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A virus that can cause a global pandemic must be highly adaptive to human conditions. Such adaptation
is not likely to have emerged suddenly but, instead, may have evolved step by step with each step favored
by natural selection. It is thus necessary to develop a theory about the origin in order to guide the search.
Here, we propose such a model whereby evolution occurs in both the virus and the hosts (where the evo-
lution is somatic; i.e., in the immune system). The hosts comprise three groups — the wild animal hosts,
the nearby human population, and farther-away human populations. The theory suggests that the con-

Keywords: ditions under which the pandemic has initially evolved are: (i) an abundance of wild animals in the place
SARS-CoV-2 of origin (PLy); (ii) a nearby human population of low density; (iii) frequent and long-term animal-human
COVID-19 contacts to permit step-by-step evolution; and (iv) a level of herd immunity in the animal and human
Origin hosts. In this model, the evolving virus may have regularly spread out of PLy although such invasions
Epidemics often fail, leaving sporadic cases of early infections. The place of the first epidemic (PL,), where humans

Viral invasion

g ; are immunologically naive to the virus, is likely a distance away from PL,. Finally, this current model is
Herd immunity

only a first attempt and more theoretical models can be expected to guide the search for the origin of

SARS-CoV-2.

© 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The pandemic coronavirus disease 2019 (COVID-19) is caused
by the virus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). By now, the number of scientific reports has been
astounding, covering almost all aspects of COVID-19 [1-16].
Among the questions, the origin may be the most intriguing and
controversial one. Where, when, and how did the pandemic origi-
nate? Although these questions are flooding the public domains,
few seem to realize how loaded these questions are. The popular
concept of the origin of SARS-CoV-2 is a non-evolutionary one.
The idea is to search for animals that harbor the human SARS-
CoV-2; a successful find would then define the place of origin.
According to this logic, one could conclude that Bronx Zoo in
New York City is the place of origin, as some wild animals there
are known to harbor the same SARS-CoV-2 strain as in humans
[17]; however, the transmission is more likely from humans to
these animals, not the other way around. Thus, the origin needs
to be defined conceptually before one starts looking for it.

The analyses of previous epidemics, like the SARS of 2002-2003,
do offer a guide to trace the origin. There have been many models
on the spillover of the viral pathogens from the animal hosts to

* Corresponding author.
E-mail address: wzhongyi@mail.sysu.edu.cn (C-I Wu).
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humans [18-22]. For example, Plowright et al. [22] proposed
detailed ecological models attempting to define the parameters
that permit cross-species transmissions to happen. The number
of parameters is very large including the viral shedding rate, infec-
tion intensity, pathogen pressure, pathogen survival, host immu-
nity, and a host of other parameters.

These models are mainly concerned with the ecological condi-
tions under which the spillover takes place. The origin of a pan-
demic is, however, about how these ecological conditions come
into existence. Here, we introduce a co-evolutionary genetic model
for the evolution of SARS-CoV-2 in the incipient stage of the pan-
demic. We assume that many of the ecological parameters such
as the shedding rate, infection intensity, and host immunity are
genetically (or epigenetically) defined. The task is then to see
whether the new alleles can be fixed and, if it cannot be fixed,
whether it can be maintained in the population long enough for
other mutants to emerge.

Our model incorporates elements common to many epidemics
that include HIV, influenza A, and SARS [23-28]. Briefly, for a viral
strain in wild animals to acquire the multiple changes necessary
for the high infectiousness in humans, there must be an evolution-
ary mechanism that can confer a selective advantage in each step
of the evolution. By this mechanism, a string of slight improve-
ments adds up to a complex trait in the spirit of the “blind watch-
maker” [29]. For example, the SARS virus of 2002-2003 has 5 non-

2095-9273/© 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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synonymous changes in the receptor-binding domain (RBD) of the
S protein vis-a-vis their putative ancestor found it the wild animals
[27,30].

In this view, the “origin of SARS-CoV-2" should be an evolution-
ary process that would take some time to complete. In fact, there
may be several distinct evolutionary processes—the evolution of
the viral genome in wild animal hosts and the further evolution
in humans. Furthermore, the immune responses in the animal
hosts and humans add further complexities. The development of
immunity can be considered somatic evolution of the immune sys-
tem [31,32]. These processes happen on a short time scale relative
to the evolutionary processes of the germline.

Finally, a companion study by Ruan et al. [33] on the founder
population size concludes that outbreaks are often started by 5-
10 infected travelers. Hence, once SARS-CoV-2 has evolved in its
place of origin (PLy for short), the fully evolved strain may easily
spread elsewhere by a few travelers. The epidemics erupt outside
of (rather than within) PLy because the outside populations have
not gained the host immunity.

2. The outline of the model

Fig. 1 is a model tracing the early evolution of SARS-CoV-2 in
PL, that eventually unleashes the global pandemic. As stated, the
model, although a strictly theoretical construct, is based on obser-
vations reported for earlier epidemics of HIV, influenza A, and SARS
[23-28]. The terms and symbols central to this model are summa-
rized in Table 1. In PLy, there should be an abundance of wild ani-
mals in which the virus has evolved step-by-step over a prolonged
period of time. Such a place, possibly a wildlife reserve or a remote
countryside, might generally have a local human population (re-
ferred to as Hy) of low density.

We model the infectiousness of the virus in both the animal
hosts and humans. As in the companion study [33], the infectious-
ness is expressed by the distribution of k, which is the number of
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Table 1

Definition of symbols and terms.
Items Meaning
Subscript 0 = place of origin; 1 = place of first epidemic
Locale PLo = place of origin with wild animals and local

human population

PL; = place of the first epidemic

PL, = places of failed invasion by the virus prior to the
first epidemic

Hp = the human population in PLg

Ao = the collection of wild animal populations in PLy
Vo = the first viral strain from the animal hosts that can
sustain itself in Ho long enough to acquire adaptive
mutations

V; = the first viral strain that evolves from Vj, to attain
high infectiousness in Hyp

k = the number of individuals each carrier can infect in
a defined time period with mean and variance of E(k)
and V(k)

E(k; t) = E(k) may vary with time as the hosts develop
immunity

Eo(k) is E(k) with the subscript designating the Hy
population

Ea(k) is E(k) with the subscript designating the A
population

N(t) at time t. N(0) is the initial number of infection
u = the probability of ultimate extinction when N(t) =0
for some t

Tins = time of infection until extinction

Nins = the cumulative number of infections across
generations

z controls the rate of developing immunity in the host
population as a function of time

Host population

Viral strain

Infectiousness

Number of infected

individuals

Immunity

individuals a carrier will infect in a time period (see below). The
population dynamics of the virus depends on the distribution of
k, in particular, its mean (E(k)) and variance (V(k)). E(k) is closely
related, but not identical, to the key epidemiological parameter
Ro [33]. The population size of the virus at time t is N(t), defined
as the number of infected individuals in the host population.
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Fig. 1. A model for the origin and early evolution of the epidemics. (a, b) The evolution of the virus in the place of origin (PLo; inside the green box). (c) The invasion outside of

PLo.
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Fig. 1a depicts the evolution of the virus in animal hosts (referred
to as Ap). Here, the hosts may be a species (say, of bats) or more than
one species of wild animals among which the virus circulates. The
infectiousness is expressed as E4(k) where A denotes the wild ani-
mals. E4(k) would increase when the virus acquires an adaptive
mutation and would decrease as the host develops the herd immu-
nity. The process depicted in Fig. 1a is in the evolutionary time scale
and only the most recent events are shown. Also, E4(k)is>1 as a virus
with E4(k) < 1 would be quickly eliminated (see below).

In Fig. 1b, the spread of the virus from the animal hosts to Hy is
depicted. As the virus evolves, it may have invaded Ho, multiple
times (indicated by thin arrows) but failed to trigger an epidemic.
Because natural selection has been continuously working in the
animal hosts (but not in humans), higher infectiousness in the wild
animal hosts than in Hy is expected. Hence, Eq(k) > 1 is rare and
failed invasions should be common (Eq(k) denotes the viral infec-
tiousness in Hp). The failed invasions may nevertheless cause the
gradual build-up of herd immunity in Hp. Thus, the trend of Eq(k)
in Hp goes down, similar to that in the animal hosts.

The crucial step for the virus to infect humans is the emergence of
a proto-human virus, as shown by the thick arrow in the middle of
Fig. 1b. This proto-human strain, Vp, has an Eq(k) > 1 albeit unlikely
to be much larger. For that reason, Vy may sustain the infection in
Hg long enough to acquire new mutations for further enhancement
of infectiousness in humans. The duration of the infection and the
total number of infections will be the crux of the theory developed
in this study. We shall designate the first new strain selected for
the spread in humans as V; (shown by the red line). Over a period
of time, herd immunity would develop in Hy to suppress Vy, which
is thus expected to appear and then disappear from Ho.

Fig. 1c portrays the invasion of the virus outside of PLy by track-
ing the viral population size changes (N(t)). Outside of PLy, V; (or
even V) would be more infectious than in Hy as those other pop-
ulations are immunologically naive. Nevertheless, many invasions
may have failed (blue arrows in Fig. 1c) before the first epidemic
appears. The probability of failed invasions can be calculated. The
failed invasions may leave a few sporadic cases dated before the
onset of the global pandemic. Eventually, V; would trigger the first
epidemic (the red arrow and red line of Fig. 1b and c) in a place
referred to as PL,. In this view, PL; and PL, are likely some distance
apart since populations adjacent to PLy may have a degree of herd
immunity as well.

Finally, given the small number of infections needed to start an
outbreak of COVID-19 [33], it would be inevitable that a global
pandemic will ensure (big solid arrow, Fig. 1c).

3. Results
3.1. Model predictions of the long-term co-existence of virus and hosts

We track the viral population size, N(t), as the virus evolves to
cope with the herd immunity of the hosts. N(0) is the viral popula-
tion size at the time of invasion and is equivalent to I of Ruan
et al’s [33] study. Since every infected individual is assumed to
have identical behavior, we present the results for N(0) = 1. For a
viral invasion, the probability of ultimate extinction is denoted
by !me P(N(t) = 0). If the extinction probability is u with N(0) = 1

(ie, u= !im P(N(t) = O|N(0) = 1)), then the probability would be

u" when N(0) = n. In humans, the viral generation time is assumed
to be 4 days [5] as in Ruan et al.’s study [33].

3.1.1. A partial model with constant E(k) when there is no host
immunity

We first consider a partial model with neither host immunity
nor viral evolution and, thus, with constant E(k). Viral invasion of
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the host population would fail when all infected individuals fail
to infect others (i.e., k = 0) in any generation. This could happen
if E(k) is smaller, or at least close to 1. In Table 2 (also Tables S1-
S4 online), we show the probability of ultimate extinction (u) for
N(0) = 1 under various distributions of k (power law, Poisson,
and binomial). Analytically, u is the smallest non-negative root of
the following equation:

Ge(u) =Y puf =,

k=0

(1)

where p is the probability distribution of k. If k follows the Poisson
distribution, we can obtain its extinction probability by the follow-
ing equation:

Gi(u) = e’V =u,
Hence,

U Lambertl;LV(—),e*’-) 7 2)

where Lambert W is the Lambert W function [34]. The detailed
derivations for the power law distribution are shown in the Supple-
mentary information online.

Eq. (1) shows the dependence of the extinction probability on
the distribution of k. In this study, k follows three different distri-
butions (power law, Poisson, and binomial distribution) with E(k)
ranging from 1 to 5. As shown in Table 2, the probability of extinc-
tion is very high if N(0) = 1 under the power law distribution.
If E(k) = 2, 78% of the invasions would fail. Even if E(k) is 4.5 as is
observed in COVID-19, the chance of failure is still around 45%.
In infections with E(k) < 2, the probability of failed infections
would be higher than 80%. Note that, given the same E(k), the
chance of failure is generally lower if V(k) decreases. For example,
if V(k) = E(k) as in the Poisson distribution, the probability of failure
with E(k) = 4.5 would only be about 1%.

Fig. 2a-c show 50 replicates of the changes in N(t) as a function
of time when E(k) ranges between 1.05 and 1.5. It appears that the
population would either go extinct in the first few generations or
escape extinction by continuing to grow in size. In particular, when
N(t) reaches 100, a successful epidemic would be certain. Thus, the
virus would either disappear or cause an epidemic in this non-
evolutionary model.

3.1.2. The full model with host immunity and continual viral evolution

As the virus and the host cannot coexist in the long run under
constant E(k), we consider a more realistic scenario in which the
host would develop immunity to suppress the virus and the viral
genome would evolve to evade the suppression. This scenario
would be analogous to an evolutionary arms race, but note that
the (somatic) evolution in the host happens in the immune system
[31,32]. For that reason, the arms race has the dynamics much fas-
ter than the germline coevolution [35-37].

In modeling this arms race, the host would repress the E(k) of
the virus to below 1 and the virus may acquire adaptive mutations
to drive E(k) above 1. In the previous study [33], we let the distri-
bution of k follow different distributions, in particular, the Poisson
distribution with V(k) = E(k) and the power law distribution (in this
case, we let V(k) = 5E(k)). Unless held back by a new adaptive
mutation in the viral genome, we assume that the herd immunity
will decrease E(k) as specified below:

AE

-5 3)
where E(0) is the initial E(k), E(k;t) is the E(k) at generation t, T is
the time required to reduce E(k) by AE. The parameter z determines
the curvature of E(k) over time as shown in Fig. 3a. When z = 1, E(k)

E(k;t) = E(0) — 5 7,
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Table 2
The ultimate extinction probability of invading viruses under various E(k) and V(k).
E(k)
1 1.5 2 3 4 5
Power law distribution with V(k) = 10E(k)
N(0)=1 1.0 0.90 0.78 0.63 0.51 0.41
N(0)=3 1.0 0.72 0.47 0.25 0.13 0.07
N0)=5 1.0 0.58 0.29 0.10 0.03 0.01
Poisson distribution with V(k) = E(k)
N)=1 1.0 0.42 0.20 0.06 0.02 0.007
Binomial distribution with V(k) = E(k)/2
N(0) =1 1.0 0.24 0.087 0.017 0.004 0.001
(a) E(k)=1.05, V(k)=10.5 @,
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Fig. 2. The changes in N(t) over time with constant E(k). (a-c) Fifty replicates of the
changes in N(t) as a function of time when V(k) = 10E(k) where E(k) is 1.05, 1.1, or
1.5, respectively. Here k follows a power law distribution. Note that, when N(t)
reaches 100, the epidemic would be certain.

declines linearly over time. When z > 1, E(k) declines slowly in the
beginning but the decline gradually speeds up yielding a convex
shape as shown in red in Fig. 3a. This pattern may be seen when
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Fig. 3. The evolution of the virus in the host. (a) The decline of E(k) as a function of
time due to the build-up of host immunity, according to Eq. (3). The rate of decline
depends on whether the host has some immunity from previous viral invasions that
failed. (b) An example of the evolution of the infectiousness (E(k)) in animal hosts
over 1000 generations. Each jump is due to the emergence of an adaptive mutation
in the virus. The parameters: U = 0.02, T = 1/U, E(0) = 1, AE = 0.005, z = 3, and
m 0.005. (c) The corresponding population size (N(t)) changes under the
parameters of (b). Here, k follows a power-law distribution with V(k) = 5E(k).

the virus invades an immunologically naive population. In such a
population, the herd immunity slowly builds up but accelerates
later on. The opposite is seen with z < 1 whereby the herd immunity
is high in the beginning and E(k) decreases rapidly. The decline
in E(k) slows down when most individuals in the population have
acquired immunity, hence giving rise to the concave appearance
shown in blue in Fig. 3a. This pattern may apply to the repeated
failed invasions of the virus as the later rounds of invasions would
encounter strong immunity as they enter the host population.

For each new adaptive mutation, the E(k) will increase as
follows:

E(k) +J,

’

E(k)

(4)
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where ] is infectivity gain. Unless otherwise specified, we assume J
follows the exponential distribution with mean equal to m. Here,
we assume the accumulation of adaptive mutations follows the
Poisson process with the average rate of U. For a long-term persis-
tence in animal (or human) hosts, the decline of E(k) by herd immu-
nity should be held back by a new adaptive mutation. During the
time gap waiting for a new adaptive mutation (~1/U), the decline
of E(k) is m approximately. A simple way to satisfy this condition
is to let T = 1/U, AE = m. In this case, the expected infectivity of
the virus in the hosts (Ag or Hp) is now a function of time.

AE

E(k: t) = E(0) — gAE -

(t—qTyF+3 ), T=1/U, (5)
x=1

where M, is the number of adaptive mutation at time ¢, J, is the
infectivity gain of a particular adaptive mutation, and q is the quo-
tient (i.e., the integer part of the ratio of t to T). Note that the E(k; t)
value in humans (i.e., Eo(k)) is much lower than the corresponding
E(k;t) in wild animals (i.e., E4(k)) because the infectiousness (E(k)
and V(k)) evolves in the wild animals. For example, the viral RBD
possesses an exceptionally high affinity for angiotensin-converting
enzyme 2 (ACE2) only in the species where the virus is found orig-
inally [27,30,38,39].

When the host develops the herd immunity against the viral
strain that has a non-zero probability of long-term persistence
(i.e., E(k) > 1), those persistent cases would now go extinct eventu-
ally. However, the infection would last much longer than the inva-
sions with E(k) < 1. With an initial population size N(0) = 1, we
denote the duration between the initial infection and extinction
as Tinr. The total number of infected individuals summed over all
generations is designated as Nj:

Ting

Nint = Y _N(8),

t=0

(6)

where N(t) is the infected cases at generation t. Note N(t) is never
greater than the population size of Hp, but Nj,¢ can be larger since
it is a cumulative count. Nj,, positively correlated with Ti,r, would
determine the probability of new adaptive mutations in the viral
strain, which will then overcome the herd immunity.

3.2. Modeling the evolution in the wild animals of PLy

For the evolution of the virus in the animal host as sketched in
Fig. 1a, their long-term existence is likely the outcome of an evolu-
tionary arms race. Fig. 3b shows an example where each viral
mutation that increases the infectiousness is countered by the
immune response of the host. Each response by the host is further
countered by another viral mutation that increases the infectious-
ness (Eq. (5)). The viral population thus waxes and wanes over a
long time span (Fig. 3c). The example is only a demonstration that
realistic parameter values can indeed lead to the long-term coevo-
lution between the virus and the immune system of the host. The
parameter space conducive for co-existence is large, especially
when V(k) decreases much faster than E(k). We should add that a
simple condition for the long-term existence of virus is for E(k)
to approach 1 and V(k) to approach 0 as t increases. In other words,
the number of infected individuals in the population would stay
constant over generations, thus giving the virus plenty of time to
acquire new adaptive mutations.

3.3. Modeling the viral evolution in Hy at PLy

The main challenge is to explain how a highly infectious strain
like SARS-CoV-2 could have evolved in humans. Given that humans
are expected to develop immunity as the virus evolves step by step,
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neither side should have such an overwhelming advantage over
the other in the arms race. In contrast, human populations else-
where are immunologically naive; hence, the high infectiousness
is plausible outside of PLy.

In PLg, the virus would likely infect the local human population
regularly. However, the infection is usually unsustainable since the
contagion has been selected in the animal hosts, not in humans.
The failed invasions nevertheless could elicit a degree of herd
immunity in Hp [40]. A crucial event would then be the emergence
of a rare strain that happens to be moderately infectious in
humans, referred to as V;. It would seem unlikely that Vg could
be so infectious as to trigger a global pandemic in humans. Instead,
we assume that Vj only needs to sustain the infection long enough
to acquire advantageous mutations for further evolution in human
populations.

In Fig. 4, we show the invasion of V, with a very modest E(k) of
1.1. Such a strain would succeed in the invasion with a probability
of <5% (Table 2). Furthermore, when the host population evolves
the immunity, E(k) would drop below 1, leading to the virus’s even-
tual extinction. Fig. 4 presents the distribution of Tj,f and Nj,¢in the
process of invasion-to-extinction.

Fig. 4a is most interesting as Ti,r and Nj,r both show a bi-modal
distribution. V; either dies out by generation 30 or sustains the
invasion for >130 generations. The reason for this bimodal distri-
bution is that ~95% of the invasions with E(k) = 1.1 would fail,
which corresponds to the rapidly failed cases. The remaining 5%
would become extinct when the host population develops herd
immunity, which takes another 100 generations in this simulation.
In this process, Ni,s would be either <100 or >60,000. Only in the
latter cases would Ny, be large enough to yield adaptive mutations
for the virus to overcome the immune suppression (see Supple-
mentary information online for the probability of acquiring muta-
tions). The fourth panel of Fig. 4a shows that, for about 50
generations, Vy is found in almost every individual in Ho.

While Fig. 4a shows the infection of V has only a 5% chance of
sustaining the infection, the chance by the 10th infection would be
40% (~ (1-0.95'9)). However, since the immunity would develop
gradually, this simple calculation may not be valid. In later inva-
sions, the probability of failure could become higher. With this
consideration, the virus would generally disappear by generation
50 (Fig. 4b) and, in later infections, the invasion may all fail by gen-
eration 10 (Fig. 4c). In other words, Vo may have few chances to
invade the human population. If the invasion fails, the human host
would be immunologically vigilant, thus thwarting subsequent
attempts. Although we let k follow power law distribution with
V(k) = 5E(k) here, the same pattern can be obtained with larger
or smaller V(k) (Figs. S1 and S2 online).

In this model, the arms race between the invading virus and the
human host is a long drawn-out battle in PLy. Each new mutation
that may allow the virus to invade the human population from the
animal hosts would usually fail. The failed virus would need
another new mutation to start another round of battle. The biolog-
ical characteristics of PLg are, therefore, (i) a place with a high den-
sity of wild animals (in particular, bats), (ii) a local low-density
human population (such that the invasions usually fail), (iii)
long-term coexistence and frequent contacts between the animal
and human populations, and (iv) a level of herd immunity in the
animal and human hosts. All these conditions are conducive for
the virus to accumulate many mutations step-by-step toward the
high infectiousness necessary for the pandemic outside of PL,.

3.4. The spread of V; from PL,y to PL; — the first epidemic
The conditions in PLy should allow a V; strain to sustain itself in

Hp long enough to acquire beneficial mutations that are adaptive
specifically in humans. For simplicity, we assume that a V; strain
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Fig. 4. The distribution of Ti,s and Ny, after viral invasion. A virus (i.e., N(0) =
k follows a power law distribution with V(k) =

1) with initial E(k) =
5E(k). Ty is the duration between the initial infection and ultimate extinction. Njy is the total number of infected individuals

1.1 invades human population (population size is 1000). The distribution of

summed over all generations. Due to the prior build-up of herd immunity, E(k) will decrease at 3 different rates (z = 3, 1, or 0.3) as shown in (a-c), respectively. For each
parameter set, 300 repeats are simulated. Each repeat is portrayed by a thin line in the last panel.

carrying the first beneficial mutation is capable of triggering an
epidemic (if V; fails to establish itself, the next adaptive mutation
would create a V; strain and, if it fails too, there may be a V5 and so
on). Note that V; would be repressed by the cumulative herd
immunity in Ho but V; should have a chance of spreading outside
of PLo.

In Fig. 1c, once V; succeeds in spreading to an immunologically
naive population in PL;, the pandemic would be a near certainty
since no population outside of PLy is immune to the virus. Ruan
et al’s study [33] shows that the epidemics in many countries
are initiated by 5-10 travelers into the region. Hence, the spread
to PL; should be likely once SARS-2-CoV-2 is fully evolved in PLy.
With E(k) = 4.5 and 5 carriers, Table 2 shows the probability of
invasion failure to be < 2% (~0.45°> = 1.8%).

4. Discussion

In light of the previous models for viral epidemics [18-20,22],
we propose the current model which has several key features:
First, viral adaptation to the new human host requires many evo-
lutionary steps. This assumption has been validated for other viral
pathogens [23-28,30]. Previous models have also pointed out that
cross-species transmissions evolve mainly over the time scale of
millions of years [21]. Thus, host-switching like other complex
adaptations is a multi-step process. Second, the onset of an epi-
demic is highly unpredictable [ 18] and this current model has built
a mathematical framework to address the stochasticity. Third, the
multi-step evolution often leads to a stasis between the host and
the pathogen, rather than a global pandemic. The current model
proposes to separate the place of origin and places of epidemics
by geography.

As the virus evolves, failed invasions prior to the first epidemic
in PL; seem likely (blue arrows of Figs. 1b and 2). We shall refer to
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places of possible earlier invasions as PLx where sporadic cases of
COVID-19 may be found. Such failed invasions would be most
informative about the early stages of the pandemic, if the genomic
sequences can be obtained and examined. There have been multi-
ple reports of such a possibility in France [41], Japan, and various
parts of the US. These reports have often been discredited without
further investigations that can definitively rule in, or rule out,
SARS-CoV-2’s involvement. In particular, patterns of traveling to
PLx’s may offer a clue of PL, where the local human population
should show a degree of immunity to SARS-CoV-2. Some research-
ers [40] appear to suggest candidate PL sites to be where humans
come in frequent contact with bats. Given the existence of a large
reservoir of coronaviruses in wild bats, people in the countryside
with a sizable bat population may show some immunity to the
viruses [1,40]. At present, the closest strain isolated in wild animals
is 10% divergent from the genome of SARS-CoV-2 [6,42], a distance
estimated to take 30-300 years to evolve (Jian Lu, unpublished
results). At present, we are still far from finding the origin of this
pandemic.

In the popular view, the “first” SARS-CoV-2 corresponds to one
of the strains circulating in humans. An extension of this view is
that the place of origin is the same as PL;. This extension is prob-
lematic. In the Guns, Germs and Steel, Diamond [43] has docu-
mented many instances that pathogens spread to the places
where they encounter low resistance (such as smallpox in the
Aztec populations). The geographical separation between the place
of origin of any taxon (not just virus) and the site of proliferation
has led Gould et al. to the explanation of “punctuated equilibrium”
[44]. The fossil records in the place of origin may be continual but
few; in contrast, their abundance at the site of the outbreak would
appear to suddenly come out of nowhere. For a recent example, the
widely discussed “Spanish flu” of 1918 broke out in the war zone
but most likely originated in Kansas [45,46]. In short, if PLy is the
same as PL;, which is widely assumed, then the origin and evolu-
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tion of SARS-CoV-2 must be very unusual. A theory for such an
unusual origin is thus needed.

Like many other evolutionary questions on the origin, where,
when, and how SARS-CoV-2 becomes fully evolved will remain
an intriguing question. We suggest the question be about the early
evolution of SARS-CoV-2, rather than about the “origin”. The for-
mer implies a process whereas the latter seems to mean a single
time point. This distinction is important as seen in the earlier
debates on the “origin” of dogs [47] and new species in environ-
ments [48].
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