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Modelling the Wolbachia Strains for Dengue
Fever Virus Control in the Presence of Seasonal
Fluctuation™

Yanan Xue!, Lin Hu'' and Linfei Nie!

Abstract Consider that infection with Wolbachiacan limit a mosquito’s a-
bility to transmit Dengue fever virus through its saliva, a mathematical model
describing the transmission of Dengue fever between vector mosquitoes and
human, incorporating Wolbachia-carrying mosquito population and seasonal
fluctuation, is proposed. Firstly, the stability and bifurcation of this model
are investigated exactly in the case where seasonality can be neglected. Fur-
ther, the basic reproductive number R for this model with seasonal variation
is obtained, that is, if Rj is less than unity the disease is extinct and R§
is greater than unity the disease is uniformly persistent. Finally, numerical
simulations verify the theoretical results. Theoretical results suggest that,
compared with the mosquito reduction strategies (such as the elimination of
mosquito breeding sites, killing of adult mosquitoes by spraying), introducing
Wolbachia strains is as effectual to fight against the transmission of Dengue
virus.

Keywords Dengue fever, Wolbachia, Seasonal fluctuation, Stability and sen-
sitivity analysis, Extinction and persistence.
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1. Introduction

Dengue fever is a viral disease mainly prevalent in tropical and subtropical regions
of the world, which is transmitted by the bite of an Aedes mosquito infected with
Dengue virus. It is estimated that approximately 1.5 billion people are at risk,
and may be 50-100 million individuals are affected by Dengue fever virus each
year [23]. Currently, there are still no specific antiviral therapy or vaccines available
to combat Dengue fever [6], so the method of controlling the vector population is still
a main measure to prevent the transmission of Dengue fever virus. It is well-known
that traditional measures such as the use of insecticides to reduce the mosquito
population tend to be very expensive, unsustainable, environmentally undesirable,
which may indeed lead to insecticide resistance [6].

Experiments and field trials have demonstrated that the intracellular bacterium
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Wolbachia is a maternally transmitted endosymbiotic bacterium that is estimat-
ed to infect as much as 65% of insect species and have been surveyed that infect
about 28% of mosquito species [9,22]. Tt lives in the testes and ovaries of hosts
and interferes with the reproductive mechanisms, inducting a variety of mosquito
phenotypes such as those with cytoplasmic incompatibility (CI), parthenogenesis,
feminization of genetic males and so on. The effects of CI causes embryos from fe-
males uninfected with Wolbachia to die when they are mated with infected males.
Whereas, infected females are not affected in this manner [11]. In mosquitoes vec-
tors, Wolbachia induced CI and matrilinear inheritance may have opposite effects,
such as population extinction, coexistence or all of the uninfected population may
be replaced by infected insects. Some Wolbachia cannot be only successfully spread
within mosquito populations through CI, but also prevent mosquito host to replicate
and spread Dengue fever virus [10, 20].

Recently, McMeniman et al. [13] have proposed a Wolbachia infection in an
Aedes aegypti population through microinjecting bacteria into the mosquito em-
bryos and reducing the transmission of Dengue fever virus from mosquitoes to hu-
mans. New analysis of that data shows that there are usually two ways in which
Wolbachia-infected mosquitoes may be inferior Dengue vectors, one reduces adult
survival sufficiently may result in very few infected mosquitoes reaching the infec-
tious stage [18], another limits a mosquito’s ability to transmit Dengue fever virus
through its saliva [10]. Taking these means into account, there are many mathemat-
ical models (including discrete-time and continuous-time models) are investigated
for the effects of Wolbachia infection (see, e.g., [2,16,25] and the references therein).

On the other hand, for infectious diseases spreading by vectors, the seasonality is
apparent on the varying contact rate over the years [3]. It becomes natural to model
these diseases as periodically forced nonlinear systems [8]. The seasonality is often
seen as the main factor responsible for periodic epidemic cycles, and different kinds
of seasonality sources are analyzed. For example, varying transmission rates [4], the
volatility of birth rates [12], vaccination program [14] and so on. Particularly, the
increased intensity and frequency of El Nio in the past few years, which leads to
frequent outbreaks and quick spread of insect-borne infectious diseases around the
world. Therefore, how to control and eliminate vector-borne diseases should be one
of worldwide public health problems.

Based on the above discussion, we propose a mathematical model of the trans-
mission dynamics of Dengue fever in vector mosquitoes and human population in
this paper, where Wolbachia-carrying mosquito population and seasonal fluctua-
tion are introduced. The main purpose is to discuss the effects of Wolbachia and
seasonal change for the control and elimination of Dengue fever virus. The rest of
the paper is outlined as follows: a basic mathematical model with Wolbachia and
seasonal fluctuation for Dengue virus transmission dynamics and some preliminaries
are proposed in Section 2. We consider the existence and stability of equilibria in
Section 3. In Section 5, we investigate the extinction and uniform persistence of
Dengue fever in the presence of seasonal fluctuation. Section 6 contains numerical
simulations for theoretical results and biological conclusions.

2. Model formulation and preliminaries

We set up a mathematical model to study how introducing Wolbachia into a
mosquito population might affect the transmission of Dengue fever virus. In it,
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the model comprises human population, wild mosquito population and Wolbachia-
carrying mosquito population. The human population is namely divided into three
subpopulations including Susceptible Sy, Infectious I, and Recovered Rj; the wild
mosquito population is divided into two subpopulations of susceptible S,, and In-
fectious I,,; the Wolbachia-carrying mosquito population is also divided into Sus-
ceptible S, and Infectious I,,. Table 1 provides glossaries of all of the variables
and parameters used. Therefore, the model is guided by the following system of
differential equations.

Table 1. Parameter definitions, possible value for model (2.1)

Param.  Description Value Source
Brm(t)  Infected rate from infectious humans unknown —
to wild mosquitoes
Bmn(t)  Infected rate from infectious wild unknown —
mosquitoes to humans
Bhw(t)  Infected rate from infectious humans to unknown -
Wolbachia-carrying mosquitoes
Buwn (t) Infected rate from infectious Wolbachia-carrying unknown —
mosquitoes to humans
1/pn Average host life expectancy (year) 72 [19]
Yh Dengue recovery rate in human (day 1) [0.0713,0.3333] [19]
pm(t)  Mosquito natural mortality rate (day~1) [0.05, 0.25] [19]
Hap (t) W olbachia-carrying mosquito natural [0.016, 0.425] [2]
mortality rate (day 1)
Am(t)  Birth rate of mosquitoes unknown —
Ay (1) Birth rate of Wolbachia-carrying mosquitoes unknown —
asu(t) L(t) L1
— up N () — S (1),
2 = iNu(0) = (B DT + Bun(D 5 + ) u(0)
dln(t) Sh(t
It = (Bmn(t) L (t) + Bun () (t)) A0 = (9 + 1w)In (1),
dS,, (t
m() _ m(t) ) Sm(t
dt
(2.1)
o) ()XW 1 (0) — (1)1 1),
de Ni(t)
dS,, (1) I, (t)
= Ay(t) — + t) | Syw(t),
dt w() ﬂhw()Nh(t) ,uw() w()
dr, In(t
Lo )3 50 0) — () 0)
de Ni(t)

with the equation

= dn(t) — paBn(t),

where Np, (8)=Sp(t)+1In(t)+Rp (), N (t)=Sm(&)+Ln(t), Ny(t)=Sy(t)+1,(t) and

B (1), Buwn (), Brm (), Braw(t), pm(t), 1w (t) are all positive T-periodic functions.
Let R} := {(x1, 22, ,2y) ¥ > 0,4 =1,2,--- ,n}. According to the biologi-

cal background of model (2.1), we only need to discuss the dynamical behaviors in
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Rl. First of all, on the positivity of solution of model (2.1), we have the following
Lemma 2.1 and the proof is obvious.

Lemma 2.1. The solution of model (2.1) with nonnegative initial values is non-
negative and bounded for all t > 0.

By adding the first one to the third equation of model (2.1), it follows that
dNp(t)/dt = 0. Therefore, the total numbers of human population Ny, (t) := Ny, is
constant, respectively. Due the Ry (t) has no influence on other variables of model
(2.1). Thus, we only need to consider the dynamics of model (2.1) for full system
on region 2, where

Q= {(Sh(t)Jh(t), S (t), I (£), S (£), Ly (£)) € RS = Sp(t) + In(t) < Ny,

Sn(®) + Ln(t) < A /aby, Sult) + L(t) < Al /ul, }

and AY = sup;e(g,00) Ai(t), A} = infycpo o) Ai(t), i = m, w.

Let (R",R%) be the standard ordered n-dimensional Euclidean space with a
norm || - [|. For u,v € R", we write v > v if u —v € R}, u > v if u —v € R} \{0},
and u > v if u — v € Int(R"}). Let A(t) be a continuous, cooperative, irreducible
and T-periodic n x n matrix function, ® 4(¢) be the fundamental solution matrix of
the linear ordinary differential equation

dx

— = A(t 2.2

o = Alt)a (22)
and p(®4(T)) be the spectral radius of ® 4(T). By the Perron-Frobenius theorem,
p(PA(T)) is the principal eigenvalue of ® 4(T) in sense that it is simple and admits
an eigenvector v* > 0. The following result is useful for our theoretical results.

Lemma 2.2 (See [24], Lemma 2.1). Let p = lnp(®A(T))/T, then there is a positive,
T-periodic function v(t) such that eP*v(t) is a solution of equation (2.2).

3. Stability analysis in the absence of seasonality

In this section, we investigate a particular case of model (2.1). That is, the incidence
rates Binn(t) = Bmhs Bun(t) = Buwh, Brm(t) = Brm, Brw(t) = Brw, km(t) == pm,
o (1) = oy, A (t) := Ay, and Ay, (t) := Ay, are constants, respectively. Now, we
define the basic reproduction number of model (2.1) without seasonal fluctuation
as follows:

BmhﬁhmAm Bwhﬁhw[\

Ro = + Y = TRo1 + Roo.
O 2, (un + )N 12 (n 4+ m) N o o

For model (2.1) without seasonal fluctuation, we get the disease-free equilibrium
Eo(Nn, 0, A/ om0, Ay /pyy) and endemic equilibrium E*(Sy, 15, Sk, Ik, Sk, 1),

m?)Tm? wITw

I = Bh'mAm I;; I = ﬁthw I;:
m ﬂm(ﬂhm-[;; +MmNh)7 v ,U/w(ﬁhwlz +/1,th)7
a A A
S*:*S*:im—j* S*:i_l*,
h b? m Lim ms M w L w
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and

a =Ny (unNp + Brm ) (o Nn + Brw i),
b =un N (m Nn + Bum L) (1w Nu + Brw i) + Buh Brm Amtin, T (tw N,
+ Bth;Z) + ﬁwhﬁhw‘/\wu;llz (/’LmNh + maIZ)y

and I} is received by the solutions Ij, of following equation
AI? + BI, +C =0, (3.1)
where

A =B Bhw (i + ) (1n Nb + Brn Aty + BunNwpiy'),

B =Np{ ttm Brwbn Na (1 = Ro1) + pawBrmtn Ni (1 — Roz2) + fim Bhw Buwn Mg
+ B B At }

C =pnpimprw (i + )N (1 = Ro1 — Roa) -

It is obvious that A > 0 for the meaningful values of model parameters. Noting
that C' < 0 is equal to Ry > 1, which is a necessary condition to equation (3.1) has
a unique positive root. Obviously, if B > 0 and C' > 0, that is, Rg < 1, there is no
positive root of equation (3.1); if B < 0 and B2 — 4AC > 0, there are two positive
roots of equation (3.1).

In summary, we have the following Theorem 3.1.

Theorem 3.1. The disease-free equilibrium of model (2.1) without seasonal fluc-
tuation always exists. Furthermore, the following statements are valid:

(1) if C < 0, then model (2.1) without seasonal fluctuation has a unique endemic
equilibrium;

(i1) if B <0 and B?> — 4AC > 0, then model (2.1) without seasonal fluctuation has
two endemic equilibria;

(#1) if B > 0 and C > 0, then model (2.1) without seasonal fluctuation has no
endemic equilibrium.

On the local asymptotical stability of the disease-free equilibrium FEy of model
(2.1) without seasonal fluctuation, we have Theorem 3.2.

Theorem 3.2. If Ryp <1 and H > 0, where

H =ty + o + o+ ¥0) [ (111 4+ 1) (1 — Roz) + i (ptn + 1) (1 — Ro1)]
— frwbn (ftn + 1) (1 = Ro),

then Ey is locally asymptotically stable; if Rog > 1, then Ey is unstable.

Proof. To investigate the stability of Ey, we linearise model (2.1) without seasonal
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fluctuation about Fy and the corresponding Jacobian matrix is given as follows:

— i 0 0 —Burn 0 —Bun
0 —(un+tv) 0 Bun 0 Bun
S| 0 Bm e iy 000
0 5hmﬁ 0 —pm O 0
0 —Bhrw uf%h 0 0 —pw O
0 Brujmkz 0 0 0 —pmy

From Jacobian matrix J above we get the characteristic equation about FEj

4 1) A A )+ ) I + (pw + pan + i+ 0) A + [ (i + 1) (1
—Ro1) + tan (ptn 4 1) (1 = Ro2)]A + prawptn (i + 70) (1 = Ro) } = 0.

According to the Routh-Hurwize conditions, if H > 0 holds, then all eigenvalues of
equation (3.2) are non-positive. Accordingly, if Rg < 1 and H > 0, all eigenvalues
of equation (3.2) have negative real parts. In addition, if Ry > 1, at least one of
eigenvalues of equation (3.2) has positive real part. This completes the proof. [

As for the endemic equilibria, it is difficult to determine the stability of endemic
equilibria. So we concentrate on the existence of backward bifurcation, which is
important in the control of Dengue virus just as it is in the control of epidemics
in general. Through the investigations above we know that, model (2.1) without
seasonal fluctuation have two positive roots when R§ < Ro < 1; and has no positive
root when Ry < R§, where

(3.2)

B2

4AC"

and can be obtained from B2 — 4AC = 0, which is the threshold condition for the
existences of positive roots. Then we have the following conclusion.

Rg=1-—

Theorem 3.3. Model (2.1) without seasonal fluctuation exhibits a backward bifur-
cation when R§ < Ro <1 if B <0.

4. The threshold condition of model (2.1) with sea-
sonal fluctuation

In this section, we show the existence of the disease-free periodic solution of model
(2.1). To find this solution of model (2.1), we consider the following subsystem

%t(t) = ptn N — pnSw(t),
Bl — N t) = (5 (1), (4.1
Ball) 2o (t) ~ ()0 (1)

Obviously, (4.1) admits a unique positive periodic solution (Sp (), Sm (t), Sy (t)) =
(Ni, S (t), Sy (t)), which is globally attractive in RY. That is to say, model (2.1)
admits a unique disease-free periodic solution (Ny, 0, §m(t), 0, §w(t), 0).
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Now, we calculate the basic reproduction number of model (2.1) according to
the recent results from Reference [1,21]. Let

0 ﬂmh (t) ﬂwh (t) W+ Yh 0 0
F(t)= | Bum()222 0 o |, vo=| 0o pw.@ o |,
B0 0 0 0 pul(t)
and assume that Y'(¢,s), t > s, is the evolution operator of the linear periodic model
dy(t)/dt = =V (t)y(¢). That is, for each s € R, the 3 x 3 matrix Y (¢, s) satisfies
dY (t,
(gt *) =-V(@)Y(ts), for all ¢ > s, Y(s,s)=1

where I is 3 x 3 identity matrix.

Let Cr be the ordered Banach space of all T-periodic functions from R to R3,
which is equipped with the maximum norm || - || and the positive cone Cj =
{¢ € Cr : ¢(t) > 0,t € R}. Suppose ¢(s) € Cr is the initial distribution of
infectious individuals in this periodic environment, then F'(s)$(s) is the rate of new
infections produced by the infected individuals which is introduced at time s, and
Y (t,s)F(s)¢(s) represents the distribution of those infected individuals who were
newly infected at time s and remain in the infected compartments at time ¢ for
t > s. Hence,

/ Y (t,8)F(s)p(s ds-/ Y(t,t —a)F(t — a)p(t —a)da

is the distribution of accumulative new infections at time ¢ produced by all those
infected individuals ¢(s) introduced before t.
We define a linear operator £ : Cr — Cr as follows

(LP)(t) = /000 Y(t,t —a)F(t —a)p(t —a)da forallt e R, ¢ € Cr.

Then, the basic reproduction number is defined as R§ := p(L), the spectral radius
of L.
Let W(t,s,A) (t > s, s € R) be the evolution operator of the following linear
T-periodic model
dw
dt

= [—V(t) + F)(\t)] w, teR.
Clearly, ®p_v (t) = W(t,0,1), for all ¢ > 0, and for each A € (0,00), the matrix
=V (t) + F(t)/)\ is cooperative. Then, it follows that the linear operator W (¢, s, A)
is positive in R? for each t > s, s € R, and p(W(T,0, )\)) is continuous and nonin-
creasing for A € (0,00), limy—, 0o p(W(T,0,A)) < 1. It is easy to verify that model
(2.1) satisfies assumptions (A4;)-(A47) in Reference [21].

Next, we show that R§ serves as a threshold value, when R§ < 1, there is
a unique globally asymptotically stable disease-free periodic solution, and when
R§ > 1, there is at least one positive periodic solution and the disease is persistent
in the population.
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Theorem 4.1. IfR§ < 1, the disease-free periodic solution (Np, 0, §m(t), 0, §w(t), 0)
of model (2.1) is globally asymptotically stable with respect to the interior of Q. If
Ry > 1, it is unstable.

Proof. By Theorem 2.2 in Reference [21], and if R§ > 1; (N3, 0, §m(t), 0, §w(t), 0)
is unstable and if R < 1. Then, (N, 0, S, (£),0, S, (t),0) is locally stable. Hence,
it is sufficient to prove that the solution is globally attractive for R§ < 1.

Suppose that (S(t), In(t), Sm(t), I (t), Sw(t), I, (t)) is a nonnegative solution
of model (2.1) in 2, we have

ngt(t) < pnNw — pnSn(t),
dS,(t)
< _
dt > Am(t> NmSm(t)a
dSy, (¢)
dt SAw(t)_UwS (t)

The comparison theorem of differential equation implies that for any € > 0, there
is a t; > 0 such that

Sh(t) <K Np+e€, Sn(t) <Sn(t)+e Su(t) < Spn(t)+e, for all ¢ > t;.

Consider an auxiliary system

AT, (¢ ~ ~  Np+e .
) (B (O (0) + B (0T (0) e (3 ) (1),
dl,,, (t S (t) + € ~
dt ma(t) h(t) Nh Mm(t> m(t)a ( )
dl, (1)  S() e -
= I —
o Bhaw () In(t) N, fow () Lo (1),
which is equivalent to
411 T (t) 0 Emp) fur(®)
h h
WD | = (F(t) = V() + M () | T(t) |, M(t) = —thv"}f” 0 0
dlﬁ’t(t) Tu(t) Bhﬁ}ft) 0 0

It follows from Lemma 2.2 that there is a positive T-periodic function vy (t) such
that ePt'vq(t) is a solution of (4.2), where p1 = Inp(®pr_yiep(T))/T. Choose
to > t; and a real number o > 0 such that (I, (t2), In(t2), L (t2))T < aqv1(0).
By the comparison theorem of differential equation we get (I1,(t), L (t), Lo (t))T <
aqv1 (t — t)ePr(t12) for all t > t,.

Applying Theorem 2.2 in Reference [21], R§ < 1 if and only if p(®r_v(T)) < 1.
By the continuity of the spectrum for matrices (more details can be found in Refer-
ence [7], Section II. 5.8), we choose € > 0 small enough such that p(®p_v .y (T)) <
1. Then, it follows the comparison theorem that (I (t), I (t), I, (t))T — (0,0,0) as
t — oo. Moreover, by the theory of asymptotically periodic semiflows (see Refer-
ence [26], Section 3.2), we obtain limy_, e (Sh(t) — Np) = limy_s o0 (S (t) — Sm (1)) =
limy o0 (S (£) — S (£)) = 0. Hence, (Np,0,5,,(t),0,5,(t),0) is globally attractive.
The proof is completes. O
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Theorem 4.2. If Rj > 1, the disease is uniform persistent. That is, there is an
n > 0 such that any solution (Sk(t), In(t), Sm(t), Im(t), Sw(t), Iy (t)) of model (2.1)
with positive initial value satisfies liminf, o I;(t) > n, j = h,m,w. Further, model
(2.1) admits at least one positive periodic solution.

Proof. Let P : Q — Q be the Poincaré map associated with model (2.1), that
is P(X0) = (T, X?), X° € Q, where ¢(t, X°) is the solution of model (2.1) with
(0, X%) = X° We define

Qo == {(Sh, Ins Sy Iy S, L) € Q2 Iy > 0,1, > 0,1, > 0}, 9 1= Q\ Q.

It is easy to see that )y is positively invariant, and P is point dissipative from the
analysis for model (2.1) in Section 2. Set My = {(Sp,17,59,,12,59,10) € 9Qy :

Pr(SY, 19,89 10,50 10) € 009,k > 0}. To use the theory of uniform persistence

mITm Yw) T w
developed in Reference [24], we now show that

My = {(Sh,0,5m,0,84,0) : Sh, Sp, Su > 0} (4.3)

Obviously, {(Sh,0,Sm,0,S,0) : S; > 0,i = h,m,w} C My. For any (SP,I2,S9,
10,59 19) € 9Q0\{(Sh,0,5m,0,8,,0) : S; > 0,i = h,m,w}, there are following
six situations should we discuss

(i) I? = 0,1°, > 0,I° > 0; (i) 19, = 0,1 > 0,1° > 0;
(i) IS, = 0,1 > 0,19, > 0; (iv) I} =19 = 0,10 > 0;
(v) I} =12 = 0,12, > 0; (vi) IS, =10 = 0,1} > 0.

Here, we merely prove (i) and (iv), other situations are similar.
First, if (z) is valid, then I,,(t) > 0, I,(t) > 0 and Si(t), Sm(¢), Sw(t) > 0 for
any ¢ > 0. From the second equation of model (2.1), we have

In(t) = [12 + / B () Tn(s) + ﬁwh(sﬂw(s))Sjv@ewwds] e~ Guntmt 5
0 h

for all ¢ > 0. So, situation (¢) is not in Mpy.
Next, if (iv) is valid, then I, (t) > 0 and Sy (t) > 0, S, (t) > 0, Sy (t) > 0 for any
t > 0. From the second and third equations of model (2.1), we have

t
Ih(t) > <I}? +/ /Bwh(S)Iw(S)}Sv]étg)e(#h+7h')sds> ei(ﬂhJﬂYh)t > 07 for all ¢ > O;
0 h
and
t Ih(S) s t Nds
I (t) = (I'?n +/ ﬂhm(s)Sm(s)Tefo ”"‘(T)des> e~ Jorm(=)ds > 0 for allt > 0.
0 h

Then, it follows that (Sp(t), In(t), Sm(t), Im(t), Sw(t), L,(t)) ¢ 0 for 0 < t <« 1.
Thus, the positive invariance of Qy implies (4.3). Clearly, there are two fixed points
of P in My, which are M;(0,0,0,0,0,0) and M;(Ny,0,N;},,0,0,0).

Now, we prove that P is uniformly persistent with respect to (£29,0¢). By
Theorem 2.2 in Reference [21], we have that R§ > 1 if and only if p(®p_y (T)) > 1.
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Then we choose ¢ > 0 small enough that p(®p_v_cp(T)) > 1. Note that a
perturbed system of model (4.1)

A0 _ - m(ﬂmhm T Bun(t) + uh] S2.(0),
Walt) ) - (ﬂhm ()5 + um(t)) S (1), (44)
dsg’t(t) = Au(t) - </8hw (t)N% + Mw(t>> Su®),

has globally uniformly attractive positive T-periodic solution (Sg(t), S, (t), S%(t)).
By the continuity of solutions of ordinary differential equation with to parameter
a, for above ¢, there exists a ag € (0, «) such that

S¢(t) > Ny —e, S%(t) > Sp(t) —e, S2(t) > Sy,(t)—e,  forallte 0,7

By the continuity of solutions with respect to the initial values, for above give
constant ¢, there is a § > 0 such that for any X° = (82,12,5’9”,1&,53,[3) € Qo
with || X9 — M;| < 8, we have ||¢(t, X°) — ¢(t, M;)|| < ¢, for all t € [0,T], i =0, 1.
We now claim that

limsup |[PF(XY) — M;|| > e, for all X° € Qq. (4.5)
m—00

Suppose, by contradiction, that
lim sup ||P*(X°) — M;|| <&, for all X° € Q.
k—o0

Without loss of generality, we can assume that |P*(X%) — M;|| < ¢, for all k > 0.
Then, we have [|¢(t, P*(X°)) — ¢(t, M;)|| < a, for all k > 0 and for all ¢ € [0,7].
For any t > 0, let t = mT + t1, where t; € [0,T) and m = [t/T] is the greatest
integer less than or equal to t/T. Then, we get, for all ¢t > 0

Lt (Su(8), Tn(t), Sm(t), I <t> <> ) = ot <5271,9,s° 19,59, 19)). Then,
t

m)Tm) Y w Tw

it follows that 0 < Sy (), In(t), Sm(t), Im(t), Sw(t), Ly (t) < e, for all ¢ > 0. Then,
for t > 0, we have

di';f“ S Ny mwmh@ + Bun(t)) + uh} Sn(t),
dsg;(” > A (t) - (ﬁhm () + #m(t)> Sm(0),
dSSJt(t) > Ay (t) — (5hw( ) Tt )> Su(t)-

From the comparison theorem of ordinary differential equation, one get Sp(t) >
Si(t), Sm(t) > S5, (t) and S, (t) > S5 (t) for all t > 0, where S (t), Sg,(t) and
Se (t) is the solution of model (4.4) with respect to parameter e satisfying the
initial condition S§(0) = Sp(0), S%,(0) = S,,,(0) and SZ5,(0) = S, (0) respectively.
Therefore, there is ¢ > 0 such that

Sp(t) > Np—e, Spm(t) > Sm(t) —e, Su(t) > Sy(t)—e,  forallt >t
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As a consequence, for ¢t > 75\, it yields that

LD > GO 0) + Bun DT )5 = e+ )0,
) > 1 1,020 01,00,
Wal®) > 1,005 s 01,0).
Consider the following auxiliary system
) — (8,17 0)+ B (O 1) — 4 )0,
dfzt(t) BT g’mglﬁv)he D), (4.6)
df&“t(t) = B (t)fh(t)gw(]?h_g ()T (2).

It follows from Lemma 2.2 that there is a positive T-periodic function vs(t) such
that eP2'vy(t) is a solution of (4.6), where po = Inp(®r_v_-a(T))/T. There is
t >t and a small number ay > 0 such that (I,(£), I (), I (£))T > av2(0). By the
comparison theorem of differential equation we get (I5(t), I;n(t), I, (t))T > aguva(t —
f)er2(t=1) for all t > . Now we have that p(®r_v_op(T)) > 1 and thus py > 0,
which implies that I;(t) — oo as t — 00, i = h,m,w. This leads to a contradiction.
Then, the above claim (4.5) show that My and M; are isolated invariant sets in €.
Let
W*(M;) = { M : P*(M) — M;,m — oo},
then W5 (M;) N Qg =0, i = 0,1. Every orbit in My converges to My or M;, and
My and M, are acyclic in My. By the acyclicity theorem on uniform persistence
for maps (see Reference [26], Theorem 1.3.1 and Remark 1.3.1), it follows that P
is uniformly persistent with respect to (£9,9€). Thus, Reference [26] (see Ref-
erence Theorem 1.3.1) implies the uniform persistence of the solutions of model
(2.1) with respect to (€29,0%). That is, there is a € > 0 such that any solution
(Sn(t), In(t), S (t), Ly (), Su(t), Iy (t)) of model (2.1) with initial values (SP, Ip, S9,,
1080 10) € Qo satisfies liminfy oo I;(t) > €,i = h,m,w. Moreover, by Theo-
rem 1.3.6 in Reference [26], P has a fixed point (S} (0), I;(0), S}, (0),1I7%,(0),S%(0),
I (0))e Qo. Consequently, (S (t), I;(¢t), Sk (t), Ik (t), Sk (t), Ik (t)) is a positive T-
periodic solution of model (2.1). This is complete the proof. O

5. Numerical simulation and discussion

In this paper, we proposed a model which controlling Dengue fever transmission
by Wolbachia with seasonal fluctuation, incorporating the interaction of individual
population, wild mosquito population and Wolbachia-carrying mosquito popula-
tion. To verify these theoretical conclusions, in this section, we perform some nu-
merical simulations to illustrate the main theoretical results using the Runge-Kutta
method in the software MATLAB. For verifying the theoretical results without sea-
sonal fluctuation, we fix basic model parameters as N}, = 2.0x 10°, A,,, = 1.50 x 10%,
Ay = 1.2 x 104, 4, = 1/7, pup = 1/(72 x 365), pim = 1/20 and g, = 1/20.
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Firstly, we choose Bmn = Bam = 3.475 x 1072 and Buwh = Brw = 1.215 x 1073,
which is easy to calculate that Ry = 0.2538 < 1. Therefore, from the conclusion of
Theorem 3.2, it follows that the disease-free equilibrium is asymptotically stable.
Namely, all the infectious classes are decreasing to zero eventually for any initial
value. The plots in Figure 1(a) and 1(b) verified this conclusion.
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Figure 1. The stability of the disease-free equilibrium of model (2.1) without seasonal fluctuation,
where Ro ~ 0.2538 < 1.

However, we choose Bmn = Bum = 8.475 x 1072, and other parameters are
fixed as above. For these parameter values we get, Rg ~ 1.5082 > 1. That is,
the disease-free equilibrium loses its stability and the disease is an outbreak, which
is shown in Figure 2(a). In addition, numerical simulations are also carried out
with a variety of initial conditions to check the influence of the initial infectious
population sizes on the infectious population Iy (t). To do so, we choose the initial
values of infectious humans and infectious wild mosquitoes are (12, I9,) = (50, 1000),
(100, 1000), (50,2000) and (100, 2000) respectively. The plots in Figure 2(b) show
that the infectious humans have obvious explosion in early phase if the initial value
of infectious mosquitoes is relatively large. The numerical simulations also show that
the size of infectious human is more sensitive to the size of infectious mosquitoes
than the size of infectious humans. Therefore, reducing the population size of
infectious mosquitoes (that is, the size of mosquitoes) is a useful method to control
the transmission of the disease in the early days.
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Figure 2. The dynamics behaviors of model (2.1) without seasonal fluctuation, where R ~ 1.5082 >
1: (a) the instability of disease-free equilibrium; (b) the sensitive of the initial values of infectious
populations.

Next, we consider the sensitivity of threshold value Ry. To better visualize the
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sensitivity of Ro, we choose Bmn = Brm = 3.475 x 1072, 5.475 x 1072, 7.475 x 1072,
8.475x1072,9.475x1072 and Bun = Brw = 0.1 X By, respectively. The plots in Fig-
ure 3(a) show that there will be a sharp outbreak of the number of infected human
population with the increase of S,,, and By,,. Therefore, reducing the infected rate
from infectious humans to wild mosquitoes or wild mosquitoes to infectious humans
(by using window screens, long-sleeved clothes and insecticide treated materials) is
important and effective for controlling the disease and preventing large local out-
breaks. Further, if we fixed Bpn = Brm = 7.475 x 1072 and choose Bun = Bhuw
are 0.1, 0.3, 0.5, 0.7 and 0.9 times to S,,, respectively. The plots in Figure 3(b)
show that, as the values (3, and B, increases, the number of infected human
population significant increases and decremented. Therefore, the effectiveness of
Wolbachia strains is of more importance to control the spread of Dengue virus.
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Figure 3. The sensitivity of threshold value Ro: (a) the sensitivity of infected rate from infectious
humans to wild mosquitoes; (b) the sensitivity of infected rate from infectious humans to Wolbachia-
carrying mosquitoes.

Finally, for verifying the theoretical results of model (2.1) with seasonal fluc-
tuation, we choose 8 = 9.475 X 1072, Bun(t) = Bum(t) = B + kBsin(2nft + ¢)
and Bun(t) = Brw(t) = 0.18 + kBsin(27 ft + ¢), where f = 1/30, k = 0.5 and
¢ = 1. The number of infectious humans has a frequency instability which are
observed via numerical simulation as the seasonal fluctuation. Definitely, the in-
tensity oscillation directly depends on the intensity of seasonal fluctuation, which
is also consistent with the actual situation. This is shown in Figure 4(a). Further,
if the background of model (2.1) is not considered, we choose B, (t) = Brm(t) =
(0.375 + aysin(2w ft + @), Buwn(t) = Brw(t) = (0.1875 4+ agsin(2w ft + ¢)), where
f=1/30, ay = 0.075, ag = 0.01875, ¢ = 0, and py,, = pyy = 1/15, v, = 1/100.
The plots in Figure 4(b) shown that model (2.1) admits different positive periodic
solutions for different initial values. Numerical simulations imply that vector-born
epidemic models with seasonal fluctuation have complex dynamical behaviors, which
will be the problems we need to study further.

References

[1] N. Bacaér and S. Guernaoui, The epidemic threshold of vector-borne diseases
with seasonality, Journal of Mathematical Biology, 2006, 53, 421-436.
DOI: 10.1007/s00285-006-0015-0

[2] N. F. Britton, Modelling the use of Wolbachia to control dengue fever trans-



222 Y. Xue, L. Hu & L. Nie

(a) (d)

2500

———model (1) w/o seasonal fluctuation
——— model (1) with seasonal fluctuation

2000

1500

Ih

1000

o 50 100 150 200 250 300 350 400 450 500

t (days)

Figure 4. The complex dynamical behaviors of model (2.1) with seasonal fluctuation.

mission, Bulletin of Mathematical Biology, 2013, 75, 796-818.
DOI: 10.1007/s11538-013-9835-4

[3] P. E. M. Fine and J. A. Clarkson, Measles in England and Wales-I: An analysis
of factors underlying seasonal patterns, International Journal of Epidemiology,
1982, 11, 5-14.

DOI: 10.1093/ije/11.1.5

[4] D. Greenhalgh and I. A. Moneim, SIRS epidemic model and simulations using
different types of seasonal cintact rate, Systems Analysis Modelling Simulation,
2003, 43, 573-600.

DOTI: 10.1080/023929021000008813

[5] J. K. Hale, Ordinary Differential Equations, Wiley, New York, 1969.

[6] J. Hemingway and H. Ranson, Insecticide resistance in insect vectors of human
disease, Annual Review of Entomology, 2000, 45, 371-391.
DOI: 10.1146 /annurev.ento.45.1.371

[7] T. Kato, Perturbation Theory for Linear Operators, Springer-Verlag, Berlin,
Heidelberg, 1976.

[8] M. J. Keeling, P. Rohani and B. T. Grenfell, Seasonally forced disease dynamics
explored as switching between attractors, Physica D, 2001, 148, 317-335.
DOLI: 10.1016/S0167-2789(00)00187-1

[9] P.Kittayapong, K. J. Baisley, V. Baimai and S. L. O’Neill, Distribution and de-
versity of Wolbachia infections in Southeast Asian mosquitoes (Diptera: Culi-
cidae), Journal of Medical Entomology, 2000, 37, 340-345.

DOI: 10.1093/jmedent/37.3.340

[10] A. A. Hoffmann, B. L. Montgomery et al., Successful establishment of
Wolbachia in Aedes populations to suppress dengue transmission, Nature,
2011, 476, 454-457.

DOI: 10.1038 /nature10356

[11] H. Laven, Crossing experiments with Culex strains, Evolution, 1951, 5, 370
375.

[12] J. Ma and Z. Ma, Epidemic threshold cinditions for seasonally forced SEIR
models, Mathematical Biosciences and Engineering, 2006, 3, 161-172.
DOT: 10.3934/mbe.2006.3.161



Modelling the Wolbachia Strains for Dengue Fever Virus Control 223

[13]

[16]

[17]

[18]

[19]

C. J. McMeniman, R. V. Lane et al., Stable introduction of a life-shortening
Wolbachia infection into the mosquito Aedes aegypti, Science, 2009, 323, 141-
144.

DOI: 10.1126/science.1165326

I. A. Moneim and D. Greenhalgh, Use of a periodic vaccination strategy to con-
trol the spread of epidemics with seasonally varying contact rate, Mathematical
Biosciences and Engineering, 2005, 13, 591-611.

DOI: 10.3934/mbe.2005.2.591

C. Nakul, M. H. James and M. C. Jim, Determining improtant parameters in
the spread of Malaria through the sensitivity analysis of a mathematical model,
Bulletin of Mathematical Biology, 2008, 70, 1272-1296.

DOI: 10.1007/s11538-008-9299-0

M. Ndii, R. I. Hickson, D. Allingham and G. N. Mercer, Modeling the trans-
mission dynamics of dengue in the presence of Wolbachia, Mathematical Bi-
olsciences, 2015, 262, 157-166.

DOI: 10.1016/j.mbs.2014.12.011

A. Pandey, A. Mubayi and J. Medlock, Comparing vector-host and SIR models
for dengue transmission, Mathematical Biolsciences, 2013, 246(2), 252-259.
DOTI: 10.1016/j.mbs.2013.10.007

J. G. Schraiber, A. N. Kaczmarczyk et al., Constraints on the use of lifespan-
shortening Wolbachia to control dengue fever, Journal of Theoretical Biology,
2012, 297, 26-32.

DOT: 10.1016/;.jtbi.2011.12.006

S. Tridip, R. Sourav and C. Joydev, A mathematical model of dengue trans-
mission with memory, Communications in Nonlinear Science and Numerical
Simulation, 2015, 22, 511-525.

DOI: 10.1016/j.cnsns.2014.08.009

T. Walker, P. H. Johnson et al., Wolbachia strain blocks dengue and invades
caged Aedes aegypti populations, Nature, 2011, 476, 450—453.
DOI: 10.1038/nature10355

W. Wang and X. Q. Zhao, Threshold dynamics for compartmental epidemic
models in periodic environments, Journal of Dynamics and Differential Equa-
tions, 2008, 20, 699-717.

DOI: 10.1007/s10884-008-9111-8

J. H. Werren, L. Baldo and M. E. Clark, Wolbachia: master manipulators of
invertebrate biology, Nature Reviews Microbiology, 2008, 6, 741-751.
DOT: 10.1038 /nrmicro1969

World Health Organization, Dengue and severe dengue, 23 June, 2020.
https://www.who.int /news-room /fact-sheets/detail /dengue-and-severe-
dengue

F. Zhang and X. Q. Zhao, A periodic epidemic model in a patchy environment,
Journal of Mathematical Analysis and Applications, 2007, 325, 496-516.
DOI: 10.1016/j.jmaa.2019.03.029

X. Zhang, S. Tang and R.A. Cheke, Birth-pulse models of Wolbachia-indued
cytoplasmic incompatibility in mosquitoes for dengue virus control, Nonlinear



224 Y. Xue, L. Hu & L. Nie

Analysis: Real World Applications, 2015, 35, 236—258.
DOI: 10.1016/j.nonrwa.2014.09.004

[26] X. Q. Zhao, Dynamical Systems in Population Biology, Springer-Verlag, New
York, 2003.



	Introduction
	Model formulation and preliminaries
	Stability analysis in the absence of seasonality
	The threshold condition of model (2.1) with seasonal fluctuation
	Numerical simulation and discussion

