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Abstract

Tomato cultivation in Burkina Faso and elsewhere constitutes a source of income for farmers. Tomato is a very important
fruit for a good complete diet, unfortunately low productivity is caused by various factors including climate change, fungal
plant diseases linked to pathogens and spread by insect pests. Every year farmers suffer huge losses due to the tomato yellow
virus (begomovirus), which is transmitted by insect vectors Bemisia Tabaci. However, we analyze these insect management
problems using mathematical models. In this paper we developed a mathematical model of tomato yellow leaf curve virus
(TYLCV) disease in the tomato plantation with the growth rate of insects vectors following the logistic function, taking into
account the two latent stages of the vegetative phase and the generative phase of tomato plants. We determined the value of the
basic reproduction number Ry of the model from the dominant eigenvalue of the next generation matrix. In practice the basic
reproduction number represent the number of new cases generated by an infectious individual during its infection phase . But
in theory we use the basic reproduction number to analyze the stability of the equilibrium states of the model. This parameter
is used to evaluated the speed of spread of the virus in the population. The results illustrates that when R < 1, the disease-free
equilibrium point is asymptotically globally stable and the model has an endemic equilibrium point which is asymptotically
globally stable when R > 1. We have also provided numerical simulation examples describing the population of the model that
was developed. The numerical simulation results illustrate that for a use of Verticillium lecanii at a dose greater than 10% the
population of tomato plants latent, infected in the vegetative and in the generative phase will experience extinction, just like the
susceptible and infected population of Bemisia Tabaci. In the last part of our work, we also calculated the sensitivity indices of
certain parameters that are very sensitive to the variation in the value of the basic reproduction number. These findings provide
a scientific basis for optimizing biocontrol strategies in tomato farming.

Keywords: Latent stage, logistic function, Verticillium lecanii, basic reproduction number, differential equations, numerical
simulations, sensitivity index.
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1. Introduction

Solanum Lycopersicum L. (S. Lycopersicum L.), which belongs to the nightshade family is one of the
most cultivated plants in the world (Barboza et al. and Gadji et al. [6, 16]). In Burkina Faso, tomatoes
are the second most important market garden crop, after onions, with a production estimated at more
than 10000 tonnes in 2014 (Son et al. [43]). However during these recent years have seen a decline in
yields from 11.3 tonnes/ha in 2010 to 9.7 tonnes/ha in 2014 (Son et al. [43]). These reductions in yield are
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mainly due to a complex of pests, the main ones of which are Ralstonia solanacearum (Smith); Fusarium
oxysporum (Scheltdl), Bemisia tabaci (Gen); Helicoverpa armiga (Hub) and Tutaa absoluta (Meyrick) (Son
et al. [43]). In particular, a diversity of species of Bemisia tabaci on market garden crops is known in the
Western part (Gnakine et al. [19]). The studies carried out have show the presence of the MED-Q 1, MED-
Q 3, biotypes, the ASL biotype and the SSA biotypes thanks to the mitochondrial marker which codes
for the cytochrome Oxidase 1. The MED-Q 1 biotype, recognized as predominant, is often encountered
in sympathry with ASL on the same host plants (Rouamba et al. and Son et al. [40, 43]). Pest control
programs and vectors of TYLCV consists of using insecticides including Verticillium lecanii (Son et al.
[43]), hybrid seeds, crop rotations and crops of resistant varieties. Facing the threat of TYLCV against
tomato cultivation in Burkina Faso.

Despite the advantages that tomatoes represents for the well-being of populations, their cultivation
faces numerous major biotic constraints which severely threaten production with enormous drops in yield
(AL-MUSA, Gadji et al., and Sabuka et al. [2, 16, 41]). It is a virus belonging to the Geminiviridae family,
it was recognized and identified for the first time in Israel in 1930. Since 1935, this virus has been a main
permanent pest of the Jordan valleys. This virus has affected more than 30 tomato-producing countries. It
is commonly found in tropical and subtropical regions (Czosnek et al. [14]). Tomato yellow leaf curl virus
(TYLCV) has been found in several regions of the world such as the Mediterranean, Japan, China and
many other countries (Akad et al. [1]). TYLCV is a virus that affects tobacco, cassava, cotton, red chilli and
other cash crops (Jones et al. [26]). Many developing countries are also experiencing damage to tomato
crops linked to the virus due to climate change and the very high costs of pesticides to combat the vectors
responsible for TYLCV disease (Glick et al. [17]). We can cite as examples of African countries most
exposed to TYLCV disease: Egypt, Sudan, Tunisia, Burkina Faso, Nigeria, Senegal, Cabo-Verde, Mali,
Ivory Coast, Gambia, Mauritania, and Tanzania (Kashima et al. [28]). In Tanzania a first investigation
was carried out in 1993-1994 on a new distinct Gomini tomato, the virus was identified by Akad et al.
[1]. TYLCV is transmitted by the insect vector Bemisia Tabaci commonly called silver whitefly (Mehta
et al. [33]). The virus is transmitted to adult stages of the whitefly. In general, the female whitefly
transmits more than her male. There white whitefly can contract the virus when it feeds, sucks plant
juices through infected plant leaves for 14mn-30mn. After a duration of 21h-24h of incubation inside
the insect it can transmit the virus to other tomato plants. A period feeding of at least 15mn on new
tomato plants is sufficient to retransmit the virus. The whitefly retains the virus for up to 20 days after an
acquisition period and loses subsequently the transmission capacity to other factories (Butter et al. [8]).
The symptoms develop on young plants after 10 to 14 days (Cruz Vargas-De-Leon et al. [44]), however,
disease caused by TYLCV is easily identified when tomato plants are infected at seedling level, specially
when infection occurs before the following stage. During this stage the plants are very sensitive to the
infection. Whitefly populations decline during heavy rainy seasons, resulting in a regression to infection
of tomato plants. Also during the night the whitefly settle on the underside of the leaves of tomato plants.
In the spring and summer seasons whitefly populations migrate, leading to a reduction in the spread of
TYLCV.

Since the highlighting of epidemiological models, models of fungal diseases have received much at-
tention from researchers. For example (Sabuka et al. [41]) have developed an epidemiological model on
which the vectors only make a transient visit to the culture and do not reproduce. They also estimate the
parameters of the virus disease case of Tomato Leaf Curl virus (TYLCV) in India. They results showed
that the use of the protective net combined with the growth of resistant varieties constitutes a potential
for both the reduction of the Bemisia tabaci population and immigration to cultivation which reduces in-
oculation of the virus by insects that affect the crop (Sabuka et al. [41]). Many researchers have conducted
studies on mathematical models of plant disease in particular (Moore et al. [34]), which carried out re-
search on host-vector epidemiological models with direct transmission and considered a delay punctual
(Zhou et al. [47]). Then the plant epidemiological model with non-linear and bilinear cases was analyzed
by Jeger et al. [22]. While mathematical models of the spread of transmitted diseases by insects linked
to climate change was analyzed by Murwayi et al. [35] and BioM conference. A numerical simulation to
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understand the behavior of the model was given by Gnakine et al. [19]. Also, mathematical modelling
of plants, vector-borne diseases were discussed by Nakazawa et al. [37] and by Rida et al. [39], com-
bining predator-prey models with host models. Vectors to determinate the indirect effects of predators
on the dynamics of host vectors. The theory and analysis of plant pathology, as well as information on
plant disease outbreaks can be found by Madden et al. [31], moreover the modeling of plant diseases
caused by viruses was discussed by Jeger et al. and Jeger et al. [23, 25], as well as the mathematical
models of interactions transmitted by soil and microbial antagonists such as controls were carried out by
Cunniffe et al. [13]. Amelia et al. in [3] studied a mathematical model of the propagation of the tomato
yellow leaf curl virus (TYLCV) of red chilli using Verticillium lecanii and the results were satisfactory,
they showed at the end of their work that Verticillium lecanii could be a means of controlling the TYLCV.
But they did not take into account the laten stages because they did not take into account the latency
period of the transmission of TYLCV. In [5], Atifah et al. studied an SI mathematical model of the spread
of tomato yellow leaf curl virus using Verticillium lecanii as a means to control the TYLCV disease. In
this model the authors are not take into account the latency period of the spread of tomato yellow leaf
curl virus. Speaking of whiteflies that invade many cultures, there are mathematical models Keller Segel
models, which better describe the evolution of some species, the passage of single-celled organisms to
more complex structures, these are paradigmatic models that observe the propagation of species in space
according to the concentration of sites in food for their feeding. This attraction is based on chemotaxis.
In [10], the authors studied a nonlinear attraction-repulsion chemotaxis model with a logistic function,
applied to the diffusion of dictystelium according to the concentration of sites in food. Li et al. studied
in [46] a model of the chemotaxis type of attraction-repulsion with zero flux with linear and superlinear
production. It is a model of the Keller Segel type idealizing the phenomena of aggregation in situations
where certain populations are attracted by a signal that they absorb themselves and a repulsive model
where the populations are repelled.

This present paper is an extension of the work of Amelia et al. [3]. This study uniquely incorpo-
rates latent stages of vegetative and generative tomato plants into the mathematical model, offering new
insights into disease control dynamics. Taking into account these latency stages is linked to the latency
period before the appearance of the symptoms disease on the tomato leaves which is 10 to 14 days (Cruz
Vargas-De-Leon et al. [44]). Verticillium lecanii as a control population of Bemisia tabaci. To know
the spread of the yellow virus in the tomato plant, other knowledge is necessary to obtain an in-depth
mathematical analysis. Indeed the growth function that we used in this paper is a logistic function, this
function is considered the most illustrates model of the growth dynamics of organisms in restricted envi-
ronments compared to linear functions. This function assumes that the growth rate of a given population
is proportional to the population size (Busenberg et al. [7]). The epidemiological system in which we
were interested is a tomato growing area in which tomato plants and insects pests Bemisia tabaci coexist,
defined by a system of first degree ordinary differential equations.

The paper structured in these following points. In Section 2, we proposed a model of TYLCV. In
Section 3, we use the theory of uniform persistence to analyze the global behavior of the model. In Section
4, we proceed to determine the disease free equilibrium point in order to compute the basic reproduction
number which we use as instruments to predict the evolution of the disease and we study the global
stability of the disease free equilibrium point using the Castillo-Chavez theory. In Section 5, we prove
that the model has an endemic equilibrium and we also examine its overall stability through a Lyapunov
function and the Invariance principle of Lasalle. In Section 6, numerical simulations are provided in
order to illustrate our theoretical results. In Section 7, we proposed the study of the sensitivity of certain
parameters to observe which have an impact on the basic reproduction number. We end this work by a
conclusion.

2. Mathematical modeling of the spread of begomovirus

2.1. Model formulation
We formulate a model of tomato disease dynamics tomato yellow leaf curl virus (TYLCV), following



M. Ido, M. Barro, Y. Savadogo, B. Traoré, J. Math. Computer Sci., 39 (2025), 474-499 477

the ideas of the models presented by Amelia et al. and Atifah et al. [3, 5]. We have taken into account of
latent stage to observe its impact on the dynamics of begomovirus transmission in tomato plants because
the period of appearance of TYLCV symptoms on tomatoes which corresponds to the latency period of
the disease is 10 to 14 days (Cruz Vargas-De-Leon et al. [44]) and populations of vectors in mathematical
analysis. Recall that "latent stage refers to the period during which individuals are infected but asymp-
tomatic, a critical factor in understanding disease dynamics". We consider a tomato field initially made
up of young plants designated susceptible vegetative plants noted S, and mature production plants des-
ignated susceptible generative plants noted S4. We note, however, that the susceptible vegetative plant
can therefore freely become a susceptible generative plant with a rate of becoming . Following a sub-
mersion of the whiteflies noted Sgt in the field. Some wearing begomovirus which is a disease of tomato
yellow leaf curl virus (TYLCV), can during their feeding, contaminate both types of plants. Thus the
vegetative plants are infected at the 3; rate by a whiteflies carrying the begomovirus noted Igt and the
generative plants are infected at the 3, by a whiteflies carrying the begomovirus. Taking into account this
first infection, vegetative plants can become exposed vegetative plants but not infectious noted L, at the
1 passage rate and generative plants can become exposed generative plants noted Ly at the 3, passage
rate. After the incubation period of the virus which is approximately 10 to 14 days (Cruz Vargas-De-Leon
et al. [44]), the vegetative plants exposed L, become an infectious plants noted I, with a 3 transfer rate
and the exposed generative plants also become infectious generative plants with a 0 transition rate. This
during the whiteflies susceptible Sg1, during the stings of the leaves of tomato plants to feed on the sap
can contract the virus at the rates of acquisition y; by the whiteflies Sg1 to feed on infected vegetative
plants I, and vy, by Sgt during the sting of the infected generative plants. We manage to note that the
tomato plant population consists of susceptible vegetative plants, latent vegetative plants, infected vege-
tative plants, susceptible generative plants, latent generative plants, infected generative plants which we
represent respectively by S,, L,, I, Sg, Ly, I5 and the population of vectors is made up of susceptible
insects and infected insects, which we represent respectively by Sg1, IgT. Insect recruitment follows the

function of logistics growth rate r (1 — 5%) , where K is the carrying capacity Bemisia tabaci in the tomato

plantation and r being the intrinsic growth rate of Bemisia tabaci. The logistic growth rate assumes that
the whiteflies population grows quickly when small but slows down as it approaches the carrying capac-
ity K. We did not take the latent stage into account since 21h-24h is enough to the insect contaminated
by infected plant leaves to retransmit the virus by nourishing, by sucking plant juices. A feeding period
of at least 15mn on the new tomato host is necessary for virus transmission. Our main objective of this
modeling is to introduce a control variable, which is the use of a Verticillium lecanii pesticide to protect
or sustainably control plant crops, precisely the tomato yellow leaf curl virus (TYLCV). To this we take for
dp the efficiency of use of Verticillium lecanii and 1 — &, as a representation of pesticide inefficiency. After
introduction of the pesticide Verticillium lecanii at the 6, rate to slow down the different infections we ob-
serve the transition changes in the two types of populations. 31(1 — ;) is the new infection rate to tomato
plants during the vegetative phase S, by an whitefly infected Igt and is influenced by the effectiveness of
the use of Verticillium lecanii, to become an exposed vegetative plant and $5(1 — ) is the new infection
rate to tomato plants during the vegetative phase S, by an whitefly infected Izt and is influenced by
the effectiveness of the use of Verticillium lecanii, to become an exposed vegetative plant. Also the new
infection rate controlled by the effectiveness of the use of Verticillium lecanii to susceptible whiteflies Sgt
by infected vegetative plants is y1(1 — 6,) and the new infection rate controlled by the effectiveness of the
use of Verticillium lecanii to susceptible whiteflies Sg by infected generative plants is y,(1—8). 0870p
is the mortality rate controlled by the use efficiency of the pesticide Verticillium lecanii of the population
of susceptible whiteflies and infected whiteflies during the initial instant of homogeneous spraying of all
types of tomato plants. These two rates p, and pugt designate respectively the natural mortality rate of
the plant for all the different compartments of the tomato plant and of susceptible and infected whiteflies.
Thus the dynamics of the mathematical model formulated from the spread of yellow virus of tomato
plants includes the following hypothesis.
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(H1) Whiteflies exhibit no feeding preference and feed uniformly across all parts of the tomato plant.

(H2) Tomato plants are susceptible to infection (during the vegetative or generative period) in the event
of direct contact with an infected insect vector.

(H3) When an individual is infected within both populations remains infected constantly throughout its
lifespan, i.e., can not recover.

(H4) The infection rate of the tomato plant is by contact (occurs at time).
(H5) All populations of the tomato plant were sprayed with Verticillium lecanii.

(H6) The infection rate of Tabaci when is an interaction between an infected plant during the vegetative
phase is influenced by the effectiveness of the use of Verticillium lecanii.

The flow chart of the spread of yellow virus in tomato plants combined with the using of the insecticide
Verticillium lecanii is visible in the Diagram 1, with the definition of the variables and parameters used1l
is also given by the Tables 1 and 2.

Table 1: Summary of biological variables.

Variables Biological significance Unity
Su(t) Population of susceptible vegetative tomato plants at time t Individual plant
L,(t) Latent vegetative tomato plants population at time t Individual plant
I, (t) Infected vegetative tomato plants population at time t Individual plant
Sy(t) Susceptible generative tomato plants population at time t Individual plant
Ly(t) Latent generative tomato plants population at time t Individual plant
I4(t) Infected generative tomato plants population at time t Individual plant
SgT(t)  Susceptible Bemisia tabaci population at time t Individual vector
IgT(t)  Infected Bemisia tabaci population at time t Individual vector

Table 2: Summary of biological parameters

Parameters Biological significance Unity
N, Total population of tomato plants at initial time Individual plant
T The insect Bemisia tabaci birth rate day !
A The number of tillers or replanting of tomato plants day !
o The growth rate of tomato plants from the day~!
vegetative phase to become generative plants
0 The growth rate of tomato plants from the latent day !
vegetative phase to become infected vegetative plants
§ The growth rate of tomato plants from the latent day !
generative phase to become infected generative plants
B1 The infection rate of tomato plants during the vegetative phase (individual x day) ™
B2 The infection rate of tomato plants during the generative phase (individual x day)_1
Y1 The infection rate of Bemisia tabaci when is an interaction
between an infected plant during the vegetative phase
) The infection rate of Bemisia tabaci when is an interaction (individual x day)*1
between an infected plant during the generative phase
op The efficacy of use of Verticillium lecanii
Hp The mortality rate of the tomato plant day*
BT The natural mortality rate of Bemisia tabaci day*
OpT The mortality rate of Bemisia tabaci caused by the fungus day*

Verticillium lecanii
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2.2. Compartmental diagram of the dynamics of yellow virus propagation

The compartmental diagram Figure 1 illustrates the transitions between susceptible, latent, and in-
fected states for both tomato plants and whiteflies, as well as the effect of control strategies like pesticide
application.
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Figure 1: Compartmental diagram for transmission dynamics TYLCV.

2.3. Mathematical model

By taking stock of the input-output masses in the different classes suitably to the mathematical for-
mulation, the model of the dynamics of the propagation of the virus host-insect interaction vectors is
described by the following system (2.1)

( Sy =A—aS, — B1(1— 6p)SvIBT — HpSy,

Ly =B1(1— 6p)SvIBT — 0L, — upLy,

iv = eI—v — Up Ly,

Sqg :“SV_BZ(l_ép)SgIBT_lJ’pSg/ 2.1)
Lg = B2(1 _5p)SgIBT - E’Lg - le-gr '

Ig = BLg — Hplg,
{SBT =T ( - S%) ST —V1(1=0p)ySp1 —v2(1 —8p)[gSeT — (OBTOpNp + 1BT) SBT,

IgT =v1(1=8p) ST +v2(1 —8p)1gSeT — (BBT8pNp + 1pT) IBT,

with the initial conditions

SV(O) > O/ LV(O) > 0/ IV(O) > 0/ Sg(o) 2 0/ LQ(O) > 0/ Ig(o) > 0/ SBT(O) > 0/ IBT(O) > 0‘ (2'2)
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We give explanatory details of the differential equations which govern our model (2.1).

The first equation of system (2.1), Sy =A—aS, —B1(1— 0p)SvIBT — Kp Sy, describes the dynamics of
susceptible vegetative tomato plants. Recruitment into this class is represented by A, loss to generative
phase by «S,, and infection by 1(1 — 6,)S,IgT, which accounts for pesticide efficiency. The second
equation of system (2.1), L, =p1(1— 8p)SvIgT — OL, — up Ly, describes the dynamics of latent vegetative
tomato plants. 1(1—0,)S,IgT is the mass of vegetative plants infected but asymptomatic, 6L, is the mass
of asymptomatic infected plants towards infectious plants and deaths of asymptomatically infected plants
as ppLy. The third equation of system (2.1), I, = 0L, — p,, I,,, describes the dynamics of infected vegetative
tomato plants. 0L, correspond to the flux of latent vegetative tomato plants who have become infectious
vegetative plants and ppl, the deaths of the infected vegetative tomato plants. The fourth equation
of system (2.1), Sg = &Sy, — B2(1 —8p)SylpT — HpSy, describes the dynamics of susceptible generative
tomato plants. «S, is the mass of susceptible vegetative plants who have become generative plants while
remaining susceptible, infection by 35(1 —6,)Sglgt and the deaths by the p,S4. The fifth equation of
system (2.1), T_g = B2(1—06p,)SglpT — BLg — npLy, describes the dynamics of latent generative tomato
plants. 32(1—08,)S4IpT is the mass of susceptible generative plants who have become infected generative
plants but asymptomatic and the deaths by p,Sg. The sixth equation of system (2.1), I = BLg — pplg,
describes the dynamics of infected generative tomato plants. The news infected generative plants by 3L

and the deaths by p, 4. The seventh equation of system (2.1), Spr =T (1 — S%) ST —v1(1—=8p) L, SpT —
Y2(1 =8p)IgSeT —OBTOpNpSeT — UBTSBT, describes the dynamics of susceptible whiteflies population.
T (1 — S%) Sgt is the logistic growth of the whitefly population. The losses of susceptible whiteflies

are of two types: infected whitefly population by contact with an infected vegetative plant during their
feeding by y1(1 — 6,)1,SgT, infected whitefly population by contact with an infected generative plant
during their feeding by v>(1 — 8, )IgSgT and deaths from susceptible whiteflies are of two types: deaths
linked to pesticide use by 018, N,SgT and the natural deaths by ugtSgt. The eighth equation of
system (2.1), Igt = v1(1—8p)LuSeT +v2(1 — 8p)IgSeT — OBTOp NpleT — HpTIRT, describes the dynamics
of infected whiteflies population. v1(1 —8,)I,SgT + v2(1 — 0p)IgSpT is the news whiteflies becoming
infected, deaths linked to pesticide use by 0516, Ny,IgT and the natural deaths by ugtlgT.

3. Mathematical analysis of the TYLCV model

In this section, we must prove that the solutions of system (2.1) exists, are positive and bounded for
all time (t) that means the TYLCV model has eco-epidemiologically meaningful.

3.1. Existence and uniqueness of solutions

Model system (2.1) describes a system of autonomous first order differential equations, then we can
further rewrite this system in the following form:

y(t) = o(y(t), (3.1)

where y(t) = (Sv(t), Lu(t), L (1), Sq(t), Lg(t), Ig(t), SpT(t), IgT(t))" and ¢ is a class € function of R® in
IR8, defined by:

A —aS, —B1(1— 6p)SvIBT - H’psv
B1(1— 5p)SvIBT —mply

oL, — Hva
oSy —B2(1—=06p)SglpT — 1pSy
ely) = Ba(1—8p)SglpT — BLg — HpLg ’
BLg —uplyg

T (1 - S%) SeT —v1(1—8p) ST —v2(1 —8p)lgSeT — OBTOpNpSpT — HBTSBT
Y1(1—=08p) ST +v2(1 —8p)IgSeT — OT0pNpIpT —uBTIBT
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withy = (Sy, Ly, L, Sg,Lg, Ig, SeT, IgT)" € RE.
Theorem 3.1. For any initial conditions (2.2), the system (3.1) admits a unique maximal solution.

Proof. The function ¢ associated with system (3.1) is of class €', then it is also of class €. So ¢ is locally
Lipschitzian on R® such that S,(0) > 0. Therefore we have existence and uniqueness of the maximal
solution of the Cauchy problem associated with the system defined by (3.1) on [0, Tnax[, where Tinax > 0,
for any initial condition (2.2) . O

3.2. Non-negativity of solutions

We need to find solution of each equation of the model system (2.1) for testing positivity.
We thus have the following theorem.

Theorem 3.2. For any initial condition (2.2) the maximal solution of the system (2.1) is non-negative.

Proof. Let’s proceed absurdly by setting: t; = SUP (vt [0, Ty [} {Sy(u) >0, H(u) > 0} with

H(t) = min{ L, (t), L,(t), Sg(t), Lg(t), I4(t), Ser(t), IeT(t)}
Since the maximal solution exists, t; is well posed or is well defined in R U{+4o0}. If t; = +oo there are
done. Assume that t; € R, in this case S, (t;) =0 or H(t;) < 0.

First case. We assume that S, (t;) = 0. From the first equation of the system (2.1), we obtain
t
$.(0) > S,(0)exp (|| 18111 8p)er(s) ~a—wilas)
0

VL€ [0, Tmax [ or $,(0) > 0 we get 0 = Sy(t1) > Sy(0) exp ([§'[=B1(1 — 8p)Igr(s) — a— pilds) > 0, which
is contradiction.

Second case. We assume that H(t;) < 0. If H(t;) = L,(t1), then from the second equation of the system
(2.1), we obtain:
Lv(t) > LV(O) exp(i(e + U'p)t)/ Vt € [0/ Tmax[/ 0 > LV (tl) > 0/

which is contradiction. We can also make similar contradictions for the other variables. O

3.3. Boundedness of the solutions

Here, we must show that the maximal solution is bounded in the subset I' C ]Ri X ]R%L.
Let us consider the domain I" defined by I' =T x I C lRi with

A
F1_{(SV,LV,IV,SQ,LQ,IQ)TelRi|Sv+Lv+Iv+Sg+Lg+IggH},
P
N =14 (Sgr, Igr)" €R2 | Spr+IpT < K
2 — BT,1BT + BT BT X 4‘-min(}l1,eBT6pr) .

Theorem 3.3. The set I' is positively invariant for the system (2.1). Furthermore model (2.1) is biologically feasible
in the domain T

Proof. The evolution of the system (2.1) is governed by the following system

S(t) = A—ppS(t)
=T (1—

. SBTK(t)> SpT(t) —OpTO0pNp V(1) —upTVI(L),

Vit) (3.2)
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where S =S, + L, +1, +Sg + Ly +1g and V = St + IgT. From the first equation of system (3.2) and by
applying the formulation of the constant variation between 0 and t, we obtain the following solution

si="2 4 <S(O) _ A) e Hnt

since S(0) = S, (0) + I, (0) + S4(0) + Lg(0) +14(0) > O, then S is continuous, positive, and increasing on
]R§r and lim¢_, o S(t) = HA Then 0<S(t) < uAp’ Vt € [0, Tmax[. From the last equation of the system
(3.2), we get

. K )
V(t) = f(SeT(t)) —0BTOpNp V(L) —upTV(t) < T min(0g78pNp, upT)V(1),

where f(Sg7(t)) =1 (1 — SBTTM) SgT(t) and with SUP ¢ (0,4 00] f(SgT(t)) = %. By the comparison princi-
ple we obtain

V(t) < 4min(9T;< N ) (1 —e*min(eBT‘Svar“BT)t> _|_V(O)e*min(GBTf)pr/HBT)t,
19pNp, K1
K
V(t) < !

= 4min(p, 070pNp)

So0 < V(t) < 4mm(ulfel; 5N/ Vt € [0, Tmax[. Thus S and V are bounded and Tyax = +00. Consequently,

all solutions of the system (2.1) with initial conditions remain positively invariant in the compact domain
[forallt > 0. O

4. Disease free-equilibrium point

The system (2.1) admits two disease-free equilibrium points given by

A A
@Oz( 0,0, % ,0,0,0,0>,
X+ pp Hp (ot + pp)

'Dl _( A 0.0 oA 0.0 K(T—HBT—NpépegT) 0>
o+ Kp tp (0 + 1p) T

for v > ut + Npdp0OpT. Although we have two equilibrium points without disease but only one of the
two is used for determine the basic reproduction number and analysis of the stability of the equilibrium
point without disease, in particular the equilibrium point D!. This choice is justified by the fact that in
DO the population of Bemisia tabaci is zero, it is not relevant enough because the population of the insect
as a vector for spreading the disease does not exist. However, it would be more ingenious to look in
the numerical simulation section when there is persistence of endemic equilibrium in what percentage of
dose of use of Verticillium lecanii we would be able to return to equilibrium without disease and without
the vector TYLCV transmitter, i.e., at DFE DY,

4.1. Basic reproduction number and local stability of disease-free equilibrium

The basic reproduction number Ry is very important in epidemiology because it is used to determine
the number of secondary infections caused by a primary infection in populations sensitive (Castillo-
Chavez et al. [9, 11]). We use the standard next generation matrix method developed by Diekman et al.,
Heffernan et al., and Van den Driessche et al. [15, 22, 45], where F is the new infection matrix and V is
the transfer. In system (2.1), we only consider variables in which the infection is progressing, i.e., L,, I,
Ly, Ig, and Ig1. The corresponding equations can be rewritten as follows:

Y1 =F(Y1) — V(7).
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Let Y1 = (L, I,, Ly, Ig, IgT) be an infection state describes new infections arising in state Yy and V(Y1) the
terms of transfers between compartments or outside compartments:

B1(1—8p)SvIpT (0+ pp)Ly
0 —O0L, + pply
F(Y1) = B2(1—085)SglpT and V(Yy) = (B+m1pllg
0 —BLg + uplg
Y1(1—=0p) ST +v2(1—8p)1gSeT OTO0pNplpT +upTlsT

The Jacobian matrix R of F and H of V evaluated in D! are, respectively,

A
0 0 0 0 B1(1 _6P)m
0 0 0 0 0
A
0 0 0 0 0
(1—8,)K(r N, 5,057) (1—8,)K(r N, 5,087)
0 Y1 P TEL BT — BT 0 Y2 P TF} BT — pYUBT 0
and
O+up O 0 0 0
—0 Hp 0 0 0
H— 0 0 B+up O 0
- 0 0 —p Up 0 !
0 0 0 0 Op71éyNy, +uUpT
1
W (1) 0 0 0
H! = 1
0 0 B_EH'P ? 0
0 O Hp(ﬁ+up) rp (1)
0 0 0 0 ours, Ny T
The next generation matrix of system (2.1) is given by
0 0 0 0 M;ys
0 0 0 0 0
M=RH!'=] 0 0 0 0 M;ss
0 0 0 0 0
Msi Ms; Msz Msg 0
with
1—-05,)A 1—08,)aA
Mys = B1( p) ) Mas — Baf p)(x )
(o + Hp)(GBT(Spr‘i‘HBT) Hp(“+ Hp)(eBTépr‘i‘liBT)
Ms, = Ky10(1 —8p) (1 — 1T — NpépeBT), Msy = Ky1(1—8p)(r—upT — Np5peBT),
Tlip(e + Hp) HpT
K 1-5 - —N,4,0 Kya(1—5 - —Npd,0
Mss = Y2B( p)r—upT —Npdy BT), Mss = val p) (T —uBT BT)

Tlip(f’ + P-p) THp
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The eigenvalues for the matrix M are 0, /M5 X Ms1 + M35 X Ms3, —/Mji5 X M1 + Mas X Mss. The basic
reproduction rate of the system (2.1) given by the dominant eigenvalue of RH™!, is

Ry = (1—5p) K/\(T_uBT_NpépeBT)h/llJ-pﬁle(B"f‘Mp)+Y2f>2[30c(e+up)]
: P T2 (o + pp) (8 + 1p ) (B + 1p) (OB T0p N + HpT)

Choosing H for host and V for vector. We let Rovy = = up)ﬁ(lé;gs])\l/: T

etative plants phase infected by one infectious Bemisia tabaci vectors over its infection period; Rorov =
Ba(1—8p) A
pp (o+1p ) (OT0p Np+HpT

misia tabaci vectors over its infection period; Royrv =

j the number of tomato veg-

7 the number of tomato generative plants phase infected by one infectious Be-

Ky1(1—=8p) (r—ppT—NpdpOpT
HpT

tabaci vectors infected by one infectious tomato vegetative plants phase over its infection period; and

Rovhe = KWB(1_5:&&%?;51%%9”) the number of Bemisia tabaci vectors infected by one infectious

tomato generative plants phase over its infection period, Ry can be written as

) the number of Bemisia

Ro = v/ Rorvv x Roviy + Rorsv x Rovis.

4.2. Globally stability of the disease-free equilibrium point D*

In this work we study the global asymptotic stability of the disease-free equilibrium using the theorem
of Castillo-Chavez et al. [11]. Let’s rewrite our model and we list two conditions, if they are met they will
guarantee the global asymptotic stability of disease-free equilibrium.

{X —F(X,Y),

. (4.1)
Y =G(X,Y), G(X,0) =0,

where X = (S, Sg, SgT) € ]R%r is the vector representing the stage of the different compartments of sensi-
tive plants and insects and the vector Y = (L,, I,, Ly, Ig,IpT) € ]R§r represents the stage of compartments
of the different plants and insects carrying the diseases (plants and latent insects and infected). Let’s
D = (X*,0) represents the disease-free equilibrium point. The two conditions below guarantee global
asymptotic stability of D'.

(i) X =TF(X,0), X* is globally asymptotically stable;

X* ( A oA K(T— 1 —Np6p81)>
‘X‘“Iiplup(o““up)/ T .

(i) G(X,Y) = DyG(X*,0)Y —G(X,Y), G(X,Y) >0, for (X,Y) €T,

where DyG(X*,0) is a Metzler Matrix(the diagonal elements are non-negative) and is also the Jacobian of
G(X,Y) taken in (L,,I,, Ly, I, IgT) and evaluated in

AN oA K(r—pu1 —Npop01)
0‘+leup(“+up)’ T

@1:(x*,0):< ,0,0,0,0,0).

If system (4.1) satisfies the above conditions, then according to Castillo-Chavez [11].
Theorem 4.1. The equilibrium point D of the system (2.1) is globally asymptotically stable in T when Ry < 1.

Proof. We begin our proof by defining new variables and by dividing the system into sub-systems X =
(Sv,Sg,SeT) and Y = (L,, I, Ly, Ig, IgT) With two vector-valued functions G(X, Y) and F(X,Y) given by

A—aS, —B1(1— 6p)SvIBT - Hpsv
F(X,Y) = ‘XSV_BZ(l_ép)SgIBT_HpSg
T (1 - S%) ST —v1(1 = 8p)vSeT —v2(1 —8p)IgSeT — OBTOpNpSeT — HBTSBT

7
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B1(1— 6p)SvIBT —pply

eLv_leva
G(X)Y) = 62(1_5 )S IgT —BLg —upLg
BL —uplyg

Y1(1—=0p) ST +v2(1—8p)1gSeT — OBTOpNplpT — UBTIRT
Now we consider the reduced system F(X, 0) defined by
S'v =A— ((X"i‘ Hp)sv/
Sg = a8, —upSy, (4.2)
SpT =T (1 - S%T) ST — (0BTOpNp + uBT)SBT.

Now we can explicitly solve the three equations of system (4.2) and arrived at explicit solutions

A A
S0 =T (SV(O) Catp ) e
P P
oA oA _
Sg(t) = (7 + (Sg(O) — ) e (atmp)t
Hp (o + Up) p (o + 1p)
K(r—upT —Npop0p7)
Spr(t) = PP e N AT cste >0,

where cste is an constant. When t tends to infinity we obtain the equilibrium point X*. We note that
this asymptotic dynamics is independent of the initial conditions in T, therefore the convergence of the
solutions of the reduced system (4.2) is global in I'. We now calculate G(X,Y) = DyG(X*,0)Y — G(X, Y)
and show that G(X, Y) > 0.

w, 0 0 0 Pill—8p) gl
0 —up 0 0 0
DyG(X*,0) = 0 0 —(B+up) 0 Bof1 5p)m ,
0 0 B iy 0
0 Ts 0 Tsg  —(0BT8pNp + upT)
T Y1(1—08,)K(r—upt —Npdp0pT) Ter Y2(1—8,)K(r—upt —Npop0p7)
52 = " , Tsg = " ,
and
B1 (“f}lp _Sv) IpT
0
G(X,Y) = (1-8p) B2 (%7 — So) Tet
0

Y1 (K(T‘*HBT*TNpépeBT) _SBT) Iv +'Y2 (K(T‘*HBT*TNPZSPGBT) _SBT> Ig

Let’s consider this following system:

Sv =A—aS, —B1(1— 6p)SvIBT - Hpsv,
Sg = &Sy — B2l — 8p)S¢lBT — HpSq, 4.3)
Spr=r (1 - S%) ST —v1(1 =8p)LSpT —v2(1—8p)IgST — OBTOpNpSeT — HBTSBT.

Since the positivity of the solutions of the system (3.1), permits us to obtain these three following inequal-
ities according of system (4.3),
: SBT

Sy KA—aSy —upSy,  Sg < aSy—upSg, ST < (1 — K) ST —O0BTOpNpSpT — UBTSBT-
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Solving the last three inequalities by separation of variable principle and using the standard comparison
principle, we obtain
A a K(r—pugt —Npdp0pT)

limsup S, < , limsup S4 < , limsup St < .
totoo Xt p toros 0 Hplatpp) t—-o0 h T

/\ /\ . .
Then we show that 0 < S,, < FaaT™, 0<Sg< m and when v > ugt 4+ N, 0,0pT implies 0 < Sg1 <

K(r_”BT_TN"é"eBT). Therefore G (X,Y) >0, V(X,Y) € T. The two conditions of Castillo-Chavez et al. are
verified, then the DFE equilibrium point D! of the system (2.1) is globally asymptotically stable in I' when
Ro < 1. O

5. Existence and global stability of the endemic equilibrium

5.1. Existence of endemic equilibrium point

Theorem 5.1. The system (2.1) admits at least one positive endemic equilibrium point D = (S, L3, I3, Sg, L, Iy,
S1.151) whenever Ry > 1.

Proof. By setting The second members of each equation of system (2.1) to zero, we obtain

A
. _ 1
SRR Y 1)
. B1(1—8p)Algt
L* = , 52
v = @ mp) (et iy + (1 5,)B1l5y) ©-2)
. 0B (1— 5,)ALL
I — , 53
V= (0 ) pp + (1 8,)B1lhr) 53)
ePAN
. 4
39 = (i + (1= 8, By ) (@t 1y + (18, )B1Tay)’ G4
o Ba(l — 8, ) ATy 53
9 (Hp+B)(Hp+(1_5p)621>{3‘r)(‘x+up+(1_6p)f311§‘r)/ '
g Hp(up"‘ﬁ)(up‘i‘(1_5]9)[521%1')(0“"”1)+(1_5p)BlIET), .

K(co + Clpng + CQ(IET)Z)
Tlep(Hp +e)(lip + B)(Hp + (1 _6p)BZIET)(“+ Up + (1 _6p)[311>'f3T)/

S (5.7)

where

co = tp (84 1p) (B + tp) (ot + 1p) (BB T8, Np + ppT — ),
c1 = pp(0+pup) (B + pp)(1—8p)(upB1 + B2l + pp)) (0BT Np + T — 1)
+ (1= 8p)*Aly1pp B10(B + 1p) +v2B2Bx(6 + )],
2= tp (04 11p) (B + 1p) (p + o) (1 — 8p)?(OpT8p Ny + ppT —T)B1B2 + A(1 —8)*(B + 1tp)Y10B1 B2

By substituting the three equations (5.3), (5.6), and (5.7) into eighth equation of the system (2.1) we obtain
H(Tpr) = M(Tp)* + Aa(Tg1)° + Aa(Ti)* + M (Tg1) + Ao, (5.8)
where

Ay =12 (1= 8,)4(0 + 1p)? (B + 1p)* (OB TOp Ny + 1eT)BIR3 < 0,
N = 125 (1= 8 )°(0 + 1y (B + 1y (1p Br + Baler + 1p)) (0578, Ny + 1) B2
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—KA(1—8,)*v10B1B2(B + Hp)c2
= 115 (1= 8p)%(0 + 1p)* (B + 1p)* (O8O Np + 1pT) (1p B1B2 + (1p B + B2+ 1p)?)
A(1—8p)>v10B1B2(B + 1p)er — K(1— 85 ) 2Aly1npB10(B + Kp) +v2B2B (0 + 1y )lca,
M ——mf;(l 8p)(0 4 1p)*(B + 1p) (o + 1p) (OBT8p Ny + aT) (1p B1 + B2 + 11p))
— KA(1=8,)%v10B1B2(B + kp)eo — K(1 = 8,)*Aly1p B10(B + 1p) + V2B2Bx(0 + wp)ley,

Ao = —K(1—8p)*Aby11p B10(B + tp) +vV2B2B(0 + pp)I1 (0 + 1p ) (B + 1p ) (et + 1p) (BT, Ny
+uBT — 1) — T (04 1p)? (B + 1p)? (4 1p)? (0BT Np + 1BT),
= K(1—8p)A(r — 078, Np + 1) [Y11p B10(B + 1p) +Y2B2B (6 + 1)1, (6 + p1p) (B + 1p)
X (o4 pp) =T (0 + 1p) (B + 1p) (0 + 1p) 2 (BT, Ny + 1)
= (RG — Driy (0 + 1p)* (B + 1p)* (e + 1p)? (0818 Np + ppT).

Now, using the Descartes sign rules (Bruce Anderson et al. [4]) for H{(I})-polynomial see (5.8). The
number of positive solutions is given in Table 3. A positive value for J{ (I} ) is not sufficient to obtain an

Table 3: Descartes rule for H(I§+)-polynomial.
Ro number of positive solutions
0
- = Oor2
Oor2
+ — Ryl Oor?2
Oor2
+ - 2or4
+ - lor2
+ Oor2
1
lor3
lor3
Ro>1 1
lor3
lor3
1
1

A A3

>
N

>
—_

>
o

[
I+

+ 1
| |
| |

|
+ + |
+ |

|

|

|
+ |
+ + |

ol

1+

I+ |
+ 1

+
+

I
+ 1+

+ 4+
e+ ++

endemic equilibrium of system (2.1). We also need to verify if the corresponding value of Ijj, determined
from equation (5.8), is positive. If both H((I) and I} are positive, according to equation (5.1)-(5.7), all
state variables are positive, so it corresponds to an endemic equilibrium. O

5.2. Global stability of the endemic equilibrium
Theorem 5.2. Assume that the solution of the system (2.1) satisfies one of those hypotheses
S: < Sy, I: <L, Sg < Sz I <I gr S < Sp1, IpT < IBT (HS)

In that case, all positive endemic equilibrium points D = (S}, L}, I3, S’;, L;, I3, Sg1, Ig1) of the system (2.1) are
globally asymptotically stable whenever Ry > 1.

Proof. Theorem (5.2) can be proved by using a Lyapunov function. We adopt the Lyapunov function used
in (Cruz Vargas-De-Leon et al., Guo et al., Lenhart et al., and Seal et al. [12, 18, 20, 30, 42]). Under
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equations of the system (2.1), if the system (2.1) meets D (Phongchai Jittamail et al. [38]), then we obtain

A =B1(1—8,)SET57 + (o + 1p)SE,
(04 1p) = B1(1—5,) 5T

L B
Hp = 91*
Wp = OCS* 62( )IET'
(B+wp) = Bal1 =5, )i, (5:9)
“’P - BE/

(85785 Np +Hat) =Vi(1—8p)L +v2(1— 8,01 —r (1 342,

K
1—58,)1%S% v2(1-8 )I S%
(eBTé N +}‘LBT) — vl f) BT | 2 f BT
PP Igr Igr

Either @ the function defined on R, by: ®(§) = & —1—Iné&. The function @ is positive for all £ € R .
Consider the Lyapunov candidate function §¢ defined by

Se= ) a<1><§;>,

& &€ Ryy

where £ = §,,L,,1,,S4,Lg,Ig, ST, IgT and £ = S}, L3, I;",,SS,L’;,I* SE1, 151 The time derivative of G¢
computed along solutions of the system (2.1) is given by Let’s calculate

. S* S3
gsv = <1— S") S (1— S> (/\ OCS — Bl(l—ép)S IBT upSV).

Using the first equation of the system (5.9) we have

§s, = (1—S>(f31(1 0p)SylpT + (o + 1p)Sy — B1(1 —8p)SylpT — (¢ + 1p)Sy)

v

= ot I (188 (511 8,530 — a1~ 8y, )

S, —$*)2 S* X
o) S sy (1- 38 ) (52T — Sy TsT)
Sy Sy
S, —$*)2 . S S
—(OC‘i‘ Hp)(‘)s\))+[31(1—6p) <SVIBT_SVIBT_S\)SVIBT_‘_SVIBTS\))
v A%
S, — S*)2 S, 1 ]
_(“+Hp)w+51(1—5p)331§T (1 S*IET o IET).
v BT v BT

Let’s calculate QLV

G = (1—E)L—<1—F)(ﬁl( 5, TT — (04 1)L ).

A% A%

Using the second equation of the system (5.9) we have

S, = <1 - 5) <f51(1 —8p)SylpT — Ly <f31(1 - 5P)StLIE3T>)

Ly S¥I%
= B1(1—0p) (1= ) ( Sylpr —L, ==L
L, L

=f31(1—6p)<sv1m—u vigr ¢ o Db Loy BT)

L L LG
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S\)IBT Lv Ly SvIBT>
= 1—6,)SiI5 1+ v .
Pl =8p)Sv T ( S LT L SiIgy

Let’s calculate §s, + G ,:

(Sy—S3)? S, Ly LiSyIet n IBT)

' 51, = — 1—6,)S5 5 [2— -2 — v
95\,_"91_\, (OC‘HJp) Sv +Bl( ‘P) v BT( Sv Lt Lv STJET IET

Let’s now set: p; =2 — % — %—: — % 2:{? + IET and by addition by subtracting p; to 1+ In T ™ ;%ET, we
have
v L, L, 1 I Ly Syl L5 Syl
PP SIS WL DI OIS R LR S L YL L
S, Sy Ly Ly ' Iy Iy Ly Silyy L, Sil5,
Sy | I Ly SuI
p1=—0 ) +o(2L)—0 BT, (5.10)
Sv Ly e L, S;I5,

Let’s calculate 91\,:

I I
91v 1—2 Iv: 1-> (eI—v_uva)-
I Ly

Using the third equation of the system (5.9) we have

. I I L
o (- oo ) (-8

LB I I, L, L,I¥
_e< ¥ _1, +L>:6L*<1—”+”—VV>.
i L v I; Ly L:I,

Let’'s now set pp =1 — %—: + % — %% and by addition by subtracting p; to 1+ In L L“ , we have:

I, I Ly, L, Ly I_

B I, I Ly Ly
. @<I*) @<IVL3)+@<L$>. 5.11)

Let’s calculate 959:
. S§ S§
959 = 1757 Sg = 1737 (“SV*BZ(lfép)SgIBT*HpSg)-
9 9
Using the fourth equation of the system (5.9) we have

. s S Solk
e, (155 (a5t -spytnr 5y (w5 it -5 %51
9

9 9

< Sg> <S Sa SZ > Bl =0 ( Sg) (Sg S5 SeloT

Sy S
=« <sv —Sg S*“ — S—gsv + St) + B2(1—8p) (SglgT — SgleT — SylgT + SyleT)
9

S S S Sg 1 I
=y (14§ - 52 g0y )+ Ball — Syt (<14 G2 - T 2T,
Sy Sylar  Iip
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Let’s calculate 9Lg:

. L L
9Lg = (1_L> Lg = <1_L> (B2(1=8p)SgTpT — (B + 1p)Ly).
g 9

Using the fifth equation of the system (5.9) we have:

, B SolpT
S, = (1—) <[32( —8p)SglpT — LgPa(l—8p)—2—— L )

—x(1--2)(L,—L V>+(52(1— )(1—) (s IgT — L 93T>
( Lg VoL Lg 9Ly

L S Igr Ly S IgT
Zﬁﬂ1—5)5”ET<T—f+f*—gf*:
PJog Ly Silgr  Lg Silgr

Let’s calculate Gs st S o

. . Sv Sg S§S Lg Sg  Isr LgSglpT
=aSi {1+ -2 -2 1-8,)SEl5r -2+ 22 — .
959+9Lg CXV< +S;k, SZ Sgst +[32( 'P) g'BT LB+S* +IET I_ SgIET
Let’s now set p3 —1—1———%—3—3% and by addition by subtracting p3 to 1 +1In 59 gg,we have
g v
Sy Sy S Sg  SgSy Sy Sy
—1-In> -2 +1+In ——+1+In=—
=5 s; sy It 5,5 TS sy
Sy S SgS
=0 ()0 )-0o(2 ). 5.12
” <S$> <Sg) <sgs;) 12
Let’s now set py = —=2 + ¢ 4 Ist _ Lo SalbT 4p4 by addition by sub 1+1In Fo Saler h
Pa = —r: +S;+I* T, 5,1, andbya ition by subtracting p4 to 1+ nL S*I* , we have
Lg Lg S Sg 1 I Ly Sql Ly Sql
pp=—"2+1+In+ I —-1-InT+ ET—l—ln ET——gfiET—l—l—l—ln—gfiET,
L Lg S Sy gt Igr  LgS§lar Lg Sylgt
Ly Ly Syl
:_cp< *>+®(S >+<D<IET)—®<953 ET>. (5.13)
L S i Lg Sglst

Let’s calculate §1 o

. I I Lk
_(1_9Vi. - (1_= 1829
= (1) = (15 (pra P

Using the sixth equation of the system (5.9) we have:

I L Ly I* L, I, IfL
=p(1-2)(Ly—1,-2 L —I——L 2l ) =l (1 -2 -2 )
b =0 (123 (tate)) = (1o togl ol +15) ﬁg(n; T

Let’s now set: ps =1+ L%s — % — %‘1 and by addition by subtracting ps to 1+ In L& T, L* we have

Ly L, I I, IjL Ir L
— 29 ] jn=9_94i141n 9 414In-9-9
S i I*+ + 1* 1, L*+ ting oLy

L I I L
%:®<g>_®<g>_®<9§>. (5.14)
9 IQ Ig g9
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Let’s calculate s,

. S S% S
= (o 5= (- 52) (05 s v

—v2(1—=8p)1gSeT — (0BT NpSpT — HBT)SBT)-

Using the eighth equation of the system (5.9) we have

. Sx
Gspr = (1 — S:i) (v1(1 = 0p)I5SET +v2(1—8p)ISeT

r(SpT — Sj7)2
— Y11= 8p)LuST — V21— 8p)[gSpr) — —— T
=v1(1=08p)(—;SgT + I;SeT + LS — L SBT)

a1 8) (T3S + IgSur + IgShy — LgSur) — 12T BTS

I, Spt IVSBT>

7_*—’_**
I Sh, LSy,

I <1 —
. ox Ig St | IgSeT T(SeT — S§1)?
)gSeT (1 I + - K
IFS (1
I (1

=—y1(1— P

1-5,)
—Yz(l =9 * * Q¥
P SBT IQSBT
1—5.) B Il B SET n IvS*BT L,Sgt B IVS§T>
iy SBT I:;SBT Ser  LESet

Iy St IgSer i IgSpr IgsTsT) . T(SeT _S*BT)Z
I;  Sir  L:Shr  IsSer  I5Spr K

:_Vl( —Op

—v2(1—38p) Z BT

Let’s now set: pg =1 — 17 SBT + %Vggi + 1*221 - %IEET and by addition by subtracting ps to 1 +In IVSBT
we have:
I, I, S S IS I,S
po=——v+1+In Y — 22T 1 40 2PT 4 VBT g gy VOBT
I I SBT SBT IvSBT IVSBT
I
:—®<*>—®<%T>+®<:%”>. (5.15)
I Shy 15S%
* SBT + i ggT + Igsgi _ iggBT and by addition by subtracting py to 1+ In Igng’
we have:
Ig SBT S IS IS
p7=—2+1+In —*— BT 414 280 4 (0BT gy 9°BT)
I I Ser Spr IgSeT 558t
I4 I
:_n><*>-JD<SET>+4D<§SET). (5.16)
I SpT 588t
Let’s calculate Gy,
: - Tbr)y 15571 - 5,15 1—05p)1gSeT — (0185 NpSpT — 1)l
Sty = - = ( IBT)(Yl( p) LSBT +val p)gSeT — (018p NpSpT — 11)IT).

Using the ninth equation of the system (5.9) we have:

: I; 1—08,)L5S% Ya2(1 —8,)1% S5
S1r = (1—BT> ((vl(l—6p)IVSBT+vz(1—6p)IgsBT—IBT <“( p)liS5r , Y2 = e )y BT>)
et Tt Tt
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Igr | LSpr LIt Igr | IgSeT It
= (y1(1—8,) L3St <1— — o — +Y2(1=8p)IiSh7 (1— o + 2o~ — 2 BT ).
el It IiSyr  Lilgr pIvIBT Ip | I3Shr  Ipler

IBT + %X?»‘?T - iIIBT and by addition by subtracting pg to 1+ In 1% SBTIBT , we have:

4 . —
Let’s now set: p I SE 1

I I IS IS LI I,Sgrl%
pgz—ET—f—l—i—ln ET—i— : *BT—l—ln:ET— :BT 1+ln157TBT,
gt Igr  LSpr LSgr Llet LSgrleT
I IS I, SeTI}
pg = —@ < ET> + O <VBT> ) (”BTBT> . (5.17)
gt LSer LSgrleT

IBT + LEET — ifim and by addition by subtracting pg to 1 + In I*EET%BT we have:

Let’s now set: pg =

I I415 ISeTI}
P9:—IET+1+IHIET+ QSET—l—l QSET_ 9'BT | 141 %’
T Iy | I5Shy :Spr  ITiler I:Sg It
I IS I14SeTI:
p9:—(D< ET>+®<3 ET>—®<3 5T BT). (5.18)
Igr IgSBT IgSBTIBT

After summation taking into account the respective coefficients of the respective equations (5.10)-(5.18),
we obtain

| ST e [0 (g) o () ~o (8
9e = —(a+ + oS -0 (==
S (06 Up) S, 3 Sgst
.| Lv Ig) IZL@J)]
ot |-o (52 - (I u,>+® i) oo (i) -0 (i) o (22
IB.T> (Lv SVIBT):|
1— SSIE v
< Prll=p)5 o ( ) (I;;T L STy
I L¥ S, I
o) () ()
<s§ I, Lo StThr
() - (r) o (st )
SBT gt LSgrlsT
o (1) - () o (2]
It I5SgrleT

Let’s put x = max {[51(1 —0p)Sy 15T, OLY, oSy, Ba(l— Sp)SZIET, BL:, vi(1—=0)I3SEt, va(1— 6)1’55"12”}.
Then we get again:

. (Sy—S:)?  T(SpT—Sit)? Sk L:S,IpT I L, Sy
<- - —o () -0 o () o
Je < —latp) =g K X Sy L, Sil5, L) TO\s;

olss) o lasm) o) e () o Gisnr) o ()|
Sq S Lo Silhy I, L Sty St IpT I:ShrleT

® being a positive definite function on the interval [1; o0, then

+ Ba(l— 8p)SE Ty [ @
)

+v1(1—8)IESET [(IV)JF

Fya(1 - 8IS {@D (Ig)

I

*
SBT

O (&) + @ (&) <@ (&1&),Y &1, & € [1;+ool. (5.19)
Of the inequality (5.19), we get
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S5 'Sy L L*S,I [*S.I
+(I)<98)_|_(D<99>+(D<989 ET>_|_(D<VSV ET>:|
Sg S% Ig L§ Lg S;IBT Ly S35t

Under the hypothesis (H1), we have 9,5 < 0. Moreover G¢ > 0, V S,,L,,1,,Sq,Lg, Ig,SpT,IsT € Ry,
such that S, > 0 and 95 =0forS, =S, L, =L}, I, =I5, Sg = S’;, Ly = L5, Ig = IZ, ST = S§1,
Igt = I§1. Therefore, the largest compact invariant set in {(SV,LV, Iv,Sq,Lg, 1g,SeT,IpT) €T | 95 = 0} is
the singleton D = (S, =S}, L, =L}, I, =I},Sg = S}, Lg = Lg, Iy = IB,SBT = Si1, It = I51). According
to the asymptotic stability theorem to the invariance principle of Lasalle [29], the endemic equilibrium
point D of the system (2.1) is globally asymptotically stable whenever Ry > 1. O

6. Numerical simulation

To determine the effectiveness of a control policy, it is necessary to assess the number of whitefly in the
plantation. Bemisia tabaci insect pest control strategy or policy is to use the insecticide called Verticillium
lecanii for the protection of tomato plants and eliminate this tomato yellow leaf curve virus (TYLCV) in
the tomato plantation. The numerical simulations that we propose in this subsection aim to illustrate the
asymptotic behavior of the number of infected plants as a function of the reproduction number basic Rg
as predicted by the properties. The simulation parameters for the model (2.1) come from the scientific
literature review which are given in the Table 4. The parameters A, 1, i, were selected based on tomato
plant growth and pest mortality data from agricultural studies. The infection rates (31, 32 were adapted
from epidemiological models. To do this digital simulations, we carry them out in three scenarios. In
the first scenario, we provide simulations to illustrate the study of the endemic equilibrium point of the
theoretical part. In the second scenario we also provide simulations to illustrate the study of the disease-
free equilibrium point to corroborate our theoretical results. In the last scenario seen that the presence
of susceptible whiteflies poses a negative impact on the growth and productivity of tomato plants, we
evaluated the effectiveness of pesticide use to allow the manager to have a tomato field without tomato
yellow leaf curl virus (TYLCV) disease and without tomato whiteflies The simulations will be based
mainly on the function Odeint of the Scipy.integrate of python.

Table 4: Parameter values of the TYLCV model.

Valeurs/Parameters Ryp <1 Rp>1 Sources

K 100 100 Assumed

A 10 10 Atifah et al. [5]

Np 160 160 Amelia et al. [3]

T 0.5 0.5 Assumed

op 0.035 0.001 Assumed

o 0.1 0.1 Butter et al. [8]

0 0.01 0.01 Amelia et al. [3]

B 0.1 0.1 Butter et al. [8]

1 0.03 0.03  Amelia et al., Atifah et al. [3, 5]
B2 0.03 0.03  Amelia et al., Atifah et al. [3, 5]
Y1 0.025 0.025 Amelia et al., Butter et al. [3, 8]
% 0.2 0.2 Amelia et al., Atifah et al. [3, 5]
Hp 0.3 0.3 Amelia et al., Maruthi [3, 32]
UBT 0.07 0.07  Amelia et al., Atifah et al. [3, 5]
0BT 0.05 0.05  Amelia et al., Atifah et al. [3, 5]

T 150 150 Amelia et al. [3]
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6.1. Scenario 1: endemic equilibrium simulation
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Figure 2: Population dynamics of susceptible (S, ), latent
(Ly) and infected (I,) vegetative tomato plants under vary-

Figure 3: Population dynamics of susceptible (Sg), latent
(Lg) and infected (I4) vegetative tomato plants under vary-

ing doses of Verticillium lecanii. The x-axis represents the
time passing in days and the y-axis represents by population
size given in number of vegetative plants. Ry = 3.6997 > 1.
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Figure 4: Population dynamics of susceptible (SgT) and in-
fected (Ig7) whiteflies population under varying doses of
Verticillium lecanii. The x-axis represents the time passing
in days, the y-axis represents by population size given in
number of whiteflies. Ry = 3.6997 > 1.

ing doses of Verticillium lecanii. The x-axis represents the
time passing in days, the y-axis represents by population
size given in number of generative plants. Ry = 3.6997 > 1.
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Figure 5: Population dynamics of susceptible (S,), latent
(Ly) and infected (I,) vegetative tomato plants under vary-
ing doses of Verticillium lecanii. The x-axis represents the
time passing in days, the y-axis represents by population
size given in number of vegetative plants. Ry = 0.3981 < 1.

First result: The results of this first part of the numerical simulation illustrate the persistence of the disease
(TYLCV) in the tomato plantation. A simulation of the system (2.1) for Ry = 3.6997 > 1, using initial con-
ditions S, (0) =50, L,,(0) = 40, I,,(0) =10, S4(0) =30, L4(0) = 20, I4(0) =10, Sgt = 30, IgT = 10. Figure
2 represents the populations dynamics of tomato plants in vegetative phase: Susceptible S, (blue curves),
Exposed L, (yellow curves), Infected I, (green curves). Figure 3 represents the Populations dynamics of
tomato plants in generative phase : Susceptible S (blue curves), Exposed Ly (yellow curves), Infected I
(green curves). Figure 4 represents the populations dynamics of vectors Bemisia tabaci: Susceptible Sgt
(blue curves), Infected IgT (yellow curves). Simulation results illustrate that applying Verticillium lecanii
at doses exceeding 0.1% effectively allows the virus to persist in the tomato plantation and this endemic
equilibrium point (EE) is globally asymptomatically stable. This is consistent with the theoretical results
obtained in the Theorem 5.2. We will illustrate through numerical simulation that the endemic equilib-
rium (EE) converges towards the disease free equilibrium (DFE) for slightly increased efficiency rate of
Verticillium lecanii in the simulation part which follows.
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6.2. Scenario 2: disease free-equilibrium simulation
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Figure 6: Population dynamics of susceptible (Sg), latent
(Lg) and infected (I4) generative tomato plants under vary-
ing doses of Verticillium lecanii. The x-axis represents the
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Figure 7: Population dynamics of susceptible (SgT) and in-
fected (Ig7) whiteflies population under varying doses of
Verticillium lecanii. The x-axis represents the time passing

time passing in days, the y-axis represents by population
size given in number of generative plants. Ry = 0.3981 < 1.

in days, the y-axis represents by population size given in
number of whiteflies. Ry = 0.3981 < 1.

Second result: The results of this first part of the numerical simulation illustrate the extinction of the
disease (TYLCV) in the tomato plantation. A simulation of the system (2.1) for Ry = 0.3981 < 1, using
initial conditions S, (0) = 50, L, (0) = 40, I,(0) = 10, S4(0) = 30, L4(0) = 20, I4(0) = 10, SgT = 30,
IgT = 10. Figure 5 represents the populations dynamics of tomato plants in vegetative phase: Suscep-
tible S, (blue curves), Exposed L, (yellow curves), Infected I, (green curves). Figure 6 represents the
populations dynamics of tomato plants in generative phase : Susceptible Sy (blue curves), Exposed Lq
(yellow curves), Infected 14 (green curves). Figure 7 represents the populations dynamics of vectors Be-
misia tabaci: Susceptible Sgt (blue curves), Infected Izt (yellow curves). Simulation results illustrate
that applying Verticillium lecanii at doses exceeding 3.5% effectively reduces infected populations and
drives the system to a disease-free equilibrium and this disease free equilibrium point (DFE) is globally
asymptomatically stable. This is consistent with the theoretical results obtained in the Theorem 4.1. We
will illustrate through numerical simulation that the disease free equilibrium point (DFE) converges to-
wards the disease free equilibrium (DFE) without whiteflies bemisia tabaci in the tomato plantation for a
efficiency rate of Verticillium lecanii that exceeds 10% in the simulation part which follows.

6.3. Scenario 3: return disease free-equilibrium simulation
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Figure 8: Population dynamics of susceptible (S.,), latent
(Ly) and infected (I,) vegetative tomato plants under vary-
ing doses of Verticillium lecanii. The x-axis represents the
time passing in days, the y-axis represents by population
size given in number of vegetative plants. Ry > 1 and
dp =0.1.

Figure 9: Population dynamics of susceptible (S4), latent
(Lg) and infected (I4) vegetative tomato plants under vary-
ing doses of Verticillium lecanii. The x-axis represents the
time passing in days, the y-axis represents by population
size given in number of generative plants. Ry > 1 and
5p =0.1.
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Figure 10: Population dynamics of susceptible (Sg1) and infected (Ig 1) whiteflies population under varying doses of Verticillium
lecanii. The x-axis represents the time passing in days, the y-axis represents by population size given in number of whiteflies.
Ro>1and dp =0.1.

Third result: The results of this first part of the numerical simulation illustrate the extinction of the disease
(TYLCV) and eradicate of the whiteflies in the tomato plantation. A simulation of system (2.1) for Ry =
3.6997 > 1, using initial conditions S,,(0) = 50, L, (0) = 40, I,,(0) = 10, S4(0) = 30, L4(0) = 20, I4(0) = 10,
SgT = 30, IgT = 10. Figure 8 represents the Populations dynamics of tomato plants in vegetative phase:
Susceptible S, (blue curves), Exposed L, (yellow curves), Infected I, (green curves). Figure 9 represents
the populations dynamics of tomato plants in generative phase: Susceptible S4 (blue curves), Exposed
Ly (yellow curves), Infected 14 (green curves). Figure 10 represents the populations dynamics of vectors
Bemisia tabaci: Susceptible Sgt1 (blue curves), Infected Izt (yellow curves). Simulation results illustrate
that applying Verticillium lecanii at doses exceeding 10% effectively reduces infected populations and
drives the system to a disease-free equilibrium without the whiteflies.

7. Sensitivity analysis

To determine the best way to reduce tomato leaf curl virus and mortality due to TYLCYV, it is necessary
to know the relative importance of the factors responsible for its transmission and prevalence. The initial
transmission is directly related to the basic reproduction number and the prevalence is directly related
to the endemic equilibrium point, in particular the parameters 31, 32, v1,v2, Kp, and &, are relevant
for the tomato population; we calculate the sensitivity indices of the basic reproduction number Ry.
These sensitivity indices indicate how crucial each parameters is for disease transmission and prevalence.
Sensitivity analysis is commonly used to determine the robustness of model (2.1) predictions to parameter
values (since there are usually errors in the collection of parameters data and assumed parameters). It
would be used to describe parameters that have a high impact on the basic reproduction number Ry
and should be used for intervention strategies. The local sensitivity analysis is based on the normalized
forward sensitivity index Ry.

7.1. Description of sensitivity analysis

Sensitivity indices allow us to measure the relative change in a state variable when a parameter
changes. The normalized forward sensitivity index of a variable to a parameter is ratio of relative change
in the variable to the relative change in the parameter. When the variable is a differentiable function of
the parameter, the sensitivity index may be alternatively defined using partial derivatives Rimbaud [21].
The normalized forward sensitivity index of a variable, Ry that depends differentiable on a parameter, p,
is defined as:

Ry p

ko = =2 % —. 7.1
P p R @1)

We are specifically interested in studying the sensitivity of certain parameters of Ry, such as the infection

rates and the mortality rate of the tomato plant, here, p = 31, B2, Y1, Y2, up and &, which are part of the



M. Ido, M. Barro, Y. Savadogo, B. Traoré, J. Math. Computer Sci., 39 (2025), 474-499 497

model parameter value summarized in the Table 4. We analyze the sensitivity of these parameters value
from equation (7.1), when the TYLCV is persist in the tomato plantation, i.e., Ry > 1. When p taken the
certain value of Ry, the sensitivity index Ry are given by Table 5. Table 5 presents the expressions and

Table 5: Sensitivity indices of certain parameters of Ry.

Parameter Value %—%] X %0 Sensitivity index
Bl'Yll»lp(e+Hp)(B+Hp)
B 0.03 7y 018 a2 BB Oy ] +0.7
XPP2Y2 Hp
1Y1Hp Hp Hp
Y1 0.025 +2w1uprsle(%up){evﬁrszf)wewp)J +0.7
X 2Y2 Hp
Y2 0.2 1 2115 B1O(B T 1) Tv2 B2 (0¥ 1y ] +0.5
0.3 o (0+pp)lvs f’lli'p(O‘JFZH]J)(BJFlip)2+B“B2V2(2“5+(30‘+35+4up)Hp)] -3.7
Hp . 20B+pp) (ot Bp) (V1 p B1O (B T p) +v2B2B (0 1)) .

8p [27+ (BT +Np8p0p7) (—2+7(1—5,)? N, 0p7)]
5p 0.001 — 2T=5,) (7 sigr—Np5p051) 0.0014

sensitivity index values of the 31, 32, Y1, Y2, and w;,, which are essential for the dynamics of tomato plant
populations and whiteflies and which impact the basic reproduction number Ry. The results indicate
that the interaction rates 31 (rate of transmission of the virus to vegetative plants by the witheflies), 3>
(rate of the transmission of the virus to generative plants by the whiteflies), y; ( rate of the transmission
of the virus to whiteflies by the infected vegetative plants ), v, ( rate of the transmission of the virus
to whiteflies by the infected generative plants), between populations of tomato plants and whiteflies are
parameters more sensitive to Ry. In transmission sites, a decrease or increase of 10% of these parameters
leads respectively to a decrease or an increase in the basic reproduction number of 7%, 5%, 7%, 5%, and
a 10% increase in the p, and o, parameters results in a decrease in the basic reproduction number of
37% and of 0.014%. We see that the expressions of these sensitivity indices of the parameters considered
therefore depend on the plant parameters and those of the virus vectors. Change the population size will
impact the sensitivity indices of tomato plant parameters. We clearly see that the sensitivity indices at
the level of vegetative phase have a grater impact on the basic reproduction number R( than the others,
notably, the parameters (3; and ;. This is explained by the fact that tomato plants in the vegetative phase
are much more preferred by whiteflies for their food and the more whiteflies prefer vegetative plants,
the higher the rate of acquisition of the virus by susceptible whiteflies, which also reflects the sensitivity
index of the y; parameter which is as crucial as the (3; parameter. For a better control strategy, it would
be necessary to spray the vegetative phases well to avoid increasing the numbers of infected plants and as
well the number of infected whiteflies. Given that the prevalence of the disease is directly at the endemic
equilibrium point, if at the level of the vegetative phase the spraying is perfectly controlled, we will also
have a lower prevalence of TYLCV disease in the tomato plantation.

8. Discussion and conclusion

We have discussed a mathematical model of the spread of yellow virus in tomato plants with logistical
functions and use Verticillium lecanii as a means of control of disease transmission. It can be seen that
the disease spread model has two equilibrium points, namely the Disease-Free Equilibrium point and the
Disease Endemic Equilibrium point. This during the disease-free equilibrium point (DFE) D! is stable
if Rp < 1, with pesticide use efficiency at the rate 3.5% and the model will have an Disease Endemic
Equilibrium point (EE) D is stable when Ry > 1. The persistence of the Disease Endemic Equilibrium
point (EE) is due to the effectiveness rat use to control Bemisia tabaci insects, which is of 0.1%. The
numerical simulations illustrate show that a use of Verticillium lecanii at 10% for the population of latent
plants, infected in the vegetative and generative phases will experience extinction, just like the susceptible
and infected population of Bemisia tabaci. However, we note that taking into account the latent stage
makes it possible to reduce the number of infected plants for both vegetative and generative plants.



M. Ido, M. Barro, Y. Savadogo, B. Traoré, J. Math. Computer Sci., 39 (2025), 474-499 498

Therefore the rate of use of the pesticide Verticillium lecanii will have less negative impact on the health
and production of generative plants and as well on public health for consumption of tomato fruits. The
calculation of the sensitivity indices in the last section illustrated that for a good disease control strategy,
the manager must pay more attention to the health of the vegetative plants to avoid a wide spread of the
disease because the vectors certainly have a preference for vegetative plants than generative plants for
their food. In conclusion, to avoid having a negative impact on the development of tomato plants and on
public health when the dose or the spray effectiveness level is high enough, we prefer to use other means
such as uprooting of infected plants, burning and covering the growing area with greenhouses to control
the spread of tomato yellow virus.
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