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Early in the firstwave of the COVID-19 pandemic, one might be
forgiven for suggesting that SARS-CoV-2 mutations were not
a major cause for concern; there were other more pressing is-
sues such as designing and testing new vaccines (Grubaugh et al.
2020). Unfortunately, recent events have challenged this opti-
mistic take. Variant lineages with multiple mutations in spike pro-
tein and elsewhere in the genome, notably Alpha (B.1.1.7, first
sequenced in the UK), Beta (B.1.351, first sequenced in South
Africa), Gamma (P.1, first sequenced in Brazil) and now Delta
(B.1.657.2, first sequenced in India) have rapidly expanded (Pea-
cock et al. 2021b; Rambaut et al. 2020; Faria et al. 2021; Tegally
et al. 2021). Worryingly, some of these variants appear to have an
increase in mortality (Davies et al. 2021) or a reduction in vac-
cine effectiveness (Madhi et al. 2021). The increased transmissi-
bility (estimates suggest an increase of 50-70% for Alpha variant
(Davies et al. 2021; Volz et al. 2021) and a further similar increase
above Alpha for Delta (Public Health England 2021)) meant that
nonpharmaceutical control measures to limit virus spread have
failed to prevent a second and third wave of the pandemic in
the United Kingdom. Opinion has been split among evolution-
ary biologists about whether the emergence of more transmissi-
ble variants was an unexpected development or an obvious pre-
diction. Did current theories of viral evolution not support that
more transmissible variants of SARS-CoV-2 would evolve? Or
does evolution of viruses during a pandemic differ from normal
evolution of viruses making the emergence of these variants in-
evitable?

It seems possible, indeed likely, that viruses that are already
endemic evolve differently from those that have newly emerged.
Seasonal influenza viruses such as H3N2 influenza continually
adapt to humans resulting in gradual antigenic changes, neces-
sitating vaccine updates but without other dramatic phenotypic

changes: the fundamental properties of H3N2, how it transmits
and the disease it causes, remain the same. Despite generating
large diversity within an individual and strong selective pressure
on antigenic variants at the population level, H3N2 mutations
take a relatively long time to emerge at the population level (Xue
et al. 2017; Han et al. 2019; Morris et al. 2020). This is partly
because of the extreme bottleneck present at transmission — very
few viruses infect an individual (Fig. 1A) — and there will not be
immediate selective pressure caused by antibodies within a host
(Han et al. 2019). Thus, mutants arising de novo within a single
host do not grow to a large population size within the duration of
the acute infection. If an advantageous mutation does not occur
at the earliest stage of replication within a host, it will be diluted
out by other viruses and is unlikely to transmit to a new host
(Fig. 1A). Recent studies have suggested that there is relatively
low intrahost diversity and a tight bottle neck in SARS-CoV-2
transmission (Lythgoe et al. 2021; Valesano et al. 2021). Per-
haps experience of seasonal influenza evolution coupled with the
proofreading capacity of the SARS-CoV-2 polymerase led scien-
tists to believe that SARS-CoV-2 would evolve relatively slowly.
However, with hindsight, it seems evolving during a pandemic
allowed SARS-CoV-2 to overcome these restrictive bottlenecks
seen in seasonal viruses and evolve differently from influenza.

How does Viral Evolution Differ in a

Pandemic?

A pandemic might lead to a different tempo of viral evolution
for the following three interrelated reasons: (1) The virus is not
yet optimally adapted to humans. (2) There are a large num-
ber of susceptible hosts. (3) These hosts include a proportion of
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Figure 1. (A) Following infection of a seasonal virus, diversity is generated within a host. However, due to early transmission and a tight
bottleneck, transmission of mutated viruses is rare. (B) Following emergence from a zoonotic source, adaptation within human host is
rapid as mutations with a large fitness effect are easily gained. (C) Extended replication within a host can lead to multiple mutations
and evolution of a fitter virus, which can subsequently transmit and spread. Mutations with epistatic effects could include compensatory
mutations allowing the virus to cross fitness valleys. Figure created using BioRender.

immunocompromised individuals in whom viral replication will
be prolonged.

When a virus switches host, there is no clear way to pre-
dict how it will evolve (Geoghegan and Holmes 2018; Visher
et al. 2021); the virus can become more or less pathogenic pro-
vided it maximizes transmission. As viruses are error-prone and
have such high population sizes, it has been suggested that every
possible single mutation will be generated in an individual (San-
juan and Domingo-Calap 2016). Therefore, once a virus enters a
new population, the virus will quickly become adapted and fur-
ther changes will be gradual (Fig. 1B). This is seen when H7N9
avian influenza is transmitted to humans where the adaptive PB2
E627K mutation gives a large fitness advantage and is quickly
amplified following a zoonotic event (Fonville et al. 2013; Liu
et al. 2020). At the beginning of a pandemic, a virus may not yet
have optimized all its interactions with human host factors such

as receptors, antiviral restriction factors, and the innate immune

2312 EVOLUTION SEPTEMBER 2021

system. A virus that has been transmitting for decades in humans
will have more thoroughly explored the local sequence space than
a virus that has only recently jumped into humans. SARS-CoV-
2 was a zoonotic virus and likely maladapted to human factors
when it first emerged. Thus, it had considerable potential to in-
crease its transmissibility through evolution in its new host.

In a pandemic, the large number of infections increases the
probability of rare events and means that more of the viral se-
quence space can be explored (Burch et al. 2021). The vast ma-
jority of individuals are susceptible that means that every infected
person has the potential to spread their mutated virus to others.

Finally, as millions of people will be infected in a pan-
demic, this will include a larger number of immunocompro-
mised people. Such individuals may not effectively clear the
infection allowing extended evolution of the virus within a
chronically infected host. The longer period of time for selec-
tion to act can potentially lead to fitter variants with multiple
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mutations especially when mutations interact epistatically. There
can be selective pressure on the virus to avoid any functioning im-
mune elements and to maximize growth within a host (Grenfell
et al. 2004). In addition, an extended infection allows for recom-
bination between viruses within an individual, which would in-
crease the probability of linking multiple beneficial mutations on
a single genome. Combining multiple mutations could allow the
virus to find compensatory mutations to overcome potential fit-
ness valleys caused by the costs of an individual mutation, which
might not happen during a shorter infection (Fig. 1C). Extended
evolution also happens when immunocompromised people are in-
fected by seasonal viruses and remarkably the mutations seen in
individual hosts mirror those that later appear fixed in the popula-
tion (Eden et al. 2017; Xue et al. 2017; Morris et al. 2020). During
a pandemic, the extended replication of a maladapted virus within
immunocompromised people may be responsible for rare events
leading to relatively large jumps in sequence space as opposed to
the gradual accumulation of mutations normally seen in viral evo-
lution (Fig. 1C). The Alpha variant rapidly became the major cir-
culating strain in the United Kingdom and subsequently Europe
(O’Toole et al. 2021). Alpha has 23 mutations and no closely re-
lated viruses with a subset of these mutations have been detected.
Alpha also shares several mutations that have been observed in
multiple immunocompromised patients (Choi et al. 2020; Karim
et al. 2021; Peacock et al. 2021b). It is therefore possible that
Alpha evolved during an extended infection of an immunocom-
promised patient (Rambaut et al. 2020).

Could We have Predicted More
Transmissible Variants?

Could experience from previous pandemics have predicted the
possibility of more transmissible SARS-CoV-2 variants? Large
phenotypic changes have occasionally been observed when
viruses have crossed between non-human species (Brault et al.
2007; Kerr et al. 2017; Geoghegan and Holmes 2018): the in-
sertion of a multi-basic cleavage site causes a switch from low
pathogenesis to high pathogenesis when wild avian influenza en-
ters domestic poultry (Monne et al. 2014); a deletion in swine
coronavirus TGEV (transmissible gastroenteritis virus) switched
the virus from a primarily enteric virus to a solely respiratory
virus with reduced virulence (Rasschaert et al. 1990; Kim et al.
2000); and after canine parvovirus jumped from cats to dogs,
antigenic variants spread worldwide in the first years follow-
ing emergence (Parrish 1999). Yet, there have been few his-
torical human pandemics with enough data to determine how
the virus evolved during the first years in a human host. Pre-
vious zoonotic viruses that caused outbreaks (e.g., SARS-CoV-
1, Ebola) gained mutations suggested to increase transmission,
although this has been difficult to demonstrate experimentally

(Grubaugh et al. 2020). These mutations did not change the vi-
ral phenotype enough to alter control of the outbreak, but the
number of people infected by SARS-CoV-1 in 2003 and Ebola
in 2014 were orders of magnitude smaller than the current pan-
demic. In a more apposite comparison, in the influenza pandemic
of 1918, the rate of mortality in the second and third wave was
greater than in the first wave (Taubenberger and Morens 2006).
While the cause for this increased mortality is unknown, there
is evidence of virological changes from early in the pandemic
(Glaser et al. 2005; Patrono et al. 2021) and this should have
been a warning that such changes are possible. Evolutionary vi-
rologists were therefore naive in their belief that variants were
unlikely to change the trajectory of the COVID-19 pandemic —
we should have predicted this possibility. The unique conditions
of a pandemic allow for larger viral phenotypic changes and a
different evolutionary trajectory from that observed for endemic
pathogens.

Future Research to Characterize and
Predict Variants in the Event of a
New Pandemic

Human transmission is determined by a combination of virolog-
ical, ecological, and human behavioral factors that are difficult
to recreate in a laboratory-based environment. Although we have
yet to pinpoint the exact reasons why some SARS-CoV-2 variants
are more transmissible, several lines of research made promis-
ing predictions and suggest a pathway for research in future pan-
demics. When viruses emerge into humans, receptor binding is
usually not optimized for a human receptor and therefore, en-
hanced receptor binding could cause increased transmissibility
due to more efficient cellular entry. Deep mutagenesis scanning
revealed that SARS-CoV-2 Spike binding to the human ACE2
receptor could be significantly strengthened and highlighted sites
(e.g., N501) which subsequently have evolved in multiple vari-
ants (Starr et al. 2020). An additional approach could be to ex-
amine properties of the virus that differ from close relatives
(Escalera-Zamudio et al. 2021). For SARS-CoV-2, it was quickly
identified that a multi-basic furin cleavage site in spike was an
essential difference between SARS-CoV-2 and both SARS-CoV
and other closely related bat coronaviruses (Coutard et al. 2020;
Hoffmann et al. 2020). This cleavage site was necessary for ef-
ficient infection but was not an optimal cleavage site in the first
wave virus, which suggested that further evolution could lead to
increased cleavage (Peacock et al. 2021a). Indeed mutations in
the cleavage site that likely increase cleavage have now been seen
across variants (Hodcroft et al. 2021) most notably P681R in the
Delta variant (Peacock et al. 2021c¢).

The human innate immune system places a strong se-
lection pressure on zoonotic viruses and this effect can be
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measured by the degree to which viruses stimulate and are af-
fected by interferon. HIV needed to evolve to counteract human
restriction factors before becoming a pandemic (Sharp and Hahn
2011). Recent preprints have suggested that the Alpha variant
may be more resistant to interferon, which could partially explain
the increase in transmission and the increased severity of this
variant (Guo et al. 2021; Thorne et al. 2021). Documenting the
types of adaptive change in SARS-CoV-2 successful variants will
guide our ability to identify variants faster in future pandemics.

Current Research Needs on
Emerging Variants

The key questions concerning variants of SARS-CoV-2 are
whether emerging variants will lead to vaccine escape and
whether there will be further increase of pathogenesis and trans-
missibility. Evidence of antigenic evolution from other coron-
aviruses shows that antigenic drift is a possibility in SARS-CoV-
2 (De Wit et al. 2011; Eguia et al. 2021). Passaging viruses in the
presence of human sera or the use of deep mutagenesis scanning
can indicate whether escape from vaccine-induced immunity is
possible as well as identifying which mutations have the poten-
tial to cause escape and should be monitored (Andreano et al.
2020; Greaney et al. 2021; Starr et al. 2021). It remains to be
seen whether a universal coronavirus vaccine can be developed
that will encompass future variants or whether global monitor-
ing and updating of the SARS-CoV-2 vaccine will be required
as with influenza. The methods discussed above can be used to
predict whether current variants have the potential to become
more transmissible. In vitro evolution of the receptor binding do-
main of spike has shown the potential of even stronger binding
to ACE2 to evolve (Zahradnik et al. 2021) and it remains to be
seen if these mutations will occur in future variants. However,
it is noteworthy that current variants of concern have multiple
mutations that appear to be positively selected rather than single
mutations (Peacock et al. 2021b; Otto et al. 2021). The need for
multiple mutations might explain why these variants arose later in
2020, unlike D614G in spike that increased viral fitness and arose
quickly in the first months of the pandemic (Plante et al. 2021).
Disentangling how these mutations interact epistatically will be
difficult and will not always be possible with approaches such as
deep mutagenesis scanning. Multiple mutations present in vari-
ants have occurred in immunocompromised patients and one ap-
proach might be the use of immunocompromised animal models
to attempt to recreate/forecast this evolution (van der Vries et al.
2013). In addition, multiple mutations could be studied rationally
through structural analysis or through combining mutations oc-
curring in different variants into a single virus. The emergence
of new variants has sent countries scrambling to put into place
pipelines to identify and examine variants in a systematic man-
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ner. As the number of people naive to SARS-CoV-2 dwindles,
a multi-pronged approach will be needed to understand whether
evolving variants are likely to have prolonged infection, be more
transmissible, and/or evade immunity (Otto et al. 2021).

Virus biodiversity and the potential for virus evolution re-
mains vast and unexplored. Given the paucity of pandemics, vi-
rologists have had little experience of how a virus evolves imme-
diately after jumping into humans; mutations may cause viruses
to change in ways that have significant impacts on their epi-
demiology as well as on disease. An increase in transmissibility
of 50% for SARS-CoV-2 was surprising but should have been
foreseen. Further evolution of SARS-CoV-2 (e.g., the rise of the
Delta variant) and evolution in future pandemics will now be
closely monitored. It has become clear that limiting the spread
of a pandemic may not only be necessary to prevent infections
but also to prevent the evolution of strains with the potential to
cause deadlier outbreaks (Burch et al. 2021). In addition, we
should be warier of the continued potential for change in cur-
rently circulating viruses in both animals and humans. For ex-
ample, emergence of arboviruses such as Chikungunya and Zika
with enhanced transmission and pathogenesis potential is likely
to reoccur. Moreover, we do not understand the sudden recent
outbreaks of EV-D68 and why it causes Acute Flaccid Myelitis
(Imamura and Oshitani 2015). How many mutations is this virus
away from becoming the next polio? The potential for a handful
of mutations to turn a benign virus into a deadly virus has never
been clearer.
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