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Appendix1

A Reproduction number2

In this section, we compute the family of disease-free equilibria [1] and the basic reproduction3

number of Model (4). By setting the left side of the equations in Model (4) to zero, we obtain the4

family of disease-free equilibria of Model (4) as5

(S0, V 0, E0
WT , E

0
MT , P

0
WT , P

0
MT , A

0
WT , A

0
MT , I

0
WT , I

0
MT , R

0, x0)

= (N0 − V 0, V 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, x0),

where x0 ∈
{

0, 1
}

.6

According to the next generation matrix approach presented by van den Driessche and Wat-7

mough [2], we obtain the new infection matrix as8
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where Φ1 = (1 − uS)S0 + (1 − uV )ηWTV
0, Φ2 = uSS

0 + uV ηWTV
0, and Φ3 = S0 + ηMTV

0. The9

transition matrix and its inverse are10

V =



σWT 0 0 0 0 0 0 0

0 σMT 0 0 0 0 0 0

−σWT 0 αWT 0 0 0 0 0

0 −σMT 0 αMT 0 0 0 0
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0 0 0

0 0 0 −ρMTαMT 0 γAMT
0 0

0 0 −(1− ρWT )αWT 0 0 0 γIWT
0

0 0 0 −(1− ρMT )αMT 0 0 0 γIMT


,

and11
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,

respectively. The basic reproduction number R0, i.e. the spectral radius of the matrix product12

FV−1, is13

R0 = max
{
RWT

0 , RMT
0

}
, (A.1)

where the basic reproduction number for WT is14

RWT
0 =

(1− uS)S0 + (1− uV )ηWTV
0

N0

(
βWT θWT

αWT
+
βWTρWT δWT

γAWT

+
βWT (1− ρWT )

γIWT

)
, (A.2)

and that for MT is15

RMT
0 =

S0 + ηMTV
0

N0

(
βMT θMT

αMT
+
βMTρMT δMT

γAMT

+
βMT (1− ρMT )

γIMT

)
. (A.3)

In the above equations for the basic reproduction numbers of the two SARS-CoV-2 strains, the16

three terms within the parentheses represent the daily numbers of new cases generated by pre-17

symptomatic, asymptomatic, and symptomatic individuals, respectively. While transmission po-18

tential at the beginning of an epidemic is often measured using the basic reproduction number [3],19
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this potential varies as an outbreak progresses. We therefore additionally define the effective repro-20

duction number, which measures transmission potential at any point during a given outbreak. As21

with the basic reproduction number, the effective reproduction number in this model is also defined22

as the maximum of that of WT and that of MT, specifically as23

Re(t) = max
{
RWT
e (t), RMT

e (t)
}
, (A.4)

where24

RWT
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(1− uS)S(t) + (1− uV )ηWTV (t)

N(t)

(
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+
βWTρWT δWT

γAWT

+
βWT (1− ρWT )
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)
,

RMT
e (t) =

S(t) + ηMTV (t)

N(t)

(
βMT θMT

αMT
+
βMTρMT δMT

γAMT

+
βMT (1− ρMT )

γIMT

)
.

B Semi-stochastic simulation25

As part of our work on evaluating the probability of mutant SARS-CoV-2 strains emerging,26

we performed semi-stochastic simulations featuring the state variables in Model 4 in the main text.27

To do this, we first described 32 events that represent individuals moving between the states within28

Model 4, and then assigned time-varying probabilities to them. The events and their associated29

probabilities are listed in Table 1. The total rate at which any one of these possible events occurs30

can be expressed as31

Tall(t) =
(1− uS)βWT (θWTPWT (t) + δWTAWT (t) + IWT (t))S(t)

N(t)

+
uSβWT (θWTPWT (t) + δWTAWT (t) + IWT (t))S(t)

N(t)

+
βMT (θMTPMT (t) + δMTAMT (t) + IMT (t))S(t)

N(t)

+
(1− uS)βWT (θWTPWT (t) + δWTAWT (t) + IWT (t))ηWTV (t)

N(t)

+
uSβWT (θWTPWT (t) + δWTAWT (t) + IWT (t))ηWTV (t)

N(t)

+
βMT (θMTPMT (t) + δMTAMT (t) + IMT (t))ηMTV (t)

N(t)

+ px(t)S(t) + τV (t) +
∑

i={WT,MT}

[
σiEi(t) + ρiαiPi(t)

+ (1− ρi)αiPi(t) + γAiAi(t) + µiγIiIi(t) + (1− µi)γIiIi(t)
]
,

(B.5)

where x(t) is the solution of the differential equation32

dx

dt
= kx(1− x)∆F.
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In order to ensure consistency across model runs, we used a fixed time step dt such that Tall(t)dt ≤ 1.33

At each point in time during a simulation, we divided the [0, 1] interval into 33 smaller intervals,34

that is,35

[
0, T1dt

]
,

[
T1dt,

2∑
i=1

Tidt

]
,

[ 2∑
i=1

Tidt,
3∑
i=1

Tidt

]
, . . . ,

[ j−1∑
i=1

Tidt,

j∑
i=1

Tidt

]
, . . . ,

[ 31∑
i=1

Tidt,
32∑
i=1

Tidt

]
,
[
Talldt, 1

]
.

Note that Talldt =
∑32

i=1 Tidt, as can be seen in Equation (B.5) and Table 1. Next, we choose36

a constant U , where U is a uniform random variable within [0, 1]. If U ∈
[∑j−1

i=1 Tidt,
∑j

i=1 Tidt
]
,37

then event Tj occurs, whereas if U ∈
[
Talldt, 1

]
, no event occurs. In the following we provide38

illustrative examples, using events that involve symptomatic individuals infected with WT (IWT (t)39

in our model). In each infinitesimally small time step dt, there is a probability βWT IWT (t)S(t)dt/N40

that a symptomatic individual carrying WT comes in contact with a susceptible individual and41

causes them to become exposed to SARS-CoV-2.42

Within this event, if the mutation occurs, the number of susceptible individuals is decreased43

by 1 (i.e. S(t) → S(t) − 1), the number of exposed individuals infected with the mutant strain44

of SARS-CoV-2 EMT (t) grows by 1 (i.e. EMT (t) → EMT (t) + 1). Otherwise, the number of45

susceptible individuals is decreased by 1 (i.e. S(t)→ S(t)− 1), the number of exposed individuals46

infected with WT EWT (t) grows by 1 (i.e. EWT (t) → EWT (t) + 1). Similarly, symptomatic47

individuals infected with WT are removed with probability γIWT
IWT (t)dt. During this event, when48

the infected individual recovers, IWT (t) is decreased by 1 (i.e. IWT (t) → IWT (t) − 1), while the49

numbers of recovered individuals are increased by 1 (i.e. R(t) → R(t) + 1). When the infected50

individual die, IWT (t) is decreased by 1 (i.e. IWT (t) → IWT (t) − 1), while the numbers of dead51

individuals are increased by 1 (i.e. D(t)→ D(t) + 1).52
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C Additional figures53

Figure C.1: The effect of mutation probability (uS and uV ) on the proportion of vaccination and

vaccine uptake. The results of deterministic and 100 stochastic simulations of time series of propor-

tion of vaccination when mutation probability is uS = 2× 10−7 and uV = 1× 10−7; uS = 2× 10−5

and uV = 1× 10−5; and uS = 2× 10−3 and uV = 1× 10−3 are shown in Subfigures A, B, and C, re-

spectively. Subfigures D, E, and F show the change of vaccine uptake over time, for the same values

of uS and uV in the order specified above. Values of other parameters are rv = 0.6, rAWT
= 0.05,

and rIWT
= 0.06.
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Figure C.2: The effect of mutation probability (uS and uV ) on the vaccinated cases, unvaccinated

cases, susceptibles, and payoff function. The results of deterministic and 100 stochastic simulations

of time series of vaccinated (unvaccinated) cases when mutation probability is uS = 2 × 10−7 and

uV = 1 × 10−7; uS = 2 × 10−5 and uV = 1 × 10−5; and uS = 2 × 10−3 and uV = 1 × 10−3 are

shown in Subfigures A, B, and C (D, E, and F), respectively. Subfigures G, H, I, J, K, and L show

the changes of susceptibles and payoff function over time, for the same values of uS and uV in the

order specified above. Values of other parameters are rv = 0.6, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.3: The effect of perceived costs of vaccinators (rv) on the proportion of vaccination and

vaccine uptake. The results of deterministic and 100 stochastic simulations of time series of pro-

portion of vaccination when perceived costs of vaccinators are rv = 0.01, rv = 0.1, and rv = 1 are

shown in Subfigures A, B, and C, respectively. Subfigures D, E, and F show the change of vaccine

uptake over time, for the same values of rv in the order specified above. Values of other parameters

are uS = 2× 10−4, uV = 1× 10−4, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.4: The effect of perceived costs of vaccinators (rv) on the vaccinated cases, unvaccinated

cases, susceptibles, and payoff function. The results of deterministic and 100 stochastic simulations

of time series of vaccinated (unvaccinated) cases when perceived costs of vaccinators are rv = 0.01,

rv = 0.1, and rv = 1 are shown in Subfigures A, B, and C (D, E, and F), respectively. Subfigures G,

H, I, J, K, and L show the changes of susceptibles and payoff function over time, for the same values

of rv in the order specified above. Values of other parameters are uS = 2 × 10−4, uV = 1 × 10−4,

rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.5: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the proportion of

vaccination and vaccine uptake. The results of deterministic and 100 stochastic simulations of time

series of proportion of vaccination when perceived risks of infection are rAWT
= 0.05 and rIWT

= 0.1;

rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and rIWT

= 0.8 are shown in Subfigures A, B, and

C, respectively. Subfigures D, E, and F show the change of vaccine uptake over time, for the same

sets of values of rAWT
and rIWT

, in the order specified above. Values of other parameters are

uS = 2× 10−4, uV = 1× 10−4, and rv = 0.6.
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Figure C.6: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the vaccinated cases,

unvaccinated cases, susceptibles, and payoff function. The results of deterministic and 100 stochastic

simulations of time series of vaccinated (unvaccinated) cases when perceived risks of infection are

rAWT
= 0.05 and rIWT

= 0.1; rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and rIWT

= 0.8 are

shown in Subfigures A, B, and C (D, E, and F), respectively. Subfigures G, H, I, J, K, and L show

the changes of susceptibles and payoff function over time, for the same sets of values of rAWT
and

rIWT
, in the order specified above. Values of other parameters are uS = 2 × 10−4, uV = 1 × 10−4,

and rv = 0.6.
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Figure C.7: The effect of perceived costs of vaccinators (rv) on the probability of emergence of MT

under non-pharmaceutical interventions with moderately high mutation rates. Subfigures A, B, and

C (D, E, and F) show the results of deterministic and 100 stochastic simulations and the effective

reproduction number of WT (MT), i.e. RWT
e (t) (RMT

e (t)), when perceived costs of vaccinators are

rv = 0.01, rv = 0.1, and rv = 1, respectively. Subfigures G, H, and I show the probability of

producing a mutant strain over time, for the same values of rv in the order specified above. Values

of other parameters are uS = 2× 10−4, uV = 1× 10−4, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.8: The effect of perceived costs of vaccinators (rv) on the proportion of vaccination and

vaccine uptake under non-pharmaceutical interventions with moderately high mutation rates. Sub-

figures A, B, and C show the results of deterministic and 100 stochastic simulations of proportion

of vaccination, when perceived costs of vaccinators are rv = 0.01, rv = 0.1, and rv = 1, respectively.

Subfigures D, E, and F show the change of vaccine uptake over time, for the same values of rv in the

order specified above. Values of other parameters are uS = 2× 10−4, uV = 1× 10−4, rAWT
= 0.05,

and rIWT
= 0.06.
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Figure C.9: The effect of perceived costs of vaccinators (rv) on the vaccinated cases, unvaccinated

cases, susceptibles, and payoff function under non-pharmaceutical interventions with moderately

high mutation rates. Subfigures A, B, and C (D, E, and F) show the results of deterministic and

100 stochastic simulations of vaccinated (unvaccinated) cases, when perceived costs of vaccinators

are rv = 0.01, rv = 0.1, and rv = 1, respectively. Subfigures G, H, I, J, K, and L show the changes

of susceptibles and payoff function over time, for the same values of rv in the order specified above.

Values of other parameters are uS = 2× 10−4, uV = 1× 10−4, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.10: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the probability

of emergence of MT under non-pharmaceutical interventions with moderately high mutation rates.

Subfigures A, B, and C (D, E, and F) show the results of deterministic and 100 stochastic simulations

and the effective reproduction number of WT (MT), i.e. RWT
e (t) (RMT

e (t)), when perceived risks

of infection are rAWT
= 0.05 and rIWT

= 0.1; rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and

rIWT
= 0.8, respectively. Subfigures G, H, and I show the probability of producing a mutant strain

over time, for the same sets of values of rAWT
and rIWT

, in the order specified above. Values of

other parameters are uS = 2× 10−4, uV = 1× 10−4, and rv = 0.6.
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Figure C.11: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the proportion of

vaccination and vaccine uptake under non-pharmaceutical interventions with moderately high mu-

tation rates. Subfigures A, B, and C show the results of deterministic and 100 stochastic simulations

of proportion of vaccination, when perceived risks of infection are rAWT
= 0.05 and rIWT

= 0.1;

rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and rIWT

= 0.8, respectively. Subfigures D, E, and F

show the change of vaccine uptake over time, for the same sets of values of rAWT
and rIWT

, in the

order specified above. Values of other parameters are uS = 2× 10−4, uV = 1× 10−4, and rv = 0.6.
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Figure C.12: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the vaccinated

cases, unvaccinated cases, susceptibles, and payoff function under non-pharmaceutical interventions

with moderately high mutation rates. Subfigures A, B, and C (D, E, and F) show the results of

deterministic and 100 stochastic simulations of vaccinated (unvaccinated) cases, when perceived

risks of infection are rAWT
= 0.05 and rIWT

= 0.1; rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4

and rIWT
= 0.8, respectively. Subfigures G, H, I, J, K, and L show the changes of susceptibles and

payoff function over time, for the same sets of values of rAWT
and rIWT

, in the order specified above.

Values of other parameters are uS = 2× 10−4, uV = 1× 10−4, and rv = 0.6.
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Figure C.13: The effect of perceived costs of vaccinators (rv) on the probability of emergence of MT

under non-pharmaceutical interventions with moderately low mutation rates. Subfigures A, B, and

C (D, E, and F) show the results of deterministic and 100 stochastic simulations and the effective

reproduction number of WT (MT), i.e. RWT
e (t) (RMT

e (t)), when perceived costs of vaccinators are

rv = 0.01, rv = 0.1, and rv = 1, respectively. Subfigures G, H, and I show the probability of

producing a mutant strain over time, for the same values of rv in the order specified above. Values

of other parameters are uS = 1× 10−4, u = 5× 10−5, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.14: The effect of perceived costs of vaccinators (rv) on the proportion of vaccination

and vaccine uptake under non-pharmaceutical interventions with moderately low mutation rates.

Subfigures A, B, and C show the results of deterministic and 100 stochastic simulations of proportion

of vaccination, when perceived costs of vaccinators are rv = 0.01, rv = 0.1, and rv = 1, respectively.

Subfigures D, E, and F show the change of vaccine uptake over time, for the same values of rv in the

order specified above. Values of other parameters are uS = 1 × 10−4, u = 5 × 10−5, rAWT
= 0.05,

and rIWT
= 0.06.
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Figure C.15: The effect of perceived costs of vaccinators (rv) on the vaccinated cases, unvaccinated

cases, susceptibles, and payoff function under non-pharmaceutical interventions with moderately

low mutation rates. Subfigures A, B, and C (D, E, and F) show the results of deterministic and

100 stochastic simulations of vaccinated (unvaccinated) cases, when perceived costs of vaccinators

are rv = 0.01, rv = 0.1, and rv = 1, respectively. Subfigures G, H, I, J, K, and L show the changes

of susceptibles and payoff function over time, for the same values of rv in the order specified above.

Values of other parameters are uS = 1× 10−4, u = 5× 10−5, rAWT
= 0.05, and rIWT

= 0.06.
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Figure C.16: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the probability

of emergence of MT under non-pharmaceutical interventions with moderately low mutation rates.

Subfigures A, B, and C (D, E, and F) show the results of deterministic and 100 stochastic simulations

and the effective reproduction number of WT (MT), i.e. RWT
e (t) (RMT

e (t)), when perceived risks

of infection are rAWT
= 0.05 and rIWT

= 0.1; rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and

rIWT
= 0.8, respectively. Subfigures G, H, and I show the probability of producing a mutant strain

over time, for the same sets of values of rAWT
and rIWT

, in the order specified above. Values of

other parameters are uS = 1× 10−4, uV = 5× 10−5, and rv = 0.6.
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Figure C.17: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the proportion of

vaccination and vaccine uptake under non-pharmaceutical interventions with moderately low muta-

tion rates. Subfigures A, B, and C show the results of deterministic and 100 stochastic simulations

of proportion of vaccination, when perceived risks of infection are rAWT
= 0.05 and rIWT

= 0.1;

rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4 and rIWT

= 0.8, respectively. Subfigures D, E, and F

show the change of vaccine uptake over time, for the same sets of values of rAWT
and rIWT

, in the

order specified above. Values of other parameters are uS = 1× 10−4, uV = 5× 10−5, and rv = 0.6.
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Figure C.18: The effect of perceived risks of WT infection (rAWT
and rIWT

) on the vaccinated

cases, unvaccinated cases, susceptibles, and payoff function under non-pharmaceutical interventions

with moderately low mutation rates. Subfigures A, B, and C (D, E, and F) show the results of

deterministic and 100 stochastic simulations of vaccinated (unvaccinated) cases, when perceived

risks of infection are rAWT
= 0.05 and rIWT

= 0.1; rAWT
= 0.1 and rIWT

= 0.2; and rAWT
= 0.4

and rIWT
= 0.8, respectively. Subfigures G, H, I, J, K, and L show the changes of susceptibles and

payoff function over time, for the same sets of values of rAWT
and rIWT

, in the order specified above.

Values of other parameters are uS = 1× 10−4, uV = 5× 10−5, and rv = 0.6.
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Figure C.19: Impact of perceived costs of vaccinators and mutation probability on peak size, peak

time, and final outbreak size for rAWT
= rAMT

= 0.05 and rIWT
= rIMT

= 0.1. Subfigures A, B,

and C (D, E, and F) show the peak number of daily infections, day when peak occurs, and total

number of infections for WT (MT).
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Figure C.20: Impact of perceived risks of MT infection and the maximum duration of vaccine

protection on peak size, peak time, and final outbreak size for rAWT
= 0.05, rIWT

= 0.1, rv = 0.6,

uS = 2 × 10−4, and uV = 1 × 10−4. Subfigures A, B, and C (D, E, and F) show the peak number

of daily infections, day when peak occurs, and total number of infections for WT (MT).
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