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Abstract. In this paper, we develop a mathematical model for the transmission dynamics of Cotton leaf curl virus
(CLCuV) disease in cotton. The models took into account both cotton and vector populations. Cotton populations
are classified as susceptible (A) and infected (B). The vector population was further classified as susceptible (X)
and infected (Y). We demonstrated that all model solutions are positive and bounded with initial circumstances
from a specific meaningful set. The presence of unique CLCuV free and endemic equilibrium points is explored,
and the basic reproduction number is calculated using the next generation matrix approach. The conditions for
these equilibrium points’ local and global asymptotic stability are then established. When the basic reproduction
number is less than one, the system has a locally and globally asymptotically stable CLCuV free equilibrium point,
and when the basic reproduction number is more than one, the system has a locally and globally asymptotically
stable endemic equilibrium point. The simulation result agrees with the analytical results.
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1. INTRODUCTION

Cotton was first mentioned in Amharic word ’tet, about 350 A.D., during the reign of King
Aizana of Axum [1]. Ethiopians have farmed and utilized cotton since ancient times. Cot-
ton (Gossypium spp.) is the world’s most important fiber, oil, and protein producing crop [2].
Cotton, a one-of-a-kind fiber crop plant with a thousand faces, is known for its versatility, per-
formance, appearance, natural comfort, and, above all, its numerous applications, which include
astronaut in-flight space suits, towels, tarpaulins, tents, sheets, and all forms of clothing Vanitha
et al. [3]. It is known as ”white gold,” is one of the most important cash crops in developing
countries and exported to various nations as a raw material for indigenous textile and oil in-
dustries Sain et al. [4]. Cotton’s significance is underscored by the fact that it is not only the
world’s most important fiber crop, but also the world’s second-largest oilseed crop Zhang et al.
[5].

Cotton is the most widely grown food and fiber crop in the world. Ethiopia is a cotton-producing
and exporting country in Sub-Saharan Africa. It has a long history of cotton production, with
an estimated area suitable for cultivation of roughly 2.6 million hectares. Ethiopian cotton is
mostly exported to Africa, Asia, and Europe, with Asia accounting for 67% of total exports.
Ethiopian cotton is now priced by the Textile Industry Development Institute Zeleke et al. [6].
The leaf is the most susceptible to diseases, which can cause plant damage and death. The ma-
jority of infections only damage the cotton plant’s leaf parts Kumar et al. [7]. Cotton Leaf Curl
Virus (CLCuV) illness is a major impediment to cotton production. It is caused by a genus of
viruses known as Begomovirus, which is spread by whiteflies and poses a serious threat to the
cotton crop Farooq et al. [8]. It can be seen in Africa, Pakistan, and northwestern India Sattar
et al. [9]. Cotton symptoms appear 2-3 weeks after B. tabaci inoculation (discovered experi-
mentally) and are marked by deep downward cupping of the youngest leaves [10]. Roguing,
or the removal of infected plants, particularly ratoon cotton from the previous season’s crop,
is advised, but it appears to have little influence on the disease’s spread. Cotton cultivars with
resistance to herbicides and pesticides have recently been introduced.

Mathematicians and biologists have developed multiple ecoepidemiological models in recent

decades to explore the spread of various infectious diseases [11, 12, 13, 14] and etc. Fouda et
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al. [15] created a mathematical model of bleached cotton plain single jersey knitted fabrics that
may be used to anticipate fabric attributes and define fabric geometrical relationships before
manufacturing. A practical verification is performed at various cotton yarn counts and twist
factors. Furthermore, the fabric measuring method measures the real yarn diameter and esti-
mates the fabric thickness as a result. According to the findings, the thickness of a simple single
jersey is related to three times the yarn diameter.

Levins et al. [16] describe the differential equations of prey-predator, crop-pest, and migratory
effect interactions in their model. The relationship between a mathematical model and ecolog-
ical stability was demonstrated using biological properties. The models were used to provide
answers to environmental questions.

Hern’andez-Bautista et al. [17] proposed a mathematical model of cotton dyeing in cones on
three scales: micro, meso, and macro. The parameters of the adsorption isotherms and indepen-
dent variables of the Curcuma longa cotton dyeing process were determined using bibliographic
data. To simulate cotton dyeing, mass and momentum conservation equations were applied.
Banks et al. [18] developed a mathematical model and statistical models for making the opti-
mal judgments, such as ANOVA-based model comparison tests and residual plot analysis. They
also investigate the statistical assumptions that are typically made arbitrarily throughout the pa-
rameter estimate process, as well as the repercussions of making incorrect assumptions.
Mamatov et al. [19] presented a single parabolic-type boundary value issue for estimating the
temperature field of raw cotton and air components in drum dryers . With the experimental data,
a comparison analysis is conducted. The suggested model and numerical technique are shown
to accurately explain the raw cotton drying process. Dome et al. [20] devised a mathematical
model for estimating input demand in relation to cotton production costs. They also claim that
cotton farmers are extremely susceptible to fluctuations in input prices, which influence whether
they produce profitable or loss-making production when compared to total costs per hectare.
[21] provided six non-linear growth models for India Cotton area, production, and productiv-
ity statistics from 1980 to 2013: Monomolecular, Logistic, Gompertz, Richards, Quadratic,
and Reciprocal growth. The selected model was chosen because it had the highest R2, Lower

Residual Sum of Square, and Mean Square Error among the six models under consideration.
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Aboukarima et al. [22] develop a multiple regression model to predict the leaf area of a cotton
crop for use in agricultural studies. The created model may be a practical and quick alternative,
particularly in locations where contemporary equipment or other instruments for measuring leaf
area are unavailable.

Su et al. [23] explore the leaf area index (LAI) models and interactions between LAI, dry mat-
ter, and yield for cotton cultivated under three soil conditioners in Korla, Xinjiang, China, with
the goal of improving water use efficiency and finding optimal soil conditioner application rates.
Khan et al. [24] investigate the association between cotton leaf curl virus (CLCuV) incidence,
environmental variables, and silverleaf whitefly population in Pakistan’s agricultural system.
The mathematical relationship discovered can anticipate disease incidence in future months,
which can aid agriculturists in disease control in Pakistan’s agricultural areas.

Ahmad et al. [25] developed a mathematical model of cotton leaf curl virus infection in Pak-
istan, as well as its link to weather variables. They employ mathematics to connect the severity
of the cotton leaf curl virus (CLCuV) to environmental factors including temperature, rainfall,
and humidity, as well as the population of whiteflies in Pakistan’s agricultural sector. Humidity
and rainfall were discovered to be associated with the condition.

Cotton leaf curl virus, fiber quality, and yield components in germplasm imported from the
United States were investigated by Saeed et al. [26]. 79 cotton genotypes were evaluated using
statistical processes such as correlation analysis, clustering, and principal components. Cotton
leaf curl virus demonstrated a substantial negative association with plant height, monopodial
and sympodial branches, and a significant positive relationship with fiber fineness, but no rela-
tionship with other characteristics.

Motivated by the works of [23, 25, 26] we provide a new ecoepidemiological model that uses
a ordinary differential equations to examine and analyze the dynamics of cotton leaf curl virus
(CLCuV) in cotton plant populations. Furthermore, our current model is unique in that it divides
the cotton leaf curl virus (CLCuV) model into two populations; cotton and vectors. Cotton and
vector populations both have susceptible and infected individuals. We believe that the findings

of our study will be valuable in identifying appropriate methods for preventing or eliminating
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disease transmission. This research is organized as follows. In section two, a new mathemati-
cal model for the transmission dynamics of cotton leaf curl virus (CLCuV) is developed. Part
three examines the presence and stability of cotton leaf curl virus (CLCuV) equilibria, as well
as the positivity and boundedness of solutions. Part four is about numerical simulation. Finally,

conclusions are given in part five.

2. MODEL FORMULATION

We divided the cotton leaf curl virus (CLCuV) model into cotton and vector populations in
this part. There are susceptible and infected subgroups in these populations. A represents sus-
ceptible cotton, and B represents diseased cotton. Similarly, X represents a vulnerable vector
and Y represents an infected vector. The model took into account the recruitment rate of sus-
ceptible vectors b, and their movement to infected vectors ¥ with 6, rate after consuming ill
plants or cotton. The susceptible cotton A also replanted at rate by, and the illnesses spread to
cotton when infected vectors Y eat susceptible cotton A at rate ;. Cotton that has been infected
will never heal and will provide a very poor yield of cotton. The model also assumes that u is
the natural death rate for cotton population, and J is natural death rate for vector population. In
the model, @ is induced death rate due to disease. Moreover, the description of all parameters

are given in table 1.

FIGURE 1. Flow chart of the model.
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TABLE 1. Parameters of the model

Parameter Description

by Replanting rate of cotton.
b, Recruitment rate of vector.
0, Infection rate of cotton.

6, Infection rate of vector.

Natural death rate of cotton.
Natural death rate of vector.

0] Induced death rate of cotton due to disease.

We can derive the following from the model’s assumptions and flow chart in figure 1.

Cfl—f = b — 6,AY — UA,
fj—l: = 0,AY — (L + 0)B,
() O by~ 08X .
‘jl—f = 6,BX — &Y,
with
A(0)=Ap >0,B(0) =By >0,
2) X(0) =Xy >0,Y(0) =Yy >0.

3. MODEL ANALYSIS

3.1. Positivity of Solution. In this subsection, our model equation (1) to be ecoepidemiolog-
ically meaningful and well posed, it is necessary to prove that all state variables of system with
positive initial data will remain positive for all times # > 0. The following theorem is used to
demonstrate the positivity of the system of equation (1).

Theorem 1: Let Q = (A,B,X,Y) € R*: A(0) > 0,B(0) > 0,X(0) >,Y(0) > 0. Then the solu-
tion set {A(¢),B(t),X(¢),Y (¢)} of system of equation (1) is positive for all # > 0.
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Proof: From the first equation of system equation (1), we have that:

dA

3) T =bi—(BY A > —(6,Y +p)A

Using separation variables and by integrating equation (3)
dA

A
InA(t) > — /(911/ +p)ditci,

> —/(91Y+u)dt,

A(l,) Z e*f(elYﬁ’ll)dl“FCl,

(4) A(r) > A(0)e /(@Y >

From the second equation of system equation (1), we have that:

dB
(5) EzelAY—(ujLw)Bz—(/,H—w)B

Using separation variables and by integrating equation (5)

dB

G2 [

InB(t) > —(U+ 0)t + c3,
B(t) > ef(uﬂu)ﬂrcz7

B(0)e HF@) > 0,

(6) B(1)

v

Furthermore, using similar procedure on the above, we have

(7 X(t) > X (0)e /(B:8+8)d1 > o

(8) Y (1) > Y(0)e % >0.
Hence, all the solution sets are positive for # > 0, that is the model is meaningful and well posed.

3.2. Invariant Region. We determine a region in which the solution of system of equation (1)
is bounded. Now, differentiating the total Cotton population N, = A + B with respect to time,

we have

9 =b; — wB— uN,.
() dt 1— o KN
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In the abscence of the death rate of cotton due to infection @ = 0, equation (9) becomes

dN,
dt

(10) < by — UN,

By re-arrranging and multiplying by integrating factor el 1t — ol e have

dN,

(11) d—tce“’ + UNeM < breM.
That is

d ut ut
(12) E(Nce ) < bt

By integrating and solving equation (12), we obtain

b _ b
(13) N(f) < Fl-l—e ue (NC(O)—El>.
Taking the limit as t — oo to the equation (13), we obtain
2 by
(14) Q.= (A,B)€R+:NC§E

And differentiating the cotton leaf curl virus population N, = X +7Y, we have

15 = by — ON,.
(15) dt 2 v
Using similar procedure on the above
b b
(16) Ny(1) < §+e—5f (NV(O) —32).

Taking the limit as  — oo to the equation (16), we obtain

(17) QV:{(X,Y)eRi:NVg%}

As a result, the feasible solution set for the CLCuV model given by:

b b
(18) Qzﬂcxszvz{(A,B,X,Y>6R1:Ncsﬁ:zvvs§}

is positively invariant, inside which the model is considered to be ecoepidemiologically mean-

ingful and mathematically well posed.
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3.3. Disease Free Equilibrium Point of the Model. The model’s disease-free equilibrium
points, Ey, are stationary solutions in which there is no infection. It is obtained by equating
equation (1) to zero and using B =0 and Y = 0. Then, disease free equilibrium point, Ey of our
model equation (1)is given by:
(19) Ey=(A",B°,x°,Y%) = (%,o,%,o) :
The basic reproduction number Rj: The basic reproduction number Ry is the estimated num-
ber of secondary infections from a single newly infected individual delivered directly into a
susceptible group, according to Kinene et al. [27]. It can be found by rewriting the system of

equation (1) starting with newly infective classes and using the next generation matrix method:

dB
— = 0,AY — B
prialll (U + o)B,
dY
20 — = 6,BX — 0Y.
(20) 7 h
Then, we consider
0,AY +w)B
1) P IR P
6,BX oY

Now, the jacobian matrix of f and v with respect to B and Y at disease free equilibrium point,

Ep=(%.0,%,0) is:

E:
;b
(oo
o)
+w) 0
22 _— (U+ o)
0 o)

Then, by the principle of next generation matrix, basic reproduction number Ry is the dominant

eigen value of the FV ! or spectral radius of FV~! where

616y 1 0

Fv-1l— u (h+o)
6,b 1
50 0 3
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0 01b;
(23) = Ho
6:b, 0
o(u+w)

The charactersic equations of equation (23) becomes;

b1b,60,6;
24 Az D271
%) 1621+ @)

That is

b]b29192
25 A=y 22
) 1o (n+ o)

Since, basic reproductioin number Ry is the maximum eigen values of FV~! or the spectral

radius of FV 1. As aresult,

b1b,6,6,
26 Ry= (| ———————.
(26) =\ u82u+ o)

The two generation are required to transmission of CLCuV to take place in the cottton field,
that is from an infectious cotton plant to susceptible vector and then from an infectious vector

to susceptible cotton [28]. That is why the square root found in Ry. It implies that
b1b,6,6, b16, b6,
Ro = 2 - 2
pé*(u+ o) pp+w) 6

b16; b6,
27 = \/ = Ry X Ry,

where Ry, = “(Zﬁ_?_lw) is the cotton plants contribution when they infect the vector and
Ry, = % is the contribution of the vector population when it infects cotton plants.

3.4. Local Stability of the Disease Free Equilibrium Point. The linearization system of
equation (1) at Ey can be used to find the local stability of the model at disease-free equilibrium
point, Ey.

Theorem 2: Disease free equilibrium point, Ey of system of equation (1) is locally asymptoti-

cally stable, if Ry < 1.
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Proof. The Jacobian matrix of system of equation (1) is

—(61Y + ) 0 0 —0,A

0,Y —(Uu+ow 0 0,A
28) I 1 (u ) 1
0 —-6,X —(6,B+6) O

0 0, X 6B -0

Evaluating the Jacobian matrix of system of equation (28) at disease free equilibrium point

Ey=(%,0,%,0) is

01b

—u 0 0 =

0 —(ut+w) 0 4k

(29) J(Ep) = o !
0 22 -5 0

o &2 0 -5

The characteristic equation of Jacobian matrix of equation (29) at disease free equilibrium point,

Eyis |J(E()) — l]4| = 0. That is

61b
—u—A 0 0 —%
0 —(u+o)—-1 0 910,
0 — &b —8§-1 0
0 &b 0 —8-2
Evaluating equation (30) simplifying it, we get
(31) (—u—A) (=8 - L) (A* +d 1A +dy) = 0.
where
dl =u+o+ 67
b1b29192 |: b1b29192 }
h=U+0)—-—F=U+0)d |l - ————
2= (1+ o) us 1+ o) 182(U+ o)

(32) = (14 ©)8(1—Ry).
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Clearly,from equation (31),we observe that

11:—H<07

(33) Mh=-0< 0,
and from the last expression of equation (31) , that is
(34) A+ diA+dy =0

by using the Routh-Hurwitz criteria, equation (34) has strictly negative real root if d; > 0 and

dy > 0. Clearly, we observe thatd; = 4+ o+ > 0 and
(35) dy=(U+®)5(1—-R3) >0

if (1 —R(Z)) > (0. That is R(Z) < 1 implies that Ry < 1. As a result, our model equation (1) at
Ey offers all eigenvalues with a negative real part, and so it is locally asymptotically stable if

Ry<1.

3.5. Global Stability of the Disease Free Equilibrium Point. To establish the global stabil-
ity of the disease free equilibrium point Ey, we use the method proposed by Castillo-Chavez et
al. [29]. Based on Castillo-Chavez et al. [29], we have written the system of equation (1) in the

following form:

dM

—=J(M,L

dt (ML),
dL

36 — =PM,L

( ) dt ( Y )’
P(M,0) =0,

where M = (A,X) € R? represent the number of uninfected classes, while, L = (B,Y) € R? rep-
resent the number of infected classes and Ey = (M*,0) represents the disease-free equilibrium
of this system. The disease-free equilibrium Ey is globally asymptotically stable equilibrium
for the model if the following conditions are fulfilled:

(1) ‘%’I =J(M,0),M* is globally asymptotically stable.

) Y% =p,P(M*,0)L—P(M,L),P(M,L) >0V(M,L) € Q.
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where D;P(M*,0) is an M-matrix and P(M,L) taken in (B,Y) and evaluated at (M*,0) =
(%, %,O, 0). If system of equation(24) satisfes the above conditions, then the following theo-
rem holds.

Theorem 3: The disease free equilibrium point, Ey = (M*,0) of system of equation (36) is
globally asymptotically stable if Ry < 1 and conditions (1) and (2) are holds.

Proof: From our model of equation (1), we can obtain J(M,L) and P(M,L):

by — 6,AY —uA
J(M,L) = 1— 01 H

b, — 6,BX — 86X

0,AY — (u+w)B
P(M.L) = 1 (u )

6,BX — §Y

Now, we consider the reduced system ddi[/l = J(M,0) from condition (1)

dA

37 — =b1—UA

( ) dt 1 uA,
1704

38 — =by — 6X.

(38) 7 2

M* = (b‘ ﬁ) is a globally asymptotically stable equilibrium point for the reduced system
J

0
dM — J(M,0). This can be verifed from the solution of the equation (37) ; we get A(f) =

Z—l + (A(O) - %) e~ M which approaches Z—l as t — oo and from equation (38), we obtain X (¢) =
by

= +(X(0) - %)e“st which approaches % as t — oo, We note that this asymptomatic dynamics
is independent of the initial conditions in Q; therefore the convergence of the solutions of the

reduced system (37) and (38) is global in Q2. Now we compute

b16,

(39) D P(M*,0) = (nto) %

b% -5

0
Then, P(M,L) can be written as
(40) P(M,L) = D P(M*,0)L—P(M,L)
and we want to show P(M, L),which is obtained as
A ory (& —a)
(41) PM,L) =
2

6,B (% —X)
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Here Z—l > A and % > B . Hence it is clear that P(M,L) > 0, V(M,L) € Q. Thus, this proves

that disease free equilibrium point Ej is globally asymptotically stable when Ry < 1.

3.6. Disease Endemic Equilibrium Point of the Model. The endemic equilibrium point, £},
of the model is the steady state solution where leaf curl virus persist in the population of cotton
plants. We can obtain by equating each system of the equation equal to zero; that is,

b1 — GIA*Y* — ‘LLA>k = 0,

01AY" — (u+w)B" =0,
(42) by — 6,B*X*—6X* =0,

6,B*X* — 8Y* =0,

From first equation of (42), we get

b
(43) Y p— —
0Y*+pu
From second equation of (42), we have
01A Y™
(44) B =
(H+ o)

Substituting the value of A from equation (43) in to equation (44), we obtain

Y*
(45) B = b161 .
(L+o)(61Y*+u)
From third equation of (42), we have
by
46 o=
(46) 6,B* + 0

Substituting the value of B from equation (45) in to equation (46), we obtain

i by(u+@)(6:Y" + )
47 X" = .
47 b1016:Y*+0(u+ @)(6,Y*+ 1)

From last equation (42), we have

(48) ,B* X" = 6.
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Substituting the value B* from equation (45) and the value X* from equation (47) in equation

(48), we have

b1b,6,6;
49 =6
(49) b19192Y*+5(,U+(!))(91Y*+,U)

By re arranging and simplifyingbequation (49), we get

_ pé(p+o)(RF—1)

50 Y* = .
0 01(b16>+6(u+ w))

Thus, by substituting equation (50) into equations (43), (45) and (47), we obtain

(51) AF — by(b16, +6(u+ ))
ud(u+0)(RE—1)+u(b16+8(u+ o))’
(52) B — b18(R5—1)
 S(ut+ ) (RG—1)+ (016 +8 (1 + @)
(53) X* — by(8(p+®)(RE—1)+b16,+ (1 + @)

5((b16:+8(L+@))(RZ—1)+b16,+6(u+ o))

3.7. Local Stability of the Endemic Equilibrium Point. We used the Jacobian stability ap-
proach to prove the local stability of the disease endemic equilibrium state in this section.
Theorem 4: When Ry > 1, the model’s endemic equilibrium point, £y, is locally asymptotically
stable.

Proof: The local stability of the endemic equilibrium, E, is determined based on the signs of
the eigenvalues of the Jacobian matrix which is computed at the disease endemic equilibrium,

E{. Now, using the method proposed by [30], the Jacobian matrix of the our model at E; is

given by:
—(QIY* —|—[.L) 0 0 —06A*
(54) I 0,Y* —(u + (L)) 0 0,A*
0 —6,X* —(923* + 5) 0 ’

0 . 0,B* -0
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The characteristic equation of Jacobian matrix of equation (54) at disease endemic equilibrium

point, E is |J(E|) — Als| = 0. That is

—(91Y*+,U)—l 0 0 —0,A*
0,Y* —(u+w)—2A 0 0,A*
(55) : (h+o) : —0
0 —&X* (BB 1+8)—A 0
0 6, X* 6,B* —0—A7

Equation (55) can be simplified as:
(56) P(A) = fak* + 327 + A% + fid + fo,
where

fi=1,f3=2u+28+0+6,Y"+ 6,B",
fr=ud+(p+0)(u+o+06)(n+w)d+

204+ u+w)0 Y +(2u+w+68)6,B +

0,16,(B* — A*X*),
fi=ud(n+o+0)+(n+06)(u+w)d+

(U8 +(u+8)(u+0)6:B 4+ (2u+2w+35))56,)Y*

(57) +(U+®+8)01,BY* —0,0,(u+5)A X",

fo=6616>(L+ ®)B*Y* +6,8%(u+ 0)Y*

+8Uby (U + 0)B* + 18 (U + 0) — nd6; HA* X .

Now, the characteristic polynomial of equation (56) can be analyzed by Routh-Hurwitz criteria.
The coefficients fu, f3, f2, f1, fo of the characteristic polynomial are real positive. Thus, the
necessary condition for stability of the disease endemic equilibrium point is fulfilled. Then,
the sufficient condition for stability of the system using the Hurwitz array for the characteristic
polynomial is presented as follows:

where fu, f3, f2, f1, fo are the coefficients of the characteristic polynomial and the remaining
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sl fa o fo
S fi 0
ST 181 82 83
st hi hy hs
U1k ky ks

elements in the array are obtained as follows:

1| fa f2 fHfa—f 1| fa fo 1| /s O
81 = ——F :—>07g2:__ :f07g3:__ :Ov
f3 £ f /3 /3 0 f3 0
1 — 1 0 1 0
= 3 i :1g1—f3f0>0’h2:__ VE! o=t /3 _o,
81 gl & 81 81 g1 O 81 g1 O
1 1 0 1 0
klz__ L& :f07k2:__ & :07k3:__ o =0.
hil om0 hil moo hilmoo

Since, the coefficients of the characteristic polynomial; f4, f3, f2, f1, fo are real positive and the
first column of the Routh-Hurwitz array has the same positive sign. Therefore, by the Routh-
Hurwitz criteria all eigenvalues of the characteristics polynomial are negative. Thus, the disease

endemic equilibrium point E7 is locally asymptotically stable if Ry > 1.

3.8. Global Stability of Disease Endemic Equilibrium Point. In this subsection, we will
prove the global stability disease endemic equilibrium point.
Theorem S: For Ry > 1, then the system of equation of (1) at £ is globally asymptotical stable.
Proof: To investigate the global stability of the endemic equilibrium point £ , we consider the
following Lyapunov function for model of equation (1):
(A=) (B-B)

2 2

(X —X*)° (¥ —v*)?
AR P
7 TR

V(l‘) =K

(58) + K3



18 ABAYNEH KEBEDE FANTAYE, MAMMO MUCHIE

where K1, K3, K3, K4 are chosen. By differentiating (58) with respect to time , we have

adv dA dB

— =K{(A—A") —+K>(B—B") —

dt 1( )dt+ 2( )dt+

1704 dy

5 KX-X—+K (Y -Y")—
(59) 3( ) T )

Using system equation (1), equation (59) can becomes,

T =K1 (A=A) oy~ (01 + AT+ Ko (B~ BY)
[6,AY — (U + @)B] + K3 (X —X¥)
(60) by — (62B+ 8)X]+ K4 (Y —Y™)[6,BX — OY].

By re arranging equation (60), we have

dv b
S KA—AHA |- 1 (aY
= Ka-ana -2 o )
0,AY
—KQ(B—B*)B[— 1B +(u+a))}
. by
—K3(X —X"X _Y+(QZB+5>
6,BX
(61) —K4(Y—Y*)Y{— 2 +5}.
Here, we can choose
o A
"oy +pn)A—b
B
62 K =
(62) 2" (u+tw)B-0AY’
o X
3T (6,B+8)X — by
P ¢
4T SY —6,BX’

Hence, we observe that ”é—‘[/ < 0 and an endemic equilibrium point, E7, of the model is globally

stable. Moreover, ‘é—‘[/ = 0if and only if either A =A* B=B* X =X"Y=Y*orA=B=X =

Y = 0. Thus, using [31], E is global asymptotical stable whenever Ry > 1.
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3.9. Sensitivity Analysis of Model Parameters. Sensitivity indices allow us to quantify how
much a variable varies when a parameter is changed Rodrigues et al. [32]. The sensitivity index
can also be constructed using partial derivatives when the variable is a differentiable function
of the parameter.
Definition: The normalized forward sensitivity index of a Ry, that depends differentiably on a
parameter, g;, is given as:

Ro _ % by

by — db; Ry

1 b,6,0, by

b10,6,6, Ud2(u+w) | [ bib,6,6
Y e RV

| =

We determine the sensitivity index of the other parameters using the same technique. table 2

lists the criteria in order of most to least sensitive.

3.10. Interpretation of Sensitivity Indices. Table 2 displays the basic reproductive number
sensitivity indices in relation to the important parameters. Positive indices (by,b1,0;,6) in-
dicate that parameters with increasing values have a significant impact on the spread of the
disease. Because the basic reproduction number increases as their values increase, so does the
average number of secondary cases of infection. Additionally, those parameters with nega-
tive sensitivity indices (u,d,®) have the effect of reducing disease burden when their values
rise while the others remain constant. Furthermore, as their values rise, the basic reproduction

number decreases, resulting in the disease’s endemic areas being reduced.

4. NUMERICAL SIMULATION

We used MATLAB ode45 solvers to numerically validate our work in this section. Our sim-
ulations investigate the effect of various model parameter combinations on the transmission
dynamics of cotton leaf curl virus (CLCuV). The simulation is run with a wide range of param-
eter values. The source of the set of parameter values are mainly using assumption. The relevant
initial circumstances are used in the simulations and analyses: A(0) = 800,B(0) = 100,X(0) =

200,Y(0) = 80 and the parameters values are displayed in Table 2.
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TABLE 2. The parameter values and sensitivity index of model.

Parameter ~ Value  Sensitivity index

by 0.97 +ve
by 0.27 +ve
0, 0.000023 +ve
6, 0.00021 +ve
u 0.0005 -ve
o 0.0029 -ve
(0] 0.019 -ve

The time series plot of state variables for Ry < 1 and Ry > 1 is shown in figure 2 and figure
3. From figure 2, we observe that susceptible cotton individuals are increases asymptotically to
the disease free equilibrium point, while the infected cotton individuals are decreases asymp-
totically to the disease free equilibrium point. Furthermore, the susceptible vector individuals
are increases asymptotically to the disease free equilibrium point, while the infected vector in-
dividuals are decreases asymptotically to the disease free equilibrium point. In this case, the
disease may remove out in the long run. The existence of such condition is due to the fact that
Ro = 0.2012 which is less than one. This supports theorem that the stability of disease free
equilibrium point exists when Ry < 1, that is if Ry < 1, then on average, one infected cotton
plant produces less than one newly infectious plant over the course of its disease period.
From figure 3, we observe that susceptible cotton and vector individuals are decreased due to
influence of infected cotton and vector individuals, then they are joins into infected class as a
result the infected cotton and vector individuals are increased. Therefore, infected cotton and
vectors are increased and the disease endemic equilibrium point exists and stable. The existence
of this condition is due to the fact that Ry = 3.9277 which is greater than one. This supports
theorem that the stability of disease endemic equilibrium point exists when Ry > 1, that is if
Ry > 1, each infected cotton and vectors produces, on average more than one new infected

cotton and vectors, then disease will be able to spread in the given area.
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FIGURE 2. Time series plot of state variables for Ry = 0.2012 < 1
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FIGURE 3. Time series plot of state variables for Ry = 3.9277 > 1
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Susceptible cotton population (A) and infected cotton population (B) with respect to time t
for different values of 0; are shown in figure 4. From figure 4, we observe that as infection rate
of cotton, 6y, increases susceptible cotton population (A) decreases while infected cotton pop-
ulation (B) increased. Also, Susceptible vector population (X) and infected vector population
(Y) with respect to time t for different values of 6, are shown in figure 5. From figure 5, we
observe that as the value of infection rate of vector,8,, increases susceptible vector population

(X) decreases while infected vector population (') increased.

AD)= 1000 B0 = 100
o0 —— — 1600 —— —
8, =D.00015 o, =0.00016
700 ——6,,=0.00025 || 1600 ——6,,=0.00025 ||
. —— oy, =n00047 || 1400 —— sy =000047 |
—— 6, =0.00062 —— 4, =0.00062
. 1200
£ =m0 <
= g
S £ 1000
£ 4 =
z ko
8 g o
3 300 =
@ 600
m
400
100 2
0 W 220 3 4w e /0 8 @ 1o U W 22 3 4w e /0 8 W 10
Time (Days) Time (Days)

FIGURE 4. Susceptible cotton population (A) and infected cotton population

(B) w.r.t. time t for different values of 0.
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FIGURE 5. Susceptible vector population (X) and infected vector population

(Y) w.r.t. time t for different values of 6.

5. CONCLUSION

This study established an ecoepidemiological model for the dynamics of Cotton leaf curl

virus (CLCuV) illness in cotton. The model’s well-posedness, positivity, and boundedness are
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all explored. The basic reproduction number was explored, as well as the stability study of the
model’s cotton equilibria. The cotton-free equilibrium is locally and worldwide asymptotically
stable if the basic reproduction number is less than one, but the endemic equilibrium is locally
and globally asymptotically stable if the basic reproduction number is more than one. The
numerical simulation shows that as infection rate of cotton, 68, increases susceptible cotton
population (A) decreases while infected cotton population (B) increased. Furthermore, as the
value of infection rate of vector, 65, increases susceptible vector population (X ) decreases while

infected vector population (Y) increased.

CONFLICT OF INTERESTS

The author(s) declare that there is no conflict of interests.

REFERENCES

[1] G.E. Nicholson, The production, history, uses and relationships of cotton (Gossypium spp.) in Ethiopia, Econ.
Botany. 14 (1960), 3?736. https://doi.org/10.1007/bf02859364.

[2] D. Monga, S.K. Sain, Incidence and severity of cotton leaf curl virus disease on different BG II hybrids and
its effect on the yield and quality of cotton crop, J. Environ. Biol. 42 (2021), 90798. https://doi.org/10.22438
/jeb/42/1/mrn-1296.

[3] S. Vanitha, T. Padma, Decision support model for prioritization of cotton plant diseases using integrated
FAHP-TOPSIS approach, Turk. J. Computer Math. Educ. 12 (2021), 7587-7596.

[4] S.K. Sain, D. Monga, M. Mohan, et al. Reduction in seed cotton yield corresponding with symptom sever-
ity grades of Cotton Leaf Curl Disease (CLCuD) in Upland Cotton (Gossypium hirsutum L.), Int. J. Curr.
Microbiol. Appl. Sci. 9 (2020), 306373076. https://doi.org/10.20546/ijcmas.2020.911.372.

[5] Z.Zhang, J. Rong, V.N. Waghmare, et al. QTL alleles for improved fiber quality from a wild Hawaiian cotton,
Gossypium tomentosum, Theor. Appl. Genet. 123 (2011), 1075?1088. https://doi.org/10.1007/s00122-011-1
649-x.

[6] M. Zeleke, M. Adem, M. Aynalem, et al. Cotton production and marketing trend in Ethiopia: A review,
Cogent Food Agric. 5 (2019), 1691812. https://doi.org/10.1080/23311932.2019.1691812.

[7] S. Kumar, A. Jain, A.P. Shukla, et al. A comparative analysis of machine learning algorithms for detection of
organic and nonorganic cotton diseases, Math. Probl. Eng. 2021 (2021), 1790171. https://doi.org/10.1155/20
21/1790171.

[8] J. Farooq, A. Farooq, M. Riaz, et al. Cotton leaf curl virus disease a principle cause of decline in cotton

productivity in Pakistan (a mini review), Canad. J. Plant Protect. 2 (2014), 9-16.


https://doi.org/10.1007/bf02859364
https://doi.org/10.22438/jeb/42/1/mrn-1296
https://doi.org/10.22438/jeb/42/1/mrn-1296
https://doi.org/10.20546/ijcmas.2020.911.372
https://doi.org/10.1007/s00122-011-1649-x
https://doi.org/10.1007/s00122-011-1649-x
https://doi.org/10.1080/23311932.2019.1691812
https://doi.org/10.1155/2021/1790171
https://doi.org/10.1155/2021/1790171

24 ABAYNEH KEBEDE FANTAYE, MAMMO MUCHIE

[9] M.N. Sattar, A. Kvarnheden, M. Saeed, et al. Cotton leaf curl disease - an emerging threat to cotton production
worldwide, J. General Virol. 94 (2013), 695?710. https://doi.org/10.1099/vir.0.049627-0.

[10] R.W. Briddon, Cotton leaf curl disease, a multicomponent begomovirus complex, Mol. Plant Pathol. 4 (2003),
4277434, https://doi.org/10.1046/j.1364-3703.2003.00188.x.

[11] H.T. Alemneh, O.D. Makinde, D. Mwangi Theuri, Ecoepidemiological model and analysis of MSV disease
transmission dynamics in maize plant, Int. J. Math. Math. Sci. 2019 (2019), 7965232. https://doi.org/10.115
5/2019/7965232.

[12] M.G. Bhong, V.M. Kale, A novel thin?layer model for drying of Indian dark red onion slices at high velocity,
J. Food Process Eng. 43 (2019), e13317. https://doi.org/10.1111/jfpe.13317.

[13] N. Nwulu, M. Muchie. Engineering design and mathematical modelling: Concepts and applications. African
J. Sci. Technol. Innov. Develop. 11 (2019), 269-270. https://hdl.handle.net/10520/EJC-15f3eddb5b.

[14] F. Remo, L.S. Luboobi, I.S. Mabalawata, et al. A mathematical model for the dynamics and MCMC analysis
of tomato bacterial wilt disease, Int. J. Biomath. 11 (2018), 1850001. https://doi.org/10.1142/s17935245185
00018.

[15] A. Fouda, A. El-Hadidy, A. El-Deeb, Mathematical modeling to predict the geometrical and physical
properties of bleached cotton plain single jersey knitted fabrics, J. Textiles. 2015 (2015), 847490. https:
//doi.org/10.1155/2015/847490.

[16] R. Levins, I. Miranda, Mathematical models in crop protection, Rev. Proteccion Veg. 22 (2007), 1-17.

[17] G. Hernandez-Bautista, [.A. Garcia-Montalvo, A.D. Perez-Santiago, et al. Numerical simulation of dyeing
process of cotton with natural dye, Processes. 9 (2021), 2162. https://doi.org/10.3390/pr9122162.

[18] H.T. Banks, J.E. Banks, J. Rosenheim, et al. Modelling populations ofLygus hesperuson cotton fields in the
San Joaquin Valley of California: the importance of statistical and mathematical model choice, J. Biol. Dyn.
11 (2016), 25739. https://doi.org/10.1080/17513758.2016.1143533.

[19] A. Mamatov, A. Parpiev, M. Shorakhmedova, Mathematical model for calculating the temperature field of a
direct-flow drying drum, J. Phys.: Conf. Ser. 2131 (2021), 052067. https://doi.org/10.1088/1742-6596/2131
/5/052067.

[20] B. Dome, D. Kuznetsov, Y. Nkansah-Gyekye, et al. A mathematical model that estimates input demand in
respect to the costs for cotton production, Amer. Acad. Sci. Res. J. Eng. Technol. Sci. 14 (2015), 187-203.

[21] M. Sundar Rajan, M. Palanivel. Comparison of non-linear models to describe growth of cotton, Int. J. Stat.
Appl. Math. 2 (2017), 86-93.

[22] A. Aboukarima, H. Elsoury, M. Minyawi, Simple mathematical models for predicting leaf area of cotton
plant, J. Soil Sci. Agric. Eng. 6 (2015), 275-294.

[23] L. Su, Q. Wang, C. Wang, Y. Shan, Simulation models of leaf area index and yield for cotton grown with
different soil conditioners, PLoS ONE. 10 (2015), e0141835. https://doi.org/10.1371/journal.pone.0141835.


https://doi.org/10.1099/vir.0.049627-0
https://doi.org/10.1046/j.1364-3703.2003.00188.x
https://doi.org/10.1155/2019/7965232
https://doi.org/10.1155/2019/7965232
https://doi.org/10.1111/jfpe.13317
https://hdl.handle.net/10520/EJC-15f3eddb5b
https://doi.org/10.1142/s1793524518500018
https://doi.org/10.1142/s1793524518500018
https://doi.org/10.1155/2015/847490
https://doi.org/10.1155/2015/847490
https://doi.org/10.3390/pr9122162
https://doi.org/10.1080/17513758.2016.1143533
https://doi.org/10.1088/1742-6596/2131/5/052067
https://doi.org/10.1088/1742-6596/2131/5/052067
https://doi.org/10.1371/journal.pone.0141835

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

COTTON LEAF CURL VIRUS (CLCUV) TRANSMISSION DYNAMICS 25

J. Khan, Z. Bashir, A. Ahmad, W. Tariq, A. Yousaf, M. Gohar, Mathematical modeling of cotton leaf curl
virus with respect to environmental factors, Eur. J. Microbiol. Immunol. 5 (2015), 172?176. https://doi.org/
10.1556/1886.2015.00012.

A. Ahmad, N.A. Yasin, A. Ibrahim, et al. Modelling of cotton leaf curl viral infection in Pakistan and its
correlation with meteorological factors up to 2015, Climate Develop. 10 (2018), 520?525. https://doi.org/10
.1080/17565529.2017.1318738.

F. Saeed, J. Farooq, A. Mahmood, et al. Estimation of genetic variability for cotton leaf curl virus disease,
fiber quality and some morphological traits using multivariate analysis in exotic gossypium (diploid and
tetraploid) species, J. Agrobiol. 30 (2013), 107-115.

T. Kinene, L.S. Luboobi, B. Nannyonga, et al. A mathematical model for the dynamics and cost effectiveness
of the current controls of cassava brown streak disease in Uganda, J. Math. Comput. Sci. 5 (2015), 567-600.
P. van den Driessche, J. Watmough, Reproduction numbers and sub-threshold endemic equilibria for com-
partmental models of disease transmission, Math. Biosci. 180 (2002), 29-48. https://doi.org/10.1016/s0025-
5564(02)00108-6.

C. Castillo-Chavez, ed., Mathematical approaches for emerging and reemerging infectious diseases: models,
methods, and theory, Springer, New York, 2002.

A K. Fantaye, Z.K. Birhanu, Mathematical model and analysis of corruption dynamics with optimal control,
J. Appl. Math. 2022 (2022), 8073877. https://doi.org/10.1155/2022/8073877.

J.P. Lasalle, Stability theory and invariance principles, in: Dynamical Systems, Elsevier, 1976: pp. 2117222.
https://doi.org/10.1016/B978-0-12-164901-2.50021-0.

[32] H.S. Rodrigues, M.T.T. Monteiro, D.EM. Torres, Sensitivity analysis in a dengue epidemiological model,

Conf. Papers Math. 2013 (2013), 721406. https://doi.org/10.1155/2013/721406.


https://doi.org/10.1556/1886.2015.00012
https://doi.org/10.1556/1886.2015.00012
https://doi.org/10.1080/17565529.2017.1318738
https://doi.org/10.1080/17565529.2017.1318738
https://doi.org/10.1016/s0025-5564(02)00108-6
https://doi.org/10.1016/s0025-5564(02)00108-6
https://doi.org/10.1155/2022/8073877
https://doi.org/10.1016/B978-0-12-164901-2.50021-0
https://doi.org/10.1155/2013/721406

	1. Introduction
	2. Model Formulation
	3. Model Analysis
	3.1. Positivity of Solution
	3.2. Invariant Region
	3.3. Disease Free Equilibrium Point of the Model
	3.4. Local Stability of the Disease Free Equilibrium Point
	3.5. Global Stability of the Disease Free Equilibrium Point
	3.6. Disease Endemic Equilibrium Point of the Model
	3.7. Local Stability of the Endemic Equilibrium Point
	3.8. Global Stability of Disease Endemic Equilibrium Point
	3.9. Sensitivity Analysis of Model Parameters
	3.10. Interpretation of Sensitivity Indices

	4. Numerical Simulation
	5. Conclusion
	Conflict of Interests
	References

