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Abstract

This paper presents a mathematical model for transmission dynamics of Zika virus disease when Wol-
bachia is used as bio-control. Zika virus disease is an arboviral disease that spreads through bites of female
mosquitoes in the Aedes family especially, Aedes aegypti. Studies have shown that Wolbachia, when present
in Aedes aegypt, can prevent mosquitoes from transmitting the Zika virus to humans. A system of nonlinear
ordinary differential equations is used to model this bio-control technique, and a bifurcation analysis of the
model is conducted. The result shows that the model exhibits forward bifurcation, which confirms the exis-
tence of a unique endemic equilibrium in the model when R, > 1. The existence of forward bifurcation in
the model indicates that having R, < 1 is enough to guarantee the eradication of Zika virus disease using
Wolbachia as a bio-control irrespective of initial sizes of infected human and mosquito populations. Plots are
provided to show the effect of Wolbachia on the Aedes aegypti population.
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1. Introduction

Zika virus disease is a flavivirus disease transmitted to humans mainly through bites of
infected female aedes agypti mosquitoes [1, 2]. Other ways through which the virus could
be transmitted to humans include unprotected sex, unscreened blood transfusion and from
mother to her unborn child [3, 4, 5, 6]. Even though Zika virus disease has negligible
mortality rate, its 'microcephalic’ effect on children born to mothers who are exposed to
the virus in their pregnancy cannot be overemphasized [7, 8]. The outbreak of Zika in
Brazil produced over 5000 confirmed cases of microcephaly. Apart from microcephaly, the
disease has been linked to neurological disorder, Guillain-Barre Syndrome(GBS)[9]. In
2015, the World Health Organization (WHO) declared Zika virus disease, a Public Health
Emergency of International Concern because of these health conditions associated with
the disease[10].
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Since Zika virus disease has no cure and vaccine, a suggested way to combat the
spread of the disease is the use of aedes aegypti mosquitoes infected with Wolbachia
as a bio-control agent[11]. Wolbachia is a group of bacteria which naturally inhabits in
reproductive tissues of most arthropods. They are transmitted maternally through the
cytoplasm of eggs of their host insects[12, 13]. It has been shown experimentally that
Wolbachia reduces the ability of host mosquitoes to transmit disease-causing pathogens to
humans through bites[14]. This it does by increasing the incubation period(or reducing
the incubation rate) of the virus in its host mosquito. This thereby increases the time it
takes the mosquito carrying Zika virus to become infectious. Since the adult life of the
mosquito is short, most of them carrying the virus die before they complete the incubation
period. Therefore, the infected Wolbachia-carrier mosquitoes may not transmit the virus
to humans through their bites before they die. Apart from incubation rate reduction,
Wolbachia induces cytoplasmic incompatibility(CI), a complex biochemical phenomenon,
which helps its host mosquito to invade and eliminate the Wolbachia-free aedes aegypti
mosquitoes in the wild [16]. The effect of cytoplasmic incompatibility is non-hatching
of eggs when male aedes aegypti with Wolbachia mates with their female counterparts
without Wolbachia. The resultant effect of CI is that population of wild aedes aegypti
continues to decrease until not many mosquitoes will be available to spread the virus. It
should be noted that since aedes aegypti is a natural host to Wolbachia, the mosquitoes
have to be manually infected with the bacteria in the laboratory, and then released to mate
with the wild ones [15].

In infectious disease modeling, the basic reproductive number, generally denoted as
Ro, is one of the most important quantities sought by researchers. It is defined as the
average number of people that are infected by a single infected person introduced in a
purely susceptible population. The basic reproduction number gives a key measure of a
disease’s ability to spread in a given population or die out gradually. Specifically, if Ry < 1,
it means that on average, less than one person will be infected by a single infected person
introduced in a purely susceptible community. Hence, the infection does not replicate and
the disease-free equilibrium is stable. On the other hand, &y > 1 indicates that more
that one person will be infected on on average. Hence, the infection replicates leading
to larger numbers of infections and an unstable disease-free equilibrium. However, in
some cases, having Ry < 1 is not good enough to guarantee eradication of disease in
a given population. This happens when backward bifurcation takes place in the model.
In backward bifurcation, when Ry < 1, a small positive unstable endemic equilibrium
appears, together with disease-free equilibrium and a larger endemic equilibrium that is
locally asymptotically stable. This means that backward bifurcation involves at least two
endemic equilibria; a small one that is unstable and a larger one that is stable. This implies
that the condition Ry < 1, is no longer a necessary and sufficient condition for disease
eradication in a population. On the other hand, in forward bifurcation, when R; crosses
the unity from below, a small positive asymptotically stable endemic equilibrium appears
and the disease-free equilibrium looses its stability[17]. Hence, the endemic equilibrium
only exists when Ry > 1, and there is no possibility of an endemic equilibrium when
Ro < 1. In this case, bringing the basic reproduction number to below unity is a necessary
and sufficient condition for disease eradication in the given population, irrespective of the
initial number of infectious populations. The purpose of this paper is to model the use of
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Wolbachia in the control of Zika virus disease, and to show that forward bifurcation takes
place in the model, which implies the existence of a unique endemic equilibrium which is
locally asymptotically stable when Ry > 1. The remaining part of this paper is organized
as follows: in section 2,the proposed model for transmission dynamics and control of
Zika virus disease is presented. In section 3, the analysis of the model which include
derivation of the control reproduction number, stability analysis of the equilibrium points
and bifurcation analysis are shown. Simulation of the model, with discussion of result is
presented in section 4. The work is concluded in section 5.

2. THE MATHEMATICAL MODEL

In this section, the system of nonlinear ordinary differential equations which models
the dynamics of Zika virus disease in the human and aedes aegypti mosquito populations,
including the Wolbachia-infected aedes aegypti used for bio-control is derived. The major
assumption in the formulation of this model is that humans may become infected with
Zika virus through bites of infectious female Aedes aegypti mosquito. Uninfected pregnant
female Aedes aegypti mosquitoes may acquire Zika virus when they bite infectious human
to suck blood. Therefore, the model comprises three populations; human population,
population of adult female aedes aegypti that are infected with Wolbachia, and population
of adult female aedes aegypti that are not infected with Wolbachia.

2.1. Zika Dynamics in Human Population

In the human population, we have four(4) compartments; humans that are susceptible
to Zika virus disease,Sy, (t), Humans that are exposed to Zika virus disease, Ey, (t), humans
that are infectious with Zika virus disease, I;,(t), and humans that have recovered from
Zika virus disease infection, Ry, (t). The total population of humans, Ty (t) at any time t
is therefore given by Ty, (t) = Sp(t) + En(t) + In(t) + Rn(t). We assume that individuals
are recruited into the susceptible class in the Zika endemic area at the rate, 7. The
susceptible class of humans may become exposed to Zika virus through bites of infectious
Wolbachia-free mosquito bites at the rate b, with transmission probability, «,;,,. The
susceptible humans may also become infected with the virus through the bites of infected
Wolbachia-carrier mosquitoes at the rate by, with a very negligible probability of infection,
mwh < &mn- At the end of the incubation period, the exposed class becomes infectious
at the incubation rate 3;,, but recovers at the rate y. There is a natural death rate oy,, for
all the humans in the population under study, and an additional Zika-induced death rate
oy, only for the infectious class of humans.

2.2. Dynamics of Zika virus Disease in the Aedes aegypti Population

In the Wolbachia-free adult female aedes aegypti mosquitoes, we have three compart-
ments namely; (i)mosquitoes that are susceptible to Zika virus, Sy (t), (ii) mosquitoes
that are exposed Zika virus diseases, E,,(t) and (iii)mosquitoes that are infectious with
Zika virus disease, I,,,(t). The female Wolbachia-free mosquitoes join the susceptible class
through migration at the rate 7t,,,, or through oviposition at the rate p,,, with k being
the proportion of the eggs that are female. The parameter q € (0,1) is introduced to
represent the effect of cytoplasmic incompatibility. In this regard, we assume that the
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proportion ¢, of the eggs produced by the female Wolbachia-free mosquitoes are viable,
while (1 — q) are non-viable. This parameter is responsible for the reduction in the pop-
ulation of the wild mosquitoes. Susceptible mosquitoes becomes exposed to Zika virus
when they bite humans in the infectious class at the biting rate by, with probability of
infection o ,. At the expiation of the incubation period, the exposed mosquitoes become
infectious at the incubation rate, 3,,. The mosquitoes remain infectious throughout their
lifetime until they die naturally at the rate, o,,. Similarly, the female adult Wolbachia-
carrier aedes aegypti mosquitoes are grouped in the same manner, with the following
compartments, the susceptible Wolbachia-carrier class; Sy (t), the exposed Wolbachia-
carrier class; E;yw(t), and the infectious Wolbachia-carrier class; I, (t). The dynamics
of Zika virus disease in the Wolbachia-carrier mosquito population is similar to that of
the Wolbachia-free mosquitoes, except at the infectious stage where the probability of the
Wolbachia-carrier mosquitoes to transmit the virus to the susceptible humans is negligi-
ble. We also mention that the susceptible Wolbachia-infected mosquitoes are introduced
from the laboratory into the Zika-endemic area in the constant rate 7t,,,,. Using the above
assumptions on the transmission dynamics and control of Zika, we obtain the following
system of nonlinear ordinary differential equations which models the dynamics of the
disease.

dSh(t)
dt
dEn (t)
dt
dln (t)
dt
dRp (1)
dt

dS (t
(T;C( ) =Ttm + unme(t) - bl “hmsm(t)lh - Gmsm(t)/
(2.1)

= 1h — b1 otmh Sk (1) Im (1) — badmwhImw (1) Sh(t) — onSh(t),

=b1otmhIm(t)Sh(t) + b2tmwnImw (t)Sh(t) = (Br + on)En(t),

= BrEn(t) — (v + on + oy, )In(t),

= vYIn(t) — onRu(t),

dE:;(t) = D1 thmSm (D IR (1) = (B + Om)Em (1),
dlm(t)
dt BmEm(t) —omIm(t),
dS]S;\)(t) = Tmw + Klmw Tmw (1) = D20thmw Smw () In (t) — om Smw (1),
dEn(;.“;v(ﬂ = b2athmwSmw (D) In(t) = (Bmw + om)Emw(t),
dlmw(t)
T - BmWEmW(t) — omImw(t),

with the initial solutions given by Xo = (S?,E9 % ,R?, SO €% 19,80 ., B, 1%.,). Since
human and mosqutio populations cannot be negative, we can conclude that the initial so-
lutions are all nonnegative numbers. From (2.1), it can be seen that the total populations
of human, Wolbachia-free and Wolbachia-carrier mosquitoes, respectively, satisfy the fol-
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lowing system of equations

dT;

T: =7h — o Th — o1, In,

dT,

T{n =Tm + (qKHm*O-m) T, (2.2)
dTmw

C;; = Ttmw + (Ktmw — 0m) Tmw-

The domain of existence of the solution to this system can be described as D = D; U D, U
D3, where D; = {Sh, En, Iy, Rh) € lRiﬂsh +En+ I+ Ry < Th},

Dy = {(Sm/ Em/ Im) € IRg’|_|sm + Em + Im < Tm}r

and D3 = {(SmWI Emw: Imw) € ]R3+|Smw + Emw + Ian < me}-

Theorem 2.1. The model (2.1) possesses a unique positive solution Yt > 0, which passes
through the initial solution X(0), and the set D is positive invariant.

Proof: Each right-hand side of the model system has continuous partial derivatives
with respect to each state variable. Hence, the system possesses a unique solution X(t)
which passes through the initial solution X(0). To show that the solution remains nonneg-
ative, we have, using differential inequality on (2.1), that

Sp(t) > $% e/ (P1omnIn(s) - b2ctmun (s) Tmw () +n)ds -

7

Ep(t) > E) e (Brnton)t 5 0 Ty (t) > 0 e (y+onton)t 5 0, Ry (t) > RV eont > 0. Similar
methods can be applied to prove that other components of the system have positive so-
lutions in the octant D. To show that D is positive invariant with respect to the solution
of the model system, we have from (2.2), that the total populations satisfy the following
inequalities
s
0 < lim sup Th(t) < —h
t—o0 Oh
Tlm

Om — qkum

7me

i <
0< th_)rgo sup Ty (t) <

0 < li Tw(t) € ——————
R T

The inequalities show the boundedness of total human and mosquito populations. Since
no population can be negative, it implies that all solutions enter and remain in the domain
D Vt > 0. This confirms positive invariance of D.

3. Analysis of the Model

3.1. Disease-free Equilibrium and the Control Reproduction Number
It is easy to show that the steady state of (1) in the absence of Zika virus disease infec-

tion is Eg = (;‘—:,0, 0,0, Gmfg]“k um,0, 0, GMT{;ﬁmW,O, O). Also, at disease-free equilibrium,

0 0 0 — [ T TTm, TTmw
(Th' Tm' me) o (Uh/ Om—qkim’ om—Kpmw /°
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The control reproduction number, R, of a disease gives on average, the number of
people that can be infected by a single index case of the disease when introduced in
a disease-free population with a control measure in place[18]. This number gives an
indication of effectiveness of a control measure. The control measure is effective if R, < 1,
otherwise it is not effective. The next generation matrix(NGM) approach by Diekmann et
al.[19] is applied to determine the reproduction number, which gives R, as the spectral
radius of a next generation matrix.

Theorem 3.1. The NGM of the model is of the form

0 Kmh :meh
XK= Knm 0 0 (3.1)
jChmw 0 0

and the control reproduction number is

:Rc = \/:Kmhg{hm + :meh:Khmw (32)

— Bhblahmnm : P .
where, Kynym = (om—akiim) (Brton)(yFonsol) IS the number of Wolbachia-free mosquitoes

that can be infected by one infectious human

— Bhb2Xhmw Tmw : . . .
Khmw = oK) (Brron) iy Fongol) I8 the number of Wolbachia-carrier mosquitoes that

can be infected by one infectious human

_ _Bmbixmnh7h ; . . .
Kmn = Ghom(Bmion)’ is the number of humans that can be infected by one infectious
Wolbachia-free mosquitoes

Kinwh = %,is the number of humans that can be infected by one infectious
Wolbachia-carrier mosquitoes.

Proof: The size(3x3) of the next generation matrix (3) corresponds to the 3 popula-
tions involved in the dynamics of the disease. Also, the position elements of the matrix
is determined by the assumptions that humans can transmit Zika virus to Wolbachia-free
and Wolbachia-carrier mosquitoes, and vice versa. The zero entries in the matrix indicate
absence of disease transmission. For example, the zeros in the diagonal is an indication of
no vertical and horizontal transmission of Zika virus disease in the populations. Moreovet,
by definition, the NGM is given by X = FV—!, where

0 0 0 i%mnTh (g b2XmwnTh
Oh Oh
0 0 0 0 0 0
b1 XhmTTm
F |9 ongqeum 00 0 0
0 0 0 0 0
b mw mw
0 im0 0 0 0
0 0 0 0 0
Brn+on 0 0 0 0 0
—Bn  y+on+op 0 0 0 0
V= 0 0 Bm+om 0 0 0
0 0 0 0 Bmw+om O
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Then, the next generation matrix becomes

0 0 Bmbitmh7th b1otmn7th Bmwb2 X mwhTh batmwn 7t
OhOm(Bm+om) OhOm OhOm(Bmw+om) OhOm
0 0 0 0 0 0
Bnbixthm7m b1othm Tm 0 0 0 0
fK = 1 2
0 0 0 0 0 0
Bnba Xhmw Tmw b2 X hmw TTmw 0 0 0 0
3 2y
0 0 0 0 0 0
(3.3)
where
1 Om — qKim) (Bn + on) (Y + on + 03,)

Om — KUm)(Bh + Uh)(y + Oon + 011)
Om — Kitm) (Y + O + 0},).

= (

w 1 o= (om— qKHm)(Y+Uh+Uh)
sy o=
= (

<z

We can recover (3.1) from (3.3) by the multiplication of the form, AXAT, where A is
the auxiliary matrix

10000 0\
A— 001 O0O0O0
00 0O0T1O
to get
0 Bmbixmn7n BmwbrXmwhh
Bby 7T OhOm(Bm+om) OhOm(Bmw+om)
fK:S — hY91Xhm’tm 0 0
BthOC:Tlnwnmw 0 O

3
Hence, (3.2) follows from the definition, R. := p(X;).O
In the absence of this control, the reproduction number becomes Ry = /K nh Khm, which
is the basic reproduction number of the disease. Therefore, for this control method to be
considered effective, we must have R. < Ry.
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3.2. Stability Analysis of the Equilibrium Points

3.2.1. Local Asymptotic Stability of the Disease-Free Equilibrium
The linearization of the model system(2.1) around the equilibrium point, E( gives the
Jacobian matrix;

—d11 0 0 0 0 0 —J12 0 0 —d13
0 —dn O 0 0 0 J2 0 0 d23
0 Jds1 —dm» 0 0 0 0 0 0 0
0 0 Jn  —de O 0 0 0 0 0
0 0 —-ds1 0 =G O 0 0 0 0
IEI=1"09 0 44 0 0 4o 0o 0o o o | @Y
0 0 0 0 0 dn  —In 0 0 0
0 0 —Jan O 0 0 0 - O 0
0 0 Jo 0 0 0 0 0 —Joo O
0 0 0 0 0 0 0 0  Jin —di2

b1 XK TT box s b1 XK TT
where, J11 = on, J1p = FEEEE, iz = 2R oy = (Br + on), Jn T,

Joz = bz“‘gi:hml,ﬁm = (Br+on), 931 =Bn, ds2 = (Y +on+o0y1),du =V, Jo = on, 51 =
blo‘hm.nm

om—qkpm’

J52 = (0m — qkpm), de1 = %,362 =(Bmtom), I71 =Bm, I2 = om,

b mm‘*mw p— p— b mm‘*mw p—
g1 = Zzohmmimw o = (Om — Kimw), Jo1 = 222587 oy = (B + Om),
J101 = Bmw, d102 = 0m. The matrix J(Eg) can be reduced to 6 x 6 submatrix by observing
that

—0Oh, —0h, —(0m — qkitm ), —(0m — Kpmw ) are some of its eigenvalues. Let

Bn —(y+on+oy) 0 0 0 0
9'(Ey) = 0 D (B fom) 0 0 0
0 0 B —0 0 0
0 brothmm Tmw (1)11 om —(B +om) 0
0'm*kvllmw mw m
0 0 0 Bmw —O0m

Note that the matrices F,V and the sub-matrix, J’(Ey) are such that F—V = J’(Eg). Ac-
cording to Driessche and Watmough[20], the eigenvalues of F — V or equivalently, J’(E)
are all negative or have negative real parts if p(FV~!) < 1. This shows that the disease-
free equilibrium Ey is locally asymptotically stable if R, < 1, and unstable if R. > 1. This
implies that Zika virus disease can be eradicated when R, < 1, by using this control mea-
sure, if the initial size of the compartments are in the basin of attraction of the disease-free
equilibrium.

3.2.2. Existence of Endemic Equilibrium and its Local Stability Analysis
Let By = (S, Ef, 15 RE, Sy B T Siwr B Iinaw ) Where
S* — Tth E*X — biomn I +batmwn i I* = BrEL R* — YL S* —
h blocmhl?;ﬁrbzcxmth%JrUh’ h Bh+on /7 ~h ‘Y+0’h+0'{1" h
Tim+qkum T
blochmI:lﬂLO'm’

on’ m
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Er — broanmShLy g DiPmhm (Tmtdkim To)lh g mwtqRkbmw Thw
Bmtom) 7 "M~ om(Bmtom)(b1cnmlf+0m)’ blcthWI;;Jram ’
£r  _ DoomwShwli I, = b2Bmw Xhmw (MTmw+Kbmw Tow )T s , TEL, =
(Bmw+om) 7 Om(Bmwtom)(b2xhmwlf+om) 7 M Om— qku
T = ”hi‘ii{il’*i, be the solution to the following equations
Th — b1&mhShlm — b2 mwh lmwSh — 0hSh =0, (3.5)
b1omhImSh + b2dmwhImwSh — (Bh + on)En =0, (3.6)
BrEn — (v +on +op)lh =0, (3.7)
YIn —onRp =0, (3.8)
Tt + qKtm Tm — b1 mSm (t)Ih —omSm(t) =0, (3.9)
b1othmSm(t)In — (Bm +om)Em(t) =0, (3.10)
BmEm(t) —omIm(t) =0, (3.11)
Tomw + Khmw Tmw — D20hmw Smw (8) Ih — 0mSmw (t) =0, (3.12)
b2thmwSmw (t)Ih — (Bmw + 0m)Emw(t) =0, (3.13)
BmwEmw(t) — omImw(t) =0, (3.14)
Let I3, and Iy, be written as [}, = %ﬁﬁh and I}, = Bji IJ;‘B , respectively,

Where; Al - blﬁmahm(nm"” qumT{'ﬁ), AZ - Gm(ﬁm+ O-m)bl(th/ AS — G (Bm +
om)

Bl = bZBmwcthw(T[mw +kumwT:;1w) BZ — O—Tn.(ﬁniw +O-m)b2‘thvw BS — G (BMW"i'
Om)

Substituting E;, into (3.7) and simplifying, gives

Bhnh Gllﬁz + GZI;
Bh+ Oh G31]*12 + G41]*1 + G5

—(y+on+op)];, =0, (3.15)

where, G1 = biotmnA1B2 + baoxmwnB1A2, G2 = biotmnA1Bs + baatmwnB1A3,
G3 = G1 + 0nA2By, G4 = G2 + on(A2B3 + A3B2), Gs = onA3B;3
Rearranging (3.15) gives the cubic equation

—C1I + CoIf2 + C3l}, =0, (3.16)

where, C; = (Bn + on) (Y + on +01)G3, C2 = (BrthG1 — (Bn + on)(y + on + 07,))Gy,
C3=(Bn+on)ly+on+oy) [R2 —1]. The trivial solution, I} =0, too (3.16) is the locally
asymptotically stable disease-free equilibrium. Since C; > 0, and using Descartes’s rule of
signs, Hence, we get the following cases:

i C; <0and R, > 1, gives a unique endemic equilibrium in the model.

ii C; > 0and R, > 1, gives a unique endemic equilibrium in the model.
iii C; <0and R. < 1, indicates absence of endemic equilibrium in the model.
iv C; > 0 and R, < 1, gives two positive endemic equilibria in the model.

Cases (i) and (ii) show the absence of backward bifurcation in the model since backward
bifurcation requires at least two endemic equilibria in order to occur. Case (iii) indicates
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that the disease has been completely eradicated in the population. Case (iv) may be an
indication of backward bifurcation in the model.
At the endemic equilibrium, E;, the Jacobian matrix of the right-hand side of (2.1) is

—a; O 0 0 0 0 —a O 0 —as

C1 —C2 0 0 0 0 C3 0 0 Cq
0 d —-d 0 0 0 0 0 0 0
0 0 e —e O 0 0 0 0 0
0 0 —f 0 —f f3 f, 0 0 0
IB)=1 ¢ g6 0 g —-g3 0 0 0 0 (8.17)
O 0 0 0 0 h —-h, 0 0 0
0 0 —3 0 0 0 0 —jo j3 ja
0 0 k O 0 0 0 k —k3 0
o 0 0 0 0 0 0 0 m -m

where, a; = biamnl}, + bodtmwh i, + 0h, @2 = b1amnS}, a3 = baxmwhSE,

c1 = bromnli, + baotmwnIie, €2 = Br +0h, €3 = bromnSy, ¢4 = baotmwnSy,

di = PBnr, dp = ‘Y—Q—O'h-i-O'{L, e1 =Y, € = On, f1 = bjanmSy, f2 = b1ochm1;‘1+0m—
qKWm,

f3 = gKktmw, f4 = qKmw, 91 = b1xpmSh, 92 = bianmly, 93 = BPm +0om, 1 =
Bm, ho = om,

jl = bZOChmwSan/jZ = bZ(Xhmeﬁ + Om — Klmw, j3 = KHlmw;, j4 = KHlmw, ki =
bZO(hmwS:nw/

ko = bZ(Xhme}l/ k3 = Bmw + 0m, M1 = Bmw, m2 = O0m.

Theorem 3.2 (Gershgorin). Let A = ai; be a complex n x n matrix with eigenvalues, A. For
ien, let Ry = Zj £ laij| be the sum of the absolute values of the non-diagonal entries in
the it" row. Let D(aii, Ri) := |]A — aiil < Ry be a closed disc centered at ai; with radius R;.
Then, the eigenvalues of A belong to the union of the discs, D(ayi, Ryi).

Theorem 3.3. The endemic equilibrium Eq is locally asymptotically stable if the Jacobian
matrix J(Eq) is strictly diagonally dominant.

Proof of Theorem 4: Using Gershgorin’s theorem, we have that all the eigenvalues,
A of J/(Eq) lie in the closed disc |A — aii| < Z#i layl, 1,j =1,2,3,---,9. Hence, we have

—(a1+ay+a3) <A< ar+az—ay,
—(c1+eat+eztey) KA<cr+ezteg—cy,
—(d1 +d2) A< d;—dy,

—(e1+e) <A< e —ey
—(f1+ T+ Tf3+T4) KAL)+ T3+ T4 — T,
—(91+92+93) <A< g1+92—93,
—(h1+h)) KA<hi —h
—(1+i2+iz+ia) KA <jr1+j3+ia—j2,
—(k1 +ka +k3) <A<k +ky—ks,

—(mg +my) <A< M —my.

3.1
< (3.18)
<
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In the above inequalities, each left-hand side is negative, and each right-hand side is
negative if J'(E,) is strictly diagonally dominant. Therefore, if J’(E;) strictly diagonally
dominant, Gershgorin’s theorem implies that the eigenvalues of J/(E1), A € [—®1, —D,],
where —® and —®, are respectively, the minimum and maximum of the left-hand and
right-hand sides of the inequalities in (3.18). Therefore, the endemic equilibrium E; is
locally asymptotically stable if the Jacobian matrix, J’(E;) is strictly diagonally dominant.

3.3. Existence of Forward Bifurcation in the Model

In subsection 3.2, it is not clear whether the model has a unique endemic equilibrium
when R, > 1. Therefore, bifucation analysis is conducted here to show the existence of
one endemic equilibrium and forward bifurcation in the model. This is done by applying
the method in Castillo-Chavez and Song[21], which is based on the use of center manifold
theory, and requires the computation of left and right eigenvector corresponding to the
zero eigenvalue of the Jacobian matrix of the vector field evaluated at the disease-free
equilibrium point.

Theorem 3.4. (Castillo-Chavez and Song (2004)).
For a given system of ordinary differential equation with a parameter @:

x'(t) =f(x, @), f:R*"xR—=R,fe C*R™xR).

Let | = afsiioj,()) be the Jacobian matrix of f(x, ¢) evaluated at (0,0), where x = 0 is the
equilibrium point of the system. Assume the following hold

1. zero is a simple eigenvalue of the Jacobian matrix, and all other eigenvalues of J have
negative real part.

2. J has a nonnegative right eigenvector w and a left eigenvector corresponding to the zero
eigenvalue. Let Ty (x, @) denote the kth component of f(x, ¢) and

ZVkW Wi 6 fk O 0 Z VW a2fk 0 0)
1
oy ) axl Yoxi0at x{00 o

then

1. if $1 > 0,2 > 0, then when ¢ < 0 with |@| < 1, x = 0 is locally asymptotically
stable and 3 a positive equilibrium, and when 0 < |@| < 1, x = 0 is unstable, and 3 a
negative locally asymptotically stable equilibrium.

2. If 1 < 0 and ¢, > 0, when @ changes from negative to positive, x = 0 changes from
stable to unstable. correspondingly, a negative unstable equilibrium becomes positive
and locally asymptotically stable. particularly, if $1 < 0 and ¢, > 0, then a forward
bifurcation occurs at ¢ = 0, and if ¢1 > 0 and b, > 0, a backward bifurcation occurs
at ¢ =0.

If we choose amwh as our bifurcation parameter, then R, = 1 implies that

N 1— KnmKom
mwh = Emwh — /
mehthw

b2Bmwh
thm(ﬁmw + Um)

where X! ,n =
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Let J(Eo; ,,,) be the Jacobian matrix of f(x, o ,,,) at the disease-free equilibrium E,.
Note that the elements of J(Eo; 7, ,,,) and J(Eg) are the same, except for J13 and J>3 where
mwh is replaced with «* .. The matrix J(Eo; «} ., ) possesses one zero eigenvalue,
while the remaining eigenvalues have negative real part. Therefore, E( is non-hyperbolic,
and we can apply theorem 3 to analyze the dynamics of the model around the bifurca-
tion parameter value &ywh = &f,,,- The right eigenvector w = (wy; wy ws cwr) T
and the left eigenvector ¥ = (v; vy v3 ---vyo)! corresponding to the zero eigenvalue

satisfy the systems J(Eo; o, )W = 0 and VJ(Eq; &}, ,;,) = 0, respectively, where w; =

fg’mb%ochmO‘mhsgn,s(}]L ﬁmwb%(thwo‘mwhs?nws(})l _ Bn _ _ Y
( Om(Bm+om) + Om(Bmw+om) W2 = Y+G+G]/1’W3 =W3 > O’W4 T om’
__ biowmSY% b1 othm Y, _ biBmanmSY __ bronmwSh _
W5 Om—qKpm’ We Bmtom ’ Wz = Om(Bm+om)’ ws Om—Kpmw ’ Wy =
bZ“hmwS?-nw

Bmwtom 7

Wi = szmW“thS?‘nW and\) — me%o‘hm“mhs?ns% + Bmwb%o‘hmwamwhs?nws% Ve =
10 o(Bmwtom) 3 Um(Bm"‘O-m)(V"‘O-h"‘O-]/J Um(Bmw"‘Gm)(Y"‘Gh“‘O—}/J r e

blﬁm‘xmhs(})‘ _ blﬁ'mfxmhs(]zL _ bZBmw‘xmwhS[}Jl _ bZBmw‘xmwhS[})l

o Bmiom)r V7= o PV = G o) VI0 = o . The components

v1, V4,5 and vg have zero values since they correspond to the states that are not infected
by Zika virus disease [20]. The nonzero second order partial derivatives of f(x, o* )

mwh
with respect to each relevant variable are
921(0,0) _ 921(00) _ * 926(0,0) _ 92f9(0,0) _ 2f,(00) _
35, 01, — P1%mhs 35, 0To = P2%mwhs 31,08, = P1&%hms 31,5550 — P2Xhmw, S o

bZIsz

9%f2(00)  _
lmwdot o 025,

Using the expression for the bifurcation coefficients in theorem 5, we have
b1 = wiva(Wybi&mn +Wigba o o n) +VeWsWs b1 othm + Vowzwgba Xnmw and ¢p = vowobo (St +
Imw)-

Since w; < 0, ws < 0 and wg < 0, we see that ¢ < 0 and ¢, > 0. This shows that forward
bifurcation occurs in the model. Hence, the model has a unique endemic equilibrium, E;

that is locally asymptotically stable for R. > 1.

4. Numerical Experiment and Discussion

Simulation of the model is carried out here to show the impact of introducing Wolbachia-
infected mosquitoes on the susceptible wild aedes aegypti mosquitoes. The simulation is
carried out in MATLAB® R2010a, where fourth-order Runge-Kutta integration scheme is
applied to obtain numerical solution to the non-linear system. The initial values of the
state variables and the parameter values used in the simulation are presented in Table
1 and Table 2, respectively. The value of some of the parameters were obtained from
the literature, while others are assumed to be within a reasonable and realistic range for
the purpose of the simulation. In Table 2, the value of the parameters by, ba, Bmw, Xmw
are chosen based on the characteristics of the Wolbachia-infected mosquitoes. When the
Wolbachia-infected aedes aegypti have established in the wild, the number of natural/wild
aedes aegypti becomes small due to cytoplasmic incompatibility, thereby reducing the bit-
ing rate, by of wild mosquitoes, and increasing b, of Wolbachia-carrier mosquitoes. The
extrinsic incubation period of Zika virus is % = 9. Based on our assumption that Wol-
bachia increases the extrinsic incubation period of the virus, we assume that the extrinsic

incubation period is doubled in Wolbachia-carrier mosquitoes such that é = % = 18.
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Since the incubation rate of Zika virus in the mosquito is small, we assume that the
probability, «s; of transmission of Zika virus from Wolbachia-infected mosquito to hu-
man is negligibly small. The results of the simulation are given in Figures(1-3). In Figure
1, we see the action of cytoplasmic incompatibility on the population of Wolbachia-free
mosquitoes as induced by Wolbachia. In Figure 1(i), the difference between the popu-
lation of Wolbachia-free and Wolbachia-carrier mosquitoes is clearly seen. This shows
that Wolbachia-carrier mosquitoes have suppressed the wild mosquitoes, thereby overtak-
ing its population. Similarly, in Figure 1(ii), the number of susceptible Wolbachia-carrier
mosquitoes is higher than the number of susceptible Wolbachia-free mosquitoes. This is
also due to cytoplasmic incompatibility. In Figure 2, we have the population of exposed
and infectious Wolbachia-carrier and Wolbachia-free mosquitoes. It is noticeable that the
populations of exposed and infectious Wolbachia-carrier mosquitoes are higher than those
of exposed and infectious Wolbachia-free mosquitoes. However, this does not translate to
high exposed and infected humans as seen in Figure 3. This is because even though the
infected Wolbachia-carrier mosquitoes have the virus, they have less capability to transmit
the virus to humans due to prolonged incubation period of the virus in them. In Figure 3,
we notice initial increase in the populations of exposed and infectious humans in number,
which later decrease as time increases. The initial increase in these populations could be
attributed to initial period when Wolbachia-infected mosquitoes have not fully established
in the wild. During this period, there are more exposed and infectious wild mosquitoes
than the Wolbachia-infected mosquitoes, which translates to high number of exposed and
infectious humans. However, as time increases when Wolbachia-infected mosquitoes have
established fully in the wild, the population of wild mosquitoes begins to reduce, which
translates to reduction in the population of exposed and infectious humans.

variables Sh En In Rn Smv | Em | Im | Smiw | Eraw | Iimw
initial values | 5000 | 2000 | 1500 | 100 | 1500 | 300 | 400 | 2400 0 0

Table 1: Initial Values

Parameter | Value Source | Parameter | Value Source
Th 250 assumed oL 0.00001 | assumed
Tl 500 assumed Oh 0.0005 | assumed

Xhm 0.175 [2] Tmow 250 assumed
Xhmw 0.0005 | assumed UM 0.03 assumed
Hmw 0.03 assumed oM 0.15 [13]
B : [22] K 0.5 [13]
by 0.0075 | assumed 8% 0.5 assumed
by 0.7 assumed Xmwh 0.001 assumed
Bm 1/9 [23] Xmh 0.0175 | assumed
Bmw 1/18 | assumed q 0.017 | assumed

Table 2: Parameter Values used in this model
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Figure 1: (i)Total mosquitoes population (ii) Susceptible mosquitoes

5. Summary and Conclusion

A mathematical model for the control of Zika virus disease is presented in this paper.

The control is based on using aedes aegypti mosquitoes infected with Wolbachia to elimi-
nate natural aedes aegypti in Zika-endemic area. The expression for the control reproduc-
tion number is derived, and it is shown that the disease-free equilibrium of the model is
locally asymptotically stable if R. < 1. Bifurcation analysis conducted on the model shows
that forward bifurcation takes place in the model, which confirms that the model has only
one endemic equilibrium which is locally asymptotically stable when R. > 1.
In conclusion, the model exhibits forward bifurcation rather than backward bifurcation,
which shows that having R. < 1 is a necessary and sufficient requirement for eradicating
Zika virus disease this mosquito control technique is applied, irrespective of the initial
sizes of the infected human and mosquito populations. This further confirms the effi-
cacy of using this mosquito control method for eradicating Zika virus disease or any other
disease transmitted by aedes aegypti mosquitoes.

50
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