al. 2021).
Even in areas such as South America where var-
iants such as the Mu VOC were spreading, Delta
successfully invaded against the Mu background.
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Figure 3.Dynamics of replacement of variants of concern (VOCs) during the first 2 years of the pandemic. Data
are based on over eight million sequences from GISAID EpiCoV 2022_02_22. The emergence of D614G is
included for completeness. BA.1 (orange) and BA.2 (dark orange) are subvariants of Omicron (dark blue) and are
highlighted individually for completeness.
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Omicron, characterized by a set of previously ob-
served and novel mutations (Table 2) conferring
both a transmission and antigenic shift, has now
driven a fourth global wave of SARS-CoV-2. The
Omicronwave, initially driven inmost regions by
the sublineage BA.1 (and BA.1.1, BA.1 with the
addition of spike R346K) is now being replaced
by the even more transmissible BA.2 sublineage
(Yamasoba et al. 2022), expected to become the
dominant lineage soon. Omicron is a representa-
tive of variants with hypermutated spike proteins
and has accommodated some significant evolu-
tionary changes (Martin et al. 2022). A possible
source of such heavily mutated viruses is at least
one, possibly several or more, infections of im-
munocompromised individuals (Table 2) or an-
imal spillbacks (see below).

DRIVERS OF VIRUS CHANGE

Similarly to other RNA viruses, SARS-CoV-2
uses an RNA-dependent RNA-polymerase but
unusually has an additional error-correction en-
zyme (Smith et al. 2014). This results in a rela-
tively high replication fidelity compared with
that of other RNA viruses. As SARS-CoV-2 di-
versified in 2020, the accumulation of mutations
at a rate of about two per month led to the ex-
pectation that its evolutionwould be limited and
vaccine-elicited immunity would be relatively
long-lasting (Dearlove et al. 2020). It has now
become clear SARS-CoV-2 can achievewhat ap-
pears to be rapid acceleration in its evolutionary
rate leading to more heavily mutated variants,
some of which have led to the emergence of the
VOCs as first observed with Alpha (Hill et al.
2022) and Beta (Martin et al. 2021). It is impor-
tant to appreciate that all VOCs to date have
emerged from the original SARS-CoV-2 2020
genotype, and not one from another (Fig. 2A).
Whether this is true episodic evolution or incre-
mental evolution coupled with epidemiological
“right place right time” events is hard to dis-
criminate. The potential link to persistent
chronic infections, as discussed above for Al-
pha’s origin (Hill et al. 2022), would be consis-
tent with an incremental process in a single
chronic infection that appears episodic once
the novel variant seeds a novel lineage/variant.

In the case of Gamma and Delta, it seems more
likely they evolved in populations that had ex-
perienced high past SARS-CoV-2 infection rates
(i.e., mutations presumably accumulated in the
context of chains of infections), a process in its
outcome indistinguishable from a chronic in-
fection. In all likelihood, both processes are on-
going, for example, generating the divergent
Omicron sublineages, BA.1, BA.2, and BA.3
(i.e., community transmission involving multi-
ple immunocompromised individuals may be
taking place as noted above).

Relaxed structural constraints provideplastic-
ity to SARS-CoV-2’s spike protein and its ability
to accommodate significant amino acid replace-
ments (see Fig. 5; Thomson et al. 2021; McCal-
lum et al. 2022). However, significant mutations
also occur in other parts of SARS-CoV-2’s ge-
nome that have less well understood functional
and antigenic consequences. In particular, the
SARS-CoV-2 genome encodes a number of ac-
cessory proteins whose coding sequences are in-
terspersed between the structural genes. These
proteins are dispensable for virus replication but
contribute to immune antagonism and patho-
genesis (Lowery et al. 2021). Many of these genes
are known to antagonize or evade the interferon
response, which may contribute to the delayed
interferon expression seen inCOVID-19 patients.
These proteins act both upstream of interferon
production, through evasion and antagonism of
pattern recognition receptor (PRR) recognition
and signaling, and downstream by directly antag-
onizing the interferon signaling pathway, facili-
tating early rapid virus replication (Lowery et al.
2021; Thorne et al. 2022). There is, however, lim-
ited understanding of the role of variation in these
genes, including for the Delta and Omicron
VOCs.

In addition to RNA polymerase errors, re-
combination between divergent variants is fre-
quent among bat coronaviruses (Goldstein et al.
2021). Specifically, genetic analysis indicates
that recombination often occurs in betacorona-
viruses (Lai et al. 1985; Keck et al. 1988; Lai and
Cavanagh 1997), including natural populations
of MERS-CoV (Corman et al. 2014; Dudas and
Rambaut 2016), SARS-like coronaviruses (Hon
et al. 2008; Boni et al. 2020), and SARS-CoV-2
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(Jackson et al. 2021). Studies of SARS-CoV-2
viruses sampled from late 2020 and early 2021
in the United Kingdom identified genomes that
carry mutations characteristic of the Alpha
VOC but lack the full complement of lineage-
defining mutations. Instead, the remainder of
their genomes share contiguous genetic varia-
tion with non-Alpha viruses circulating in the
same geographic area at the same time as the
recombinants (Jackson et al. 2021). Specifically,
four of eight described recombinants led to on-
ward transmission. The transmitted recombi-
nants inherited the more transmissible Alpha
spike gene (Jackson et al. 2021). Similarly, re-
combination has been observed in New York
(Wertheim et al. 2022). There are currently in-
cidences of coinfection with SARS-COV-2 Omi-
cron and Delta variants (Rockett et al. 2022) as
well as potential recombinants (Roemer 2022).
Currently, there is particular attention to several
recombinant lineages being detected involving
Omicron variants. Some are combinations of Del-
ta and Omicron, for example, XD and XF (desig-
nations from thePangonomenclature). XDhas an
Omicron/BA.1 S gene incorporated into a Delta

genome and is present in several European coun-
tries. XF caused a small cluster in the UK but has
not been detected since February 15. XE is an
Omicron/BA.1 and BA.2 recombinant, with the
majority of the genome, including the S gene, be-
longing to BA.2. XE shows evidence of commu-
nity transmission within England, and recent es-
timates (March 2022) suggest that it has a growth
rate of 10% above that of BA.2 (https://assets
.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/1063424/
Tech-Briefing-39-25March2022_FINAL.pdf ).
More generally, recombination breakpoints are
observed disproportionately in or beside the spike
protein region (Turkahia et al. 2021). Whereas
levels of community transmission of recombi-
nants are at present low relative to the emergence
of new mutations, as there are more genetically
divergent variants (in humans or other animals),
recombination will make new combinations that
pose risk of new properties. Whereas most muta-
tions are deleterious and selected against, or are
neutral, some will enhance virus biology and can
be selected for (positive selection). These adaptive
evolution forces are driven by and translate into

0.0 0.2 0.4 0.6 0.8 1.0 1.2

20F
20D
20B

20E (EU1)
20G
20C
20A
19B
19A

Omicron/BA.3
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21C (Epsilon)

21J (Delta)
21I (Delta)

21A (Delta)
20J (Gamma)

20I (Alpha)
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Variant fitness

Figure 4. Variant fitness of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants. Shown is
“mutational”/variant-level fitness measured by the increase in average transmission for different SARS-CoV-2
variants colored by clade relative to an early 2020 genotype:Wuhan-Hu-1 (Obermeyer et al. 2021). (Analysis and
image reprinted from Nextstrain.org [nextstrain.org/ncov/gisaid/global] under an Attribution 4.0 International
(CC-BY-4.0) license.)
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changes in transmissibility, virulence, and im-
mune escape.

Transmissibility

Until late 2021, it had been mainly transmissi-
bility that underpinned SARS-CoV-2’s success.
Transmission success was the key to original
SARS-CoV-2 genotype, B.1 (defined by S:
D614G), Alpha, and Delta’s spread and domi-
nance at different points in the pandemic (Fig.
4). However, Omicron has both a transmission
advantage and a step change, a “shift,” in its
antigenicity. Most research emphasis has been
on the capacity of some of the variants to mod-
ulate the affinity of interaction with ACE2. For
example, deepmutagenesis scanning of the RBD
of the SARS-CoV-2 spike glycoprotein experi-
mentally measured how all amino acid replace-
ments affect synthesis and stability of folded
protein and its affinity for ACE2 (Starr et al.
2020). A substantial number of mutations are
well tolerated or even enhance ACE2 binding,
including at ACE2-interface residues that vary
across SARS-related coronaviruses (Starr et al.
2020). Omicron’s RBD binds to human ACE2

with enhanced affinity relative to the Wuhan-
Hu-1 RBD and has acquired the ability to bind
to mouse ACE2 (Cameroni et al. 2022). Howev-
er, other mechanisms may contribute to trans-
missibility, for example, by increasing the viral
load in the respiratory tract of infected individ-
uals. The mechanism may involve viral replica-
tion and burst size, as well as escape from innate
immunity. There is, as described in the previous
sections, much still to understand about these
cellular and molecular drivers of infection.

Virulence

Epidemiological evidence indicates decoupling
of dominant drivers of spread (younger people)
and virulence (degree of harm caused in older
people). This translates into higher disease se-
verity in thosewho transmit the least. More gen-
erally, in respiratory viruses, severe disease is
associated with the invasion of and replication
in the lower respiratory tract. In the case of
SARS-CoV-2, mutations that further optimize
the use of human ACE2 (present in both the
upper and lower respiratory tract) or alter the
capacity of coreceptors to influence tropism and

Moderately variant sites

(<1%–0.1% of sequences)

Common variant sites

(variable in >=1% of
sequences)

Conserved sites (<0.1%–

0.01% of sequences)

Highly conserved sites

(<0.01% of sequences)

67

113

445

648

Figure 5. Conservation of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein. 180
of 1273 (14%) amino acid positions of the SARS-CoV-2 spike protein are identified as moderately variant or
common sites of variation, while 86% remain conserved or highly conserved. Data from analysis of over nine
million sequences from GISAID on March 2022.
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infection (Lempp et al. 2021) are likely to in-
crease both transmission and virulence (Telenti
et al. 2021). Interferon antagonism/evasion is a
well-known virulence determinant, as are inter-
actions between virus and host that modulate
the host response. This is not exclusively medi-
ated by Spike–ACE2 interactions and likely is
heavily influenced by other viral proteins. In
the discussion of virulence, it is important to
separate the intrinsic virulence of the virus,
and the effective virulence in the population
that has varying levels of immune competence
(previous infection and vaccination). Current
virulence of Omicron reflects to a large extent
the protective effect of acquired immunity, al-
though there is consensus that Omicron also
displays decreased intrinsic virulence (Table 3).

Immune Pressure

Antigenic change, in particular in the immuno-
dominant RBD and NTD domains of the spike
protein are the result of a humoral response that
is dominant at those sites (Harvey et al. 2021).
The humoral response is also the main driver of
vaccine efficacy, as measured by Gilbert et al.

(2021), who reported that neutralizing antibod-
ies mediate about two-thirds of an mRNA vac-
cine efficacy (Gilbert et al. 2021). There is less
information about the role of CD4 and CD8
T-cell responses (Grifoni et al. 2021). Many
such T-cell epitopes have been mapped experi-
mentally, but there has been limited information
on escape mutations and corresponding func-
tional outcomes (Geers et al. 2021). Specifically,
VOCs may not escape T-cell responses in
COVID-19 convalescent donors and vaccine re-
cipients (Geers et al. 2021). However, a recent
study identified viral mutations in HLA-I-re-
stricted epitopes leading to reduced recognition
by CD8 T cells but reported evidence of these
mutations being transmitted (Dolton et al.
2021). Dolton et al. (2021) also described a sin-
gle amino acid replacement (spike P272L) that is
not recognized byCD8T cells targeting themost
prevalent epitope in spike restricted by the most
common HLA-I across the population (Dolton
et al. 2021). Whereas these authors did not at-
tribute the emergence and propagation of the
spike P272L mutation to escape, they posited
that mutations could evade immunodominant
T-cell responses through population-frequent

Table 3. Clinical significance of variants of concern (VOCs)

VOC/variant
being monitored
(VBM) Transmissibility

Disease
burden/
virulence

Neutralization by monoclonal
antibodies

Vaccine
efficacy

Alpha Increased ∼50% Increased Susceptible
Beta Increased ∼25% Increased Susceptible Reduced
Delta Increased ∼100% Increased AY.1 and AY.2 lineages are not

susceptible to some clinically
used monoclonal antibodies

Reduced

Epsilon Unknown
Gamma Increased ∼30% Possibly

increased
Not susceptible to some clinically

used monoclonal antibodies
Modest

reduction
Kappa Increased Unknown Susceptible Reduced
Mu Increased Unknown Susceptible Reduced
Omicron Increased >100% Decreased for

BA.1 and
BA.2

Not susceptible to most, but not all
clinically used monoclonal
antibodies

Greatly
reduced

Some of the estimates are confounded by VOCs/variants under investigation (VUIs) entering a human population that has
changing levels of immune competence (Campbell et al. 2021; Coutinho et al. 2021; Davies et al. 2021; Earnest et al. 2021;
McCallum et al. 2021; Radvak et al. 2021; Uriu et al. 2021; US Centers for Disease Control and Prevention 2021; Walker et al.
2021; European Centre for Disease Prevention and Control 2022; Suzuki et al. 2022; Twohig et al. 2022).
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HLA alleles, with possible consequences for vac-
cine design. Recent studies assessed how Omi-
cron mutations affect SARS-CoV-2 spike T-cell
responses induced upon vaccination or infec-
tion (Keeton et al. 2021). They found that
70%–80% of the CD4 and CD8 T-cell response
to spike was maintained across study groups.
Moreover, the magnitude of Omicron cross-re-
active T cells was similar to that of the Beta and
Delta variants, despite Omicron harboring con-
siderably more mutations. More recent work
supports the idea that T cells may protect from
severe disease (DeMarco et al. 2021; Geurtsvan-
Kessel et al. 2022; Liu et al. 2022; Tarke et al.
2022). As described earlier, there is also emerg-
ing data regarding the genetic and functional
hallmarks of escape from innate immunity/in-
terferon response (Thorne et al. 2022).

CLINICAL SIGNIFICANCE

Until November 2021 and Omicron’s emer-
gence, SARS-CoV-2 had not shown any changes
consistent with attenuation but rather well-doc-
umented increase in transmissibility coupled
with indications for increased disease severity
(Table 3). Owing to the importance of vaccina-

tions as the primary control measure, there has
been extensive focus on the consequences of
new variants for immune control, in particular
a loss of neutralization activity of plasma from
vaccinated individuals. In particular, Omicron
shows immune escape from the neutralization
activity of polyclonal sera, a large number of
therapeutic monoclonal antibodies, and vacci-
nation (Cameroni et al. 2022; Carreño et al.
2022). In vitro and animal model studies indi-
cate reduced viral load, lower respiratory tree/
lung infectivity, and inflammation caused by
Omicron (Abdelnabi et al. 2021; Bentley et al.
2021; Diamond et al. 2021; McMahan et al.
2022).

As of today, most models of disease burden
use a number of assumptions regarding the pro-
portion of infected individuals that will develop
symptomatic disease (generally estimated at
20%), and the proportion of symptomatic in-
fected individuals that will be hospitalized (gen-
erally estimated at 10%). However, the probabil-
ity that a COVID-19 infection is symptomatic is
difficult to estimate, and a wide range of values
have been suggested (Subramanian et al. 2021,
and references therein). Estimates from cruise
ship outbreaks, Wuhan evacuees, long-term

BOX 2. SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 (SARS-COV-2)
NOMENCLATURE

Increasing diversification characterizes the evolution of viruses and novel variants have been amajor
driver of virus spread in the coronavirus disease 2019 (COVID-19) pandemic. A coherent system for
naming the growing number of phylogenetic lineages that compose the population diversity of SARS-
CoV-2 was thus required (Rambaut et al. 2020). Based on a maximum likelihood tree, Rambaut and
colleagues (2020) established lineage definitions based onphylogenetic evidence of emergence from
an ancestral lineage into a geographically distinct population, suggesting substantial onward trans-
mission in that population or at later times. This approach is the basis of the designation and naming
of Phylogenetic Assignment of Named Global Outbreak LINeages (Pango lineage; www.pango
.network/). An alternative nomenclature adopted by Nextstrain implemented a strategy of “year-
letter” names borne out of work with seasonal influenza (Bedford et al. 2021). Another nomenclature
was proposed for the tracking of ongoing convergent evolution of N501Y lineages (Martin et al.
2021). The Global Initiative on Sharing All Influenza Data (GISAID) introduced a nomenclature
system for major clades based on marker mutations within eight high-level phylogenetic groupings
(GISAID 2021). To reconcile these nomenclatures and bring focus to naming “variants of concern”
(VOCs) and of interest (VOIs), and to assist with public discussions of variants, a COVID-19 expert
group convened by theWorld Health Organization (WHO) recommended using letters of the Greek
alphabet, which are easier and nonstigmatizing labels for VOCs and other letters for VOIs or those
under monitoring (WHO 2022).
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care facilities, and contact tracing of index cases
may not be representative of the general popu-
lation (Subramanian et al. 2021). Mortality rates
are highly dependent on age (O’Driscoll et al.
2021). For the vaccinated population, the pro-
portions are estimated on the basis of the same
rates multiplied by the estimated rates of vaccine
efficacy against infection and by the rates of vac-
cine efficacy against hospitalization, both of
which depend on vaccine type and time since
vaccination.

Antigenic drift from one year to the next has
been central to decision-making in vaccine
strain selection and updating for influenza
(Boni 2008). Transmission of influenza is asso-
ciated with the capacity to undergo antigenic
drift and periodic antigenic shift associated
with reassortment. The degree of antigenic var-
iation or “antigenic distance” between the hem-
agglutinin and neuraminidase proteins of influ-
enza is the basis for needing to update the
composition of influenza vaccines frequently
(Gupta et al. 2006). For influenza, whenever
the titers of antisera generated against vaccine
strains and tested against circulating strains
change over 8- to 10-fold in the hemagglutina-
tion inhibition assay, it typically indicates the
need to update the vaccine composition. As in-
dicated in Table 2 for SARS-CoV-2, VOCs are
associated with a reduced neutralizing titer of
antisera from vaccinated donors comparable to
the extent of antigenic drift in influenza viruses
that typically requires a change in the viruses
selected for vaccine production (Telenti et al.
2021). Omicron has led to a discussion of anti-
genic “drift” (Yewdell 2021) versus “shift” in
SARS-CoV-2 (Cameroni et al. 2022). Antigenic
shift in influenza is due to reassortment in the
context of influenza segmented genome, a novel
antigenically distinct hemagglutinin segment
appearing from an animal reservoir. Adapting
the concept of antigenic shift to SARS-CoV-2
requires integrating other mechanisms, such as
evolution in an immunocompromised host, re-
combination or human–animal transmission,
which may result in considerable sequence evo-
lution and effective antigenic shift when this
novel variant spreads in the human population.
Such antigenic shift in Omicron led to this VOC

readily causing reinfections in the fully vaccinat-
ed/boosted (Cameroni et al. 2022).

EVOLUTION IN ANIMAL RESERVOIRS

The host range of SARS-CoV-2 extends to a
variety of mammalian species (Mallapaty 2021;
Prince et al. 2021). A recent review (Sharun et al.
2021) indicates that cats, ferrets, raccoon dogs,
cynomolgus macaques, rhesus macaques,
white-tailed deer, rabbits, Egyptian fruit bats,
and Syrian hamsters are susceptible to experi-
mental SARS-CoV-2 infection, and that cat-to-
cat and ferret-to-ferret transmission can take
place via contact and air. SARS-CoV-2 trans-
mission from animals-to-humans has been re-
ported from mink to humans in mink farms
(Oude Munnink et al. 2021), from hamsters to
humans (Yen et al. 2022), and, more recently, in
epidemiologically linked white-tailed deer and
human cases from the same geographic region
and sampling period (Pickering et al. 2022). Vi-
ral evolution can occur in animal hosts, gener-
ating a suite of genomic changes in addition to
those seen during human-to-human transfer
(Telenti et al. 2021). There are two risks for
the human population in relation to animal res-
ervoirs. First, establishment of SARS-CoV-2 in
other species (reverse zoonosis) could provide a
refuge for the virus to reemerge in human pop-
ulations in an evolutionarily distinct form—for
example, upon waning of vaccine coverage or
diminished natural- or vaccine-induced immu-
nity that occurs over time (Telenti et al. 2021).
Second, animal viruses may also diverge anti-
genically owing to different adaptive evolution
and immune pressure. This could lead to a pop-
ulation of individuals born in postpandemic
years who are susceptible to infection with ani-
mal SARS-CoV-2 viruses that are antigenically
related to the original SARS-CoV-2 pandemic
strain or extensively divergent from the original
strains (Telenti et al. 2021).

Two recent reports propose that viral strains
with high numbers of mutations may reflect in-
fection of humans from an animal reservoir pre-
viously established via reverse zoonosis. Wei et al.
(Wei et al. 2021) impute that Omicron may have
originated from mice. Pickering et al. (Pickering
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et al. 2022) propose that a new complex virus in
humans originated in white-tailed deer. Both
works use analysis of mutational spectra to cap-
ture rates of A> I, or C>U editing that are a re-
flection of the species’ cellular environment and in
particular the differences in the activity of viral
restriction systems such as that provided by the
ADAR (Pfaller et al. 2021) and APOBEC (Harris
andDudley 2015) families of proteins (Di Giorgio
et al. 2020). We cannot exclude potential recom-
bination events in the future between SARS-CoV-
2 and other human coronaviruses (Telenti et al.
2021). Unfortunately, the number of sequences of
SARS-CoV-2 from nonhuman animal sources is
limited. Based on the metadata from GISAID
(February 22, 2022), there were 1785 sequences
from 38 nonhuman hosts. Most (n=1212) corre-
spond to mink, followed by white-tailed deer (n=
145), various felines (n=251), dog (n=74), non-
human primates (n=19), and low numbers in
other species (mice, hamsters, bats, pangolin, fer-
rets, and others). Thus, there is a need for more
work on reverse zoonosis and reentry into the
human population.

PREDICTED EVOLUTION OF THE
PANDEMIC

The SARS-CoV-2 pandemic has been the stron-
gest use case formassive scale sequencing efforts
and controlled access to pathogen data ever,
with data centralized in GISAID (Elbe and
Buckland-Merrett 2017). Such data sets can be
explored by a machine learning method to gen-
erate experimentally verifiable predictions of
potential practical value for public health. In
addition, these resources and tools can be
made central to the process of vaccine and ther-
apy development, increasing the resilience to
target variability and escape, and thus durability
of efficacy for drugs against viral targets. Several
groups have independently demonstrated the
feasibility of models that anticipate viral evolu-
tion. Maher et al. used machine learning to an-
alyze different streams of epidemiological, viral,
immunological, and experimental data (Maher
et al. 2022), Hie et al. used natural language
processing applied to protein sequences (Hie
et al. 2021), Obermeyer et al. used a hierarchical

Bayesian multinomial logistic regression model
(Obermeyer et al. 2021, 2022), Rodriguez-Rivas
et al. used epistatic models (Rodriguez-Rivas
et al. 2022), and Genovese et al. applied ab initio
quantum mechanical modeling (Genovese et al.
2021). As a proof-of-concept of using these
models practically, Beguir et al. reported the im-
plementation of Hie et al. natural language pro-
cessing as an early warning system for vaccine
planning at BioNTech (Beguir et al. 2021).
Whereas it is early to assess the performance
of forecasting models, the above reports identi-
fied a limited number of functionally important
mutations that were eventually shared by con-
vergent evolution by several VOCs.Models were
generally capable of predicting future mutations
over the ensuing 2–4 months with high accura-
cy. However, Omicron, presumably because of
its differences from previous VOCs, was less
predictable. With more data and ongoing itera-
tion of experimental studies, and sophistication
of machine learning models, predicting virus
evolution can only improve.

Whereas most attention is dedicated to the
evolution of viral proteins, there is also an inter-
est in understanding the constraints to viral evo-
lution and fitness imposed by RNA properties.
This field has made considerable progress in
experimental definition of 2D (and 3D) RNA
structures (Smyth et al. 2018; Cao et al. 2021)
with particular application for viral RNAs
(Watts et al. 2009; Snoeck et al. 2011; Madden
et al. 2020; Manfredonia et al. 2020). There is as
yet no conclusive evidence to associatemutation
in constrained, conserved RNA structures and
phenotypic consequences, such as viral fitness
of epidemiological advantage in SARS-CoV-2
(Maher et al. 2022).

CONCLUSION

Whereas SARS-CoV-2 caught the world un-
aware, the current global situation is character-
ized by a process of ongoing adaptation to hu-
mans by a virus that has exhibited ever higher
step changes in transmissibility, coupled with
the capacity for antigenic drift (Yewdell 2021),
and now, with Omicron, what can only be de-
scribed as antigenic shift, a step change in its
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immune evasion abilities (Cameroni et al. 2022;
Willett et al. 2022). This process has led to virus
spread in the case of Omicron BA.2/21L that is
more or less uncontrolled despite high levels of
individual and population-level immunity, and
now challenges those countries that have to date
maintained zero-COVID policies or who have
low vaccination rates in susceptible populations.
Whereas it is feasible an equilibrium will be
reachedwith SARS-CoV-2 becoming amore sea-
sonal virus, with a manageable burden of disease
in an increasingly immune-competent human
population, there is still the concern that SARS-
CoV-2 may evolve novel virulence factors, for
example, by changing cell/tissue tropism, evad-
ing innate immunity, or establishing longer in-
fectious periods (e.g., in diverse tissue compart-
ments) (Deinhardt-Emmer et al. 2021). This,
particularly while SARS-CoV-2 has unexplored
variability to exploit, may potentially lead to
changes in virus biology and, as already observed
with the VOCs, unpredictable disease severity
(e.g., in the adult strata of the population as op-
posed to being mostly confined to older age
groups). Future vaccine development and de-
ployment of improved therapeutic agents will, if
used widely and strategically, allow us to control
this new, often deadly, human pathogen.Where-
as it is human nature to be optimistic about the
short- and longer-term evolution of this new hu-
man pathogen, it would be wise to continue to
minimize infectionswherever possiblewith avail-
able tools (behavioral, medical, and therapeutic)
and prepare for future VOCs: Preparedness is
preparation and readiness for worst-case scenar-
ios based on lessons learned from 2 years of an
ongoing pandemic.
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