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Abstract

COVID-19 is a respiratory illness caused by an RNA virus prone to mutations. In December 2020,
variants with different characteristics that could affect transmissibility emerged around the world. To address
this new dynamic of the disease, we formulate and analyze a mathematical model of a two-strain COVID-
19 transmission dynamics with strain 1 vaccination. The model is theoretically analyzed and sufficient
conditions for the stability of its equilibria are derived. In addition to the disease-free and endemic equilibria,
the model also has single-strain 1 and strain 2 endemic equilibria. Using the center manifold theory, it is
shown that the model does not exhibit the phenomenon of backward bifurcation, and global stability of the
model equilibria when the basic reproduction number Ry is either less or greater than unity as the case maybe
are proved using various approaches. Simulations to support the model theoretical results are provided. We
calculate the basic reproductive number for both strains R; and R2 independently. Results indicate that -
both strains will persist when R; > 1 and R2 > 1 - Stain 2 could establish itself as the dominant strain if
R1 < 1and Rz > 1, or when R is at least two times greater than R,. However, with the current knowledge
of the epidemiology of the COVID-19 pandemic and the availability of treatment and an effective vaccine
against strain 1, it is expected that eventually, strain 2 will likely be eradicated in the population due to de
novo herd immunity provided the threshold parameter Rs is controlled to remain below unity.

Keywords Two-strain COVID-19, Vaccination, Dynamical system, Reproduction number, Bifurcation,
Lyapunov function.

1 Introduction

The potential for SARS coronavirus circulating inside bats to mutate to humans was noted in [1]. COVID-19
is a deadly respiratory disease caused by the Sars-Cov-2 virus, with sustained human-to-human transmission
since December 2019 when the first case of the novel virus was detected in Wuhan, China [2, 3]. COVID-19
has a general mortality rate below 5%, with an average of 2.3% [4], but the older populations is the higher
risk group with mortality rate of 8% for individuals between 70-79 years and 14.8% for people older than 80
years [5]. Despite the seemingly low mortality rate, the number of hospitalizations is quite high, presenting
global health burden and a major challenge to health care systems worldwide [6]. COVID-19 is transmitted
from human-to-human through direct contact with contaminated objects or surfaces and through inhalation
of respiratory droplets from both symptomatic and -infectious humans [7, 8]. The 2019 COVID-19 outbreak
is still ongoing and represents a serious challenge for communities around the globe, endangering the health
of millions of people, and resulting in severe socioeconomic consequences due to lock-down measures. In
fact, Usaini et al., [9] noted that reducing the influx of immigrants could play a significant role in decreasing
the number of infected individuals when the recruitment rate of immigrants is below a certain critical value.

COVID-19 transmission dynamics models are flourishing and abounds in the literature [10, 11, 12, 13],
to cite a few and the reference therein. Availability of COVID-19 vaccines brings hope to the potential end
of the pandemic [13]. Vaccines provide a determining pharmacological measure in the struggle against the
COVID-19 pandemic, as we now face a very different epidemiological landscape from the early pandemic [14],
thereby opening the possibility to explore real scenarios that combine the effects of both non-pharmaceutical
public health interventions (e.g., face mask, hand washing, social distancing) and therapeutic measures such
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as treatment and mass vaccination strategies [15]. Compartmental models have been crucial to study the
evolution of several disease outbreaks. COVID-19 outbreak has provided a platform for the several research
activities based on compartmental-like epidemic models have been conducted to investigate different key
aspects of the spread, control, and mitigation of the disease [15]. Deterministic compartmental disease
transmission models are characterized by the subdivision of the population into compartments based on
individuals’ health status. The history of mathematical epidemiologic models date as far back as Bernouilli
(16, 17, 18]. Mathematical models of a two-strain disease are numerous in the literature [19]: malaria
[20], influenza [21, 22], SARS-CoV-2 [23], dengue [24], disease with age structure and super-infection [25],
influenza with a single vaccination [26, 29] to cite but a few and the references therein.

While studies on the dynamics of two viral infections have considered cross-immunity and co-infection [30],
others described effects of two competing strains characterized by cross-immunity [31]. Our proposed model
is a mirror of a multi strain (two-strain) dynamics flu model with a single vaccination by [29] and modified
by [26] to include the force of infection in both infected compartments and extending the incidence function
to a more general form. With COVID-19 specificity, we included infections from vaccinated individuals
against strain 1 (the resident strain), as well as strain 2 (the wild strain), since vaccination against strain
1 may not procure any or very limited protection against the second and more virulent strain 2. Because
variant strains have the potential to substantially alter transmission dynamics and vaccine efficacy, Gonzalez-
Parra et al., [23] investigated the impact of more infectious strain of the transmission dynamics of the
COVID-19 pandemic, but they did not consider vaccination. They concluded that a new variant with higher
transmissibility may cause more devastating outcomes in the population. While Puga et al., [32] investigated
co-circulation of two infectious diseases and the impact of vaccination against one of them, our proposed
model is seemingly new and to the best of our knowledge, no COVID-19 modelling study has accounted for
strain 1 vaccination with possibility of infection with strain 1 even when vaccinated as well as infection with
strain 2 for which strain 1 vaccination may not provide any protection.

This paper is organized as follows. We formulate a deterministic compartmental epidemic model of the
transmission dynamics of COVID-19 in a homogeneously mixed population in Section 2. Section 3 is devoted
to well-posedness of the proposed mathematical model, derivation of its equilibria, the basic reproduction
number, and analysis using dynamical systems theory of the COVID-19 transmission dynamics with strain 1
vaccination. Section 4 covers several numerical simulations of the disease dynamics in the presence of strain
1 vaccination in a community where treatment is administered to infected individuals. The and graphical
illustrations are based on various scenarios when the basic reproduction number Ry = maxz{R1, Rz} is either
greater or less than unity. The conclusion is provided in Section 5.

2 Model Formulation

It is assumed that the population is homogeneous-mixed and individuals have equal probability of acquiring
the infection. Only human-to-human transmission of COVID-19 is considered. According to individuals dis-
eases status, the human population at time ¢ denoted by Ny (t) is divided into sub-populations of susceptible
individuals S(t), vaccine individuals Vi(t), individuals infected with strain 1 I (t), individuals infected with
strain 2 I>(¢) and recovered R(t). The total human population Ny (¢) is given by

Nu(t) = S(t) + V(t) + I (t) + La(t) + R(t).

Homogeneous mixing of individuals in the population is assumed so that the standard incidence (rate of

infection of strain 1 per unit time) is 611\,[76;;)
I (t)

will carry strain 1 infection is ~5~. Infected individuals with strain 1 either die naturally at a constant rare
w or at a constant disease-induced death rate §;. The per capita life expectancy is given by i while m +1 5 is
the death adjusted average infectious life of a individual infected with strain 1. For simplicity of notations
in what follows, we drop the time ¢ from the model variables.

While at the onset of the COVID-19 pandemic, the dynamics of the disease was much faster than that
of birth (or recruitment) and deaths [27] because of the then short period of the pandemic [28], neglecting
these demographic factors was well justified in the plethora of models in the literature. However, since the
disease has been there for a while (since December 2019), at present, it is important to account for the model
vital dynamics when describing the evolution of the COVID-19 pandemic. Therefore, disease-specific death
rate d1, 02 respectively for strain 1 and strain and natural death p are accounted for. We incorporate both
cohort vaccination (where a fraction p of the newly recruited members of the community are vaccinated),
and continuous vaccination program (where a fraction v of susceptible individuals is vaccinated per unit
time) [33].

. Thus, at any given time ¢, the probability that an individuals
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Figure 1: Flowchart of the state progression of individuals in a population exposed to two strains of COVID-19.
At time ¢, susceptible individuals S(t) can become infected (primary infection) with Strain 1 I;(¢) or Strain
2 I5(t) or vaccinated against strain 1. Vaccinated individuals V(¢) can acquire COVID-19 strain 2. Infected
individuals recover from both strains and move into class R. Recovery is not permanent.

From the conceptual model flow diagram in Figure 1, we derive the following deterministic system of
nonlinear differential equations

S=01-p)A+oR— (a1 + a2+ p+v)S,

Vi = pA+0vS — (a2 + (1 — e + p) Vi,
L=oS+(1—e)arVi — (1 + p+61) 1, (1)
Iy =ax(S+V)— (T2 + p+82)Ia,

R=mli+ 7l — (0 + p)R,

with initial conditions
S(0) >0, V41(0) >0, I;(0) >0, I2(0) > 0, R(0) >0, (2)

where

I I
o] = aﬁlﬁl7 Q2 = aﬁzﬁ-

The model system (1) involves both exogenous parameters such as the vaccination rate v, and the recov-
ery/treatment rates 71 and 72 - the latter represent the inverse of the length in days of the contagious period,
and endogenous parameters such as the disease transmission rate 81 and 2. The parameter 0 < e < 1 is the
vaccine effectiveness. Thus, implementation of a vaccination program causes the following transformation
in the model: 8 — (1 — £)3, that is the reduction in re-acquiring strain 1 infection for individuals already
vaccinated against strain 1.

The model parameters, their description, values and sources are provided in the Table 1.



Table 1: Fundamental model parameter

Parameter Description Value Range Reference
A Recruitment or inflow into the population 5;2%%5 [23, 40]

v Continuous strain 1 vaccination rate [1072, 8 x 1072  [41, 42]

a Effective contact rate 0.85 [47, 48]

B1 Transmission probability of strain 1 [0.127, 0.527] [23, 43]

Ba Transmission probability of strain 2 [0.127, 0.527] [43]

€ Strain 1 vaccine efficacy 0.87 [44, 45]

1 Natural death rate o565 [23, 43]

i Strain i = {1,2} disease-induced death rate ~ 6.83 x 107> [23, 47]

o Rate of loss of immunity 75 [49]

p Cohort vaccination rate (0, 0.99] [41, 42]

T Recovery rate of strain 1 infected individuals [3—10, ﬂ [43, 46, 47]
Ty Recovery rate of strain 2 infected individuals [3—10, 1] [43, 46, 47)

3 Model analysis

3.1 Disease-Free equilibrium and basic reproduction number

For system (1) with non-negative initial values, its solutions are non-negative and ultimately bounded. The
proof is routine, see for example [28]. Positivity is important for biologically feasible solutions of the model
while boundedness implies that solutions are finite. Next, we show that the region solutions of model system
(1) enter in a bounded region Q.

A
Lemma 3.1 The closed set ) = {(S, Vi,I1,I5,R) eRS : N < ;} 1s positively invariant and attracting.
Proof. By adding all the equations of the model system (1), we obtain:

N:A—/,LN—5111—6212§A—/JN

A A
Using the comparison theorem as described in [36, 37], we have N(t) < m + ( ;) e”
N(0) < % then N(t) < é Thus, the region €2 is positively invariant for the model, while if N(0) % then
I
A
the solution enter in the region 2 in finite time or N(t) — m when t — +o0.
Thus, the region attracts all solutions in Ri. So the system is positively invariant and attracting. |

Theorem 3.1 The disease free equilibrium of the system (1) is given by E® = (SO, VP,0,0,0,0) where

0= A=PA o _ pAFTuS® _ (up+v)A

p+v jz p(p +v)

The basic reproduction number is Ry = max{R1, Ra} with Ry, = aps [,u((; _7_ 5; (_:1(i; i_)(gi'; + )] and
afz [p(1 = p) + (up +0)]

R =
T (wtv) (et pt )




Proof. Using the next generation matrix method in [34] the associated next generation matrix is given by:

aﬁl%(s +(1-oW)
F= ,
aBa k(S + VA)

and the rate of transfer of individual to the compartments is given by:

—(mi+p+6)h
Y =
—(m2 + p+ 92) 12

Hence, the new infection terms F' and the remaining transfer terms V' are respectively given by:

SO+ (1—g)V°
il Sl A

aB O 0
F= ,
SO+ vP
0 aﬂg NO L
—(r1+p+61) 0
V= ,
0 —(m2 4+ p + d2)
and
0 . 0
a2 0=V 0
NO(T1 + p+01)
Fv ==
SO+‘/10

0 2 Thn
a2 NO(12 4+ p+ 62)

The dominant eigenvalue or spectral radius of the next generation matrix FV ! which represents the
basic reproductive number is given by:

0 . 0 0 0
Rozmm{aﬁls + (1 -V SY+ v }

No(r + it 60 P2 N (s + 1 4 82)

The basic reproductive number of a disease, denoted Ry is defined as the average number of secondary
infections that a single infectious individual will give rise to over the duration of his infection, in an otherwise
entirely susceptible population.

Let
Ry =apy SO+ (A —eV _ abi[p(l—p) + (1 —e)(pp+v)]
NO(T1 + o+ 01) (1 +v)(m1 + p+01) ’
and
Ro = abs SO+ VP aBa[p(l—p) + (up+v)]
NO(72 + p+ 02) (n+o) (2 +p+d2)
Then

Ro = max{Rl, RQ}.
m In Section 4, we shall investigate four possible scenarios/combinations when R; > lor < 1 and
Ry > lor < 1.

Theorem 3.2 The disease-free equilibrium E° is unstable if Ry > 1 while it is locally asymptotically stable
’Lf Ro < 1.

Proof.
The Jacobian matrix associated with the model system (1) at the disease-free equilibrium is given by:
0 SO
—(M+U) 0 —aﬁlm —(1,32W g
1% vy
v ~a(1 =B ~aB2 3 0
= 0 1— 0
Ja0 0 0 aﬁlw—(ﬁ—i—u—i—&) 0 0
SO+ Vv
0 0 0 aﬁzTI—(Tz—l—u—l—&g) 0
0 0 Ti T2 —(o+ )




S0 S0

—(u+v) O —a,@lm —aﬁgm o
1% VP
v —1 —a(l— 8)61N—10 —aﬂgN—lo 0
JEU ==
0 0 (7’1 +/L+51)(R1—1) 0 0
0 0 0 (o +p+d2)(R2—1) 0
0 0 T1 T2 —(o+ )
Thus the eigenvalues of Jgo are A1 = —(u +v), A2 = —p, A3 = —(0 + ), Ad = (11 + p+ 01)(R1 —

1) and As = (12 + p + 62)(R2 — 1).
If Ry < 1, then Mg, A5 < 0 and we obtain that the disease-free equilibrium E° of Model (1) is locally
asymptotically stable. If Rp > 1, then the disease-free equilibrium loses its stability. |

Theorem 3.3 The disease-free equilibrium E° is globally asymptotically stable if Ry < 1.

Proof. Consider the Lyapunov function
V(S7 ‘/17 -[17 '[2) = Il + 127

Since I, Iz > 0, then V(S, V1, Ii,I5) > 0 and V(S, Vi, 11, I2) attains zero at [; = I = 0.
Now, we need to show V < 0.

V:j1+j2
I I I
= Phs -9y -t pr s+ PR (5 1) (4 u 4 e -

a,Bl(S + (1 — €)V1)
N(11+ p+ d1)

=(mn+p+o)h (

_1> +(rg+u+62)12( afa(S + V1) —1)

N(12 + p+ d2)

Because S < S% and Vi < V{ then

V<(mn+p+6)h (R —1)+ (e +p+08)h (R —1) <0.

Furthermore, Cil—‘: = 0 if and only if Iy = I = 0, so by using the LaSalle’s invariant principle, this implies
that Fy is globally asymptotically stable in 2. [ ]

Remark Using the standard comparison theorem as described in [36, 37] and rigorously applied in
[38, 39, 40], this result can also be proved (see appendix A).

Because the impact of the vaccination on disease dynamics is key to our study, we write R; and Rz as
functions of the vaccination rate v. That is,

Ry = @Bl =p) +A =)o tv)] - p oy aBe[p( = p) + (o + )]

(n+v)(m1 + p+61) ' (n+v)(r2 + p+02) (4)
Thus,
Ry (0) = 714_(1751_,_51’ Ri(00) = % = Ri(o0) < R1(0),and
(5)
R2(0) = Ry(c0) = #5’152

From the first equation in 5, the strain 1 basic reproduction number R; decreases as vaccination rate
increase. That is, as expected vaccination against strain 1 is always beneficial in controlling strain 1, however
its impact on strain 2 depends on the effective contact rate a and the transmission probability of strain 2
B2, as individuals vaccinated against strain 1 may be less likely to be infected by strain 2 than those who
are not vaccinated [29]. Large vaccination rate v could potentially lead to reducing Rz to some value less
than 1, thereby helping to mitigate the spread of strain 2. Since R; is a function of daily vaccination rate v
and vaccine efficacy ¢, its variation for different values of these parameters is shown in Figure 2. Dark blue
color corresponds to high vaccine coverage and efficacy, indicating the possibility to decrease the value of
R;. That, both high vaccine coverage and efficacy will contribute to the reduction of the value R;.
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Figure 2: Heat map of R; for different values of vaccination rate v and vaccine efficacy ¢.

3.2 Endemic equilibrium
Theorem 3.4 The model (1) admits

1. a unique single-strain 1 infection equilibrium E1 = (S*, Vi, I{,0, R*) if and only if R1 > 1.
2. a unique single-strain 2 infection equilibrium E2 = (S*,V1*,0,15, R*) if and only if Ry > 1.
3. a 2-strain infection equilibrium Es = (S*, V", IT, I3, R*) when Ry = maxz{R1, Rz} > 1.

Proof. (1) Equilibrium FE; is the solution of the system

1-pA+0oR" — (a1 +p+v)S*=0,

pA+vS* — (1 —e)an + p)Vi" =0,

0(15* + (1 - E)Oélvl* — (T1 +u+ 51)Iik = O,

i — (o + p)R" =0,

From the first three equations in 6 above, the model system (1) admits a unique single-strain 1 infection
equilibrium F; = (S*, V)", I7,0, R*) if and only if Ry > 1 given by

g _ (I-p)A+oR"
aj +p+v

pA 4+ vS”
(I—e)aj +p’
a1S* 4+ (1 —¢g)ajV*®
1+ p+ 01 '
Using the last equation of the system 6 and the definition of a], we obtain after some algebraic calculation
that aj is the solution of the equation

V=

I =

o (c2a® 4 craf + co) = 0, (7)
where
cy = (1—81)(/.L+U+T1)>0,
a = (pto+n)(p+Q—ev)+E+o)|dip+(1—e)(p+m+0(l-p) —ab)l, (8)
o = (ut0)(u+o)utm+0)(1— Ry).

When Ry > 1, co < 0 and the discriminant of the quadratic equation 7 is given by A = ¢7 — 4coca > 0,
and thus equation 7 admits two reals solutions. In addition, the product of those two solutions is p = & <0,
c

2
implying that the two solutions have different signs. Hence, we can conclude that when R; > 1, the system
admit a unique single-strain 1 infection equilibrium.



(2) The proof follows the same approach and steps as in the above case (1).
(3) To find E3, we consider the system

1-pA+oR" —(al + a5 +pu+v)S" =0,
pA+0S* — (a5 + (1 —e)al + w)V" =0,
aiS* + (1 —e)afVi* — (m +p+61)I7 =0, (9)

a3(S*+ Vi) = (r2 + p+ 62)I5 =0,

Iy + 715 — (o + )R =0,
aB It . aB2I3 A+ 0I5 + 6215

where o = N+ 02T T with N* = . After some algebraic manipulations we
u
obtain R*:M:S*:(i_p)}kﬂ,and V= pA+US* .
o+ of +os+pu+v as+ (1—e)al +p

Replacing S*; Vi" and R* with their values in the third and fourth equation yields the following system

fUi,13) =0,
(10)
g(I1,13) =0,

where f and g are monotone functions defined by

_Ilaﬁl (1—¢) (IlAa,Blup + I1AaB1po + I1 Noriv + IaAaBapp + IaAaBapo + IaNomv + ANp?p 4+ ANppo + AN pv + ANO”U)

fui, z) =
(1, 12) (p+0) (Iiapr + I2aB2 + Np + Nv) (I1afire — Ihapi — Izafa — Nu)
I I I —A Ap— A A
1aB1 (Inom + I2om2 pp+ Ap po + Ao) Ch G4t
(1 + o) (Inapr + I2aB2 + Ny + Nw)
(I8, 13) I2af2 (IlAaﬂlup+IlAaB1pcr+IlNUTlv—i-IgAaBglup—l-IgAaBQpa—&—IQNUTQU+AN,u2p+AN,up0+AN;w+ANm))
gliy, 1) = —

(n+0) (I1aB1 + I2aB2 + N+ Nv) (I1apre — IvaBr — Izafz — Np)

IraB2 (Iiom + Iaome — App + Ap — Apo + Ao)
(n+0) (lhapy + I2aP2 + N+ Nv)

If the system (10) admits a solution, then, the model system (1) will have an endemic equilibrium.
Obtaining the explicitly expression for the exact solution of the non-linear autonomous system (10) is a
daunting task. Also, it not obvious if the system (10) admits multiple solutions, it therefore is important to
explore the uniqueness and global stability of the 2-strain endemic equilibrium. To this end, we investigate
if the model system (10) undergoes the phenomenon of backward bifurcation where a stable disease-free
equilibrium with a stable endemic equilibrium co-existence when Rg < 1. |

— L (624 p+72).

3.3 Bifurcation analysis

In determining the possibility of backward bifurcation occurring, we use the centre manifold theory approach
[35]. For simplification of the notations and ease of algebraic manipulations, the following change of variables
is made. Let S(t) = z1, V(t) = x2, [1(t) = z3, I2(t) = 4 and R(t) = x5, by using the vector notation
x = (21,2, 23,24, 25)7 (where T denote the transpose), our model system (10) can be written in the form

B Jw) with J(2) = (f1, for 3, fu, )7 as follows:

i1 = fi(z) = (1= p)A+oz5 — (a1 + a2 + p +v)1,

iy = fa(z) = pA +v21 — (02 + (1 — €)an + p)2,

3 = f3(z) = a1z1 + (1 —e)anze — (11 + p + 01)x3, (11)

&g = fa(x) = aa(z1 + 22) — (T2 + o + 02)x4,

5 = fs(x) = T1x3 + Texs — (0 + p)ws,

x3 T4
and a2 = af

where a1 = a1 .
1+ X2+ X3+ Ta+ Ts 1+ X2+ T3+ x4+ 25




The Jacobian of the system (11) at the DFE is given by

B s kl—=p) o k(l—=p)
(n+v) 0 af e afz Py o
_ —a(l — ot v _ag Pt
v 1 a(l —e)p1 s afo s 0
Jgo = . (12)
0 0 (Tl +,LL+51)(R1*1) 0 0
0 0 0 (o +p+82)(R2— 1) 0
0 0 Tl T2 —(o+w)

api [p(1 = p) + (1 — &) (up +v)]

(w+v) (11 + p+61) '
Consider the case when Ry = 1, which is the bifurcation point. Suppose, further that 51 = 87 is chosen
(4 v) (1 +p+61)

alp(l —p) + (1 —e)(pp+v)]

First, consider the case R = R, =

as a bifurcation parameter. Solving for 81 from Ry = 1 gives 8 =

B (I —p) _ (1-p)
(p+v) O afi Py afe T o
Lp+ pp+v
—u —a(l— - 0
v n —a(l—e) L aﬁQquv
Jﬁlz . (13)
0 0 0 0 0
0 0 0 (2 +p+d2)(R2 — 1) 0
0 0 1 T —(o+ )

When R; = 1, the Jacobian of (11) at 81 = B{ c (denoted by Jss) has a right eigenvector given by w =
_ wps(pto) rof(uto)prtps) ton] o (pto)(ptv)
plomi + (p+ o)pi] ’ o+ (p+o)pr’

T
[wi, w2, w3, ws, ws]” , where, w1 =1, wo

1-— 1-—
wy = 0 and ws = _nlety) , where p1 = —aﬁfi‘u( p)7 = —aﬁgi'u( p),pgz—a(l—s) {‘LH—U
or1 + (n+0o)p1 p+v m+v )
and ps = —afe [Lp-l—’U‘
pn+v

Further, the Jacobian Jgs has a left eigenvector v = [1)1,1)2,1)3,1)4,1)5]T , where v1 = v =v4s =v5 =0 =,
V3 = 1.

5 82f
k *
a km:lvkw w axiaxj( 0,51)
~wsaBi(1+ a7 4 (1 - e)x3)
(@] +23) ’

After some algebraic computations, we obtain

- Bi (u+ o) (4 v)(1+ i + (1 - e)a3)
oi(@i + a3)2 (1L — p)(1 — (74 i+ 81)) + (I — &) (up + )

It is evident that a < 0, since 1 —¢ >0,1—p>0and 1 — (11 +p+81) > 0.
The second bifurcation coefficient b is given by

5 82f
k *
b = Z vkwjm(Eo,&),
k,j=1
_ a(@i+ (1 —e)x3) -0
] + a5
Because a is negative and b is positive, and by Theorem 4.1 in [35], this precludes the model system (10)

from exhibiting the phenomenon of backward bifurcation at Ry = 1. Consequently, the following results
holds.

Lemma 3.2 The unique endemic equilibrium Es of the model system 1 is globally asymptotically stable if
Ro > 1.



4 Numerical simulations

To illustrate the basic mechanisms underlying the model dynamics, several graphical representations depict-
ing the dynamical behavior of the model system 1 when the fundamental threshold parameter Ry is either
greater or less than unity are presented to support the analytical results. The model parameter values used
in our simulations are shown in Table 1. The unit of A is person per day while all other parameters’ unit
is per day. The initial conditions are: (S(0) = 5000, V;(0) = 100, I;(0) = 70, I2(0) = 30, R(0) = 5. Because
Ro = max{R1, R2}. To investigate the long term dynamics of the co-circulating COVID-19 two-strain, four
scenarios will be considered. Note that values of our proposed COVID-19 model’s basic reproduction number
Ro = maz{R1, Rz} (with Ry and R denoting respectively the strain 1 and strain 2 basic reproduction) are
in agreement with previous COVID-19 modeling studies [50, 51, 52].

4.1 Casel: Ry >1with Ry > 1 and Ry >1

Time series solution of two infected classes I1(t) and I2(t) are plotted in Figures 3 and 4 when Ry > 1 with
R1 < Rz. In this case, the solutions of the model system 1 approach the equilibria F3. These graphs show
the occurrence of a second wave as predicted in [10], and possibly a third wave. However, we note that under
very pessimistic conditions with availability of only strain 1 vaccine, strain 2 could become the dominant
strain in the population if infections with strain 2 are more than double that of strain 1, see Figure 4.

— Infected Iy 1000 — Infected Iy
1200 — Infected Iz — Infected I
1000 800
o 800 £ 600
B B
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= = ano
400
200 /L 200
o o
0 100 200 300 400 500 0 100 200 300 400 500
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Figure 3: Dynamics of Iy and Figure 4: Dynamcis of Iy and
Iy for Ry = 2.48 and Ry = 8.58 Iy for Ry =1.29 and Ry, = 4.78

4.2 Case 2: Ry > 1 with Ry <1 and Ry >1

Figures 5 and 6 depict the case when Ry > 1 with Ry < 1 and Ry > 1. As depicted in Figure 6, at the
long run, strain 2 could establish itself as the dominant strain in the population. Note that in this case, the
solution profiles approach the equilibrum FE-

L — Infected 700 — Infected Iy
&0 —— Infected Iz —— Infected Iz
600
]
500
&40 o
-] = 400
23 e
300
20
200
10 100
0 o
o 100 200 300 400 500 o 200 400 G600 800 1000 1200 1400
Temps (Days) Temps (Days)
Figure 5: Dynamics of Iy and Figure 6: Dynamics of Iy and
I for Ry =0.77 and Ry = 1.0037 I for Ry =0.92 and Ry = 2.27

4.3 Case 3: Ry > 1 with (a) Ry >1 and Ry, <1 and (b) R, = R

Figures 7 and 8 display respectively the cases when (a) Ro > 1 with R1 < 1 and Rz > 1 (left panel) and (b)
Ri1 = Ry (right panel). Again, the dynamical behavior of the graph of strain 1 depict multiple waves. In both
cases (a) and (b), strain 2 will not establish itself in the population as the solutions approach the equilibrium
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F1. It is surprising to notice that when both strain 1 and strain 2 reproduction numbers are equal but greater
than unity, strain 2 could eventually die out. Several reasons could explain this. First, strain 2 emerged
in the population when efforts to mitigate the strain 1 such as non-pharmaceutical interventions (including
physical distancing, hand hygiene, and mask-wearing) as well as treatment were already well underway.
Secondly, continuous vaccination against strain 1 could likely confer some protection to individuals against
strain 2. In this case,
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Figure 7: Dynamics of I; and
I for Ry =1.92 and Ry = 0.94

1000 A — Infected I,
— Infected Iz
800 A
o B00 A
B
= 400 -
200 A
D -
T T T T T T
o 100 200 300 400 500
Temps (Days)

Figure 8: Dynamics of Iy andly for Ry = Ry = 2.27

4.4 Case 4: Ry <1

When Rp < 1, that is both R; and Rs are less than unity with R1 < Rz, the evolutionary dynamics of the
solutions approach the disease-free equilibrium FEy, see Figure 9. On the other hand, when Ry < 1 with
Ry > Ra, it is striking to note that because R; is very closed to 1, Figure 10, the strain infection I; will
not be quickly eradicated, and efforts to further reduce the average number of infections from a susceptible
individual in a totally susceptible population is warranted.
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Figure 9: Dynamics of I; and Figure 10: Dynamics of Iy and
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5 Conclusion

COVID-19 emerged in December 2019, has rapidly evolved as a pandemic with wide-ranging socio-economic
consequences. The disease causes severe acute respiratory syndrome and results in substantial morbidity
and mortality. While an effective vaccine is essential to containing the spread COVID-19, the emergence
of a second strain could complicate mitigation efforts. We developed a simple compartment model of the
transmission dynamics of a 2-strain of COVID-19 model to examine the impact strain 2 in a population where
vaccination against strain 1 is available. The proposed 2-strain COVID-19 model with strain 1 vaccination
is derived as a deterministic system of nonlinear differential equations. The model is then theoretically
analyzed, its basic reproduction number Ry is derived as well as sufficient conditions for the stability of its
equilibria. We calculate the basic reproductive numbersR; and Rz for both strains independently. Using
the center manifold theory, it is shown that the model does not exhibit bi-stability also known as backward
bifurcation, and global stability of the model equilibria when Ry is either less or greater than unity is establish
using a suitably constructed Lyapunov function and other approaches such as the comparison method.

To gain insight into whether strain will establish itself in the population as the dominant strain, several
simulations to support the model theoretical results are provided. Results indicate that - both strains will
persist when both Ry > 1 and Rz > 1 - Stain 2 could likely establish itself as the dominant strain if R; < 1
and Rz > 1, or when R: is at least two times R,. However, with the current knowledge of the epidemiology
of the COVID-19 pandemic and the availability of treatment effective vaccine against strain 1, strain 2 is
would eventually be eradicated in the population if the threshold parameter Rs is controlled to remain below
unity. That is, two co-circulating strains will not persist simultaneously but only one of the strains may
persist in the long run. We note that if we ignore the model vital dynamics (recruitment and natural death)
to mimic the ongoing epidemic, there is no noticeable impact on the dynamical behavior of the figures.
There are however some contrasting findings with respect to the value of the basic reproduction number.

(i) Under a very pessimistic condition, strain 2 could become the dominant strain in the population if
infections with strain 2 are more than double that of strain 1, see Figure 4.

(ii) When both strain 1 and strain 2 reproduction numbers are equal and greater than unity, strain 2 could
eventually die out while strain 1 persists.

From observation (ii), while Ry provides a good measure for disease dying out or persisting in a pop-
ulation, this threshold quantity when less than but close to unity might mislead the assessment of the
transmission dynamics of the disease. Thus, ensuring that the value of Ry is below unity may depend on
how far from unity this value is in order to ascertain how quickly the disease eventually dies out. That is,
even though the model does not exhibit the possibility of bi-stable behavior of its equilibria, strain 1 could
persist for some time when Ry < 1, but close to 1. From this finding and in the face of waning adherence
to physical distancing, the use of non-pharmaceutical interventions the word has relied upon (such as lock-
downs, travel restrictions, contact tracing, mask wearing, and social/physical distancing), and the emergence
of other COVID-19 variants, it is cautionary to ensure decision on relaxing/lifting these non-pharmaceutical
prevention measures are not solely based on the value of the basic reproduction number being less than
unity, but considerations should be made on how close to 1 this value actually is as well as other socio and
eco-epidemiological factors pertaining to the dynamics of COVID-19, and also account for regional hetero-
geneity in transmission and travel. Nevertheless, there is a glimpse of hope that if individuals concurrently
continue to adhere to non-pharmaceutical interventions (including physical distancing, hand hygiene, and
mask-wearing), and other pharmaceutical efforts to mitigate the strain 1 such as treatment and vaccination
continue, strain 2 could be eradicated.

The proposed model has some limitations. While co-infection of the COVID-19 has not been a major
issue, from a theoretical standpoint, the model could be extended to include the latent class and individuals
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dually infected with both strain 1 and strain 2. In this case, one could compute the invasion reproductive
number for strain 1 when strain 2 is at endemic equilibrium and vice-versa [53]. Due to the severity of the
disease, explicitly incorporating the quarantine and hospitalized class is viable. While these suggestions will
increase the complexity of the model analysis, by construction, there are often uncertainty around some
parameter values, and a detailed uncertainty and sensitivity analyses to determine the parameters that have
the highest effect on the model variables should also be considered [54].
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Appendix A: GAS of DFE using comparaison theorem

The following results provide an alternate proof to Theorem 3.3.
Theorem 5.1 The disease-free equilibrium E° is globally asymptotically stable if, Ro > 1.

Proof. The proof is based on applying a standard comparison theorem as described in [36, 37] and applied
in [38, 39, 40]. The equations for the infected components in (1) can be written in terms of

o h(t) n(t) 1)
=(F-V) — M@y — M>Qs 7 (14)
— 0
where F' and V are matrices defined in section 3.1, M; = 1 — S+ (lN eV % o (]1\7_ S My —
1= 5 —;\fVl and @1 and Q)2 are non-negative matrices given respectively by
TEIERL -
Q1= N Qs =
0 0 0 aﬁg
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S(t)+ (1 —e)Va(t) N°

Thus, since S(t)+Vi(t) < N(¢) and assuming that for all ¢ > 0, NG X 5 L <1
in Q, it follows from 14 that '
I1(¢) Li(t)
<(F-YV) . (15)
Ix(t) Ix(1)

Using the fact that the eigenvalues of the matrix F' — V all have negative real parts, it follows that the
linearized differential inequality system (15) is stable whenever Ry < 1. Consequently, (I1(t), I2(t)) — (0,0)
as t — co. Thus, by comparison theorem [36, 37], (I1(t), I2(¢)) — (0,0) as t — oo. Substituting Iy = I, =0
in the first and second equations of the model 1 gives S(¢t) — S° and Vi(t) — Vi as t — oco. Thus,
(S(t), Va(t), I (t), I1 (t), R(t)) — (S°,V2,0,0,0) as t — oo for Ry < 1. Hence, the DFE E° is GAS in Q if
Ry < 1. ]
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