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Summary

The global propagation of SARS-CoV-2 and the detec-
tion of a large number of variants, some of which have
replaced the original clade to become dominant, under-
scores the fact that the virus is actively exploring its
evolutionary space. The longer high levels of viral mul-
tiplication occur – permitted by high levels of transmis-
sion –, the more the virus can adapt to the human host
and find ways to success. The third wave of the
COVID-19 pandemic is starting in different parts of the
world, emphasizing that transmission containment
measures that are being imposed are not adequate.
Part of the consideration in determining containment
measures is the rationale that vaccination will soon
stop transmission and allow a return to normality. How-
ever, vaccines themselves represent a selection pres-
sure for evolution of vaccine-resistant variants, so the
coupling of a policy of permitting high levels of trans-
mission/virus multiplication during vaccine roll-out with
the expectation that vaccines will deal with the pan-
demic, is unrealistic. In the absence of effective

antivirals, it is not improbable that SARS-CoV-2 infec-
tion prophylaxis will involve an annual vaccination
campaign against ‘dominant’ viral variants, similar to
influenza prophylaxis. Living with COVID-19 will be an
issue of SARS-CoV-2 variants and evolution. It is there-
fore crucial to understand how SARS-CoV-2 evolves
and what constrains its evolution, in order to anticipate
the variants that will emerge. Thus far, the focus has
been on the receptor-binding spike protein, but the
virus is complex, encoding 26 proteins which interact
with a large number of host factors, so the possibilities
for evolution are manifold and not predictable a priori.
However, if we are to mount the best defence against
COVID-19, we must mount it against the variants, and
to do this, we must have knowledge about the evolu-
tionary possibilities of the virus. In addition to the
generic cellular interactions of the virus, there are
extensive polymorphisms in humans (e.g. Lewis, HLA,
etc.), some distributed within most or all populations,
some restricted to specific ethnic populations and
these variations pose additional opportunities for/-
constraints on viral evolution. We now have the where-
withal – viral genome sequencing, protein structure
determination/modelling, protein interaction analysis –

to functionally characterize viral variants, but access to
comprehensive genome data is extremely uneven. Yet,
to develop an understanding of the impacts of such
evolution on transmission and disease, we must link it
to transmission (viral epidemiology) and disease data
(patient clinical data), and the population granularities
of these. In this editorial, we explore key facets of viral
biology and the influence of relevant aspects of human
polymorphisms, human behaviour, geography and cli-
mate and, based on this, derive a series of recommen-
dations to monitor viral evolution and predict the types
of variants that are likely to arise.

Introduction

The on-going COVID-19 pandemic is an authentic real-
time experiment in molecular evolution. It unveils the
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behaviour of a virus from the time when it entered a
naïve population. This « experiment » spans almost the
totality of the planet with a host population of 7.8 bil-
lions individuals of Homo sapiens that displays a huge
environmental and genetic polymorphism. The origins
of the SARS-CoV-2 betacoronavirus remains somewhat
of a mystery – despite a not-so-distant origin in a bat
species (Ji et al., 2020; Makarenkov et al., 2021) – but
its evolution can be now traced with some accuracy as
it spreads in different populations and countries. As of
2nd March 2021, the number of mutations with at least
one SNP identified in 193,687 SARS-CoV-2 full
genomes available from the Global Initiative on Sharing
All Influenza Data (GISAID, https://www.gisaid.org)
compared with the initial sequenced isolate named «
Wuhan-Hu-1 » [INSDC AccNum MN908947.3 (H. Wang
et al., 2020b; Wu et al., 2020; Zhu et al., 2020)]
reaches 19,794.
While providing us with a valuable tool to highlight

important features of the evolution of the epidemic, vigi-
lance is required as some of these SNPs may not
express genuine viral diversity but rather stem from data
of uneven quality. In addition, a biased or lop-sided geo-
graphical distribution of sequences collection may over/
under-represent specific SNPs. Identifying viral variants
with modified behaviour – virulence, tropism, transmis-
sion – is a key objective of viral genome surveillance.
While increased transmission is expectingly selected
over time, some of the mutations also modify virulence
(Oulas et al., 2021). However, because of the wide
spectrum of virus variants, variation in geographical con-
ditions and extensive human polymorphisms, this must
certainly be taken with caution, despite the importance
of identifying either more virulent or attenuated strains of
the virus (see comments in Fig. S1 and Table S1). This
difficulty is highlighted by the enormous number of publi-
cations, of evident uneven quality, that discuss SARS-
CoV-2 and COVID-19 (109,000 publications listed at
PubMed on 3rd March 2021) and the lack of systematic
metadata sharing in the sequencing databases. In this
Editorial, we attempt to anticipate some of the features
of the evolution of the virus and pandemic, taking as
much as possible an ‘out of the box’ approach, in order
to avoid the ruts of fashion and bibliometric biases. For
this, we revisit the constraints of evolution in the light of
basic virus biology (which is geared to its primordial
function of propagation/persistence over time) through
an analysis of diverse functions of the pathogen, and
their corresponding interactions with the host, that may
impact development of an epidemic. This allows to high-
light some of the less obvious features we are wit-
nessing that might help us anticipate what may happen
as the pandemic progresses.

Key facets of evolution

Evolution, by definition, is witnessed after the fact. Involv-
ing time implies that there is a huge difference when we
anticipate short term and long term evolution of a biologi-
cal entity. Furthermore, making predictions is hazardous,
as evolution is myopic. It cannot have any grand design.
However, in the long term, the very fact that an organism
is still extant will highlight functions that allowed it to keep
reproducing during that span of time. Things are different
in the short term, with only a limited set of descent-
related functions, possibly missing those that allow prop-
agation in the distant future, for example. Moving to a
new host from a host with which it has interacted for a
long time, will suddenly expose the virus to an unfamiliar
environment. Yet, it still follows the program of functions
that allowed it to thrive in its usual host. In parallel, the
new host is also the result of long-term evolution. While
naïve for this specific invader, it has been shaped by nat-
ural selection that retained a variety of generic responses
to react against that kind of invasion. In the case of
viruses, natural innate immunity has been selected for
functions that recognize the presence of viral features, as
well as prevent, or at least control viral development
(Nan et al., 2014; Chen et al., 2017; Hur, 2019). Many of
these functions are shared by animal and even plant fam-
ilies. This is witnessed, for example, by the discovery –

unexpected at the time – of the role of Toll receptors in
Drosophila (Belvin and Anderson, 1996).

Evolution cannot decide beforehand whether a virus will
be able to beget progeny in the long term In the short
term, this implies that a successful virus will have maxi-
mized its descent without any direct feedback from the
survival of its host, unless the host is killed before the virus
had time to reproduce. Extreme virulence, with maximum
killing efficiency is not sustainable in the long term, for
want of hosts. This essential requirement directs us to look
into functions expected to emerge as an epidemic unfolds.
Unfortunately, understanding the various paths of evolu-
tion has led to a large number of simplifying hypotheses,
shaped by anthropocentric views with an economic or
moral flavour: the behaviour of a biological entity has been
seen as « altruistic » or « selfish ». Mutations are per-
ceived as « advantageous », « deleterious » or « neutral ».
In the case of a viral pathogen, this is despite the fact that
a great many processes leading to an active viral progeny
cannot have pre-existing reasons to elude inconsistencies.
For example, even in the absence of an identified func-
tional consequence in a gene product, a nucleotide
change in the genome sequence can affect metabolic
organization of the host, fine tuning of the virus replicase,
interference with innate immunity, temperature, modulation
of functional tRNA availability, co-infection with another
pathogen, and so forth. This has consequences for the
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multiplication of the virus, with constraints at all types of
levels similar to those just listed. None of this is really «
neutral ». Assuming neutrality or similar soft aspects is
simply a means to describe processes we do not under-
stand and to hide our ignorance. This is misleading if we
hope to be able to anticipate at least some of the future of
an epidemic, notwithstanding the inevitable role of ‘black
swans’ in the way biological entities evolve (Taleb, 2008).

Whether a change in the virus genome has an effect
will be seen in the course of time, with different possible
outcomes depending whether the virus spread is sur-
veyed in the short, medium or long term. What is impor-
tant to us is not the model of evolution we would like to
apply, but, rather, to make out the panel of features that
may or will emerge as the pandemic expands, reaches a
peak and calms down. In this respect, the present
epidemic was highly predictable, and, in fact, predicted
in many studies (Moya et al., 2004; Turinici and
Danchin, 2007; Horby et al., 2013). Rather than use
models to try and make predictions, we prefer here to try
and identify the functions that enter into play during a
viral infection, to see how they could help us anticipate at
least some of the future of the epidemic.

Functional analysis: from function to sequence, not
the reverse

The concept of function is notoriously difficult to grasp
(Allen et al., 1998). Let us here use design in industry as
a metaphor. With the purpose of creating an entity of
interest, the design of industrial devices and processes
begins with the understanding of the functions they are
associated with, functional analysis [Fantoni et al. in
(Norell Bergendahl and Stanford University, 2009)]. A
common way to proceed is bottom-up, listing parts and
combining them into progressively more complex entities
until the final contraption is obtained. By contrast, a better
way works top-down, starting from the end-user point of
view. We first identify the master function of the device
(e.g. printing, for a paper printer) and then progress
toward identification of the helper functions required for
the master function to operate (e.g. feeding paper, sup-
plying ink, providing energy, programming printing time,
etc.), to end up with the basic components making the
instrument. Understanding the functions of a virus, in par-
ticular its master functions, is not trivial however. We pro-
pose that two widely different but intertwined master
functions are necessary here: reproduction (making a
progeny) and exploration (reaching a host). The ways
these functions can be implemented are essentially limit-
less. Yet, this does not imply that they do not encounter
constraints: they must be embodied in the material enti-
ties that are associated with life, specific building blocks
and macromolecules. Fortunately, this limits the span of

our quest. Because viruses existed long before animals
emerged, animals have devised general functions meant
to counteract invasion by viruses.

Exploration

Let us begin with an open-ended list of viral functions
and host responses associated with the master function «
exploration ». For any entity associated with life, this
function requires a specific helper function, « addressing
», repeatedly used at different scales. From our point of
view, the target of pathogenic viruses is a human being.
The first contact of the virus is the surface of an individual
person. This highlights specific routes of entry. Here are
common examples:
• Face/gut tropism is favoured by the fact that we use

our hands not only consciously but also unconsciously
(just look at the number of people touching their face
when you look around you). This tropism can then be
split into eyes, nose, then respiratory tract, and mouth
then gut, with a possible feedback in the ubiquitous
oro-faecal contamination routes, which were indeed
identified at the onset of the COVID-19 epidemic (Jin
et al., 2020). The idea that the gut route retains its pos-
sible significance is reflected by the presence of the
virus in wastewater (Sharma et al., 2021). At this time,
it seems that infection by SARS-CoV-2 via this path-
way is limited (Goldman, 2020). However, in our antici-
pation, it is important to be aware that this route may
suddenly acquire a dominant role, as argued below.

• Direct respiratory tract tropism when the virus is aero-
sol borne. The fine details of this route should be moni-
tored with care as an infection privileging the nose
would have different consequences from an infection
going deep in the lungs. This would also reveal a likely
change in host cells’ entry doors.

• Vector-borne viruses: skin and the blood stream are
the usual door of entry [notwithstanding possible more
intricate situations when a pathogen is itself the host of
a parasite for example, a feature that – curiously – has
not yet been explored despite the risk for novel ways
of infection (Ng et al., 2007)].

The COVID-19 pandemic is relevant to the first two
routes, but we should note that, depending on human
behaviour (relaxing rules of hand and face hygiene for
example) new windows of evolution for the virus are
prone to open up.

Addressing the human host. COVID-19 has many fea-
tures of a disease of human societies (Danchin, 2003).
This is reflected in the reluctance of people to accept even
temporary changes in their behaviour (Cherif et al., 2016).
The role of aerosols, for example, has been and still is
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disputed for various socio-political reasons, especially
because wearing masks is mainly useful to protect others,
not so much the wearer (Wei et al., 2021), and that per-
ception of the importance of the common good greatly dif-
fers in different societies (https://interactives.lowyinstitute.
org/features/covid-performance/). Yet, aerosols – which
can keep the virus under airborne conditions for a very
long time, even outdoors (Zhang et al., 2020) – are likely
to be a major transmission route in the case of SARS-
CoV-2 (Dumont-Leblond et al., 2020; Lieber et al., 2021).
Controversy in the domain is very damaging as it resulted
in a large number of inappropriate recommendations
about the wearing of masks (Czypionka et al., 2020). Fail-
ing to appreciate the importance of this route is a major
risk for the virus to perpetuate itself, creating dangerous
variants in the long term. Many features of human behav-
iour, namely the human appeal for socializing in crowded
environments, also contribute to the spread and perpetua-
tion of the disease. Here are a few examples of contami-
nation sources, which highlight a variety of possible entry
points of an infection, its propagation or persistence.

• Environmental variations. Respiratory diseases have
a strong seasonal component (Audi et al., 2020). How-
ever, many confounding factors may hide the true causal
relationships between a well-identified factor and infec-
tion. Seasonality, pollution, urbanization, biodiversity or
latitude have all been suggested to have a causal role in
infectious diseases (Wood et al., 2017). Curiously, the
fact that temperature or rain may change the indoor/out-
door pattern of human groups has rarely been taken into
consideration (Bulfone et al., 2020). Since probability of
infection relates to virus concentration in air, dilution of
virus after expulsion from infected individuals is key to
transmission, so the high density of a human population
in crowded spaces – including outdoors – is doomed to
result in a high level of contagion (Derjany et al., 2020).
Moreover, air stagnation in wind-protected pockets in
urban settings is less favourable to virus dilution than
open rural settings. Pollution by particles has also been
associated with the severity of the disease (Brauer
et al., 2021). In an outdoor environment, the distribution
of UV light will vary enormously depending on latitude
and altitude, for example (Karapiperis et al., 2020). It is,
therefore, likely that the evolution of the virus will differ in
different settings, because the selection pressure for
infection and entry routes will differ. In this respect,
understanding of the role of the virus envelope, not only
its capsid and spike, is crucial.

• Lung and gut tropism. When anticipating the future
of the present pandemic, both the intestinal and respira-
tory routes are of key importance, as, in the case of other
coronaviruses, there has been a back and forth shuttle

between them. For example, transmissible gastroenteritis
alphacoronavirus (TGEV) replicates in both the villous
epithelial cells of the small intestine and the lung cells of
new-born piglets, causing a mortality of nearly 100% that
devastated pig farms in the United States as early as
1946 (Doyle and Hutchings, 1946). A second disease,
this time infecting the respiratory tract and also caused
by an alphacoronavirus, porcine respiratory coronavirus
(PRCV), was identified in 1984 (Wesley et al., 1990). It
was then found that PRCV is a mutant of TGEV carrying
a few deletions that change the viral tropism from intesti-
nal to respiratory epithelia (Rasschaert et al., 1990).
Remarkably, PRCV infection protected pigs against
TGEV, providing a spontaneous natural vaccine (Bernard
et al., 1989). Change in tropism was thus associated to
attenuation of viral virulence. This observation suggests
that monitoring events involving alteration of intestinal
health should be implemented seriously. Independent of
tropism, this hopeful evolutionary trend is however rather
unlikely as it rests on a sequence of lucky accidents:
Attenuation, followed by efficient spreading of the attenu-
ated variant and then immune cross-protection against
the primary pathogen. Although attenuated variants may
emerge in parallel with viral spreading, chances are low
that these three events naturally co-occur in the short
term. We should remember however that, surprisingly,
two amino acid changes at the N-terminus of the pig
TGEV spike protein were enough to result in loss of
enteric tropism (Ballesteros et al., 1997). Attenuated
forms should therefore be actively looked for. Unfortu-
nately however, recombination with other RNA viruses, a
common process affecting coronaviruses (Zhang
et al., 2005; Chen et al., 2019), might prevent the promis-
ing spread of attenuated infections (see further discus-
sion below).

• Human polymorphism. Features of the genetic struc-
ture of the human population should also be considered.
This begins to be understood (Williams et al., 2020) but,
at this date (21 March), searching PubMed for ‘human
polymorphism’ AND (‘Covid-19’ OR ‘SARS-CoV-2’)
retrieved no result. Removing the quotes lists 281 refer-
ences, with only a handful of relevant ones [e.-
g. (Ovsyannikova et al., 2020)]. Interestingly, a genetic
study exploring coronavirus-dependent polymorphisms
suggested that the ancestors of East-Asian populations
did already adapt to coronavirus infections that infected
people for thousands of years so that their descendants
are likely less naïve and hence vulnerable to the present
epidemic (Souilmi et al., 2020).

Before reaching its cell’s target, SARS-CoV-2 must
attach and go through layers of mucin and other secreted
compounds. It happens that the human population is split
into several groups, depending on the way they modify
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secretions with the so-called Lewis system (Lemieux
et al., 1979; Nordgren and Svensson, 2019). This should
add yet another layer to the contribution of the various
blood groups to the profile of infection (Bloch et al., 2021;
Le Pendu et al., 2021; Schetelig et al., 2021). The virus
also has to pass the barrier of adaptive immune response
at the humoral and cellular level, and human polymorphism
in this domain is huge. However, spread of the disease in
isolated populations might yield important observations all-
owing us to anticipate some of the future of the epidemic if
the viral genome sequences can be collected in these
populations. In terms of environmental cues impacting
adaptive immunity, past infections may have already fea-
tured epitopes presented by the new SARS-CoV-2 virus
(Ng et al., 2020). The human leucocyte antigens (HLA)
which define major markers of human polymorphism are
likely to have an important contribution at this level. This
needs to be explored in depth as it may happen that a
particular viral epitope tagged by the HLA overlaps with a
host factor, triggering a serious autoimmune response [see
discussion of the case of narcolepsy, linked to the influ-
enza H1N1 virus in a particular HLA group (Schinkelshoek
et al., 2019)]. In general, however, the contribution of the
adaptive immune response is likely to result in a very large
panel of phenotypes, linked to the considerable human
polymorphism. It is only via collection of a large number of
virus genome sequences that this contribution might be
understood (besides the commonplace features associated
to the process of inflammation), allowing proper anticipa-
tion associating the metabolic consequences of adaptive
immunity with specific features of human polymorphism.

At this stage, the virus must enter cells (Tortorici and
Veesler, 2019). To this aim, it uses as a receptor, ACE2,
angiotensin-converting enzyme 2, discussed in the next
section. Encoded in the X chromosome, the ACE2 gene
displays significant polymorphism. This noteworthy fea-
ture implies that sexual dimorphism impacts infection.
Variation in females, linked to random X-chromosome
inactivation in every cell of their body, leads to a mosaic
polymorphism which may result in a continuum of pro-
pensity to infection and possibly severity of the disease.
This genetic feature should be taken into account when
investigating spread, severity and evolution of the virus
(Khayat et al., 2020; Hamet et al., 2021).

• Addressing cell surface receptors. Viruses recruit a
variety of receptors and host factors to bind to their tar-
gets (Baranowski et al., 2001). In coronaviruses, the
spike protein is the major determinant of tropism type
associated with cognate receptors (Hulswit et al., 2016).
Similar to its predecessor SARS-CoV-1 and unlike
MERS-CoV which uses another receptor, the spike pro-
tein S of SARS-CoV-2 mediates viral attachment and
entry into the host cell by binding to its primary target

receptor ACE2, an essential carboxypeptidase of the
renin-angiotensin hormone system (Gross et al., 2020).
ACE2 is expressed in the heart, kidney, testis and the
gastrointestinal system. In the lung, it is expressed at a
low level in some alveolar type 2 cells, and the expres-
sion seems to be person-specific (Hikmet et al., 2020;
Zou et al., 2020). In the present context, it may also be
noticed that ACE2 expression is induced by interferon
(Ziegler et al., 2020), suggesting a feedforward loop in
the process of infection, which may explain the recruit-
ment of ACE2 as a receptor during coronaviruses
evolution.

As a further interesting feature, ACE2 is co-expressed
with the transmembrane serine protease 2 (TMPRSS2)
within nasal goblet secretory cells, cornea, lung alveolar
type 2 cells, ileal absorptive enterocytes, intestinal epithe-
lial cells and gallbladder (Lukassen et al., 2020;
Trypsteen et al., 2020). Involvement of a proteolytic func-
tion has been identified as critical for viral infection
(Laporte and Naesens, 2017), and proteolytic cleavage
of the coronavirus Spike (S) glycoproteins activates the
glycoprotein for host cell entry [see below (Hoffmann
et al., 2020b)]. In an exercise of anticipation, it may be
revealing to spot differences between highly related
viruses and diseases. In the case of SARS-CoV-1 infec-
tion, cleavage of the ACE2 receptor itself at arginine and
lysine residues enhanced viral infectivity. These residues
are essential for cleavage by TMPRSS2 and human air-
way trypsin-like protease [HAT, (Bertram et al., 2011)]. In
contrast, ACE2 cleavage was dispensable for activation
of the viral S protein for SARS-CoV-1 (Heurich et al.,
2014). Yet another protease may be involved as a recep-
tor: dipeptidyl peptidase 4 (DPP-4) has been suggested
to be a co-receptor for SARS-CoV-2, but this has not
been further substantiated (Badawi and Ali, 2021). In any
event, the role of proteolysis in the first steps of infection
has to be carefully surveyed as the epidemic develops. It
is not only involved in the initial binding of the virus to its
host’s cells, but also mediates membrane fusion, as dis-
cussed below.

• Cell-mediated membrane fusion entry of the virus.
Infection by SARS-CoV-2 proceeds in two steps: Immedi-
ately after binding of the S protein to its ACE2 receptor,
the viral envelope fuses with the host cell membrane,
using cellular proteases priming the spike glycoprotein S
for cell entry. Their role in post-translational modifica-
tions, protein kinase activities or for various types of
inflammatory cells is crucial to understand the spread of
human coronaviruses (Tharappel et al., 2020). The S pro-
tein is a homotrimer, each monomer consisting of the two
functional subunits S1 and S2, which have different roles.
In coronaviruses, proteolysis, known as priming, sepa-
rates the S1 subunit, which contains the receptor-binding
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domain and drives binding to the cell receptor, from the
S2 subunit, which triggers the initiation of membrane
fusion (Krueger et al., 2001; Bosch et al., 2003). Effective
fusion requires S2 activation through its further cleavage
into an S2’ fragment (Chambers et al., 2020).
Surprisingly – and this is the major question posed by

the still enigmatic origin of the virus – SARS-CoV-2 has
recruited within the S gene an insertion fragment coding
for a multibasic site motif, Arg-Arg-Ala-Arg (RRAR), at the
S1 and S2 boundary. This makes it a typical target for the
Golgi apparatus subtilisin-like protease furin (Coutard
et al., 2020). The presence of this site, absent in SARS-
CoV-1 which instead contains a single Arg residue, may
support the involvement of several proteases and directly
impinge on virulence and host selectivity. It may also
enhance cell–cell fusion without impacting viral entry
(Andersen et al., 2020). Substantiating this view, functional
analyses support a predominant role of the host trans-
membrane serine protease 2 (TMPRSS2) and furin, acting
jointly to promote viral membrane fusion at the cell surface
(Hoffmann et al., 2020a; Papa et al., 2021). Cleavage of
the S2 subunit primes the S protein for TMPRSS2
processing at the S2’ site, triggering membrane fusion with
neighbouring cells, and forming syncytia (Buchrieser
et al., 2020; Papa et al., 2021). This highlights a large net-
work of interactions mediating SARS-CoV viruses entry in
cells, leaving much room for evolution. It is therefore par-
ticularly important to follow emergence of mutations in this
region and to correlate them with clinical data. Mutations
in the region can be anticipated as likely to generate
viruses which will enhance, or conversely alleviate, their
invasion capacity of human cells. In a different scenario,
viral entry by endocytosis may be supported by other pro-
teases, including members of the cathepsin and furin fam-
ily. The process of membrane fusion, triggered by the S2
domain of the spike protein, triggers endocytosis of the
virus via the cell’s lysosomes (Ballout et al., 2020). Among
other entry routes not reviewed here, this process gener-
ates endosomes that merge with lysosomes, subsequently
triggering the release of the coated viral genome in the
cell’s cytoplasm (Zhao et al., 2021), where it will begin
its replication cycle (discussed below in the Section
Reproduction).
Interestingly, fusion of a number of cells into a syncy-

tium is a widespread infectious process, for example
observed in the case of the infectious bronchitis virus
(Yamada and Liu, 2009). An intriguing biochemical activ-
ity has also been proposed to account for the formation
of membrane-less compartments in the cell (Ditlev,
2021). This process is mediated by so-called ‘disordered’
regions in proteins that have been demonstrated to lead
to phase separations, a likely origin of membrane-less
compartments (Shea et al., 2021). In coronaviruses, the
process may involve the N protein, in particular during

the uncoating step, generating a virus-specific chamber
that progressively increases in size as the virus multi-
plies, further recruiting the cell’s machinery and its
metabolites (Dang et al., 2021; Lu et al., 2021). Besides
ribosomes, involved in translation of the viral genome,
multiple proteins of the host interacting with viral proteins
are involved in compartmentalization processes, which
remain poorly documented.

Virus-specific protection. Natural selection has provided
viruses with the means to avoid being easily recognized
and inactivated either by physicochemical or biological
processes. Coronaviruses are enveloped, which provides
them with an extra layer of protection but requires a spe-
cific interaction with the lipid metabolism of their host.
The SARS-CoV-2 viral genome encodes four structural
proteins present in the mature virion – the spike (S),
envelope (E), membrane (M) proteins and the genome
compacting nucleoprotein (N). We have discussed the
role of proteins S and N. The other two proteins have a
protective role, a regulatory role and a structural role,
shaping the virion. Furthermore, creating an inside and
an outside, an envelope requires the implementation of a
new function that copes with osmotic pressure and/or
electric potential. Besides evident interference with the
host immune response, this accounts for the ion channel
activity of the E protein and possibly membrane-bound
accessory proteins (DeDiego et al., 2014).

Proteins are sensitive to proteolytic attack and they
age spontaneously (Truscott et al., 2016). Post-translational
modification contributes to overcome these vulnerabilities.
Viral proteins used for cell entry are extensively glyco-
sylated for several reasons: to assist in protein folding,
provide stability and most importantly, shield the virus
from immune recognition by its host [this is often
described as a ‘glycan shield’ (Walls et al., 2016)]. The
level of glycosylation is somewhat variable and a role of
sialylation, so important in influenza infection (Östbye
et al., 2020), has not yet been carefully examined in the
case of SARS-CoV-2. There are 22 potential glycosyla-
tion sites per S protein monomer (D. Wang et al., 2020a).
Most of these sites are documented N-glycosylations,
while the occupancy of putative O-glycosylations sites is
lower. The corresponding amino acid residues in the pro-
teins have therefore an important shielding role. Non-
synonymous mutations are likely to affect the progeny of
the mutant strains and changes involving asparagine res-
idues should be monitored in priority.

Maturation and release of the virus in the environment. In
the second exploration stage, the virus is liberated from
the infected cell, the infected organ and the organism.
This stage of infection has yet to be fully characterized. It
may play a critical role in the transmissibility of some
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virus variants (Lemey et al., 2021). Death of the host cells
liberates virions, but it could also trap them. An active
release is therefore a more efficient way to propagate the
virus descent. This has long been witnessed as virus
maturation by budding (Garoff et al., 1998). The host fac-
tors involved in coronavirus budding still have many
unknowns but the overall sequence of steps within the
cytoplasm, involving both the endoplasmic reticulum and
the Golgi apparatus has been outlined (Boson et al., 2020).
As in other viruses (Ortego et al., 2007), the SARS-CoV-2
E protein is important to drive the maturation and release
pathways. Once replicated, the genome associates with
lipids of the endoplasmic reticulum, via the nucleoprotein N
and the M protein, driving the process of phase separation
necessary for virus packaging (Lu et al., 2021). Following
assembly of the nucleocapsid N/genome complex, the
envelope is put together with proteins E, M and S. The virus
is subsequently transported to the cell’s surface and
released to the environment by unconventionally high-
jacking lysosomal exocytic function (Ghosh et al., 2020).
Overall, we stress again the omnipresent role of proteases
as an important features of the virus cycle and which has to
be carefully monitored for anticipating future virus evolution.

Finally, viral proteins interact with host proteins, creat-
ing complexes of diverse stabilities. It is to be expected
that, during maturation, the viral envelope will trap some
viral and host proteins within the virion. Some of these
may be trapped non-specifically whereas others,
because of their specific interactions with viral proteins,
may be trapped more consistently. This step is generally
overlooked, despite its likely role in preparing the virus
for the next round of infection. This is all the more impor-
tant because these proteins, in particular the viral ones,
will be injected into the recipient host cell immediately
after infection. This inevitable « contamination » has cer-
tainly been shaped by evolution as a way for the virus
both to manipulate its host and to speed up initiation of
viral multiplication. The CoV3D database of protein struc-
tures (Gowthaman et al., 2021) is an important resource
to help us anticipate possible networks of interactions
mediated by these viral proteins.

Immediately upon entering cells, the viral genome is
translated into two large polypeptides that are rapidly split
into active non-structural proteins by viral proteases.
Their inclusion within the virion will obviously represent a
selective advantage (Haas et al., 2021). As a case in
point, the SARS-CoV-2 papain-like cysteine protease, a
domain of non-structural protein Nsp3, is essential for
virus maturation, interference with host inflammation and
antiviral immune responses. The protein complement
present in virions has been studied for SARS-CoV-1
using mass spectrometry and protein kinase profiling
(Neuman et al., 2008). The experiments revealed that,
besides a protein complement likely to manipulate the

protein kinase regulatory potential of the host (Siddell
et al., 1981), two viral proteases, Nsp3 and Nsp5, were
indeed present in purified virions. Finding the large,
multiple-membrane-spanning Nsp3 protein was espe-
cially unexpected, asking us to understand how it is
incorporated into the virion, while identifying an important
feature submitted to natural selection. In addition, several
other proteins, about which there is currently limited func-
tional knowledge, such as Orf3a, Orf9b and Nsp2 have
also been found in mature virions. A complete characteri-
zation of virion components will be essential to our
gaining an understanding of the dynamics of early stages
of infection.

Reproduction

Binding of the virus to its host cell is followed by internali-
zation, with involvement of the S protein but, as just
described, also of other viral proteins, in a scenario which
is still incompletely deciphered. Once inside the cell, the
virus must reach the machinery that allows it to make
multiple copies of itself. Because SARS-CoV-2 is
enveloped, it must first uncoat its genome – bound to
several proteins, in particular nucleocapsid N – before it
can be translated into the enzymes required for genome
replication and formation of a new envelope.

Translation. The RNA genome has reached a correct
location in the endoplasmic reticulum during the process
of entry into specific cell types. It must immediately
engage the translation machinery. This asks for formation
of active initiation complexes by engaged ribosomes via
a long 50UTR (Tidu et al., 2020). To this aim, the viral
genome mimics standard cellular mRNAs. In particular,
its 50 end is capped. This allows it to be translated imme-
diately upon entry (Yan et al., 2021). The subsequent
sequence of events (Hartenian et al., 2020) and the num-
ber of functional proteins generated by the SARS-CoV-2
virus is known (Kim et al., 2020). However, translation
comprises many steps that correspond to yet unknown
functions, some of which are likely to be important for the
future evolution of the virus (Neches et al., 2021).
Besides ribosomes, multiple proteins of the host inter-
acting with viral proteins are involved in the process,
which also remains poorly documented.

The coding capacity of SARS-CoV-2 is substantial,
directing synthesis of 26 proteins (Finkel et al., 2021).
Remarkably, translation of the viral RNA is organized into
an asymmetric program: Immediately after uncoating, the
first two thirds of the genome is translated from a large
coding region into two polypeptides, Orf1a and Orf1ab
produced in uneven quantity from the same RNA
sequence. Orf1ab has its carboxy-terminal region trans-
lated in a process involving a pseudo knot and a −1
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frameshift. This omnipresent feature of coronavirus trans-
lation, causing asymmetrical translation of Nsp proteins,
creates a specific environment to either control the pre-
cise ratio of Orf1a and Orf1ab proteins or delay the pro-
duction of Orf1ab products (which comprise RNA-
dependent RNA replicase, RdRp, Nsp12) until the prod-
ucts of Orf1a (Nsp 1–11) have created a suitable environ-
ment for RNA replication (Fehr and Perlman, 2015).
These polypeptides are subsequently split into 16 non-
structural proteins, Nsp1-16 (the end of Orf1a; Nsp11
may not have an authentic function), some of which are
present, as we have seen, in the free virion after it has
exited from the host. The distal part of the genome is
transcribed as discussed below and translated into indi-
vidual proteins, including the major proteins of the
virion E, M, N and S.
Scrutiny of a considerable number of genome

sequences of the virus allows identification of mutations
emerging in all of the proteins it encodes. Figure 1 dis-
plays the highest allele frequency of all called mutations
in each of the viral proteins calculated as the ratio
between the highest residue mutation rate and lowest
mutation rate. Table S1 provides the number of mutations
in each protein. Besides the S protein, expected to be
highly variable, the fact that RdRP (Nsp12) is also very
variable is already telling us that finding antivirals
targeting replication is likely to be a difficult enterprise.
The same is true with protease Nsp3, although being
multidomain, this may be less of a problem because it
offers multiple targets. The function of Nsp2 remains
poorly understood, but its high variation extent makes it
of particular interest. Variations in Orf3 are particularly
interesting to investigate, because the protein is likely to
control the stability of the viral envelope via maintaining a
correct response to osmotic pressure.

Control of translation is critical for virus development.
This process is directly related to the availability of a pre-
cise tRNA complement. Remarkably, the human genome
does not code for complete tRNA molecules. Precursor
tRNAs must be matured first in the nucleus, and then a
CCA complement must be added at their 3’end (Augustin
et al., 2003). Together with control of many tRNA nucleo-
tide modifications required to make tRNAs adapt to the
codon usage bias of the genes of interest, this creates a
bottleneck in the virus evolution that is likely to be
reflected in virus-encoded proteins. Nothing is known at
this point about the expected functions, but monitoring
mutations resulting in significant changes in the codon
usage bias of viral protein genes would help us anticipate
important deviations in the development of the epidemic.

Proteolysis. As just emphasized, proteolysis of virus-
encoded polyproteins is a key function of many viruses
(Yost and Marcotrigiano, 2013). Immediately upon syn-
thesis, the papain-like protease domain of Nsp3 recog-
nizes LXGG amino acid sequences and cleaves Orf1a
and Orf1ab (Barretto et al., 2005; Gao et al., 2021). The
3-D structure of the protein is known (Gao et al., 2021).
Remarkably, this consensus cleavage sequence is also a
sequence recognized by cellular deubiquitinating
enzymes, allowing Nsp3 to interfere with its host cell reg-
ulatory functions. This protease also cleaves specifically
and selectively IRF3, interferon regulatory factor 3. This
cleavage might account for the weak Type-I IFN
response seen during SARS-CoV-2 infections (Moustaqil
et al., 2021). Because it is acting on multiple important
functions with a common recognition site possible sce-
narios of evolution of this protease are extremely limited.
A second virus-encoded protease, Nsp5, recognizing the
[AVPT][VTKRM][LF]Q[ASN] sequence, cleaves Nsp4 at
the end of Nsp3 and frees itself after cleavage at the end
of Nsp4. Subsequently, Nsp5 cleaves off all Nsps from
Nsp6 to Nsp16. As in the case of Nsp3, Nsp5 mediates
cleavage of host proteins, in particular NLRP12, a potent
mitigator of inflammation (Normand et al., 2018), and
TAB1, TGFbeta activated kinase 1 binding protein 1, a
component of the inflammatory response (Xu and
Lei, 2020), pointing to a molecular mechanism for
enhanced production of cytokines and inflammatory
response (Moustaqil et al., 2021). Here, again, the poten-
tial for evolutionary events that impact disease severity,
in this case, in particular the development of ‘long covid’
remains limited. In contrast, however, this highlights
these proteases as good drug targets.

Transcription. Using the Nsp proteins translated and gen-
erated from the Orf1a and Orf1ab regions, in particular
Nsp12 and Nsp13 (Arya et al., 2021), the distal third of
the virus is subsequently expressed as transcripts coding

Fig 1. Distribution of the highest allele frequency (AF) of all called
mutations (SNPs and deletions) in each protein from 193,687 strains.
The label of the proteins with a percentage larger than 10% are
shown and marked in red. AF = allele frequency. The y-axis shows
the highest mutation rate (i.e., the highest allele frequency) of all
observed mutations from all 193 k isolates. [Color figure can be
viewed at wileyonlinelibrary.com]
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individual proteins that contribute to inactivation of host
defences while driving virus multiplication. The 30 terminal
end of the virus is transcribed into multiple transcripts that
are translated into individual proteins, in particular the
structural proteins E, M, N and S that have already been
discussed. Oligomerization of protein N is necessary both
for replication and for transcription (Ahamad et al., 2020).
Transcripts, as is the complete viral genome, are capped.
The mRNA capping complex comprises proteins Nsp14,
Nsp16 and Nsp10. Nsp16 associated with Nsp10 to
methylate cap-0 at position 20, completing the functional
cap-1 structure at the correct 50-ends of the virus so that
they are recognized as authentic host functional RNAs
and thus are not attacked by the antiviral response
(Perveen et al., 2021). These proteins appear to have
other functions, as is repeatedly observed with virus pro-
teins, further restricting their evolutionary capacity. Nsp9
is also an RNA binding protein, but its function remains
poorly characterized (see Section Quality Control, below).
Besides capping, transcription initiation requires
sequences folded into 3D RNA structures that are virus-
specific (Madhugiri et al., 2016) and do not, when
mutated, allow for formation of productive viral genomes
(mutation C241U examined below is an obvious excep-
tion). Importantly, the very fact that virus morphogenesis
involves several essential transcription steps reveals that
the sequence evolution in the transcription control
regions is considerably constrained. In contrast to the
lack of tolerance for mutations in the viral replication/tran-
scription initiation sequences, protein coding sequences
accumulate mutations that do permit synthesis of produc-
tive viral genomes. This, however, is protein-dependent,
some being more prone to accept mutations while others
are less prone (Nagy et al., 2021).

Replication. Replication of the viral genome is central to
virus multiplication. In the case of coronaviruses, which
are positive-sense single-stranded RNA genome viruses,
this process must be highly asymmetrical, with the com-
plimentary copy of the virus genome synthesized in con-
siderably lower amounts than the genome itself. The way
this asymmetry is implemented is poorly understood. It is
likely to be related to the presence of many factors asso-
ciated with the RNA-dependent RNA replication machin-
ery, which is itself associated with the endoplasmic
reticulum. As previously noted in the section discussing
translation, the expression of proteins derived from Orf1a
and Orf1ab is highly asymmetrical creating a suitable
environment for RNA replication (Fehr and
Perlman, 2015). Initiation of SARS-CoV-2 replication
needs proteins Nsp7 and Nsp8 for priming at the struc-
tured 30 end of the virus. Subsequently, Nsp12, the main
subunit of RdRp, proceeds to replicate the genome,
again with the help of Nsp7 and Nsp8 (Gao et al., 2020),

while Nsp13 is involved in RNA unwinding. RNA-
dependent RNA polymerase is of unique importance as it
dictates the efficiency and accuracy of the replication pro-
cess. It has therefore been chosen as the target of many
antiviral molecules. However, as shown in Fig. 1, many
mutations have been retained in Nsp12, suggesting that
the evolution of the virus offers a large panel of solutions
to evade inhibition by drugs. This indicates that Nsp12
may not be a good target for anti-virals. Another subunit,
Nsp15, is a U-specific endonuclease highly conserved in
coronaviruses (Pillon et al., 2021). Its function is not well
established but it appears to be involved in evading host
antiviral responses (Zhao et al., 2020). Its evolution is,
therefore, of interest to anticipate future trends in evolu-
tion of the virulence of the virus.

Quality control. Replication and transcription lack suffi-
cient accuracy to limit errors in a genome as large as the
30,000 nucleotide long genome of SARS-CoV-2
(Bradwell et al., 2013). A proof-reading complex that pre-
vents accumulation of too many errors at each replication
cycle has emerged as a consequence of this selection
pressure. This is important because a large error rate
leads to formation of defective viruses that rapidly
become extinct (Pauly and Lauring, 2015). Reducing the
accuracy in RNA virus replication is indeed the underly-
ing idea driving drug design of some nucleotide analogs,
such as favipiravir, so mutagenic that no descent of a
virus can survive in its presence (Baranovich et al.,
2013). Nsp14 is both a guanine-N7-methyltransferase
that produces the cap-0 structure, and a proofreading 30

to 50 exonuclease removing mismatches that arise during
genome replication (Ogando et al., 2020). Many muta-
tions in this protein elevate the mutation load of the virus
(Eskier et al., 2020). Scrutiny of mutations in this bifunc-
tional enzyme has already revealed formation of ‘blooms’
of novel viral lineages, some of which are likely to result
in attenuation (Cluzel et al., 2020).

Quality control of the proteolytic activities of the virus is
also likely to have a significant role in its long term sur-
vival. It may thus be noted that dimeric Nsp9 binds
in vitro to peptide LEVEL, which has similarity with the
Nsp5 protease cleavage site (Littler et al., 2020). How-
ever, the main function of this protein is likely to involve
modulation of activity of molecular chaperones. These
factors are critical quality control elements, especially in
stressful conditions such as during viral infection. It is,
therefore, expected that SARS-CoV-2 codes for functions
that fulfil and regulate the role of chaperones possibly via
post-translational modifications. Consistent with this,
Nsp9 is modified by nucleotidylation of a glutamate resi-
due (with a slight preference for UTP in vitro) by a
manganese-dependent activity associated with the
NiRAN domain of Nsp12 (RNA-dependent RNA
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polymerase, discussed previously). This residue belongs
to a conserved N-terminal NNE tripeptide. It is the only
invariant residue in Nsp9 homologues in Coronaviridae
(Slanina et al., 2021). Interestingly, the SelO(YdiU) coun-
terpart of Nsp9 in Salmonella enterica Typhimurium, is a
protein conserved in all three domains of life. It is a
selenoprotein in mitochondria, substantiating its role in
managing redox stresses. It also modifies molecular
chaperones by uridylylation in conditions of ATP limita-
tion (Y. Yang et al., 2020c). This role of this
nucleotidylation should be explored with priority and
placed in the perspective of the C > U trend, the origin of
which is discussed in the following section.

Anticipating the future

It is trite to point out that predicting the future is difficult
(Sullivan et al., 2013), especially as human behaviour is
extremely erratic and varies from place to place. Yet, in
many situations, we must make educated guesses. Even
laypersons can propose interesting scenarios, as seen,
for example, in the novel The End of October by Andrew
Wright, who published early in 2020 a plausible develop-
ment of what was just emerging as the COVID-19 pan-
demic, thus demonstrating an authentic power of
anticipation. Managing an epidemic to make it as short
and innocuous as possible can save millions of lives and
alleviate its tremendous economic burden. Using some of
the enormous amount of knowledge that accumulates at
a fast pace, after shifting out misinformation, we have
highlighted here some of the more and less constrained
evolutionary space that may be explored by natural
selection in the course of SARS-CoV-2 evolution.

General pattern of evolution during the first year of the
pandemic

While there has been a huge number of discussions in
papers and on-line publications, the human response to
SARS-CoV-2 has been extremely biased and limited,
leaving aside many points that should have been consid-
ered with urgency. Public discussions kept focusing on
the most obvious feature of the virus, such as the protein
sticking out of its envelope, the infamous spike protein
(some of its roles are further discussed below), as well as
pseudo-treatments based on ex vivo experiments using
uninformative cellular models. This is reflected by a sim-
ple Google search ‘SARS-CoV-2’ ‘spike’, which regis-
tered 6,000,000 pages on 3rd March (we note a
decreasing trend, witnessing the power of fads: it was
9,000,000 pages on 15th February), compared with
‘SARS-CoV-2’ ‘Orf8’ which collected only 50,400 pages
for example. Yet most, if not all, of the virus’ proteins con-
tinue to evolve (Jaroszewski et al., 2020). As displayed in

Fig. 2 and Table S1, mutations in the virus genes encom-
pass much more than its spike protein, and there is a
considerable variation between proteins. As discussed in
the first part of this article, the selection pressure that sta-
bilizes these changes is due to a great many causes,
some of which are amenable to human intervention.
Mutations that affected a large number of isolates (last
columns in the histogram upper panel) are likely to be the
most important for virus propagation.

Here is a specific example that may help us to antici-
pate future changes in the virus evolution. Protein Nsp1
is the first viral protein split out of the polyproteins Orf1a
and Orf1ab. Surprisingly, the majority of viral variants in
this protein retain a lower number of mutations than in
the other Nsps of approximately the same size,
suggesting strong selection pressure for long-term evolu-
tion. Nsp1 has a critical role in translation initiation of the
virus genome. Involved in discriminating the viral mRNA-
like genome from the bulk of cellular mRNAs, its transla-
tion features are distinct from those of the other proteins
of the virus (Ou et al., 2020). Because it is submitted to
such a considerable pressure for avoiding variation, the
few mutations that have been retained in its sequence
should be analysed with priority and their immediate con-
sequences in terms of virulence reported.

Finally, as discussed previously, the selection pressure
that stabilizes these changes is due to a great many cau-
ses, some of which may be amenable to human interven-
tion. This calls for the urgent need to collect relevant
metadata to build up the most out of the genomic
information.

Environmental factors

We have stressed previously the questions asked by the
many confounding factors that impact our understanding
of respiratory diseases. It seems, however, well esta-
blished that crowded environments, especially but not
only indoors, provide the most significant contribution to
person-to-person contamination. The structure of aera-
tion systems is likely to have a strong impact, and this
should prompt research in the way buildings are aerated,
including using air filtration (Turgeon et al., 2014), while
enforcing social distancing even in outdoor environments.
To anticipate future respiratory diseases epidemics the
construction of habitation, restaurants and office buildings
as well as public transport should be submitted to com-
pulsory regulation imposing specific rules on the control
of air flow, such as those in surgery theatres
(Timmis, 2020; Newsom et al., 2021).

Climate may have a contribution to the virus evolution.
Studies such as that of (B. Chen et al., 2020a) do not
contribute much insight simply because there are a con-
siderable number of confounding factors to account for
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the development of the epidemic. Weather influences
human behaviour: we tend to stay indoors when it is cold.
Again, the contribution of indoors vs outdoors infection
transmission is the best-documented parameter, though
most often only by inference. Indeed, this transmission

parameter is linked to outside temperature (with a possi-
ble negative role of air-conditioning when temperature/
humidity is high). As a consequence, ventilation in closed
spaces (Pease et al., 2021) might critically influence the
evolution of the virus. This suggests several features that

Fig 2. The mutation rate of each gene summarized from 193,687 SARS-CoV-2 strains.
A. SNP rate.
B. Deletion rate.
C. the alternative allele rates of SNPs found in ≥ 1 strain. ‘> A’ means transition of a SNP from non-‘A’ to ‘A’. Using the length of each gene,
the y-axis is normalized to the number of mutations per 1 kbp. In (A) and (b), the y-axis uses a base-2 logarithmic scale, and the mutation rate of
those found in ≥ 1 strain, ≥ 5 strains, ≥ 10 strains and ≥ 100 strains are shown. Information on how these mutation rates of each gene were gen-
erated is shown in the Supplementary Note. [Color figure can be viewed at wileyonlinelibrary.com]

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 2339–2363

Anticipation of SARS-CoV-2 evolution 2349

http://wileyonlinelibrary.com


ought to be specifically monitored. In order to help antici-
pation, a thorough survey of metadata identifying infec-
tions in closed spaces should be associated with
investigation (via genome sequencing) of the structure of
the envelope and associated proteins, their binding to
lipids as well as evolution of small hydrophobic proteins
and links to ion salvage and transport. Another parameter
of the environment, UV irradiation, should possibly be
explored as well (Karapiperis et al., 2020). While killing
pathogens, UV light is also mutagenic in a very specific
way (Wurtmann and Wolin, 2009). Among more standard
mutagenic nucleotide modifications, it generates uracil
cyclobutane dimers. If significant, this would influence
viral evolution in a highly biased way, meriting investiga-
tion, possibly via analysis of biases in the mutation pat-
terns of the virus variants isolated from regions with high
UV scores. However, we restrict here our discussion to
well-characterized features of the virus that are likely to
contribute most to its future evolution and are amenable
to experimental approaches.
In general, as noted in the vast literature dealing with

the epidemic, emphasis was mainly placed on regulation
of the host antiviral response. This perspective is helpful
to allow us to link human habits with infection. For exam-
ple, because smokers have more respiratory tract dis-
eases, there may be some level of protection due to
cross reactions with pathogens of previous infections
(Saurabh et al., 2021), accounting for the initially para-
doxical observation of a possible protective effect of
smoking (Landoni et al., 2020), now established as a
severity risk factor (Elliott et al., 2021). Multiple co-
infections may also be a source of recombination
between viruses, a feature discussed below that is likely
to have important consequences. This particular behav-
iour should be considered when anticipating the virus
evolution – which, again, must be monitored by the
sequence of its entire genome – in a fraction of the
human population via connection with previous histories
of respiratory and gut infections. In general, it is certainly
critical to input, in the metadata linked to the genome
sequence, patient clinical data that may reveal a ten-
dency of virus tropism to evolve, in particular data rele-
vant to both the respiratory and digestive functions.

Limitations in the viral host-dependent development

Linking the virus and its host’s metabolism is essential to
account both for its short-term and long-term evolution. A
virus, when it multiplies, must divert the host metabolism
towards its own reproduction, i.e., viruses manipulate
their host metabolism. Viruses thus have to accommo-
date the metabolic constraints of their host. In this
respect, SARS-CoV-2 is a very interesting biological
entity. Its multiplication has highlighted fascinating

universal properties of cellular metabolism, based on an
essentially overlooked property of growth. When cells
grow, the bulk of metabolism takes place in the cyto-
plasm, where all the basic elements necessary for cellu-
lar growth are generated. This raises a neglected issue,
well identified by economists, namely that of ‘non-
homothetic’ growth. The cell grows in three dimensions
whereas the cell membrane is a surface that grows in
two. Even more importantly, the genome is a linear poly-
mer that grows in one dimension. This implies that there
is an enormous metabolic pressure to make ‘too much’
of the membrane, and even greater pressure to make
‘too much’ of the genome. These features can, in princi-
ple, significantly benefit virus multiplication, not only for
non-enveloped viruses but also especially for enveloped
viruses. The way these physical discordancies have
evolved into cellular harmony needs to be unravelled.

In fact, this hurdle has been solved by natural selection
via passing a whole section of metabolism through the
synthesis of a single molecule, cytidine triphosphate
[which gives the ‘C’ in the genome sequence (Danchin
and Marlière, 2020; Ou et al., 2020)]. An unexpected fea-
ture of pyrimidine metabolism substantiates this observa-
tion by highlighting the ubiquitous absence of an
anticipated enzyme activity. While phosphoribosyltransferases
are omnipresent, scavenging purines, pyrimidines and
other heterocyclic bases into mononucleotides, cytosine
phophoribosyltransferase has not been identified in any
living organism discovered to date (Ou et al., 2020). This
is especially significant because closely related enzymes
are ubiquitous. The missing enzyme should consistently
emerge as a result of random mutations in existing coun-
terparts, so its absence must reflect strong natural
counter-selection against outright salvage of cytosine
nucleotides. A related consequence of this decreasing
trend in cytosine in the SARS-CoV-2 genome is a parallel
progressive loss of guanine residues, because G comple-
ments C during replication accounting for the somewhat
parallel decrease in the G content of the virus. This will
have interesting consequences, discussed below, as gua-
nine is the target of specific defence reactions that involve
reactive oxygen species (ROS).

Unsurprisingly, then, evolution has retained metabolic
functions in hosts that interfere with the virus develop-
ment via manipulating CTP synthesis. The synthesis of
an antiviral analog of CTP – a fascinating natural analogy
with the way human chemists create antiviral nucleotides
– 30-deoxy-30,40-didehydro-CTP (ddhCTP) by proteins of
the viperin (Virus inhibitory protein, endoplasmic reticulum-
associated, interferon-inducible) descent, is omnipresent
in the innate antiviral arsenal in mammals (Kang
et al., 2020) but also in oysters (Green et al., 2015) and
even in Bacteria and Archaea (Bernheim et al., 2020).
This inhibitor hampers simultaneously the four key
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functions of CTP: RNA synthesis, CCA addition to the 30

end of tRNAs, cytosine nucleotide-dependent synthesis of
membrane lipids, and last but not least, synthesis of the
universal carrier of protein glycosylation substrates, doli-
chyl phosphate (Ou et al., 2020). The consequence of this
metabolic bottleneck is that SARS-CoV-2 evolves while
shedding some of its cytosine content, unless a highly
specific metabolic set up of the host has alleviated this
constraint (see below). Cytosine residues that remain
unchanged may therefore be evidence (whether at the
RNA or encoded aminoacid level) for their importance in
the perpetuation of the viral infection. This would point out
important targets for COVID-19 antivirals. It becomes
therefore critical to monitor, during its short-term evolution,
how different lineages of the virus coped with this limita-
tion. This includes pointing out possible reversion of the
tendency to shed cytosine, as reversion would imply a
change in the control of CTP synthetase and inhibition by
viperin, while considerably opening up the virus evolution
landscape. Again, this advocates for collecting as many
as possible complete sequences of the virus genome.

The urgent need to gain a deeper understanding of the
relationships between immunity and metabolism will by
aided by the current massive increase in comparative
phylogenetic studies of the virus in various species. Com-
parison with different metabolic setups, in particular with
bat metabolism, should be extremely informative in this
respect and help us anticipate some of the constraints of
the evolutionary landscape of the virus. It is intriguing that
these animals keep shedding viruses, generally
maintained as non-virulent commensals, while fast
metabolism was selected as bats evolved flight (Shen
et al., 2010). Flying is a high energy-consuming activity
that generates a large amount of ROS. Interestingly,
however, ROS have a considerable positive role in
defence against pathogens via the respiratory/oxidative
burst by macrophages and neutrophils (Piacenza
et al., 2019). While seldom explored, this positive out-
come of fast metabolic turnover may contribute to the
apparent harmlessness of viral infections in bats. Never-
theless, failure to restore redox homeostasis subsequent
to antiviral responses triggered by infection may lead to
unregulated release of ROS, pro-oxidant cytokines and
pathology from excessive inflammation. Regulation of
this process is particularly relevant to multiple progres-
sive events in lung infections, a common feature of
severe COVID-19 (and of course, ‘long covid’). In paral-
lel, excess ROS will have a considerable impact on the
viral genome, resulting in formation of 8-oxoguanine,
which triggers G > U transversion mutation events during
replication. It is therefore expected that coronaviruses
have evolved defences that alleviate the burden of this
chemical assault. Monitoring consistent changes in the

number of transversions in specific lineages of the virus
is, therefore, of great importance (Cluzel et al., 2020).

Short-term evolution of the virus: increased
transmissibility

In the short term, a virus newly acquired from a different
species must adapt the rates of its multiplication potential
as well as its ability to infect its new hosts. This favours
accumulation of mutations in all entities affecting these
processes. The most likely early development in an epi-
demic is that the virus will increase its speed of propaga-
tion. This development stems from two general functions.
The most likely one is an increase in transmission – many
social parameters are relevant, including crowded environ-
ments, stable and prolonged production of infective aero-
sols by a subset of patients, increased latency phase, and
so forth. A second critical feature would see an increase in
viral replication success, with the reassuring consequence
that a fast multiplication rate is usually associated with an
increase in the mutation burden.

An average trend of approximately 22 mutations per
genome per year has been observed during the first
period of invasion of the human population by SARS-
CoV-2. Consistent with the scenario outlined above, a
general decrease in C nucleotides has been observed,
starting from an as yet unexplained higher C content in
most bat viral genomes (Maty�ašek and Kovařík, 2020;
Ou et al., 2020; Simmonds, 2020). A website (http://www.
bio8.cs.hku.hk/sarscov2) keeps track of the percentage
of C in the new strains (Luo et al., 2020). The continuous
emergence of mutations is also allowed by the expected
functional versatility and resilience of protein sequences.
Evolution of the proteome was monitored during the first
6 months of the pandemic (Lubin et al., 2020). A great
many of the mutations lead to amino acid changes in viral
proteins, suggesting that positive selection is operating at
a significant level (Cluzel et al., 2020). While adaptation of
the virus to a new host does not imply that it will cause a
severe disease, some of the changes must have conse-
quences in terms of severity of COVID-19. We should note
in particular that shedding C residues will make the
ddhCTP interference less efficient, so that this might pro-
mote an increased virulence. Figure 3 displays the pattern
of changes in all the proteins of the virus as a function of
time. The average number of mutations per strain
increased at a rate of �1 mutation per month in the first
8 months of the pandemic (from December 2019 to July
2020), but then increased at a relatively lower rate at �0.5
mutation per month (from August 2020 to January 2021).

It is unlikely that the spontaneous mutation rate is very
different along the genome sequence, yet some loci
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evolve rapidly, while other regions appear to be
extremely constrained. In rapidly evolving regions, the
selection pressure is relaxed with respect to the overall
multiplication of the virus, so that it may rapidly adapt to
the host’s antiviral response. This observation should
prompt monitoring whether evolution of specific functions
correlates with environments with higher or lower trans-
mission rates, in parallel with changes in the severity of
the disease. Mutations that were often associated with
mild disease affected proteins Orf8, Nsp6, Orf3a, Nsp4
and the nucleocapsid phosphoprotein N. In contrast, spe-
cific mutations located in the spike glycoprotein, in the
RNA dependent RNA polymerase, and sometimes in
Orf3a, Nsp3, Orf6 and N were associated with a serious
outcome. Finally, mutations associated with a severe out-
come have been located in Orf3a, again, and Nsp7.
Unfortunately, the role of these proteins is rarely dis-
cussed in the context of the spread of the disease. Also,
besides the pervasive role of S in triggering an immune
response, among the 22 mutations that were associated
with significant changes in the clinical outcome of the dis-
ease (either in the direction of mitigation or severity), four

(three correlating with a severe disease, one with a mild
disease) mapped onto a 10 amino acid long phosphory-
lated stretch of nucleocapsid N. This point to a highly rel-
evant site in the viral genome (Nagy et al., 2021).

While some in silico and ex vivo analyses attempted to
investigate whether mutations were deleterious for the
virus, they tended to be structure-oriented, rather than
function-oriented, which prejudices inferences that can
be concluded. Whether a mutation is actually deleterious
can only been understood if the related lineage does not
persist for long. After a time when it was unclear whether
rapid spread of some variants was due to a founder
effect linked to superspreading events, it seems now
established that some mutations are indeed affecting the
spread of the disease (Borges et al., 2020). This view is
essentially descriptive, after the fact. Also, it seldom
takes into account the fact that a virus is an entity with
highly integrated functions. To anticipate its evolution we
must evaluate the functional epistasis between the vari-
ous entities that form the virus, i.e. how the coupling of
different mutations contributes to the viral fitness. In the
present case, this type of analysis identified interactions
between loci in SARS-CoV-2 genes Orf3a and Nsp2,
Nsp12 and Nsp6, between Orf8 and Nsp4, and between
loci in genes Nsp2, Nsp13 and Nsp14 (Zeng et al.,
2020). This is revealing, as some of these interactions
have not yet been linked to the severity of the disease
(see above). It is, therefore, of considerable interest to
further monitor how the sequence of proteins that were
not already correlated to severity are evolving. As an
important consequence of such a survey, identification of
lineages associated with mild or severe cases of the dis-
ease, should enable more precise adaptation of the politi-
cal management of disease transmission-relevant
behaviour (through regulation of social distancing, mask
wearing, travel, etc.), to the evolution of key viral func-
tions identified in the process.

The burden of the various steps of the virus cycle
changes when the virus stays in a population for a long
time. Coronaviruses co-evolved with human populations,
and there is some indication that a network of human
genes may partially protect people from East Asia
(Souilmi et al., 2020). Interestingly, some of the most
essential proteins of the virus did not vary. For example,
amino acid sequences of protease Nsp5 are highly con-
served, well beyond SARS-CoV-2 variants and across all
known coronaviruses as well. Non-/weakly varying pro-
teins conserved across virus families are potential targets
for broad-spectrum anti-virals. SARS-CoV-2 Nsp5 is 95%
identical in amino acid sequence to that of SARS-CoV-1.
Its three-dimensional structure could be used for design-
ing inhibitors, an approach that was successful in the
case of HIV (Lubin et al., 2020). Another key feature that
must be linked with relevant metadata is the correlation

Fig 3. A. Average mutation count per strain in each month from
December 2019 to January 2021.
B. The distribution of mutation counts per strain in each month from
December 2019 to January 2021. In (A) the data label shows the
number of available strains in that month in our analysis. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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between variation in lethality and specific mutations.
Among 692 SARS-CoV-2 genome sequences, a statisti-
cally significant association with geographic origin and
COVID-19 case severity was observed. In particular,
geographic variation in itself was associated with both
case severity and allelic variation especially in strains
from Indian origin (Goyal et al., 2021). This observation is
fundamental and should prompt systematic sequencing
of whole SARS-CoV-2 genome sequences while follow-
ing their geographical evolution. Trends in virulence
should be monitored carefully and local variations should
trigger differentiated policies of containment.

A caveat in the management of our anticipations: fast
spreading variants

As briefly outlined, the most likely early development of
an epidemic is when the virus increases its speed of
propagation. This may result from two general functions,
an increase in transmission – here many parameters are
relevant, including crowded environments, stable and
prolonged production of infective aerosols by a subset of
patients, and so forth – and an increase in viral replica-
tion success. The role of these processes is visible with
several variant families that are spreading rapidly and
superseding pre-existing strains of the virus (https://
nextstrain.org/ncov/global). The first documented exam-
ple of this development was the D614G mutation in the
spike protein, which enhances cleavage at the S1/S2
junction (Gobeil et al., 2021). Since then, at least eight
major clades, as defined by the Global Initiative on Shar-
ing All Influenza Data (GISAID): S, O, L, V, G, GH, GR
and GV, have at the time of writing been found to span
the planet (https://www.gisaid.org/phylodynamics/global/
nextstrain/) with a specific pattern in Asia involving
variants G, GH, GR, L, S, O (Sengupta et al., 2021), and
in Europe where the virus is now evolving rapidly into
multiple new lineages (Hodcroft et al., 2021b).

Unfortunately, the variant nomenclature is somewhat
unstable and confusing: Nexstrain, an open source pro-
ject to harness the scientific and public health potential of
pathogen genome data (https://nextstrain.org) proposed
five variant clades 19A, 19B, 20A, 20B and 20C. Qingtian
Guan and coworkers also proposed that the lineages be
distributed into five clades, but with different names:
G614, S84, V251, I378 and D392 (Guan et al., 2020),
which are somewhat related to the A, B, B.1, B.1.1 and
B.1.177 clades proposed by Andrew Rambaut and
coworkers, based on the epidemic in the UK (https://
virological.org/t/preliminary-genomic-characterisation-of-
an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-
novel-set-of-spike-mutations/563).

Overlapping these classifications is yet another series
of six clades and their underlying signature SNPs, which

was validated by early availability of variant sequences.
For example, a type VI clade was characterized by the
four signature SNPs C241U (50UTR), C3037U (Nsp3
F924F), C14408U (nsp12 P4715L) and A23403G (Spike
D614G), with strong allelic associations. This variant
became a dominant type very early on (H.-C. Yang
et al., 2020a) and is dominated by C to U evolution. As
an illustration of the changes in clade dominance, in the
Indian state of Telangana, the original (Wuhan) clade
19A was rapidly replaced by clade 20A with the omni-
present C241U mutation in the 50UTR of the virus and
the D614G spike mutation, followed by 20B, which is
now dominant (Gupta et al., 2021). Subsequently, many
other changes in the spike protein were found to propa-
gate rapidly (Vilar and Isom, 2021), showing that the bulk
of the selection pressure on this protein comes from
adaptation to the host. We can therefore anticipate that
this protein, and to a lesser extent the nucleocapsid pro-
tein, will evolve most rapidly under the selection pressure
of vaccination. This is reflected in Fig. 4 and Fig. S1
which show how mutations propagated in the world.
However, owing to extremely uneven data collection, this
is only a gross overview of the situation, emphasizing the
need for comprehensive programs of viral genome
sequencing where the density of mutations is displayed
as the virus develops in different countries. While the
global mutation density of the spike protein increases
gradually, countries such as Mexico and Brazil have
shown a sharp increase in those since September 2020.

After publication of these studies, the appearance of
other important variants was reported. At the time of writ-
ing, several variants with a number of mutations are cir-
culating widely (https://www.cdc.gov/coronavirus/2019-
ncov/more/science-and-research/scientific-brief-emerging-
variants.html), and UK variant, B.1.1.7, South African
variant, B.1.351, and Brazilian variant, B.1.248 (Firestone
et al., 2021) are spreading worldwide. Many mutations

Fig 4. SNP allele frequency (AF) of the mutations in the spike protein
in 193,687 SARS-CoV-2 full genomes. The y-axis is on a base-10
logarithmic scale. Only mutations with AF ≥ 1% are shown.
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vary simultaneously (https://covariants.org). This may
result from convergent evolution, which would imply epi-
static interactions between certain mutations. Identifying
such mutations is likely to point out functional features of
the virus that should enable anticipation of its further evo-
lution, and possibly a tendency for it to attenuate its viru-
lence. Among the features of these variants is, besides a
flurry of mutations, the presence of a small deletion in the
UK variant. In general, it is important to note that, during
evolution, insertion/deletions are commonplace (see
Fig. 2). As a matter of fact, an insertion in a bat virus
genome is at the origin of SARS-CoV-2 infecting human
beings. Covariation is illustrated in lineage B.1.525, an
interesting new variant identified in 13 countries with
spike protein mutations E484K, Q677H, F888L and a
suite of deletions identical to those found in B.1.1.7
(https://cov-lineages.org/global_report_B.1.525.html). How-
ever, if we are to anticipate the future of the epidemic, we
must remain aware of the potential importance of muta-
tions other than those affecting the spike protein.
At this point, it is unclear whether or not the D614G

mutation affects the severity of the disease. However, of
the three major variants (Zhou et al., 2021) which have
recently been identified, increased severity has been
explicitly demonstrated in the B.1.1.7 variant (Davies
et al., 2021). Many other variants are progressively
replacing earlier strains of the virus, among which
B.1.525 (Denmark, UK, Nigeria) is of unknown severity
but increasing transmission potential.

Some examples of important variations outside of the
spike protein

Most observations are simply descriptive, yet it is critical
to identify alterations of viral functions, especially outside
of expected spike protein variants, that impact its evolu-
tion. For example, we can expect that alteration of the
replication process will have two widely contrasting con-
sequences. On the one hand, it will prejudice variant
propagation and lead to the demise of the virus in the
long term, but, on the other hand, it may expand its evo-
lutionary prospects in the short term. In this context,
observing the tendency of the virus to create evolutionary
« blooms » with an explosion of lineages should be
connected, for example, with a possible reversal of the
natural tendency of the virus to shed cytosine (Cluzel
et al., 2020). Indeed, this process, valuable to anticipate
the consequences of the viral evolution, generated
several clades during the first 6 months of the epidemic
(Koyama et al., 2020).
Among notable variations, the omnipresent C241U

mutation in the 50UTR of the viral genome, has not been
linked to any specific phenotype. Commonly interpreted
as neutral, it allows the virus to achieve a minor level of

adaption to the metabolism of its host, with improved
resistance to the action of viperin. Furthermore, it is
located in the 50UTR leader of the viral genome which is
particularly important for its translational control and host
specificity (Tidu et al., 2020). Following that change,
there are many examples of blooms. For example, an
interesting succession of mutations began with an early
mutation, G11083U (protein Nsp6, L37F) now widely dis-
tributed worldwide and associated with widely different
clades in India, for example (Banerjee et al., 2020). Yet
another mutation, G1440A (G392D, protein Nsp2),
followed by G2891A (A876T, ubiquitin-like domain of pro-
tein Nsp3) was found in multiple countries (Liu
et al., 2020), subsequently highlighting a conflict between
translation of Orf7a and Orf7b. This showed that there is
a cost / benefit dilemma for the expression of either one
of these proteins. The descent of the virus at this locus is
worth following up as it may result in interesting attenu-
ated forms (Cluzel et al., 2020). In the same way, the
Orf8 region of SARS-related coronaviruses is hypervari-
able. It keeps changing during the course of epidemics,
showing that it is subject to on-going selection pressure,
sometimes producing two peptides Orf8a and Orf8b
(S. Chen et al., 2020b). During the first part of the epi-
demic Orf8 mutations displayed a branching that
appeared in four different countries and in seven sam-
ples, spanning 6 weeks between the first and the last
mutation (Cluzel et al., 2020). The Orf8 proteins are
expressed at the end of the infection cycle. It will be
important to monitor the way they contribute to the evolu-
tion of virulence of the virus (Neches et al., 2021).

Finally, it is of evident interest to monitor the evolution
of the virus replicase, Nsp12. Early in the epidemic, yet
another succession of mutations beginning with the wide-
spread 50end C241U mutation was followed by mutation
C14408U (P314L) at the end of a zinc finger in Nsp12.
This mutation appeared in many branches of the viral
evolutionary tree. It altered the activity of the replicase in
a noteworthy way, as this mutation was followed by «
blooms » of novel lineages of the virus, suggesting that
an altered replication process was mutagenic (Cluzel
et al., 2020). One example, which should be carefully
monitored, the very interesting succession: mutation of
the spike protein A23403G (D614G), C3037U (synony-
mous), mutation G25563U (Q57H) in Orf3a forming
potassium channels and supposed to negatively interfere
with the function of the protein (Issa et al., 2020),
C1059U (T265I) in protein Nsp2 and the triplet G4181A
(A1305T) in the SUD-N domain of protease Nsp3, then
mutations G4285U (E1340D), and G28209U resulted in
an end of translation at E106 of protein Orf8 appearing
again as an important marker of the virus evolution
(Neches et al., 2021). Now that 1 year has passed since
the onset of the pandemic, new interpretations should be
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used to explore the mutations which continue to appear,
especially in a context when vaccination is gathering
speed.

Vaccination and its expected consequences

Vaccination has been the method of choice to control
and even eradicate infectious diseases. However, while it
is fairly straightforward in many cases, it has been difficult
to create efficacious vaccines against several viruses,
such as HIV (Oyston and Robinson, 2012). Many types
of vaccines have been designed over the years
(Smith, 2012), after the initial success due to injection of
attenuated viruses (Theiler and Smith, 1937). In the case
of coronaviruses, vaccines have been successfully used
in animal diseases (Cruz et al., 2010; Singh et al., 2019).
It is therefore expected that, at least during the early
development of the disease, vaccination will be success-
ful. However, as we have seen, the virus evolves very
fast, so that there is a continuing risk that the virus will
mutate in ways that render initial COVID-19 vaccines less
effective. Multiple strains are common evolutionary
features, with likely impact on vaccination (Zeng
et al., 2017). This seems to be the case with the B.1.351
variant first identified in South Africa, which may render
initial vaccines less effective or even ineffective
(Diamond et al., 2021). Furthermore, if a vaccination
campaign is too slow, it will provide the virus with time to
evolve variants that may totally escape vaccine-induced
immunity. In this respect, a vaccine based on a single
protein of the virus or, even worse, on a domain of a viral
protein (J. Yang et al., 2020b), will drive the evolutionary
trajectory of the virus in such a way that variants carrying
mutations in these proteins or protein domains will rapidly
tend to accumulate.

Infections due to other causes may also have an influ-
ence on the evolution of the virus. For SARS-CoV-1
infection, the fact that certain populations appeared to be
spared by the infection suggested that previous infections
might have induced cross-protection (Ng et al., 2003).
We have noted above the apparently paradoxical correla-
tion between smoking habits and milder infections. This
implies that a link might appear between influenza, influ-
enza vaccination and COVID-19 disease progression.
Infection by an influenza virus seems to enhance SARS-
CoV-2 infectivity (Bai et al., 2021). However, retrospec-
tive studies did not find negative interactions between
vaccination against influenza and COVID-19, but rather
the opposite (Green et al., 2020). Taken together all rele-
vant observations call for implementing a fast vaccination
program, while monitoring likely changes in the evolution
of the virus genome as it continues to propagate in the
partially vaccinated population. A consequence of these
observations is that anticipation of the future of the

disease must consider vaccinated and unvaccinated
populations separately.

Long-term evolution

The 1918–1919 flu epidemics may help us anticipate
what may happen with the COVID-19 epidemic. While it
remains somewhat difficult to reconstruct an explicit sce-
nario of what happened at the time, it is established that
the epidemic developed in three phases. The first phase
was similar to a serious flu epidemic; subsequently it
developed into a very severe disease; finally, it adapted
to the human host, eventually evolving in its still current
form. The disease also passed from man to pig where it
is still present (Shope, 1936). The apparent cause of the
severe form was due to a reassortment event – the influ-
enza virus is made of independent segments that may
reassort upon co-infection with a similar virus – which
introduced unique variants of proteins that help the virus
to multiply. Interestingly, these highly virulent variants did
not involve the hemagglutinin or neuraminidase proteins
that are required for the virus to infect and be released
from host cells (Reid et al., 2004). This underscores
again that it is crucial to consider virus features beyond
proteins that are readily recognized by the adaptive
immune system.

SARS-CoV-2 does not reassort because it is made of
a single RNA element, but it is prone to recombine with
available RNA. As a consequence, a most worrying evo-
lutionary feature of the virus in the short term is that cor-
onaviruses may undergo extensive recombination. RNA
genomes usually recombine, but there is an inverse cor-
relation between genome length and recombination rate
because the longer genomes code for proofreading fac-
tors (Zhang et al., 2005; Goldstein et al., 2021). In SARS-
CoV-2, the control of this process depends on the activity
of protein Nsp14 (Gribble et al., 2021). Recombination
can naturally stem from co-infection with different strains
of the same virus – and in this respect, this could reset
Muller’s ratchet as does sexual reproduction and more
generally horizontal gene transfer, a process that may be
amplified as travel restrictions are relaxed – but it can
also use RNA from other viruses or even artificial con-
structs. In this respect, the replacement of uridine by
pseudouridine in recent mRNA-similar vaccines might
have been a positive innovation that alleviated the pres-
sure for accidental recombination events that would
expand the evolutionary potential of the virus. However,
this beneficial feature does not take into account tempo-
rary variants of the Nsp14 proofreading exonuclease.
The descent of such mutants should be monitored care-
fully as they are likely to open up the evolutionary
resources of the virus, generating hotspots in its spike,
nucleocapsid and Orf8 proteins. Coronaviruses display a
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global pattern of recombination, particularly widespread
in positive single stranded RNA viruses (Zhang
et al., 2005; Patiño-Galindo et al., 2021). Besides going
backwards, recombination events may put together muta-
tions that have appeared in widely different contexts.
Since virus recombination occurs during co-infections
with different variants, it is favoured by conditions that
create densely crowded environments, especially closed
(indoor) environments, environments in which air
breathed by many individuals is recirculated, and envi-
ronments where vocal activity and hence virus expulsion
is high. For this reason, it is essential to minimize expo-
sure in such environments, at least until vaccination cov-
erage is nearly complete or efficient antiviral drugs
become available.
To anticipate the future of the epidemic we must care-

fully analyse how the tropism of the virus evolves. At this
time, a respiratory tropism is dominant, but we know in
other coronaviruses that this can evolve extremely
rapidly. For example, three amino acid changes in the
avian coronavirus spike protein allowed the virus to
bind to kidney cells (Bouwman et al., 2020b). In mice,
coronaviruses may display neurotropism (Pasick et al.,
1994). Natural selection on cell entry and fusion is
strongly related to the dynamic structure of the spike
protein. We have seen that insertion of a furin cleavage
site in a bat-coronavirus enabled it to change its host
and adapt to the human receptor ACE2 (Coutard
et al., 2020). And now the virus has already found
another receptor for entry, namely via interaction with
protein S, CD147, a protein expressed in a variety of
cells, including epithelial and neuronal cells, at least in
models in vitro (K. Wang et al., 2020c). This is significant
because, using multiple receptors allow shifting from one
cell type to another and hence from one portal of entry
organ to another. On the other hand, the MERS-CoV
receptor, dipeptidyl peptidase DPP4, is subject to poly-
morphism that negatively impacts virus entry (Kleine-
Weber et al., 2020). Other coronaviruses exploit yet other
receptors: porcine delta coronavirus makes use of amino-
peptidase N as an entry receptor and interacts with APN
via domain S2 of its spike protein (Li et al., 2018). Mouse
hepatitis coronavirus (MHV) is the only known coronavi-
rus that uses the N-terminal domain of its spike to recog-
nize yet another protein receptor, CEACAM1a (Shang
et al., 2020).
One other viral feature of note is the protein glycosyla-

tion that protects virus against degradation, and that may
be used by the virus as a way to enter target cells. As a
case in point, chicken coronavirus infectious bronchitis
virus (IBV) enters host cells by binding of the viral heavily
N-glycosylated attachment protein spike to the alpha-2,-
3-linked sialic acid receptor Neu5Ac (Bouwman et al.,
2020a). Human coronavirus OC43 apparently emerged

from a bovine coronavirus (BCoV) spillover. It attaches to
9-O-acetylated glycan-based receptor usage sialoglycans
via its protein S with hemagglutinin-esterase acting as a
receptor-destroying enzyme (Lang et al., 2020). The
receptor-interacting site is conserved in all coronavirus S
glycoproteins that interact with 9-O-acetyl-sialogycans,
with an architecture similar to those of the ligand-binding
pockets of coronavirus hemagglutinin esterases and
influenza virus C/D hemagglutinin-esterase fusion glyco-
proteins (Tortorici and Veesler, 2019). Monitoring the
antibody response against glycoproteins of the virus in
parallel with changes in glycosylated amino acid residues
as a consequence of mutations should therefore be
developed.

Perspectives

More than 1 year after the onset of the COVID-19 pan-
demic, we are at a transition moment, when the virus has
been submitted to a variety of selection pressures that
now place it on track for long-term survival. Three major
factors driving evolution of the virus towards possibly
dangerous outcomes are now in place, recombination
between strains, fairly slow vaccination campaigns and
extremely limited research in the quest for antivirals. In
parallel, the number of infected persons is very high, so
that co-infection with different variants of the virus in
crowded environments is no longer a rare event. It
becomes critical to be able to follow, in real time, the evo-
lution of the complete genome sequence, so that we can
pinpoint target sites in the proteins of virus that are likely
to lead it to attenuation, or, conversely to more severe
disease.

We advocate extensive collection of complete genome
sequences of the virus. However, this only makes sense
if we associate them with relevant metadata. In addition,
questions about previous diseases are important meta-
data. The more metadata, the better. Metadata collection
must be properly standardized, however.

The actions to be taken, which are urgent, are the fol-
lowing and address the key principle of Know thy enemy.
• Sequence as many entire genomes (not just spike pro-

tein gene) of the virus as possible, everywhere. This
should be possible at a time when sequencing technol-
ogies continue to improve. For example, experiments
using Nanopore® sequencing of 752 clinical samples
readily identified three clades of the virus (Bhoyar
et al., 2021).

• Associate significant metadata with these sequences
(everything we can tell about the infected persons and
clinical data) and couple metadata to specific muta-
tions, without limiting investigation to the spike protein

• Establish lineages and their propagation, and link to
diverse parameters, including standard data such as
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age, sex, ethnicity – when allowed, weight, human
genetic polymorphism features – HLA, Lewis secretory
type, nutritional habits and general behaviour, such as
smoking habits, and so forth. Also, because transmis-
sion requires human contacts, the exact place of infec-
tion (country, city, building) should be identified, and
associated with meteorological parameters

• Focus on changes in the pattern of evolution: formation
of blooms of lineages, modification of the evolution of
the nucleotide pattern (inversion of the trend in loss of
C or G, transversions, etc.) and try to link this evolution
to mutations in specific proteins of the virus

• Based on this knowledge, identify lines that are being
attenuated, and allow them to propagate, monitoring
possible change in tropism from lung to gut and vice
versa

• Locate severe strains, and impose strict local
containment

• Trace transmission upstream, not only downstream
which has little effect, and implement a strict control of
movement of infected persons and their contacts

• Accelerate as much as possible vaccination, especially
in populations with high case incidence rates and with
multiple circulating variants. Develop with urgency sec-
ond and third generation vaccines based on the emer-
gence of variants less affected by 1st generation
vaccine immunity

• Invest massively in the development of new antivirals,
both target-led, based on accumulating sequences of
non/weakly varying viral proteins, and empirical non-
target-based screens.

Finally, it seems likely that we will have to live with the
progeny of SARS-CoV-2. This implies that, to control its
negative consequences we will have to follow carefully
the evolution of its antigenic determinants. We may end
up with a situation somewhat similar to that of seasonal
flu, and need a different vaccine every year. Co-evolution
with other respiratory diseases, flu in particular, has to be
taken very seriously, as omitting to maintain stable herd
immunity for the latter could lead to dire consequences.
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