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A MATHEMATICAL MODEL OF MALARIA
TRANSMISSION DYNAMICS IN GENETICALLY
RESISTANT AND SUSCEPTIBLE POPULATION

AKINDELE A. ONIFADE AND I. O. ADEMOLA®

ABSTRACT. The variation in host response to infection might
have a genetic basis. Exposure to Plasmodium infection devel-
oped genetic mechanisms of protection against severe disease.
Two genes affecting red cell confer relative host resistance to
P. falciparum: the autosomal gene for haemoglobin S (Hb S)
and the sex-linked gene for the glucose-6-phosphate dehydroge-
nase (G6PD) variant. A mathematical model was developed
to understand the transmission and spread of malaria parasites.
The existence of the region where the model is epidemiolog-
ically feasible and mathematically well-posed was established.
The reproduction number Ry was obtained from next genera-
tion matrix and the stability analysis of disease-free equilibrium
was conducted. Numerical simulations of the model were pre-
sented by solving the system of differential equations to explore
the behaviour of the model and confirm the analytical results.
The results of this study shows a reduction in the number of
death of genetically resistant human population which leads to
increase in the number of death cases of susceptible human and
increase in the number of infected mosquitoes. This study sug-
gest that if genetically resistant person are encouraged to take
prophylactic treatment the number of infected mosquitoes could
reduce..
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1. INTRODUCTION

Malaria is an infectious disease caused by Plasmodium parasites
and transmitted between humans through the bite of the female
Anopheles mosquito. Malaria accounts for more than a million
deaths each year, of which over 80% occur in tropical Africa, where
malaria is the leading cause of mortality in children under five years
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of age. Aside from young children, pregnant women are among the
most affected by the disease. Depending on malaria transmission
intensity, the main complications of malaria during pregnancy in-
clude maternal death, severe anaemia, and adverse birth outcomes
such as low birth weight. Constituting 10% of the overall disease
burden, malaria places a substantial strain on health service An
estimated 225 million malaria cases occur worldwide with 781000
death per year [19]. The incidence of malaria has been growing
recently due to increasing parasite drug-resistance and mosquito
insecticide-resistance. Therefore, it is important to understand the
important parameters in the transmission of the disease and de-
velop effective solution strategies for its prevention. Mathematical
modeling of malaria began in 1911 with Ross and major extensions
were described by MacDonald in 1957.

A model cannot encompass every feature of a problem. The hope
is that the missing features (e.g., the genetic trait of human beings
and their immune status are not crucial; however, these features
affect the dynamics of transmission of the parasites. There is good
evidence that when a population of animals is repeatedly exposed to
an infectious disease resulting in significant mortality, the progeny
of surviving animals show through several generations increasing re-
sistance to the disease. This is a process of selection of genetically
resistant animals. However, as a rule the genetic factors affecting re-
sistance to disease are complex, depending upon many genes affect-
ing antibody synthesis and other reactions. In the case of malaria
in man, however, considerable host genetic resistance is known to
be conferred by two major genes, the sickle-cell gene (o and (-
globin) and the glucosed-phosphate dehydrogenase-deficiency gene;
there is also strong circumstantial evidence that the same is true of
other abnormal hemoglobin genes. The presence of Hb S in severe
malaria patients is associated with less haemolysis and reduced lev-
els of free haeme [2]. Many studies have described an association
between the heterozygote HbAS and protection against malaria,
with more than 90% protection against severe forms [7,11]. The
gene for Hb S is distributed widely throughout sub-Sahara Africa,
the Middle East and parts of the Indian sub-continent, where car-
rier frequencies range from 5 to 40% or more of the population.
Hb C is restricted to parts of West and North Africa [18]. These
population studies suggesting a protective effect of o thalassaemia
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against P. falciparum malaria have been augmented by a prospec-
tive case-control study of nearly 250 children with severe malaria
admitted to Madang Hospital on the north coast of Papua New
Guinea, a region where there is a very high rate of malaria transmis-
sion [18]. Compared with normal children, the risk of contracting
severe malaria, as defined by the strictest WHO guidelines, was 0.4
for a+-thalassaemia homozygotes, and 0.66 for o +-heterozygotes.
These studies provide direct evidence for a very strong protective
effect a+-thalassaemia against malaria, both in the heterozygous
and homozygous state, [1]. It has also been believed for a long time
that the high prevalence of individuals in Africa who do not carry
the Duffy blood group antigen reflects the protective effect of this
genotype against infection with P. vivax. This variant disrupts the
Duffy antigen/chemokine receptor (DARC) promoter and alters a
GATA-1-binding site, which inhibits DARC expression on red cells
and therefore prevents DARC-mediated entry of P. vivaz, [14,16].

The human major histocompatibility complex is the most poly-
morphic region of the human genome which has been analysed in
detail. In the case of malaria there is strong evidence for associ-
ations between both HLA Class I and II alleles and susceptibility
to P. falciparum malaria. Thus, at least in parts of Africa the
Class I B53 allele and Class II DRB1* 1352 provide considerable
host resistance against the severe manifestations of malaria, that is
profound anaemia and cerebral malaria [12]. Further more, stud-
ies have identified a peptide from the parasite liver-stage antigen-1
(LAS-1) which is an epitope for specific CD8+ cytotoxic T lym-
phocytes (CTL) that lyse target cells expressing this antigen [6].
These observations suggest that parasite-specific CTL are present
after natural infection and that this may be at least one mechanism
for the HLA-B53 association.

After the early successes in identifying polymorphic systems that
modify host responses to malaria, a number of other unrelated poly-
genes that have a similar effect were found. Tumour necrosis factor-
a), a cytokine which is secreted by white blood cells and has wide-
spread effects on immune activation, has been analysed in a number
of studies. Several different polymorphisms in the promoter regions
of the gene for TNF-a have been identified and have been associ-
ated with particularly severe forms of malaria [13]. One of these,
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TNF-a-308, may cause increased expression of TNF-« [20]. An-
other influences transcription-factor binding and is associated with
an increased risk of cerebral malaria [9]. This model considered
genetic factor in addition to other factors previously used, which
are critical for predictions and the need for extensions to enhance
their predictive power for decision support.

2. MODEL FORMULATION

We present a new mathematical model to study the transmission
and spread of malaria in two interacting population of humans (the
host) and mosquitoes (the vector). In our model we put into ac-
count persons with any of the following genes: a-globin, S-globin,
glycophorin, glycophorin B, No Duffy chemokine receptor, GCPD
deficiency, blood group O, erythrocytes band 3, HLA-B, HLA-DR,
CD36 or spectrin are resistant to malaria. Furthermore, neonates
who acquired immunity from parents are also resistant to malaria.
On the other hand, person with any of the following genes: TNF-
« associated with severe malaria, ICAM-1 associated with severe
malaria or pregnant women are highly susceptible to malaria.

Based on these facts, the total human population size at time
t denoted by Nj(t) was classified into two groups, genetically re-
sistant and susceptible humans. Genetically resistant human was
divided in two classes:1. genetically resistant human Gy, and 2.
genetically resistant human infected by malaria parasite Gp; while
genetically susceptible human was subdivided into three classes:
susceptible humans Sy, infected humans I, and recovered humans
R;,. Hence we have

Np(t) = Gpe(t) + Gri(t) + Sp(t) + In(t) + Riu(1),

However, mosquito population was subdivided into subclasses: sus-
ceptible mosquito S,, and infected mosquito I,,. Thus, the to-
tal population size of the mosquito denoted by N, (t) = S,.(t) +
I,,(t). Genetically resistant and susceptible population increased
by recruitment of individuals into the human population at Ay,
and Ay, respectively. Human population decline due to natural
death at rate uj or through disease induced death rate 6. The
term b0, G, (t) L, (t) and By, Sk(r) I, (t) are bilinear incident, refered
to the rate at which genetically resistant and susceptible human
Ghr(t) and Sp(t) are bitten by infected mosquitoes I,,(¢). In this
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thGhr (t)lm (t)
1+ pwl,,(t)

study, we use a saturated incidence of the form and

bB,Sh(t) (T 1 )
M, where ——————— denote a saturated feature in-
1+ 70l,(t) 1+ pwlpy,(t)
hibits the force of infection from infected mosquitoes to genetically
1
resistant human and ——————— denote a saturated feature stim-
1+ 701,(t)
ulate the force of infection from infected mosquitoes to genetically

susceptible human.

Mosquitoes are recruited into susceptible class S,,(t) at rate A,.
Susceptible mosquito becomes infected after ingestion of blood meal
from malaria infected humans at rate b3, (Gp;(t) + I (t)). Mosquito
population decline due to natural death at rate w,, and d,,. It
was assumed that the recruitment rate of mosquito is greater than
mosquito’s death rate at initial time i.e., A, > 1, N, (0). Based on
the above assumptions the following system of ordinary differential
equations for the transmission dynamics of the disease was deduced.

G- BElEe e
- B o
R A U R E U
% - —bf’f*;g)ji"zis)_%Ih(t)—ahlh(t)—uhlh(t) (24)
% = I (t) — eRu(t) — u Ru(t) (2.5)
Lo 5msm<t>Nih[Gm<t>+fh<t>J—umsm<t> (26)
U 5msm<t>Nih[ah,.<t>+1h<t>]—<um+6m>fm<t> (2.7)

together with the initial condition

Gnr(0) = Gonr,  Ghi(0) = Goni Sh(0) = Son, 1n(0) = Iop, }
(2.8)
Rh(O) = R0h7 Sm(o) = SOma Im(o) = IOm

2.1 EXISTENCE AND POSITIVITY OF SOLUTIONS
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The following results which guarantee that the malaria model gov-
erned by the system (2) is epidemiologically and mathematically
well posed in a feasible region D is given by:

D =7D;, xD,, C R} x R2
where
Apr + A
Dn = {(Ghr,Ghi,Sh,Ih,Rh) e R : %}
h
2 Am

m

Theorem 2.1: There exist a domain D in which the solution set
{Ghrr,Ghi, Sh, In, R, Sm, I } is contained and bounded.

Proof. Adding equation (2.1) to (2.5) equations (2.9) was obtained

dN,
d_th = Apy + Aps + pnNp(2)

%(th(t)) = exp(pnt) (Anr + Aps)

[ dtespms) ¥i(s)) = [ explms) (diy + )i

Apy + Aps Apy + A
exp(pnt) Ni(t) — Ni(0) = =" exp(ppt) — ————=
Hh Hh
Apy + Aps
Nu(t) = % — (Apy + Mg — N (0)) exp(—pint) (2.9)
Similarly, adding (2.6) and (2.7) equation 2.10 was obtained
dN,
— 2 = A, — N (t
o fm N ()

Dt N (1)) = Ao 5D (st

/Ot d(exp(ftm8) N (s)) = /Ot A, exp(ftms)ds

exp(pmt) Nin(t) — N (0) = o exp(fimt) — /:_m
Ny (t) = — — (A—m - Nm(0)> exp(—pimt) (2.10)
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Consequently, taking the limits of (2.9) and (2.10) as t — oo gives

A + A A,
N, < Sl g N, < Bm

Kh m
Thus, all solutions of the human population are confined only in
the feasible region Dj and all solution of the mosquitoes (vector)
are confined in D,,,. Which shows that the feasible region for the
formulated model (2) exist and is given by

D= {(Ghr,thSh-IhuRhavaIm) €ER : Ny < TN, < l} a

Therefore, it is important to prove that the solution of system (2)
are nonnegative in D for any time ¢ > 0 since the model monitors
humans and mosquitoes populations.

Theorem 2.2. The solution Gy, Gy, Sp, In, Ry, S, I, of the malaria
model (2) with nonnegative initial data (2.8) in the feasible domain
D, remain nonnegative in D for all £ > 0.

Proof. Theorem 2.2 was then proven according to the method
used by [4,10]. The result therefore shows that Gj,.(t) > 0 and
Sp(t) > 0 for all t > 0. If not, let there exist t* > 0 such
that Gp.(t*) = 0 and Sp(t*) = 0, G),.(t") < 0, S, (") < 0 and
Ghry Ghiy Sy Iny Ry Sy Iy, > 0 for 0 < t < t*. Then from (2.4) and
(2.1) of system (2) the equations below are derived

S L (E)
1+ 70l,(t*)
= Ahs + €Rh(t*> >0

SL(t*) = Aps

+ ERh(t*) — ,thSh(t*)

and
B bBRGhy (FF) I (tF)
1+ 1wl (t%)

;w(t*) = Apr —uhGhr(t*)

= Ahr>0

which contradicts the expected result. Hence Sp,(¢) > 0 and G,(t) >
0.

Suppose there exist t* = sup{t > 0 : Gy, Ghs, Sh, In, Rny S, I >
0}. Then system (2.2) gives

_ 0BG () I (2)

%(exp(uht>Ghi(t)) 1+ pwly(b)

Integrating (2.11) from 0 to t*, gives

" d ® 0BG (0)1,,,(0
/0 %(GXP(Mht*)Ghi(t*) = /0 Blh%—hpz(ul)m(e() ) exp(up)do

exp(nt) (2.11)
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bBhGhr(0)I(0)

1+ pwin(0) do >0

3
(") = exp(—punt")Gni(0) + exp(—punt") / exp(jinf)
(0]

Hence Gp;(t*) > 0.

For I,(t), suppose t* > 0 > [,(t*) = 0 and I,(t) > 0 where
t € [0,t*). Then from (2.4)

bBRSK(t) I ()

1+ 7101,(1) (2.12)

d
%(GXP(’H%JFM)?? In(t)) = exp(y+0n+pun)t

Integrating (2.12) from 0 to t*

v d e Y b85Sk (0) 1, (6
| Gttt 1) = [ PO x5, )00

I(t") = In(0) exp{—(v + 0n + pa)t"} + exp{—(7 + dn + pn)t"}

" bBRSK(0)1,(0)
% /0 1+ 1ol (0)

exp(*)/ + 0 + ,uh)(g dg >0

which contradicts Ij,(t*) = 0. Similarly, Rj(t), assumming there is
some t* > 0 such that I,(¢) > 0. Then integrating (2.5) of system
(2) from 0 to t* gives

t* d t*
/ aexp(e + pn)t Ry(t) = / V14 (0) exp(e + pp)0 d
0 0

exple + ) Rut) = Bu0) = [ A10)explc-+ )0
Rp(t*) = Ru(0) exp{—(e + pn)t"} + exp{—(c + pn)t"}
X /Ot Y11,(0) exp(e + pn)0 dO > 0
which contradicts Rj,(t*) = 0.

Assuming further that S,,(t) is a non-increasing and other vari-
ables are positive with S,,(t) > 0 for ¢t € [0,¢*). It follows from
(2.5) that

b
S(t7) = Ay = B S () 775 (Gni (%) + L (7)) — pn S (£7) > 0
Np(t*)
which is a contradicts the result of theorem 2.2. Hence, there is no
such t* for which S,,(t*) = 0.
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Finally, it shows that equation (2.7) of system (2) gives

dr.,
Gm I
e (fam 4 O ) I (1)

L,(t) > I,(0)exp{—(ptm + 0m)t} >0

This completes the proof. O

3. EXISTENCE AND STABILITY OF EQUILIBRIUM POINT.

In this section, the model was analysed and the condition that guar-
antee the stability of the disease-free equilibrium was stated. When
modelling infectious diseases, the most important issue that arises
is whether the disease could attain pandemic level or it could be
eradicated.

3.1 DISEASE-FREE EQUILIBRIUM POINT

Setting the disease states and left side of (2.1) - (2.7) to zero, the
resulting system is solved. The following points was therefore ob-
tained.

A T A S Am
Gh?" = i ) Sh = i ) Sm =
Hh Hh Hm
Ay, Aps A,

EO - ( " 9 07 " 3 07 07 D] 0)
Hh Hn Hm

3.2 REPRODUCTION NUMBER Ry

For epidemiology models, a quantity R, is derived to asses the sta-
bility of the disease-free equilibrium. R, represents the number of
secondary cases that are caused by a single infectious case intro-
duced into a complete susceptible population. It is an important
parameter that indicate whether an infection will spread through
the population or not.

To obtain R, for model (2),the next generation matrix technique de-
scribed by [5,17] was used. Let x = (Gpy, In, Im, Gpr, S, R, Sm)T.
Then the model (2) can be written as

dx
L~ Fl) V)
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where

bﬁhGhTIm
1+ pwl,

bﬁhShIm
1+710l,

and

pnGhi

(v + pn + 6n)In
(K =+ 0 ) I

V=| mGr—Ap

LrSy — Nps — Ry,

(e + pn) R — I

ﬂ'mSm - Am



A MATHEMATICAL MODEL OF MALARIA TRANSMISSION ... 469

Finding the derivatives of F and V at the disease-free equilibrium
point Ey gives [’ and V respectively where

0 0 bBn Anr
HUh
F = 0 0 bBn Ans
o
Nm(Ahr + Ahs) /J/m(Ahr + Ahs)
Hh 0 0
vV o= 0 v+ pn+on 0
0 0 tm + Om
0 0 bBrApr
bBrAns
_ 0 0 _—
FV™' = Uh
meAmM%L bﬁmAmMi 0

,um(/lfm + 5m)(Ahr + Ahs) Hm (/Jm + 5m)(Ahr + Ah,s)

Ry is the maximum eigenvalue of F'V ! given by

Ry = bQILLIQ’LﬁhAmﬁm [Ahs + Ahr<7 + pup + 5h)]
fim (ftm + Om) (Any + Ans) (7 + i + 0n)

3.3 STABILITY OF THE DISEASE-FREE EQUILIBRIUM POINT

Theorem 3.3. The disease-free equilibrium for system (2.1) - (2.7)
is locally asymptotically stable (LAS) if Ry < 1 and unstable if
Ry > 1.

Proof. The Jacobian of the system (2.1) - (2.7) evaluated at the
disease-free equilibrium point is

T 0 0 0 Jir

0 —un O 0 0 0 Jar

0 0 —pn 0 € 0 Ja7

J(Ey) = 0 0 0 — (v + pn + n) 0 0 Jar
0 0 0 v —(e + ur) 0 0
0 Je2 0 Jo4 0 —m 0
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where
—bBrAn, bBn A,
Jir = A, Jor = Brhn
122 Hh
—bBrApy bBr Ay —bBr N,
J. = ———— Jyr= , Jgo =
i Hh 7 Un 02 Lon (Apr + Aps)
o4 Hm (Ahr + Ahs) ’ 2 HUh (Ahr + Ahs)
74 =

Mo, (Ahr + Ahs)

The first, third and sixth columns have diagonal entries. Therefore
the diagonal entries —puy,, —up and —pu, are three of the eigenvalues
of the Jacobian. Thus, the remaining eigenvalues was obtained
by excluding these columns and the corresponding rows. These

eigenvalues are the solutions of the characteristics polynomial given
by

N+ BoA® + BiA + By =0 (2.12)
where
b2,u2 BhAm/Bm [Ahs + Ahr(’y + Hh + 5h)]
B = m + Om o) — h
0 (ttm + 0 ) (v + pin =+ On) s (s & An)
B = (i 8)(y o+ g+ ) o B Mo 00)

,Um(Ahs + Ahr)
Let Ay = (pm +0m), , As = (74 pn+dp), then By and By becomes

b 5, BN B [Ans + A (7 + pin + 01)]
Lo (Ans + Apr)

—0? 143 BN B [Ans + App (7 + 10 + 01)]

o (Ans + Apr)

Further algebraic manipulation of By and B in terms of the basic
reproduction number, Ry, gives

By = A1 Ay(1 — RY) (2.13)
By = A1 Ay(1 — 2RY) (2.14)
Routh-Hurwitz condition [8]. are necessary and sufficient to verify

if all the roots of (2.12) have negative real parts. For (2.12) the
condition are

By = A1A;—

Bl = AlAQ

B, 1 0
By 1
H2:BQ>0, HQI >0, ng BO Bl B2 >O
By B
0 0 By
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Clearly By > 0 = Hy = By > 0. Moreover, suppose Ry < 1 then
By > 0 and By > 0. Therefore all the eigenvalues of the Jacobian
matrix (2.11) have negative real parts when Ry < 1. Also the Hur-
witz matrices for the polynomial (2.12) are found to be positive.
Therefore the system is locally asymptotically stable.
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Table 1. Definition of parameters.

Parameter Symbol Value | Reference
- Biological existence genes present in human w 1.0 | Variable
- Probability that at least one of the genetic factors
could be responsible for host resistance from a number of genes p 0.9 | Variable
- Biological susceptibility genes present in human o 1.0 | Variable
- Probability that at least one of the genetic factors
could be responsible for susceptibility for a number of genes T 0.9 | Variable
- Recruitment term of the genetically resistance humans Ahr 0.00215 | Variable
- Recruitment term of the genetically susceptible humans Ahs 0.0314 | Variable
- Treatment rate € 0.0013699 [19]
- Recovery rate 5 0.05 [19]
- Bitting rate of the mosquito b 0.12 [14]
- Probability that a bite by an infectious mosquito results
in transmission of disease to human Bn 0.1 [20]
- Probability that a bite results in transmission
of parasite to a susceptible mosquito Bm 0.09 [20]
- Recruitment term of susceptible mosquito Am 0.07 [14]
- Per capital death rate of human Lh 0.00548 [19]
- Per capital death rate of mosquito tm 0.06667 [19]
- Disease - induced death rate of human on 0.02 [15]
- Disease - induced death rate of mosquito Om 0.01 [20]
5004
4004
Gy
300+
2004
20 40 6 80 100 120 140

-

Fig. 1. The behavior of genetically resistant human when Ry < 1 and
b=0.12

4. NUMERICAL RESULTS.

In this section, the behaviour of system (2) was investigated numerically
using some of the parameter values compatible with malaria [3,8,10], as
given in Table 1 by considering the initial conditions Gp,.(0) = 500,
Gri(0) = 100, S,(0) = 500, I5(0) = 100, Ry(0) = 0, S (0) = 2000,
I,(0) = 100. The numerical simulations were conducted using Maple 18
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2404

200
G .
hi
1804
160 4

1404

120 4

100 4 T T T T T T 1
0

Fig. 2. The behavior of genetically resistant human infected by
malaria parasite when Ry < 1 and b= 0.12

5004

4001

3004

200

100 120 140

(=]
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=
e
(=]
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(=]
=]
=

Fig. 3. The behavior of genetically susceptible human when Ry < 1
and b = 0.12
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304

Fig. 4. The behavior of infected human when Ry < 1 and b = 0.12

40

30

Rh

101

I} T T T T T T 1
0 20 40 60 30 100 120 140

t

Fig. 5. The behavior of recovered human when Ry < 1 and b = 0.12

Software and results are given in Figures 1-7 to illustrate the system’s
behaviour. Figures 1-4 shows the effects of genes w and § present on
human population when Ry < 1 and b = 0.12. In particular, Figure 1
shows the behaviour of the genetically resistant human population Gy,
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Fig. 6.
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The behavior of susceptible mosquito when Ry < 1 and
b=0.12
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120 140

Fig. 7. The behavior of infected mosquito when Ry < 1 and b = 0.12
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It was observed that the genetically resistant humans decline as a result
of infection by infected mosquitoes and leads to increase in the number of
genetically resistant humans infected by malaria parasites Gy,;, because
of the presence of resistant gene against malaria parasites. The presence
of resistant genes also stabilizes population of the genetically resistant
humans infected by malaria parasites as given in Figure 2.

The magnitude of genetically susceptible and infected human popula-
tion in Figures 3 and 4 respectively decreases because of the presence of
the genes that make them to be highly susceptible. Thus, the decrease
number of infected human contributes to the increase in the number of
recovered human in Figure 5. Finally, the magnitude of susceptible and
infected mosquitoes decreases with time due to death after oviposition.
See Figures 6 and 7.

4. CONCLUSION.

This study highlighted a compartmental modelling for the transmission
dynamics of malaria in genetically resistant and susceptible populations
and focussed on two populations: human and vector. d A region where
the model is epidemiologically feasible and mathematically well-pose was
established. The autonomous model was analysed for disease-free equi-
librium, the basic reproduction number Ry was deduced and local stabil-
ity of the non-trivial equilibrium was determined using Routh-Hurwitz
criterion. The analysis reveals that the disease-free equilibrium Fjy is
stable if Ry < 1. The numerical simulations were performed to see the
effects of the two different genes present in human population and other
key parameter on the spread of the disease. Our results showed that
there was a reduction in the number of death of genetically resistant
human, increase in the number of infected susceptible humans, increase
in the number of death cases of susceptible human and increase in the
number of infected mosquitoes. This is because genetically resistant
humans serves as a reservoir host of malaria parasite.

In view of the above, genetically resistant persons should be encour-
aged to take prophylactic treatment so that they will not serve as a
reservoir host, thereby reducing the number of infected mosquitoes.

REFERENCES

[1] A)S. J. Allen, A. O’Donnell , Alexander NDE,a+-thalassaemia protects children
against disease due to malaria and other infections, Proc. Natl. Acad. Sci. USA
94: 14736-14741, 1997.

[2] J. Balla, H. S. Jacob, G. Balla, K. Nath, G. M. Vercellotti, Endothelial cell heme
oxygenase and ferritin induction by heme proteins: a possible mechanism limiting
shock damage, Transactions of the Association of American Physicians, vol. 105,
pp. 1-6,1992.

[3] K. Blayneh, Optimal control and vector - borne diseases treatment and prevention,
Discrete and continuous Dynamical Sys. Series Bm 11, No. 3, 5887-611, doi:



[4]

[5]

(10]
(11]

(12]

(13]

(14]

(15]

(16]

(17]

18]

(19]
(20]

A MATHEMATICAL MODEL OF MALARIA TRANSMISSION ... 477

10.3934/dedsb.

2009.11.587, 2009.

C. Chiyaka, Modelling immune response and drug therapy in human malaria in-
fection, computational and mathematical methods in Medicine, 9 No. 2, 143-163,
doi:10.1080/

17486700701865661, 2008.

O. Diekmann, , On the definition and computation of the basic reproduction ratio
in models for infectious diseases in heterogeneous populations, J. Math. Biol, 28,
365-382, doi:10.1007/BF00178324, 1990.

Hill A.V.S, Elvin. J., Willis. A. et al. Molecular analysis of the association of
HLA-B53 and resistance to severe malaria. Nature 1992; 360: 434-439.

A.V.S. Hill, C. E. M Allsopp, D. Kwiatkowski, Common est African HLA anti-
gens are associated with protection from severe malaria Nature, vol. 352, no. 6336,
pp. 595-600, 1991.

D. Kirschner, G.F Webb, A model for treatment Strategy in the chemotherapy of
AIDS, Bull Math Biol., pp367390, 1990.

J. C. Knight, J. Udalova, A. V. Hill, A polymorphism that affects OCT-1 binding
to the TNF promoter region is associated with severe malari, Nat Genet 1999; 22:
145-150.

A. A. Lashari, Presentation of malaria Epidemics using Multiple Optimal Control,
Journal of Applied Mathematics, (2002), 17 pp; doi:10.1155/2012/946504.

C. L’opez, C. Saravia, A. Gomez, J. Hoebeke, M.A. Patarroyo, Mechanisms of
genetically-based resistance to malaria, Gene, vol. 467, no. 1-2, pp. 1-12.

A. Maestre, C. Muskus, V. Duque, Acquired antibody responses against Plas-
modium vivax infection vary with host genotype for duffy antigen receptor for
chemokines (DARC), PLoS ONE, vol. 5, no. 7, Article ID 11437, 2010.

W. McGuire, A. V. SHill, C. E. M. Allsopp, B. M. Greenwood, D. Kwiatkowski,
Variatin in the TNF-a promoter region is associated with susceptibility to cerebral
malaria, Nature, 71: 508-511, 1994.

L. H. Miller, S. J. Mason, D. F. Clyde, M. H. McGinniss, The resistance factor to
Plasmodium vivax in Blacks, N Engl J Med, 295, 302-304, 1976.

K. O. Okosun, O. O. Makinde, Modelling the impact of drug resistance in malaria
transmission and its optimal control analysis, International Journal of the Physical
Sciences, 6, No. 28, 6479-6487, doi: 10.5897/1JPS10.542, 2011.

C. Tournamille, Y. Collin, J. Y. Carton, C. Le Van Kim, Disruption of a GATA
motif in the Duff gene promoter abolishes erythroid gene expression in Duffy-
negative individuals. Nat Genet, 10: 224-228, 1995.

P. Van dan Driessche, J. Watmough, Reproduction numbers and subthreshold en-
demic equilibrium for compartmental models of disease transmission, Math. Bios
180, doi: 10.1016/50025-5564 (02) 00108-6, 2002.

D. J. Weatherall, J. B. Clegg, Thalassaemia Syndromes. 4thedn. Blackwell Sci-
ence, Oxford, 2001.

WHO-World Health Organisation ”http,//www.who.int/malaria/en/, 2004.

A. G. Wislon, J. A. Symons, T. L. McDowell, H. O. McDevitt , G. W. Duff,
Effects of a polymorphism in the human tumor mecrosis factor o promoter on
transcriptional activation, Proc. Natl. Acad. Sci. USA, 94, 3195-3199, 1997.

DEPARTMENT OF MATHEMATICS, FACULTY OF SCIENCE, UNIVERSITY
OF IBADAN, IBADAN , NIGERIA

E-mail address: akiin4all80@gmail.com

DEPARTMENT OF VETERINARY PARASITOLOGY, FACULTY OF VETERI-
NARY MEDICINE, UNIVERSITY OF IBADAN, IBADAN , NIGERIA

E-mail address: io.ademola@ui.edu.ng



