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Abstract

The direction the evolution of virulence takes in connection with any pathogen is a long-standing question. Formerly, it
was theorized that pathogens should always evolve to be less virulent. As observations were not in line with this theoretical
outcome, new theories emerged, chief among them the transmission—virulence trade-off hypotheses, which predicts an inter-
mediate level of virulence as the endpoint of evolution. At the moment, we are very much interested in the future evolution
of COVID-19’s virulence. Here, we show that the disease does not fulfill all the assumptions of the hypothesis. In the case
of COVID-19, a higher viral load does not mean a higher risk of death; immunity is not long-lasting; other hosts can act as
reservoirs for the virus; and death as a consequence of viral infection does not shorten the infectious period. Consequently,
we cannot predict the short- or long-term evolution of the virulence of COVID-19.

Keywords COVID-19 - SARS-CoV2 - Epidemiology - Evolution of virulence - Virulence—transmission trade-off - Law of
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Introduction

During the waves of the COVID-19 pandemic, people often
wonder about the future of the virus and its effect on us.
One such effect in the spotlight these days is the evolution
of virulence, the hereditary change in the relative ability of
an infectious agent to cause disease. It is worth mentioning,
as reviews on the subject often do, that there are different
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notions of virulence. Here, we use the definition of decreas-
ing the fitness of the host mostly via increased mortality but
also by decreased fecundity (Alizon and Michalakis 2015;
Cressler et al. 2015; Geoghegan and Holmes 2018; Read
1994; Sigmund et al. 2002) (In some contexts, virulence
can mean the ability to gain entrance to the host or local
spreading (infectivity)). When it comes to contemplating
the future survival chances of hosts, conventional wisdom is
often invoked that a pathogen will become less virulent (less
lethal) as it evolves. This expectation stems from two model
results and a selective view on current pathogens.
According to the avirulence hypothesis put forward by
Theobald Smith (Smith 1904), virulence is expected to
decrease to zero in the course of evolution. It is not in the
interest of a pathogen to harm or kill its host, only to repli-
cate itself. The death of the host terminates the infectious
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stage of the pathogen, thus ending transmission. Without
the excess death caused by the pathogen, the host can be the
vehicle for the replication and transmission of the pathogen
for a longer time.

The second proposition, often referred to as the transmis-
sion—virulence trade-off, came as a critique of the aviru-
lence hypothesis (Anderson and May 1982; Frank 1996).
It acknowledges that the death of the host shortens the
time-period in which the pathogen can be transmitted. But
it shows that if virulence and transmission are positively
correlated but in a decelerating manner, i.e., increasing viru-
lence has a diminishing return in terms of higher transmis-
sion, then, there is an intermediate, optimal virulence. Thus,
there is an optimal virulence above which it is not evolution-
ary advantageous for the pathogen to increase virulence. If
virulence happens to be higher than this at the beginning (at
first contact with the pathogen), it will evolve to lower levels.

The supposed inevitability of lower virulence is a com-
forting idea during a pandemic. On the other hand, there is
an unfounded fear in the general public that pathogens are
out there to kill us. And if a pathogen is not deadly enough,
it will become more so with every new mutation it acquires.
Both of the above theoretical results alleviate this fear, as
they agree that no pathogen would evolve to be 100% lethal.
Humans tend to recall more salient cases (Phelps and Sharot
2008; Talarico and Rubin 2003), and therefore, one might
only remember the very lethal or the very mild pathogens.
COVID-19 has symptoms much like the common cold
(caused in part by other coronaviruses) or influenza. The
common cold is not a deadly disease, and while influenza
causes more deaths (CDC 2020, Paget et al. 2019), it is also
not a deadly one. This might usher a layperson to jump to
the conclusion that COVID-19 will become a common cold-
like disease.

In this essay, we shall revisit the avirulence and trans-
mission—virulence hypotheses and discuss the circumstances
where their predictions are expected to be true. In apply-
ing theoretical results, it is key that underlying assumptions
are understood. These assumptions will be compared with
what we know about COVID-19 in order to see if they fit.
We should be sure to base our hopes and policies on theo-
ries that apply—to this particular pathogen (SARS-CoV2
(Gorbalenya et al. 2020)) and the disease it causes (COVID-
19)—otherwise we may cause more harm than good.

“The law of declining virulence”
Around the beginning of the twentieth century, a view of
virulence evolution emerged, which held sway for most of

that century (Méthot 2012): pathogens gain little by harming
their host and thus, should evolve to be non-virulent. The
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formulation of the hypothesis is often credited to Theobald
Smith (Smith 1904). The original formulation and much of
its use were verbal, but it can be formulated mathemati-
cally (Anderson and May 1982). Let us do so by relying
on the SIR model of epidemiology (Kermack et al. 1927)
(Egs. 1-3), where the population is divided into Susceptible,
Infectious, and Recovered individuals:

ds
o =psL. (1)
g—i — BSI — y1 — 61, 2
dR

where f is the transmission rate, y is the recovery rate (1/
day), and § is the excess death rate caused by the infection.
The basic reproduction number, the number of secondary
infections an infected individual produces on average in a
susceptible population, is:
Ry ~ y% @
If the above three parameters are independent of each
other, then increasing the transmission rate (f3), and decreas-
ing the recovery (y) or death rate () would increase the basic
reproduction number and thus fitness. The transmission rate
(p) can increase but not indefinitely: Both the speed of infec-
tion cannot be instantaneous, and the number of susceptible
hosts within reach cannot be unlimited (i.e., pathogens can-
not teleport from one host to another). Recovery rate (y) can
also decrease, meaning it takes longer and longer to elimi-
nate the pathogen. In the end, a persistent productive infec-
tion (y=0) is possible. Pathogen-caused excess death rate ()
could also decrease and can theoretically reach zero. This
evolutionary outcome is avirulence. The outcome heavily
rests on the assumption of independence of the parameters.

The transmission-virulence trade-off

The transmission—virulence trade-off hypothesis posits that
from an evolutionary point of view, it is not beneficial for
the pathogen to kill its host before being passed to another
host. In this regard, it is similar to the avirulence hypothesis.
However, the replication of the pathogen within the host
causes some inevitable damage to the host. Thus, an increase
in the number of pathogens increases both transmission and
virulence. Both replication and transmission require a living
and, in many cases, active host. If the host is dead, it can no
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longer help the reproduction of the pathogen, nor can the
host take an active part in transmitting it. High virulence is
detrimental to the pathogen, and so it is bound to evolve to a
lower level of virulence to better spread. In plain words, if a
pathogen causes its host to lay in bed or even to die instead
of happily going around and transmitting the infection, it
will be outcompeted by mutants that cause less damage to
the host and allows it to produce more pathogens and infect
other hosts. This is the verbal description of the transmis-
sion—virulence trade-off.

In mathematical terms, the key here is that both trans-
mission (f) and recovery rate (y) are functions of virulence,
measured here as excess death rate (5). Thus, Eq. (4) can be
rewritten as follows:

p(%)

A EE) ©)

Anderson and May (Anderson and May 1982) critiqued
the original theory on exactly this ground: if these param-
eters are interdependent then the outcome might differ.
If transmission rate is a linear function of virulence and
recovery does not depend on virulence, then, both virulence
and transmission rate evolve to as high as possible. This is
already a counterexample to the avirulence hypothesis as
it demonstrates that virulence can increase. But their main
argument was that both recovery rate and transmission rate
are a nonlinear, saturating function of virulence. As viru-
lence increases, the recovery rate decreases, steeper at first
(at low virulence) and tapering off at higher virulences.

Viruelence evoles to be lower

Viruelence evoles to be higher

0.05
Virulence

0.00 0.10

Fig. 1 Transmission—virulence trade-off. The reproductive rate of a
pathogen has a maximum as virulence increases. If initial virulence
is higher than this optimal virulence, then, virulence evolves to be
lower. But virulence can also increase if the initial one is lower than
the optimum (the shaded area on the graph). The curve has the same
shape found by Anderson and May (1982) for myxomatosis

Thus, the benefit of a lower recovery rate, which translates
to a longer infectious period, is offset by the cost of higher
mortality (virulence, which shortens the infectious period).
This was shown to lead to intermediate virulence (Fig. 1)
backed up by data from myxomatosis (Anderson and May
1982).

The SIR model described by Eqs. 1-3 is sufficient to
show the behavior the above two theories formulate. When
studying the long-term the evolution of virulence, a demo-
graphics SIR model that also includes the birth of new hosts
could be employed. Readers should refer to Nowak’s chapter
on the mathematical virulence evolution (Nowak 2006).

The above mathematical results are based on a list of
assumptions. Mathematical formulations are more exact than
verbal arguments and specify the conditions under which
certain statements, like ‘virulence ought to decrease,” are
valid. The formulation is based on a number of biological
assumptions. Should these biological assumption change,
the formulation would also change, and potentially, the out-
come would change too. Here, we go through the assump-
tions of the avirulence and transition—virulence trade-off
hypotheses, in part based on Sigmund et al. (2002) and give
counterexamples and exceptions.

e The pathogen spreads via contact between an infectious
host and a susceptible host. The pathogen is not spread
by a vector, by water, by contaminating other objects, by
attendants, or by any other means. Otherwise, infection
probability is not proportional to the meeting frequency
of infectious and susceptible individuals (as in Eqs. 1 and
2).

o [nfection obeys the law of mass action, so that infected
and susceptible individuals meet proportional to their
density in the population. This is an assumption of the
underlying epidemiological model which is rarely the
case in real life. Spatial structuring of infected individu-
als could lead to the evolution of less virulent strains
(Lion and Boots 2010, van Baalen 2002), but it is not
universally true, and in some cases, limited dispersal
can lead to higher virulence (Boots et al. 2004; Lion and
Boots 2010).

e Pathogens only survive in living hosts. If the host dies,
either by causes not related to the pathogen or as a con-
sequence of the infection, the host ceases to be infectious.
In Eq. (2), the deceased are removed from the infectious
population. In biological terms, this means that corpses
are not vehicles for further infections. But infection can
be acquired from corpses, as in the case of the Ebola
virus (Prescott et al. 2015) and the Nipah virus (Sazzad
et al. 2013).

e There is no coinfection with other lineages of the same
pathogen. Consequently, within the hosts, pathogens
compete only with their close relatives. Within-host com-
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petition can increase virulence (Frank 1996). If virulence
increases the replication rate and, through it, transmis-
sion then a more virulent lineage can be more successful
even if it shortens the infectious period by killing the
host.

e Other pathogens do not interfere with the focal pathogen.
It is implied that the host either is not infected with other
pathogens, or their effects can be lumped together as a
constant background mortality rate. So it is assumed that
other pathogens do not hamper or facilitate infection, nor
is there cross-immunity present in the population. But
theory and the limited amount of experimental results
that are available to us suggest that coinfection affects
virulence levels (Alizon et al. 2013).

e The per-host disease-free death rate is constant. The
host does not experience increased mortality at higher
age (senescence). Theory suggests that in such case the
evolutionarily stable level of virulence is higher (Hamley
and Koella 2021).

e Replication of the pathogen is detrimental to the host
(increases virulence) and shortens the infectious period.
There seems to be ample evidence for the pathogen’s
replication being detrimental to the host (Acevedo et al.
2019). But it is also important that the increased mortal-
ity happens when the host is infectious (Acevedo et al.
2019), so the infectious period shortens (see Eq. 2).
However, sometimes the detrimental effect of the infec-
tion comes after the infectious period. In such case, the
higher virulence does not shorten the infectious period.
An example could be when the symptoms are caused by
the reaction of the host’s immune system. The severity of
that reaction might be attributed to the host, and it could
affect whether lower or higher virulence is evolutionary
stable (Graham et al. 2005; Weiss 2002).

e [mmunity is long-lasting, and the pathogen does not
evolve to escape this immunity. If immunity wanes or the
pathogen escapes immunity as it evolves, virulence can
evolve differently than predicted here. For example, regu-
lar antigen escape selects for a higher virulence (Sasaki
et al. 2022), as it selects for high invasion success of the
new mutant.

o The trade-off between the per-host transmission rate
and the per-host disease-induced death rate conforms
to a law of diminishing returns. A recent meta-analysis
of the studies on the relationship between transmission,
within-host replication, and virulence (Acevedo et al.
2019) found that replication increases with virulence, and
a more replicative pathogen is transmitted more easily.
The leveling-off nature of these interactions is observed,
but not statistically significant. The relation between
transmission and virulence is roughly like required by the
hypothesis but rests only on nine studies and the conclu-
sion is not statistically significant (Acevedo et al. 2019).
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All in all, there is less experimental backing behind the
transmission—virulence trade-off than would be desir-
able for a hypothesis on which a large part of our current
thinking about the evolution of virulence rests.

e The pathogen is a specialist and cannot infect other spe-
cies. If the pathogen is a generalist, it could have higher
virulence in certain hosts as they cannot optimally adapt
to all of their hosts (Leggett et al. 2013). Also, if the
pathogen can easily jump between host species, it can
begin to adapt to the new host and then, be maladapted
to the original one, when it jumps back to it.

The ambiguous experimental/observational
backing of the transmission-virulence
trade-off

The transmission—virulence trade-off was proposed
(Anderson and May 1982) because observation on myxo-
matosis (see below) suggested that there might be a trade-
off between these quantities. It was shown as a transmis-
sion-recovery trade-off and then, generalized, according
to Eq. 5 to a trade-off between transmission and virulence.
There is experimental evidence for an intermediate level of
virulence being evolutionary optimal (Acevedo et al. 2019;
Doumayrou et al. 2013; Jensen et al. 2006). At the same
time, we know of some viruses and microbes that do not
seem to cause any health-related concerns to their host. For
example, sooty mangabeys (Cercocebus atys) do not show
any symptoms of Simian immunodeficiency virus (SIVsmm)
infection (Rey-Cuillé et al. 1998). However, this might not
be solely the evolutionary achievement of the virus, but
rather the host’s (Miiller and De Boer 2006).

As might be evident from the list of very specific assump-
tions listed above, we cannot expect all pathogens to con-
form to the transmission—virulence trade-off. And even if
some do, there is no guarantee that evolution would lead
to lower virulence. Intermediate virulence only means that
neither 0% virulence (avirulence) nor 100% lethality are
optimal, and evolution would lead away from them (Fig. 1).

When a pathogen switches to a new host, virulence is
seldom optimal. The optimal level of virulence might as
well be higher or lower than the initial one. The textbook
example of the evolution of decreased virulence is the case
of myxomatosis in European rabbits (Oryctolagus cunicu-
lus). As the initial lethality was close to 100%, myxomatosis
in rabbits is bound to evolve to lower virulence (or stay the
same). Myxomatosis is caused by the myxoma virus belong-
ing to the Poxviridae family of viruses. It causes a mild dis-
ease in its original host, the Brazilian cottontail (Sylvilagus
brasiliensis). But in the European rabbit, the myxoma virus
caused a mostly fatal disease, which is why it was used to
control the invasive rabbit population in Australia. The virus
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is carried from one rabbit to another by an arthropod vector.
The virus just hijacks the arthropod, and it does not repli-
cate in it. While vector-borne pathogens are generally out of
scope for the transmission—virulence trade-off hypothesis, as
myxoma virus does not replicate in the vector, the hypoth-
esis was still applied to it. It is worth mentioning that while
on average, it seems that the lethality of the Myxoma virus
has lowered in the European rabbits, very virulent strains
are still circulating (Kerr et al. 2015). Rabbit populations
were selected to be resistant to the original strain. But as the
coevolution between the new host and the pathogen pro-
gressed, instead of becoming the milder, newer variants of
the virus have evolved increased immunosuppressive ability
(Kerr et al. 2017).

The early history of myxomatosis is a classic case study.
It is an example where evolution has led, at least initially, to
lowered levels of virulence, and also its evolution is known
in great detail (Kerr et al. 2015). The introduction of the
virus to the Australian population was voluntary and the
unfolding events were monitored and recorded. Another
recent and well-documented host switch and the subsequent
epidemic involves two species of Simian immunodeficiency
viruses which became the Human immunodeficiency virus
1 and 2 (HIVs). HIVs are retroviruses which switched hosts
from other primates to humans in the early twentieth cen-
tury (Sousa et al. 2017). AIDS, the disease HIV causes, was
first observed as a new disease in the ‘80 s, and ever since,
the evolution of the viruses is closely followed. There was
an expectation that the lethality of HIV infection would
decrease. This is what was found in Uganda (Blanquart et al.
2016). But virulence did not change in Switzerland (Miiller
et al. 2006) and increased in Italy (Miiller et al. 2009), the
USA (Crum-Cianflone et al. 2009; Wertheim et al. 2019),
and in the Netherlands (Wymant et al. 2022). More gen-
erally, a meta-analysis found that globally CD4* count of
patients is decreasing quicker, viral load is increasing, thus
the virus becomes more virulent (Herbeck et al. 2012).

HIV infection can be kept at bay with treatment, which
raised the question of whether treatment could increase viru-
lence. If the pathogen is in an environment with most hosts
vaccinated or treated, transmission can become difficult,
and only very aggressive strains might survive. The classic
example of this is Marek’s disease of poultry, caused by
a herpesvirus (Marek’s disease virus, MDV). Because of
agricultural importance, a vaccine was developed for an oth-
erwise mild disease that rarely if ever was lethal. The vac-
cine successfully kept symptoms at bay, but virus replication
and transmission were not inhibited. Selection on limiting
virulence was lifted as vaccinated birds do not suffer from
the heightened virulence because of the vaccine (Read et al.
2015; Witter 1997) but can still successfully transmit the
disease. Unvaccinated individuals die quicker, but the main-
tenance of the virus does not depend on this small fraction of

the population. Not just vaccination, but also effective treat-
ment could in principle select for higher virulence. In the
case of HIV, very high coverage of antiretroviral treatment
might cause an increase in virulence (Herbeck et al. 2016).
But generally, we do not expect vaccination or treatment
to be the cause of higher virulence (Bull and Antia 2022).

Smallpox had become more virulent over the centuries
(Alcami 2020; Miihlemann et al. 2020). There were numer-
ous losses of immune escape genes that helped the infection
to persist longer, but those genes also lessened the immu-
nopathogenic effect of the disease. Without these genes,
smallpox became the lethal disease known today and not
the mild disease it was, like cowpox or chickenpox.

The evolution of a limited number of pathogens that we
could either monitor from its beginning or infer its evolu-
tion from molecular data, as described above, does not seem
to be in favor of pathogens becoming universally milder.
Can we expect COVID-19 to become a milder disease? To
answer this question, we need to go through the assump-
tions of the avirulence and transmission—virulence trade-off
hypothesis and assess if COVID-19 conforms to them.

COVID-19

Severe acute respiratory syndrome-related coronavirus
SARS-CoV-2 (Gorbalenya et al. 2020) is the causative agent
of COVID-19. The positive-strand RNA virus belongs to
the genus Betacoronavirus, family Coronaviridae, and order
Nidovirales.

Like the other coronaviruses infecting humans, it causes
respiratory tract infection. The infection is transmitted
directly from a living individual to other living individu-
als via droplets and aerosol. Infection through contaminated
objects (fomite) plays no role in the epidemic (Onakpoya
et al. 2021). After infection, an incubation period starts. The
incubation period is on average 5.4 days (Xin et al. 2021),
but the development of symptoms is quicker in newer vari-
ants (Wu et al. 2022). Individuals are often infectious before
symptom onset (Jones et al. 2021). Some, around 17%
(Byambasuren et al. 2020), do not develop symptoms; thus,
the entire infection is asymptomatic. Nevertheless, asymp-
tomatic and presymptomatic (those who develop symptoms
later) individuals can be as infectious as symptomatic indi-
viduals (Jones et al. 2021; Zou et al. 2020).

As for severity, for most of the patients, the disease is a
mild one (70-80% of the infected required no hospitaliza-
tion even at the beginning of the pandemic (ECDC 2020,
WHO 2020)). The rest requires hospital care, and a fraction
of these individuals require intensive care. Severe disease
develops through the interaction of the virus and the immune
system of the infected. Fatal outcome happened 1-2 weeks
after symptoms onset (Lefrancq et al. 2021; Linton et al.
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2020; Zardini et al. 2021), albeit quicker progression of the
disease was also reported (Impouma et al. 2022). Live virus
shedding might be over by the time patients die.

COVID-19 fulfills some of the assumptions of the models
of virulence evolution listed above.

o [t is transmitted directly from living individuals as stated
above.

e Coinfection by different strains of SARS-CoV-2 is not
widespread. There is a possibility of coinfection with dif-
ferent strains of SARS-COV-2 (Francisco Jr et al. 2021;
Liu et al. 2021; Rockett et al. 2022; Taghizadeh et al.
2021). The incidence of such coinfection is around 5 (Liu
et al. 2021) to 13% (Taghizadeh et al. 2021). There is one
report suggesting longer virus shedding and more severe
disease in those coinfected with two variants (Pedro et al.
2021).

e Coinfection with other pathogens does not interfere sig-
nificantly. While there are some indications that patients
can be infected by other pathogens besides SARS-CoV-2
(Jiang et al. 2020), it is not typical (Calcagno et al.
2021). We can assume that pathogen interference plays
an insignificant role in the current evolutionary trends
of SARS-CoV-2. But even without coinfection, patho-
gens can have a strong indirect effect on each other. The
non-pharmaceutical intervention during the COVID-19
pandemic also prevented infection by other respiratory
viruses (Kim et al. 2021). A lineage of influenza B virus
(B/Yamagata/16/1988) might have gone extinct (Kout-
sakos et al. 2021). In the fall/winter of 2022, the circula-
tion of respiratory syncytial virus (RSV) was intensified
(European Center for Disease Prevention and Control
2022; Munkstrup et al. 2023). While we do not know
for sure if it is connected to the COVID-19 pandemic,
the new pathogen and the preventive measures of first
two years of the pandemic might have caused a change
the known rithms of seasonal epidemics. The long-term
evolution of SARS-CoV2 can be affected by the other
seasonal respiratory pathogens.

However, other assumptions are violated.

e A higher viral load does not translate to a higher risk of
death. The data on this is ambiguous (Dadras et al. 2022),
and while in some cases scientists found a positive cor-
relation between viral load and disease severity, in others,
there was no correlation or negative correlation.

e [mmunity is not long-lasting, and the pathogen evolves
to escape immunity. There is waning immunity to SARS-
CoV2 irrespective whether it came from former infec-
tion or vaccination (Gazit et al. 2022; Goldberg et al.
2022; Thomas et al. 2021; Voko et al. 2022). Prior infec-
tion offers a limited cross-immunity to other variants
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(Suryawanshi et al. 2022; Tang et al. 2022). These taken
together can select for a higher virulence (Sasaki et al.
2022) as opposed to a lower one.

e  Humans are not the only possible host for SARS-CoV-2.
While humans are the main host of SARS-CoV-2, other
species, such as mink (Devaux et al. 2021), white-tailed
deer (Mallapaty 2022), or cats (Doliff and Martens
2022; Halfmann et al. 2020) can catch the virus which
can spread among them. Not only can these spill-over
infections act as reservoirs of SARS-CoV-2, but the virus
may evolve in non-human hosts and may later reinfect
humans. We cannot forecast the effect of these evolved
pathogen on humans.

The evolution of SARS-CoV-2

The assumptions of the main evolutionary theories on viru-
lence evolution are not met. Consequently, we cannot invoke
their prediction when it comes to the evolution of the viru-
lence of SARS-CoV-2 infection. We can expect the virus to
become endemic (King 2021) like four of the coronaviruses
known to infect humans, but we cannot expect it to become
harmless (Katzourakis 2022).

Antia and coworkers (Lavine et al. 2021) have argued
that COVID-19 can become a seasonal infection that causes
very few deaths. Their argument is heavily based on two
factors: (1) mortality is high only at old age, and (2) immu-
nity is long-lasting. The first assumption fits perfectly. The
population is then infected at a young age, where the risk
of death by COVID-19 is low. If there would be lifelong
sterilizing immunity, then, the virus could not circulate (like
varicella). But as reinfection is possible and former infec-
tions protect from severe disease, then, on a population level,
COVID-19 will become a mild, seasonal infectious disease
(like influenza).

In the case of COVID-19, the problem is that immu-
nity does not last long. We still do not yet know if cross-
immunity from a former infection protects against severe
disease caused by a new variant (so far vaccination does
offer protection from severe disease Altmann and Boyton
2022; Scott et al. 2021)). Moreover, most virus transmis-
sion occurs well before the disease progresses to a severe
one. This lessens the selection pressure on a lower virulence
(Day et al. 2020). The predicted evolution toward lower viru-
lence depends on a higher death rate shortening the infec-
tious period (see Eqs. (4) and (5)). This is not the case with
COVID-19, which prompted Katzourakis (2022) and Miller
and Metcalf (2022) to point out that we cannot apply the
transmission—virulence trade-off and thus, cannot expect the
disease to become milder because of it.

In fact, some evidence suggests that COVID-19 has
become more lethal and more transmissible at the same time.
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The original variant detected in Wuhan in 2020 had a crude
fatality ratio of 0.7% (higher at the very beginning of the
epidemic) and a basic reproduction number (R,) of 2-2.5
(WHO 2020) (later estimates are in the range of 1.4-6.49,
with a median of 2.79 (Liu et al. 2020)). The basic repro-
duction number is the mean number of secondary infections
generated by an infected individual in a susceptible popula-
tion. As the population was susceptible to the novel patho-
gen, R, could be estimated. For later variants, they compared
their transmissibility to the original variants (the new trans-
missibilities are always higher for variants of concern and
variants of interest (Campbell et al. 2021)). A novel muta-
tion from aspartic acid to glycine on the 614 position of the
spike protein (D614G) rose to prominence and replaced the
original variant by the summer of 2020 (Korber et al. 2020;
Martin et al. 2021; Tao et al. 2021). The D614G variant has
an increased transmission rate (Korber et al. 2020, Volz et al.
2021a), as it has a higher affinity to the ACE2 receptors. The
estimated R, is around 3—4.5 (Leung et al. 2021), a roughly
30% increase from the original variant. The lethality of this
variant is the same (Volz et al. 2021a). At the end of 2020, a
number of more infectious variants emerged. In Europe, first
the Alpha (B1.1.17) variant rose to prominence in 2021 (Tao
et al. 2021). The lethality of this variant is about 50% higher
than that of the D614G variant (Challen et al. 2021, Davies
et al. 2021b, Grint et al. 2021). Transmissibility of the Alpha
variant is 50-100% higher (Davies et al. 2021a, Volz et al.
2021b). Then, the Alpha variant was replaced with the Delta
(B.1.617.2) variant. So, it has even higher transmissibility,
with estimated R, = 5.08 (Liu and Rocklov 2021). Delta
might be as lethal as Alpha (Zhao et al. 2022). In 2022, the
Omicron (B.1.1.529) variant replaced Delta as the dominant
variant. Interestingly, while it has higher transmissibility
(R, = 8.2 (Liu and Rockldv 2022)), it has a lower associated
risk of death (Nyberg et al. 2022). Omicron broke a trend of
increased transmissibility coupled with increased or similar
lethality. Other notable variants also mostly conform to the
higher transmissibility and higher mortality rate pattern. For
example, the Beta (B.1.351) variant, which was first detected
in South Africa, has a higher transmissibility (Tegally et al.
2021) and a higher mortality than the original variant (Funk
et al. 2021). Similarly, the Gamma (P.1) variant, which was
first detected in Brazil, has a higher transmissibility and a
higher mortality rate (Faria et al. 2021; Funk et al. 2021).
Markov and coworkers (2022) warn us that the “lower sever-
ity of Omicron is nothing but a lucky coincidence,” and we
should expect more transmissible and more immune evasive
variants to emerge (see also (Otto et al. 2021)).

Virulence is a trait that is influenced by both the patho-
gen and the host (Read 1994). Mostly we discuss virulence
as a trait exclusively of the pathogen. But various traits of
the host affects the severity and lethality of the disease (for
COIVD-19 see the exhaustive review by Zsichla and Miiller

(2023)). Furthermore, the host is also selected to decrease
virulence. While the generation time of humans is vastly
longer than the generation time of a virus (measured as the
time between infecting new hosts), there are other ways to
counter the effect of a pathogen. Proper health care, antivi-
rals (if available), and vaccination are cultural advances that
help us lower the mortality/morbidity caused by a viral path-
ogen. Vaccines, because of the example of Marek’s disease
of poultry, are feared to select for higher virulence, but this
is very unlikely (Bull and Antia 2022; Miller and Metcalf
2022). Unlike the vaccine against Marek’s disease, the vac-
cines available against SARS-CoV-2 also lowers transmis-
sion (albeit does not eliminate it) (Braeye et al. 2021; Eyre
et al. 2022; Pritchard et al. 2021; Tan et al. 2023).

Consider for a moment that SARS-CoV-2/COVID-19 ful-
fills the assumptions of the transmission—virulence trade-
off. Even then, evolution is not guaranteed to arrive at the
optimal trait value anytime soon or ever. Even if there is a
combination of traits that would lead to decreased virulence,
it might not be evolutionary reachable or maintainable. To
consider a trait (or combination of traits), an endpoint of
evolution (in an otherwise constant environment), it needs
to be locally evolutionary stable and should be reachable
from its genetic vicinity (Dieckmann 2002; Geritz et al.
1998; Meszéna et al. 2002). Any optimal trait should first
be reached in genotype space. Due to the vastness of geno-
type space, only a small fraction of it can be explored. This
fraction lies on the smoother part of the fitness landscape
(i.e., on those parts, where small genetic changes result in
small changes in fitness). If a fitness peak is surrounded by
a deep fitness chasm, it will never be reached. The notion of
convergence stability means that once an evolving popula-
tion reaches the vicinity of the fitness peak, it can and will
climb it. Evolutionary stability means that no rare mutant
can invade a population having this trait (Maynard Smith
1982). When analyzing complex fitness landscapes, we
might narrow our focus to local mutations. Consequently,
an evolutionary stable trait is a local fitness peak in the land-
scape. We do not consider very large jumps in genotype
space (changes can still be considerable in phenotype space).
So-called Garden of Eden fixed strategies are such that they
are evolutionary stable, but not convergence-stable, so they
cannot be reached (Geritz et al. 1998). There are examples
of such dynamics in the theoretical epidemiological litera-
ture (Ashby and King 2017; Best et al. 2013, 2014). The
take-home message of evolutionary theory in this regard is
that the global optimum might not be reachable for various
reasons.

Alizon and Sofonea (2021) rightfully point out that a
pathogen that freshly changed host is maladapted to it,
and we should not expect it to lie on some smooth fit-
ness trajectory to optimality. On the contrary, we should
expect that reaching the optimum is difficult and could
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involve virulence levels that are way different from the
final evolutionary optimum (Bull and Ebert 2008). Fur-
thermore, epistasis and pleiotropic effect can also compli-
cate the expected smooth evolution. Epistasis means that a
mutation could have a different effect based on the genetic
background. The N501Y mutation found in the spike pro-
tein of the Alpha and latter variants increases affinity to
the ACE2 receptor, thus increasing transmissibility (Liu
et al. 2022). The mutation to glycine on the 446 position
helps escape antibodies but incurs a cost in the affinity.
The affinity drop is less in the original variant, but more
pronounced with the N501Y mutation (Starr et al. 2022).
So, with the N501Y mutation background, this mutation
would not have risen to prominence. This observation is
also an example of a pleiotropic effect: The mutation has
an immunoevasive effect and lowers the affinity of the
spike protein to the receptor. Furthermore, while one might
think that it is mostly transmission or immune evasion that
shape the fitness landscape of SARS-CoV-2, mutations
elsewhere in its genome also significantly contribute to it
(Obermeyer et al. 2022): six of the top 20 most influential
mutation are not associated with the spike protein. Such
convoluted interactions between mutations and traits seem
to be common which makes short-term predictions on the
evolution of any pathogen especially hard.

What we can safely say is that the lethality (virulence)
of SARS-CoV2 will decrease, increase, or stay the same.

Conclusion for future biology

The maturity of a field in natural science can be seen in the
number of predictive mathematical formulas employed.
It is high in physics, moderate in chemistry, and very
few in biology. Biology is still in its juvenile stage. New
data are generated faster than we can make sense of it.
Still, data are not always generated on what we need but
what is available and easy to do. Pathogen management
should have a sound theoretical basis (Dieckmann et al.
2002). Theory, in this field, is far ahead of observations
and experiments required to test said theories. We just
do not yet know, which theory applies to which disease.
For that, we need more targeted experiments. At the same
time, theoretical papers should always incorporate what
we already know about pathogens and the diseases they
cause (Alizon et al. 2013; Cressler et al. 2015).
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