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Introduction

it has caused substantial yield and oil-quality losses worldwide, with documented
seed-yield reductions ranging from 38% to as high as 80% in severe outbreaks,
particularly in Africa and India. Understanding phyllody dynamics is therefore critical to
safeguard yields and trade. While some modeling efforts exist for sesame phyllody (for
example, statistical and prediction-focused approaches), mechanistic transmission
models (SEIR) assessing its full impact remain scarce. This study therefore develops and
analyses impact of multiple control strategies on the control of Phyllody disease in
Sesame using a deterministic compartmental mode. The model incorporates both plant
and vector populations, subdivided into susceptible and infected classes, and integrates
multiple control strategies; biological measures such as crop rotation and resistant seeds,
chemical interventions targeting both plants and vectors, and roguing of infected plants.
The effective reproduction number, R,, is derived using the next-generation matrix
method, providing a threshold for disease spread or elimination. Moreover, the sensitivity
analysis shows that the transmission rates from plants to vectors, (¢), and from vectors
to plants, (), are the dominant positive drivers of the effective reproduction number Re;
increases in either @ or a raise R,. In contrast, increasing the roguing rate of infected
plants, (7), and intensifying chemical applications against leathoppers, (v), substantially
reduce R,, indicating that stronger plant removal and vector control measures are
especially effective at lowering transmission Numerical simulations demonstrate that
chemical control and biological interventions significantly reduce disease prevalence,
particularly when combined with roguing. The findings underscore the importance of
integrated management, as roguing alone is insufficient to halt disease spread. The model
offers a valuable tool for guiding sustainable strategies to protect sesame crops from
phyllody disease.
2000 MR Subject Classification: 92B05, 92D30, 93A30

Sesame yields are suffering from many diseases

Sesame is an important oilseed crop in the world grown
for food and commercial purposes particularly in Asia and
Africa (Abdipour et al. 2018, Gupta et al. 2018, Baath et
al. 2022, Lukurugu et al. 2023). Africa and Asia
continents contribute 95.5% of the world’s total sesame
production while America and Europe contribute only
4.1% of the total production worldwide (Lukurugu et al.
2023). The top ten countries producing sesame seeds in
the world include Sudan, Myanmar, Tanzania, India,
Nigeria, China mainland, Burkina Faso, Chad, Ethiopia
and Southern Sudan (Lukurugu et al. 2023). The crop
products are mainly used for cooking, manufacturing
medicines and cosmetic, and additional of food
supplements. Sesame oil is primarily composed of oleic,
linoleic, palmitic, and stearic fatty acids (Baath et al.
2022, Gupta et.al 2022).
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including the Phyllody (Gupta et al. 2018, Kolte 2018,
Vamshi et al. 2018, Verma et al. 2025). Phyllody is serious
disease of sesame caused by phytoplasma affecting the
leaves of the plant (Vamshi et al. 2018). The disease tends
to be more severe in areas with warm temperatures,
particularly in regions with temperature above 250C, high
relative humidity (above 90% per cent) and prolonged
high rainfall (El-Mashharawi and Abu-Naser 2019). The
disease has caused substantial yield and oil-quality losses
worldwide, with documented seed-yield reductions
ranging from ~38% to as high as 80% in severe outbreaks
(Ikten et al. 2016, Ahmed et al. 2022).

The disease symptoms may vary with the phytoplasma,
post plant, stage of the disease, age of the plants at the
time of infection and environmental condition (Gupta et
.al 2022). The disease symptoms include stunted growth,
shortened internodes, and the proliferation of small,
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narrow leaves. Infection may also be seen on flowers and
capsules of the plant whereby infected capsules are
always poorly developed with shriveled seeds (Kolte
2018, Gupta et.al 2022, Verma et al. 2025).

Different control strategies are occasionally applied for
rescuing the sesame production at individual and large-
scale farming. The strategies can include both biological
and chemical controls and can be applied at different
stages of the crop growth. For example, seeds treatment
such as Trichoderma harzianum can be applied to seeds
before planting to enhance protection and growth
(Kumari et al. 2016, Gupta et. al 2022, Singh et al. 2022,
Boopathi et al. 2023, Yadav et al. 2023, Chouksey et
al.2025). Other biological treatments like Arbuscular
mycorrhizal ~fungi and plant growth-promoting
rhizobacteria can be applied to the soil around the sesame
plants. These help to improve soil fertility, enhance plant
growth, and reduce the incidence of the phyllody disease
(Singh et al. 2020, Ransingh et al. 2021, Boopathi et al.
2023). In addition, cultural practices like crop rotation,
plant of resistant varieties, and roguing of infected plants
and disposing them properly can help to control the
spread of the phyllody disease to nearby healthy plants
(Kumari et al. 2016, Singh et al. 2020, Gupta et .al 2022,
Boopathi et al. 2023).

Disease life Cycle

The phyllody disease of sesame is caused by
phytoplasma, a type of bacteria-like organism that infect
plants through feeding of insect vectors, such as
leathoppers, planthoppers, and psyllids (Gupta et. al
2022, Santha Lakshmi Prasad et al. 2025). The
phytoplasma inters the plant through the mouth parts of
the insect and moves to the phloem tissues where it
multiplies and spreads. After infection, the bacteria
incubate within the plant for several weeks, typically two
to six weeks, before clinical symptoms of the disease
become visible (Ransingh et al. 2021). After the
incubation period, the infected plant begins to show
symptoms such as stunted growth, shortened internodes,
and the proliferation of small, narrow leaves (Boopathi et
al. 2023). As the disease progresses, the plant’s flowers
become distorted, with stunted or missing reproductive
structures and the formation of green, leaf-like structures
in their place. In severe cases, the infected plant may not
produce visible seeds, or the seeds themselves may be
infected with phytoplasma bacteria, leading to further
spread of the disease. During the plant’s dormant phase,
the bacteria may remain in the plant tissues or in the soil,
ready to infect new plants in the next growing season.
Mathematical models have recently been useful tools for
understanding the dynamics of plant diseases. In
particular, various studies have been conducted on plant
disease transmission (Shi et al. 2014, Al Basir et al. 2018,
Vamshi et al. 2018, Kolte SJ 2018, Gupta et al. 2018,
Chapwanya and Dumont 2021, Stella et al. 2021, Gupta
et .al 2022, Mrope 2025a, Mrope 2025b, Verma et al.
2025).

Al Bashir et al. 2018 studied the effects of awareness-
based interactions on the transmission of mosaic disease
of Jatropha in cassava plantations. Al Basir et al. 2018,
and Alemneh et al. 2019 proposed a vector-borne plant
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disease model to investigate the role of vectors in the
spread of plant diseases. Stella et al. 2021, developed a
nonlinear mathematical model on the dynamics of plant
diseases in the presence of predators. In this model, two-
time delays were considered. Al Basir et al. 2018,
examined the effects of incubation delay and the latent
period on the dynamics of plant diseases. Chapwanya and
Dumont 2021, investigated the interaction between crops,
vectors, and viruses in the transmission dynamics of
cassava mosaic disease. Kumar et al. 2022 incorporated
equal dimensionality and memory effects into their model
to analyse the infection rate of Beddington-De Angelis
fractional responses to vector-borne plant epidemics.
Bounkaicha and Allali 2024 studied the global analysis of
a spatial-temporal fractional-order SIR infection model
with a saturated incidence rate. Fantaye and Birhanu 2023
examined the transmission dynamics of Cotton Leaf Curl
Virus disease using fractional-order derivatives. Their
study revealed that the disease spreads more slowly as the
fractional order decreases from 1.00 to 0.72. Melese et al.
2022 modelled the dynamics of coffee berry disease
infestation by considering interactions among coffee
berries, vector populations, and fungal pathogens. None
of the aforementioned studies develop a mechanistic
(compartmental)model for sesame phyllody. Accordingly,
we formulate a  sesame—phytoplasma-leathopper
transmission model within a plant-vector ODE
frameworks applied in the aforementioned studies.

To date, no mechanistic model (SEIR) has yet been
proposed specifically for phyllody disease in sesame. To
address this gap, a deterministic plant—vector model is
developed to quantify how roguing, chemical control, and
biological/cultural measures (e.g. crop rotation, early
roguing) affect R, and disease prevalence individually
and in combination providing a process-based basis for
optimizing sesame phyllody management.

Materials and Methods

A deterministic plant—vector model for sesame phyllody
is formulated in which leathoppers transmit phytoplasma
to healthy plants; plant growth is logistic with a carrying
capacity, vector abundance increases via births and
immigration, infections are irreversible, and pre-maturity
plant removal is neglected (Akhtar et al. 2009, Boopathi
et al. 2023)

The model consists of two compartments: sesame plants
and the leathopper population. The sesame plants are
divided into healthy plants, Sp(t), E,(t) is the exposed
class (infected but no sign) and unhealthy plants, I5(t).
At any time ¢, the total sesame plant population is given
by:

(6) = Sp(6) + Ep(6) + 1p(0) (1)

The vector population is divided into two groups:

healthy leathoppers, Sy (7) and infected leathoppers, Iy (?).
At any time t, the total vector population is given by:
Ny (@) =Sy (©) + Iy (t) 2

Susceptible plants grow logistically at the intrinsic rate
r with carrying capacity K. They acquire infections from
infected leafhoppers at the transmission rate a(l —
) where U represents biological control measures for
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sesame seeds and fields before sowing. The parameter a
is the transfer rate of phytoplasma from infected
leathoppers to healthy plants. Furthermore, (1 —
) is the effect of biological control reducing infection
probability. Additionally, sesame is an annual maturing
in approximately 90-110 days (up to 125-135 days in
cooler regions) with end-of-season senescence/harvest
the dominant removal (Texas and AgriLife 2007). Thus,
we treat non-disease attrition of healthy sesame as a small
natural death rate acting during the season, and set up =
0.003 day~1. The rate of change of the susceptible plant
population over time (t) is described by the following
nonlinear differential equation:

dditp =rSp (1 _ SP;IP) _a w]\),ZSPIV — up 3)

The compartment Ep represents infected but not yet
infectious sesame plants during the latent (incubation)
period. Plants enter Ep upon successful vector-to-plant
transmission, typically modeled by a standard-incidence
term, and leave Ep by progressing to the infectious class
Ip at rate k and are reduced at a natural death rate pp.

Thus, the dynamics of the exposed plants is given by:

dE, 1 -y)aSply

dt - NP (K + #P)Ep
Moreover, the infectious plants arise only by progression
from Ep at rate k and die due to natural death at a rate yp.
Thus, the equation governing the dynamics of infectious

sesame plants is given by:
dlp

— = KE, = (p+ T+ up)lp “4)
where p and T represent disease-induced death and the
roguing of identified infected plants, respectively. The
population of healthy vectors increases due to natural
birth and migration into the compartment Sy, (t) at the rate
wA, where w is the probability of healthy or unhealthy
vectors entering the farm. Vectors acquire the infection at
the transmission rate ¢ after feeding on infected sesame
plants. Additionally, the susceptible vector population
decreases due to chemical application at rate v and natural
mortality at rate 8. The susceptible vector population is
governed by the following differential equation:

as Syl
d—tV=wA—4’N—VV"—(5+v)SV (5)

Infections in the vector population increase when infected vectors migrate into the farm at the rate (1 — w).

Furthermore, the infected vector population declines due to chemical application at rate  v,death rate disease induced &

and natural death rate yp. Hence, the dynamics of I, (t) are governed by the following differential equation:

dly
dc

= A=A+ T — S+l (6)

As a result, the nonlinear model for the transmission dynamics of the phyllody disease in sesame is summarized using
parameters in Table 1 and the rates of change in the system (7).

dSP SP + Ep + IP (1 - lIJ)O(SpIV
i e
dEp _ (1-y)aSpl
d_:=—¢NZPV_(K+HP)EP (7
dl
d—:’;SKEp —-(p+ :;";.UP)IP
A . P _ (5 +v)Sy
dt
dly ¢Sylp
—=(1-w)A — I
G = (L= A T 5+l

with initial conditions; Sp(0) > 0; E, = 0, 1,(0) = 0;S,(0) = 0;1,(0) = 0.

. . Np — ) ex Sp Iy
'ﬂ'f‘,!p(l - _’) A —laSely i Plants
K ) Np } klEp
,[ Sp J ,L Ep i
A
;r.p.‘a‘:--l \“ jf.pﬁ.-pl l[ﬁ‘k T+ pplp
A}
' &Sy Ip \
. Vectors
wh Ny (1 —w)A
{ Sv } v { Iy }-ﬂ—

(8 + 2)Sv l (8 + V}J..l

Transmission dynamics of Phyllody disease: solid lines represent the rates of transfer in and out of
compartments, while dotted lines indicate interactions between sesame plants and vectors in the farm.

Figure 1:

1008



Tanz. J. Sci. Vol. 51(4) 2025

Table 1: Parameters and variables of Phyllody disease model (7).

Parameter Description Values Source
r Intrinsic growth rate of sesame plants 0.5day™?! (Yemata and Bekele
(2024)
K Carrying capacity of the farm 10000 day~? (Texas and AgriLife
2007)
a Transfer rate of phytoplasma from I, to S, 0.1 — 0.45day™? (Alemneh et al.
2019)
P Disease induced death rate on plant 0.55 day™! (Reddy et al. 2019)
o Natural death rate of the leathoppers 0.03 — 0.04day~! (Weintraub 2006)
¢ The rate at which vectors acquire infection by feedingon  0.01 — 0.2 day™? (Vemana eta al
infected plants 2023)
A Recruitment rate of vectors into the farm 0.005 day™* Assumed
W Probability of vectors entering the farm 0 — lday™? Assumed
vy Biological controls done before planting 0 — 1day™? (Alemneh et al.
2019)
T Roguing rate of the infected plants 0 — 1day™? Assumed
14 Death rate of leathoppers due to chemicals 0 — lday™? (Alemneh et al.
Up 2019)
Sesame natural death rate 0.003 day* (Texas and
K Agrilife, 2007)
Progression rate from exposed to infectious plants 0.024-0.071 day™?! (Gogoi et al.2017)
Variable  Description Values Source
Sy Susceptible sesame plants 6000 Assumed
Ep Exposed Sesame plants (Infected no sign) 200 Assumed
L, Infected and infectious sesame plants 200 Assumed
Sy Susceptible Vectors (Leaf-hoppers) 120 Assumed
I, Infected and Infectious vectors (Leaf-hoppers) 600 Assumed

Qualitative behavior of the model

Here, properties of the model system (7) including the invariant region, positivity of the solution, existence of the
equilibrium points and uniqueness of solutions are studied.
The Invariant region
The solution set of the Phyllody disease model in the system (7) are feasible for all t > 0 if all inters the invariant region
B = {(Sp, Ep, Ip, Sy, Iy) € RS: B, B,}.
Theorem 3.1. (Positive invariance)
Define
o= max{ Np(oy), K },
v =min{pp, (p + 1)}.
Then the region given by

5 ro A
B = {(SPlEplIP:SVv Iy) € RL:Np(8) < > Ny (t) < m}

is positively invariant with respect to the model system (7).
Proof. For the plants population in the system (7), Np = Sp + Ej, + Ip. That is
dNp

N,
= (1= 22) = weSo + B = (0 + DIy < 155 = up(Sp + Ep) = (0 + Dl
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Sincev < ppandv < (p + 1),
we haVeﬂP(SP + EP) + (p + T)IP 2 U(SP + EP + [P) = UNP.

N _
Hence, — < 1Sp— vNp < 15— VN,

Therefore,

N _

_dtP + vNp < 76 ®)

Solving the linear differential inequality (8) by the integrating-factor method gives
o
NP(f) S <?) (1 - e_Vt) + NP(O)e_Vt,
. ro
So, that ELI?OSUP (Npy) < g

Thus, the plant component is confined to B, = { (Sp,Ep,Ip) € R3:Np < ?}
Similarly, for the population of vectors, N, = S, + I, . Taking the derivative of Ny, then,

L= A= +V)N, ©)
Solving by the separation of variables technique, equation (10) becomes
A AN
Ny =551 (NV(O) - m) e~ (Bt (10)
Then, gLrg Ny(t) < 51\: . Therefore,
A
By = {(5.1,) € R&: N, < -} (11)

Combining B,, and By, yields the positively invariant region B stated in the theorem,
which completes the proof.

Positivity of the solutions

For the model system (7) to be biologically meaningful, it is important to prove that all of its solutions remain positive
for all t > 0 and hence the following theorem:
Theorem 3.2. If
B = {(Sp, Ep, I, Sy, Iy) € RS:Sp > 0,E, > 0,1, > 0,5, > 0,1, > 0}, then, the solution set {Sp, Ey,Ip,Sy,I,} of the
model system is positive for all t > 0.
Proof. We first show that whenever a component reaches zero, its time derivative is nonnegative, so trajectories cannot
cross into the negative orthant.

(1) IfSp = 0, then
dSp Npy (1 — P)ax0xly
—=7rXx0(1 ——])— - x0=0 = 0.
ac ( K) Np He =

(ii) If Ep = 0, then
dt Np
(iii) IfI, = 0, then
%P= kKEp— (p + T) X0 = xEp = 0.
@iv) IfS, = 0(so Ny, = Iy), then
v _ oA X 0% (6 +v)X0=wld >0
P 0] N, v = wd = 0.
(v) Ifl, = 0(so Ny, = Sy), then
dl"—(1 A + 5, 2p G +v)x0=>0
FT w 0] YN, v > 0.
Thus, each coordinate hyperplane is repelling (or neutral), and the nonnegative orthant is forward invariant

In addition, we do comparison for the inequalities and explicit lower bounds
. (@-9as I . ds
UsmgM > 0and @Sy *— > 0, we obtain —= > — pp * Sp,
Np Ny dt
dlp

%2 —(k +,up)*Ep,E2 —(p + 1) *Ip and (%VZ — (6 +Vv)Sy + wA.

Solving these scalar linear inequalities gives

Spt) = Sppye Pt = 0, As t = 0,5(t) < K. Hence, 0 < S, < K. Similarly,

Epty = Epgye CHHEP'D > 0, Ip(y = Ipye P+ > 0,

o = be @ = 0and Sy = [ (1 — e @) + Sy e @+t > ¢

Combipingﬁteps 1 and 2 completes the positivity proof. This assures that all variables of the model system (7) are all
positivity.

KX0 — upx0 = 0.
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Phyllody- Disease free equilibrium point, D

The Phyllody disease free equilibrium point (assume no vertical transmission to vectors, i.e., (1 —w)A = 0) is found
when I, = E, = I, = 0. Hence, the Phyllody disease free equilibrium point of the model system (7) is
Do = (K+(1 —*),0,0,=2-,0).
Effective reproduction number

The effective reproduction number (R,) is an average number of infections caused by a case of an infectious disease
in a population introduced in a purely susceptible population (Khan et al. 2018, Mbuthia and Chepkwony 2019, Chuma
and Mwanga 2020). In this work, R, is determined using the Next Generation matrix method as used in (van den
Driessche and Watmough 2002, Collins and Duffy 2022, Naaly et al. 2024, Olaniyi et al. 2025).

The system of equations governing the spread of infection is given by
dEp (1 — P)aSply

— - E
at Np (< + up)Ep
dlp
&i_tz KSP_ (p + Dlp
Iy @Sy,
— = - + |
dt Ny ( v) xly
The new infection terms, denoted by F, and transition terms denoted by V are:
(1-W)asply
aral (k + up)Ep
F = 0 andV = (p + 1)Ip — KEp |, respectively. The Jacobian matrices evaluated at the disease-free
\ eSvip / G + vy
Ny
equilibrium point, SI':* =1 and f]'f =1, so the Jacobians of F and V (with state order (Ep,I,,I,) are F =
P v
(1-p)asp
00 ) 00 a-pa
0 0 0 =10 O 0 , and
0 @Sy 0 0 ) 0
Ny

K+ Up 0 0
V= ( —K p+t 0 )
0 0 6+v
Using the next generation matrix method, the effective reproduction number, R,, of the system (7) is given as the
dominant eigenvalue of matrix FV = (Goswami et al. 2024, Olaniyi et al. 2025).

The nonzero infection cycle is Ep — I, via Ip progression, giving eigenvalues +vab, where:
1-Pa @ x
= d

E+v)° T e+ pp) (p+ DI

(1-P)ap x
(c+pp) (p+D(E +V) (19)
Evaluating equation (19) in the absence of control measures such that when { = t = v = 0, the effective reproduction
number, R,, reduced to basic reproduction number as shown in equation

Thus, the effective reproduction number; R, = \/

_ agK

Ro = (c + up)ps (20)

Local stability of the Phyllody- disease-free equilibrium point of the model

Theorem 3.3. The disease-free equilibrium point, D, is locally asymptotically stable if Ry < 1 and unstable whenever
Ry > 1.

Proof. The Jacobian matrix of the model system (7) evaluated at, D, is:

r—pp) ——s0 _Lso 0 —(1-v)a
P K °P K P
_ 0 —(k + up) 0 0 1 -YP)a
Joo = 0 K —(p+ 7+ up) 0 0
0 0 - (6 +v) 0
0 ¢ 0] 0 -6 +v)
From the Jacobian evaluated at the disease-free equilibrium , D,, one eigenvalue comes from the plant logistic
direction, ; = —(r — pp), and another from the vector demographic mode, A, = —(§ + v). The remaining three

eigenvalues are obtained as the roots of the characteristic equation of the infected/latent subsystem using the following
characteristic polynomial equation:

From the variational matrix, two of the eigenvalues are A; = —r and A, = —(§ + v). The remaining eigenvalues are
found using the following polynomial characteristic equation,
B+ (@a+b+ )2+ (ab + ac + bc)Ad + (abc — Brxp)= 0 21
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witha = Kk + Upso,b =p+17+pup >0, c=8§+v>0,andf = (1 — Pl)a>0ifyY <1. Thus, a, =
(a+b+c)> 0anda, = (ab+ ac + bc) > 0 always.

Let ay:= abc — [ k ¢ (the constant term of the characteristic polynomial (22)

Then, a, = abc — fx@ = abc(l — R3). Thus, the sign of ay depends only on R,.

Specifically,ifag > 0 © Ry < lL,or gy =0 © Ry= loray < 0 & Ry > 1.

Table 2: Descartes’ Rule of Sign conditions for at most two positive real roots determined based on R, for the Sesame
model

Case a, | a4 ay = Ry Sign Number of Interpretation
abc(l — R3) changes | Positive real
roots
A + + + Ry<1 |0 0 D, locally

asymptotically stable

B + + 0 Ry=1 |- - Threshold (Transcritical
point)

C + + - Ry>1 |1 1 One positive eigenvalue;
invasion

In our Sesame model, only two sign patterns occur: a, > 0,a; > 0 with g, > 0, (Case A) when R, < 1, and a, >
0,a; > 0 with ag < 0, (Case C) when R, > 1; the threshold a, = 0 corresponds to Ry = 1 (Case B). Thus, for Ry <
1 the disease-free equilibrium D, is locally asymptotically stable; for Ry > 1 there is exactly one sign change, yielding
one positive real root and loss of stability (invasion). Because a, and a; are always positive in this model, the mixed-
sign cases that would permit backward bifurcation do not arise; accordingly, Descartes’ Rule of Signs implies at most
one positive real root.

Global stability of disease-free equilibrium point
Global stability of the model system is established to determine if the disease can persist or removed from the sesame
population. Mathematical proof is presented using a Lemma described in (Castillo-Chavez et al 2002, Chuma and
Mwanga 2019, Collins and Duffy 2022, Goswami et al. 2024).
Lemma 3.1. Consider a model system written in the form
db
dg

T G(b,g9),G(b*,0)=0

where b € R™ and g € R™. The disease-free equilibrium point of the model system (7) is denoted by (b;,0) assuming
that

(i) % = B(b,0), b* is globally asymptotically stable,

(ii) G(b,g) =TI —G(b,g),G(b,g) =0, V(b,g) €EB

where B is the invariant region of the model system (7) and T = %600 is

an M — matrix with non-negative off diagonal

elements.

Theorem 3.4. The disease-free equilibrium point of the model system (7) is globally asymptotically stable if R, < 1.
Proof. Using Lemma (3.1), we need to show that conditions (i) and (ii) holds for R, < 1. From the model system (7),
the susceptible population are given by b = (Sp, Sy) € R? and the infectious populations are given by g = (Ep, Ip, I/) €
R2. Then, when g = 0 we have,

_Sp) _
4 _ B(b,0) = (TSP (1 K) ”PSP> 23)
at oA — (6 +v)Sy

using the separation of variables technique, the solutions of the system (23) are therefore

Up 1p
K(1-2E K(1-=-)-s(o
Sp(t) = ) where € = K1)

Ttce- TP S(0-1
Ast — oo, we have Sppy > K (1 - #r_P) and Sy () =

wA wA —
and SV(t) = m + [SV(O) - +V)] e (& +v)t .

Q)

B +v)
Therefore, b* is globally asymptotically stable, confirming that condition (i) holds. Looking back for condition (ii), we
have;
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(1-y)aspl
{ ¢NZPV_(K+HP)EP \
d
Z=GUpIy) = KE, — (p + T + wp)l, (24)
\(1 —m)A+$— (5+v)1V/
|4

Then, the Jacobian matrix of (24) evaluated at D, is

—(c+ up) 0 1-9a
T = K —(p+ T+ pp) 0 (25)
0 1) -6+ v)

Using Equations (24) and (25), and define G (b, g) component wise we obtain
- S
G, (b, 9) <(1 - [1 —N—]; Iv>\‘
E;(b' g) = 0
G- S
ool \ e

From the system in (26), each component of G,(b, g), (i = 1,2,3), is nonnegative on the feasible region Q
(because 0 < fl—P < land0 < f}_v < 1. Hence, condition (ii) holds. Consequently, when R, < 1, the disease-free
P

(26)

\4

equilibrium point is globally asymptotically stable and hence the theorem (3.6) holds.
Bifurcation analysis

We use the Centre manifold theorem stated in (Castillo-Chavez and Song 2004, Mushayabasa et al. 2017, Chuma and
Mwanga. 2020, Olaniyi et al. 2023) to investigate the changes on R, close to a unit.
Theorem 3.5. Consider the following general system of ordinary differential equations with a bifurcation parameter a,

2 = f(x,0),g:R" x Rand f € C"(R" X R) 7)

Without loss of generality, it is assumed that 0 is an equilibrium for system (27) for all values of the parameter o, that is,
f(0,a) =0 forall @ > 0. Now, assume that;

(i) E =D,f(0,0) = % (0,0) is the linearization of system (27) around the equilibrium 0
j

with f evaluated at 0. Zero is a simple eigenvalue of E, and other eigenvalues of E have negative real parts.

(ii) Matrix E has a right eigenvector w and a left eigenvector v corresponding to the zero eigenvalue. Let f; be
the k™ component of f and

n azf
a= Z Ve W _(0,0)

Wj =———
K axian
9%f
b =Yl v W ﬁ (0,0 (28)

The local dynamics of the system (27) around (0,0) are governed by the signs of a and b in the following conditions:
(Ya > 0,b > 0. When q < 0 with|a| K 1, (0,0) is locally asymptotically stable, and there exists a positive
unstable equilibrium; when 0 < a < 1, 0 is unstable and there exists a negative and locally asymptotically stable
equilibrium.

(i)a < 0,b < 0, whena < 0with |a| K1, (0,0) is unstable; when 0 < a < 1, 0 is locally asymptotically stable,
and there exists a positive unstable equilibrium.

(iii) a > 0,b < 0,whena< 0with|a| < 1, (0,0) is unstable; and there exists a locally asymptotically stable
negative equilibrium; when 0 < a < 1, (0,0) is stable, and a positive unstable equilibrium appears.

Theorem 3.6. The endemic equilibrium point of the model became locally asymptotically stable whenever Ry > 1.
Proof. On introducing new variables to the model sub-systems (7), such that Sp = xq, Ep = Xy, Ip = X3, Sy = Xy,
I, = x5, and normalize the total plant and vector populations so that Np = np = 1 and Ny, = n,, = 1 that then model
system can be re-written as follows;

dx X1+ X, + X
d—tl =TX <1 _%) - (1 = Plax;xs — upx;
dx,
= @~ Waxxs — (et pp) +x;
d
= = o+ T ) (29)
dx,
s WA — pxyx; — (5 +V)xy
dxs
e (1 — WA+ @xx3 — (6 + V)xg

Using equation (19), take alpha (o) as the bifurcation parameter. Setting R,(a) = 1 gives:
a = (Getup) (p+ 1) (5+ 1))
(1 - p)¢x)

and the disease-free equilibrium point of the model system (29) is
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Do = ( Sp,ESI18,80,19) = (K (1 — %) 10,0, 02 (1 - w) ﬁ ) The linearizes matrix of the model system (29)

§+v’
about the disease-free equilibrium pointx, at
a = ay becomes

) C-m) 0 ~G-pas)
A=Y’y —(x+u,) 0 0 -1 -y)a*sy
Jp,(a”) = 0 K —(p+7+up) 0 0
\ 0 0 —pS? —(p+v) 0 /
0 0 S 0 —(p+v)

0
where a;; = r( - %) —pp— (A=) a’ly.
Let Jp, (a") be the Jacobian of system (29) at D, and threshold a*.
The right eigenvector (w = (W, Wy, W, Wy, ws)T  of system (29) associated with the simple zero eigenvalues, (i.e.
Jo,(@”)w = 0) can be parameterized by (w, # 0 as
= K = (S0 _ Svo _ (+ pp)wo— (1 - @)a*shws
Ws = (p T+ up) W2 ’ Wq = ((p 6+v) W3 ’ Ws = ((P * 5+v) ¥ Ws Wy = (1 -pariY

1 U A A
with Spo = K (1 =2).50 = 035 e = (L -0)55
In addition, the left eigenvector v = (v, V5, V3, v,)" of system (29) associated with zero eigenvalues, is given as follows:

_ *70
First choose v, # 0 and setV; = — (_(1 Pl Iv) vy,

az1
*c0

vy = (T_”P)vli(‘” p V2 , v, = 0,and v = (—(1_2’:3 S”) (v, — v;)
Using the center—manifold formulas, Eq. (28), the bifurcation coefficients at the DFE
(witha = a*), firstwehave b = (1 — ) [ (v, — vy) (I wy + SZ wg)]
K+up
a-y)a*
b = (k + up)(v, — v;)w,. All factors are positive for the chosen scalingi.e k + up >0, a* > 0,v, —v; > 0, and
w, > 0. Hence, b > 0. Also, we have

Using the eigenvector identity (substitute w; and wg), Igw; + Spws = w,, we obtain the closed form

T T T
a=mnm [_ EW12 - EW1W2 - EW1W3 -@1- ‘IJ)O(*W1W5]

+ 172[ (1 - lp)a*W1W5] + V4[—(pW3W4] + 1’5[ + P W3Ws
with the eigenvector relations above one has w, > 0,w; > 0,wz > 0, and typically w; < 0 at a™.
Hence the logistic curvature contributes a strictly negative term — %vlwlz < 0, the mixed logistic terms
—%vlwl(wz +w;) <0, and (v, —v;)(1 —P)a*w,ws < 0 because (v, —v;) >0, wg >0, w; <0. The only
positive contribution is vswsws > 0.
In the present model (withr > 0,K > 0, > 0, and w; < 0 under the threshold a* , the negative curvature terms
dominate, yielding a < 0.
Therefore, since the coefficients b > 0 and a < 0 using Theorem (3.5), it is sufficed to conclude that the model system

(7) undergoes a forward bifurcation at R, = 1. These results assure us that the phyllody disease can be eradicated from
the sesame field if proper control measures are well maintained.

1.4
10F ~ ~ Unstable Disease free
w | |~ Stable Disease free
& 1- Unstable Disease free
a equilibrium point, R >1
o e
£0.8] 1
3
206" Stable Disease free .
@ equilibrium point, R <1
So4 ° R i
)= 0.4
0.2[ 7
0 — L L — L L -
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2

Effective Reproduction number, R,

Figure 2: Bifurcation analysis of the Equilibrium points of the sesame model 7.
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The parameters of the model chosen for R, = 0.0328; § = 0.04; p = 0.00055; ¢ = 0.01667; K = 10000,
a =0.45;9 =0.69;7 = 0.8; v =0.512, k = 0.0475 and up, = 0.0033

Endemic equilibrium point

In the persistence of the disease in the field, a model system 7 has the endemic equilibrium point
D, = (S5, Ep 13,55, 1)

cand ¢ = (p+ T+ pp)* (k+ pp) x

(p +t +up )
K a-yP)a

Define ¢, =
Vector block:

A (1 -w)*A A L
* 1-w)* N
Sy = ——— 1y = + (05%) .
4 (6+V)Ni;/1p* 4 §+v §+v & +v)+ (N_‘f>
Plant infection/progression:
Ip

Ep=colp, Sp= C1I_

Global stability of endemic equilibrium point
Theorem 3.7. The endemic point of the model system (7) is asymptotically in the invariant region stable when Ry > 1.
Proof: Now consider the Lyapunov function as used in Chuma and Mwanga 2020, Chuma and Ngailo et al. 2024, Liana
and Chuma 2023 and Olaniyi and Chuma 2023, with state variables x* and Lyapunov constants {;(1,2,3,4,5)

o1 P 1 SV o1 Iy
L=0(S,—SiIn ) + 2, (Ep — EIn ) +5 (I =) + 34 (Sy - 57 lné) +3 (-1 lni) (30)
By taking the first derlvatlve of equation (30) we have
aL _ Sp 4Sp Ep) dEp _Ip)dir Sv) 45v _ I ap
dc Zl (1 Sp) + ZZ ( Ep) + ZZS ( Ip) + Z4'( Sv) + ZS ( Iv) dt (31)
with the model system (7) at the endemlc equilibrium point, pick weights to cancel incidence terms:

(s = {g,and {sy Ip = Gy Sy
with the above choices, all incidence cross-terms cancel and equation (31) simplifies to

dL S 2 E 2
s ()57 (5’,2 - 1) + g x G+ up)E;(E—g— 1)]

E:
Ip 2 Sy ’
— (GG + T+ wp)lp <I* - ) + {5, (6 +)Sy (5 1) l
v

[clv(cw DIy ('— _ 12)] <o
V

then % < 0iff Sp = Sp, Ip = Ip, Sy = Sy, and I, = I, . Hence, D, is the only set of the endemic equilibrium point in the

invariant set B for R, > 1. Using the LaSalle invariant principle (LaSalle 1976), D, is globally asymptotically stable on
the invariant set B.

Sensitivity analysis controls done before planting, 1, the per-contact
Sensitivity analysis examines how uncertainty in model transmission rate from infectious vectors to susceptible
parameter inputs affects the model outputs. For Phyllody plants, a, the infection acquisition rate for vectors
disease in sesame, sensitivity analysis is conducted to feeding on infectious plants, ¢, the net plant
identify the model parameters that influence the effective recruitment/establishment rate feeding the susceptible
reproduction number (R,). A parameter is considered plant pool, x, the natural mortality rate of plants, up, the
highly sensitive to R, if its absolute value is greater than disease-induced plant removal/mortality rate, p, the
that of other parameters, regardless of its sign. Such control-driven roguing/removal rate of infectious plants,
highly sensitive parameters should be targeted for control T, the natural mortality rate of vectors , §, and the death
measures to effectively reduce the number of new rate of leathoppers due to chemicals, v. Additionally,
Phyllody infections in susceptible sesame plants. setting the values for the model parameters such that

The sensitivity analysis is performed using the a=0.275,p =0.55,8 = 0.035,xk = 0.0475,up =
Normalized Forward Sensitivity Index, which measures 0.0033,¢ =0.105

the proportional change in a variable relative to the , =05,T=0.5, and v = 0.5. Thus, the normalized

proportiqnal change in a parameter (Chitqis et al. 2008, sensitivity index of R, corresponding to the parameter «,

Goswami et al. 2024). The Normalized Forward which is the transfer rate of phylotoplasma from infected

Sensitivity Index of the effective reproduction number vectors to susceptible sesame plants is given as Y'Re —

R,) with respect to a parameter p is given b

(Re) w P le?e _0R, pp given by ‘2}: X Ri = +0.5000 . Other indices are calculated using a
P RS similar approach and the results are displayed in Table 3.

where p represents any parameter influencing the
effective reproduction number R,. The model system (7)
includes nine parameters: Namely, the biological
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Table 3: Sensitivity indices of the model parameters

Parameter

Sensitivity Index

2 8 &€ A g = o

U

P

—-0.2619
—-0.4673
+0.5000
—0.2381
—0.5000
+0.5000

—0.0327
+0.0297
—0.0297

For better clarity and visuali

zation, the sensitivity indices from Table 3 are illustrated in Figure 3.

Local Sensitivity of R_e (baseline R_e = 0.155)

¥ @
0.1 [ 1
& 0.05 N
-
k= I
= o
=
= e 4]
o
“ p.os R
el T
-0.1F i
10 v
015 i . . . . . . . .
1 2 3 <4 5 [+ 7 8 =]
Parameters
Figure 3: Sensitivity indices of R, with respect to the model parameters.

The bar chart in Figure 3 shows the normalized local
sensitivity indices of the effective reproduction number
R, with respect to the parameters 1 (pre-planting control
intensity), & (vector-to-plant transmission rate), ¢ (plant-
to-vector infection acquisition rate), k (plant
recruitment/establishment), up (natural plant loss), p
(disease-induced plant removal), T (roguing/removal of
infectious plants), § (natural vector mortality), and v
(death rate of leafthoppers due to chemicals). It can be
observed that the most sensitive parameters are a and ¢
(both positive) and, 1 and v (both negative). Thus,
increasing « or ¢ markedly raises R,, making them key
drivers of transmission, whereas increasing i or v
strongly reduces R, , indicating powerful inhibitory
effects. Parameters of moderate influence are t and p,
which have negative indices—raising either lowers R,
but with smaller impact than ¥ or v. The remaining
parameters show weak effects: « is slightly positive (a
small increase raises R,), while up and § are slightly
negative (small increases reduce R,). Therefore, to curb
phyllody transmission most effectively, efforts should
focus on decreasing a and ¢, for example, reducing
plant-vector contacts and vector acquisition, while
increasing ¥ and v, for instance, strengthening pre-
planting controls and vector mortality/emigration). Our
results are consistent with prior studies: Gupta et al.
(2022) reported that seed treatment and compatible
insecticide programs (for example, imidacloprid with
follow-up sprays) significantly lowered sesame phyllody
incidence; Lukurugu et al. (2023) emphasized that high
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vector pressure and limited access to inputs in Tanzanian
sesame systems make pre-season interventions especially
important; and Yadav et al. (2023) found that integrated
management treatments consistently reduced disease
compared with unsprayed controls.

Results

This section presents different graphical solutions of the
model system (7) by considering three control strategies:
biological, roguing and the use of chemicals that are often
applied purposely for controlling the phyllody disease of
sesame plants. Numerical simulations were performed in
MATLAB using the ODE45 solver with initial
conditions: S, (0) = 6000, Ep(0) = 200, I,(0) = 200,
Sy (0) =120, I,(0) = 600, and parameter values found
in Table 1. The parameter values presented in Table 1
were selected based on published literature, agronomic
recommendations, and biologically plausible assumptions
necessitated by the limited availability of site-specific
data on phyllody disease in sesame. All parameters were
measured and expressed on a per-day basis, with
population variables scaled at the farm level. Sesame is
an annual crop with an average life span of approximately
90-120 days, which implies a natural plant mortality rate

in the range up~0.01-0.03 alay_1 (Texas and

AgriLife, 2007). The intrinsic growth rate of sesame
plants was assumed to represent a moderate growth rate
typical of short-cycle annual crops under favorable
environmental conditions. This choice is consistent with
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values commonly adopted in plant population and crop-
disease models and was explored over the range

0.3-0.8 day_1 . In practice, this parameter is often
inferred using Relative Growth Rate (RGR)
measurements as a proxy (Yemata and Bekele 2024).
The carrying capacity, K, represents a realistic upper
bound on farm-level sesame density based on standard
planting densities and spacing practices. To assess model
robustness, K was varied between 5,000 and 20,000
plants per hecter (Texas and AgriLife2007).
Phytoplasma transmission, including the transmission
rate from infected vectors to susceptible plants is fiund to

be in the range 0.1<a <045 day_1 as cited from

Alemneh et al. (2019). Biological control effectiveness
and the roguing rate of infected plants are ranging
between O <,z <1 adopted from Alemnch et al.

2019). Disease-induced mortality of plant was fixed at

p =055 day_1 , following estimates reported by Reddy
et al. (2019). The infection acquisition rate from infected

plants (¢ =0.01-0.2 day_1 ) was informed by Vemana

et al. (2023). The adult life span of leafthoppers was
assumed to the range from 14 to 45 days, yielding a
1

>

natural vector mortality rate & =0.03—0.04 day
consistent with entomological studies (Weintraub and
Beanland 2007). The vector recruitment rate into the farm
A =0.005 day_l

reasonable ranges reported for similar agro-ecosystems.
The progression rate from exposed to infectious plants,

was assumed within biologically

x =0.024-0.071 alay_1 , was adopted from Gogoi et al.

(2017). The impact of each control strategy was examined
separately, and the corresponding results are reported in
the subsequent sections.

Effect of control strategies on the dynamics of phyllody
disease

We now examine in detail the roles of biological control,
chemical control, and roguing on the dynamics of
Phyllody disease in sesame through simulation to
evaluate the effectiveness of different management
strategies.

Effects of Biological Control (/) on Sp (Zero Roguing )

6000
—h=0.1, =0
m—H=003, 7=0
5000 - w=0.5, +=0
—— =0T, =0
=09, 7=0
4000

3000

2000

Susceptible Sesame Plants, 5,

1000

0

0 2 4

5] 8 10

Time (Days)

Figure 4:

Figure 4 shows (Sp) over the first 10 days after
phyllody symptoms are observed, with varying biological
control efficacy ¥ and no roguing (r = 0). As ¢
increases (0.1 to 0.9), reduced vector plant transmission
lowers infection pressure, allowing more plants to remain
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Effects of Biological controls taken on sesame seeds and the field before plantation.

uninfected and grow logistically, so Sp rises faster. Thus,
higher 1 markedly preserves and boosts susceptible even
without roguing.
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Effects of roguing of the infected plants (IP}

200 T T T
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Infected Sesame plants, IP
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5 G T 8 9 10

Time(Days)

Figure 5:
the sesame plants.

Figure 5 shows the number of infected sesame plants
(Ip) decreases over the first 10 days after phyllody
symptoms are observed, under different roguing rates
(t = 0,0.6,0.8,0.9) and chemical control levels (Y =
0,095). With no roguing of infected plants, infections
decline slowly, while higher roguing rates accelerate the

600

Effects of the roguing of the infected plants on the transmission rate of plasma from infected leafhoppers

reduction of infections. The combination of a high
roguing rate (T = 0.9) with high chemical control
efficacy (¢ = 0.095) results in the steepest decline,
demonstrating that integrated roguing and chemical
control strategies are most effective in reducing Phyllody
disease burden in sesame crops.

Dynamics of Infected Vectors under Different Roguing Rates (+)

82.2
500 | g2f —  ———
81.8 \
_ =
i 400 816 -
8 \
D 81.4
= 300 4 4.002 4.004
=
[<k)
8 0.1
£ 200+t ——=0.
= ——+=0.3
+=0.5
100 —r=0.7
——+=0.9
0 1 1 1 T
(0] 2 <1 6 8 10

Time (Days)

Figure 6:

Figure 6 shows the dynamics of infected vector Iy
populations under different roguing rates (t) over time
for Sesame Phyllody management, during the first 10
days following the observation of phyllody symptoms.
Across all T values, the infected vector population
declines gradually, demonstrating the effectiveness of
control measures. Additionally, the inset zoom, captures
a narrow window showing fine differences in the rates of
decline under different 7 values, where higher 7 (e.g.,
0.9) results in slightly slower declines in Iy than lower T
due to the absence of chemical control ({y = 0), making
the roguing affect vectors only indirectly by reducing

Effects of the roguing rates (t) on the infected vector population.

infected hosts. The visible slope differences indicate that
while higher t reduces infected plants faster, its
immediate effect on vectors is subtle. Using chemicals
(U >0) would directly reduce plant-to-vector
transmission, steepening the decline in I, across all T
values and emphasizing the benefit of combined
strategies in Phyllody management. However, the decline
in infected vector numbers is not tightly coupled to the
roguing rate. For example, when T = 0.1 the infected-
vector count is lower than at higher roguing rates (t =
0.3,0.4,05,0.7
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Effect of Roguing () on Infected Plants IP (v =0)

200 ¢
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100

Infected Plants, IP
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Time (Days)
Figure 7: Effects of roguing rates on the Infected sesame plants (Ip).

Figure 7 Shows the dynamics of infected sesame plants
(Ip) under varying roguing rates T with v = 0 (no
additional vector mortality) during the first 10 days
following the observation of phyllody symptoms. As tau
increases from 0.1 to 0.9, the infected plant population
declines more rapidly, indicating that higher roguing rates
are effective at reducing the infected plant population.

Higher roguing rates (7) significantly speed the decline of
infected sesame plants, demonstrating roguing
effectiveness in disease control even without additional
vector mortality (v 0). This accentuates the
importance of timely roguing of infected plants to manage
phyllody disease in sesame.

Use of Chemical (») on Sesame Plants (+ = 0)

10

6000

5000 |- 144
o 143 f
o5 4000 |
= 142 ¢
[45]
o
@ 3000 ofrs  0.79
=
=
(<]
8 2000
=
o)

1000 -

o . . . . . . . . . |
0 1 2 3 4 5 6 7 8 9
Time (Days)
Figure 8:  Effects of the use of chemicals on the susceptible plants.

Figure 8 shows that chemical application produces an
exponential rise in the susceptible sesame plant
population (Sp) in the first 10 days following the onset of
phyllody symptoms. A higher nu reduces the number of
vectors able to transmit phyllody, lowering infection
pressure on the plants. The zoom near t = 0.8 years
highlights early subtle differences, with higher nu
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yielding a slightly larger Sp even at the initial stage.
Overall, increasing nu through chemical application helps
maintain a larger healthy susceptible population by
reducing the rate at which susceptible plants become
infected.
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Effects of Chemical Control (¢’) and Roguing () on Sesame Plants
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Effects of chemical control efficacy () and roguing rate (t) on the infected sesame plant population (Ip)

Figure 9:
over three years

Figure 9 shows infected sesame plants (Ip) over 10 days
for different chemical control (i) and roguing (7)
settings. Roguing alone reduces infections substantially
(t=0)tor=0.8
drives a rapid drop toward near zero by approximately day
5, while T = 0.4 declines more slowly, with no roguing
(T = 0) infections grow. Chemical control alone
substantially (t = 0) has limited effect: evenat {y = 0.8
the curve is nearly flat and remains high, with {y = 0.4 or
0 showing clear increases. Combining the two gives the
steepest and most sustained declines. In addition, ¢ =

Reproduction number 2. as a function of o and ¢

<10~

® 0 o

0.8 with T = 0.8 is fastest, followed by Yy = 0.4 with T
= 0.8, then y = 0.8 with T = 0.4. Overall, higher tau
consistently dominates the dynamics, while ¢ mainly
shifts curves downward but is insufficient without
roguing, together they produce the strongest reduction in
Ip . Thus, this combination strategy provides the most
effective approach for managing Phyllody disease in
sesame by rapidly lowering infection burden and
maintaining low levels of infected plants over time.

<107

Figure 10: Variation of the effective reproduction number (R, ) with transmission rates from vectors to plants () and

from plants to vectors ().

From Figure 10 it can be observed that increasing the
transmission rates from vectors to plants («) and from
plants to vectors (¢) raises the effective reproduction
number (R,), with the highest R, when both are high.
Reducing either parameter lowers R, , highlighting the

1020

effectiveness of integrated management strategies
targeting both vector control (reducing o) and roguing of
infected plants (reducing @) to prevent Phyllody disease
establishment and persistence
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Reproduction Number (Re) as a Function of ¢ and v
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Figure 11: Effects of biological and chemical control strategies on the Effective reproduction number.

Figure 11 shows that increasing chemical control
efficacy () and additional vector mortality (v) both
reduce the effective reproduction number ( R,) for
Phyllody disease. Higher { lowers transmission from
infected vectors to plants, while higher v reduces vector
lifespan and their capacity to transmit the pathogen. The

Contour Map of Effective Reproduction Number (R ) vs. Contact Rates

o bt o
S [} 3

¢ (Plant-to-Vector Contact Rate)

o
[N}

0

0 0.1 0.2 0.3 0.4 0.5
o (Vectorto-Plant Contact Rate)

Figure 12 Contour map of the effective reproduction number (R,) as a function of the vector-to-plant contact rate (o)
and the plant-to-vector contact rate (¢).

Figure 12 shows that the effective reproduction number
(R,) increases with higher vector-to-plant («) and plant-
to-vector (¢) contact rates, indicating a greater potential
for Phyllody disease spread under high transmission
conditions. The labeled contours allow direct

lowest R, values occur when both strategies are applied
together, demonstrating that integrated use of chemical
and biological controls is most effective in reducing R,
below threshold levels necessary for controlling or
eliminating Phyllody disease in sesame fields.

0.6 0.7 0.8 0.9 1

interpretation of R, values across parameter
combinations, demonstrating that lowering either «, ¢, or
both is effective in reducing R, below critical thresholds
for controlling the disease in sesame cultivation.
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Variation of Basic (R ) and Effective (R ) Reproduction Numbers vs. o
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Figure 13: Variation of the Basic reproduction number and Effective reproduction number on the transmission rate of
phytoplasma from the infected vector to susceptible plant.

Figure 13 illustrates the variation of the basic
reproduction number (R,) and effective reproduction
number (R,) as the transmission rate from infected
vectors to susceptible plants () increases. At a = 1, the
calibration ensures that Ry = 0.1972 and R, = 1.3081,
demonstrating the substantial reduction in transmission
potential achieved through interventions such as chemical
control and roguing. While R, increases with higher a,
indicating greater potential for disease spread without
interventions, R, remains much lower across all avalues
under intervention, confirming the effectiveness of
combined strategies in reducing Phyllody disease
transmission in sesame fields.

Discussion

This study formulates and analyzes a sesame—phyllody
transmission model with multiple controls. Results show
that roguing (t) alone produces a sharper short-horizon
reduction in infected plants than chemical control ()
alone, while the combined deployment of roguing and
chemical control achieves the fastest and most sustained
decline in infections. These patterns align with modeling
and field-guided evidence that prioritizes roguing or
couples it with vector suppression (Qiu et al., 2021;
Chapwanya and Dumont, 2021, Boopathi et al. 2023).
The comparatively modest short-term impact of chemical
control used in isolation departs from reports of stronger
insecticide performance in some settings (Reddy et al.
2019, Singh et al. 2022), plausibly due to timing of

application, coverage heterogeneity, or emerging
resistance not captured by the present framework.
Biological/cultural measures contribute additional,

though slower-onset, gains—stabilizing trajectories and
supporting sustained reductions when integrated with
roguing and chemical control.

For example, Figures 4-13 summarise the control
effects. In particular, Figures 4, 5, 6, and 8 show that
biological and chemical interventions markedly suppress
phyllody, consistent with reports that integrated seed
treatments plus timely foliar sprays (e.g., imidacloprid
followed by insecticide applications) reduce disease
relative to unsprayed controls, with all tested packages
outperforming controls (Shamaki et al. 2021, Sharma et
al. 2023). More broadly, these findings accord with recent
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trials and reviews showing that vector-focused chemicals,
complemented by bio/organic measures, effectively
manage sesame phyllody (Qiu et al. 2021, Chapwanya
and Dumont 2021, Collins and Duffy 2022, Gupta et al.
2023, Lukurugu et al. 2023, Chouksey et al. 2025).
Further, higher chemical efficacy ({) and additional
vector mortality (v) both depress R, , and the joint use of
these measures performs best. This is consistent with
integrated management perspectives and awareness style
interventions that curtail contact and infectious exposure
(Al Basir and Blyuss 2018, Boopathi et al. 2023, Yadav
et al. 2023, Gupta et al. 2018).

In addition, our results in Figures 7 and 9 indicate that
roguing symptomatic plants substantially suppresses
phyllody, reducing infections and slowing transmission
even when applied alone. When combined with vector
control, it produces faster and larger declines in both
infected plants and vector abundance, strengthening
overall management. These findings accord with prior
modelling and field-based analyses (Reddy et al. 2019, Al
Basir et al. 2020, Ransingh et al. 2021, Gupta et al. 2023).

Moreover, the findings with contours analyses in
Figures 10—12 show that the transmission rates ¢ (plant-
to-vector acquisition) and o (vector-to-plant inoculation)
strongly shape the effective reproduction number R, .
Increases in either parameter elevate R, , whereas
reductions lower it. These patterns are consistent with
next-generation matrix analyses for vector—plant
pathosystems (Jones 2007, Anguelov et al. 2012, Van den
Bosch and Jeger 2017, Coronel et al. 2023).
Furthermore, our results in Figure 13 shows that higher
vector to plant transmission increases (R, ). With controls
(Y # 0,t # 0,v # 0), R.drops and stays below the
baseline (Ry) (y =t =v =0). This aligns with sensitivity-
driven results in vector-borne systems that highlight
transmission pathways as dominant levers (van den
Driessche and Watmough, 2002; Chitnis et al. 2008; Shi
et al. 2014, Van den Bosch and Jeger 2017, Al Basir et al.
2018, Anggriani et al. 2018, Al Basir et al. 2020, Qiu et
al. 2021, Singh et al. 2022, Boopathi et al. 2023). Also,
the calibration illustrates that as o increases, R rises
while R, remains much lower under intervention,
echoing classical reproduction-number theory and
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stability insights (Castillo-Chavez and Song, 2004;
Castillo-Chavez, Feng and Huang, 2002; LaSalle, 1976).

Some improvements are needed, as our study relies on
a deterministic, well-mixed modeling framework and
omits climate or seasonality and host-vector
heterogeneity that can influence outcomes (Baath et al.
2022, Collins and Duffy 2022). The data used are
illustrative rather than fully realistic, which may limit
generalizability; nevertheless, they provide insight into
the problem structure and can be replaced with field
observations to obtain more plausible, site-specific
estimates. Even so, the model has helped us assess the
impact of multiple control strategies on the spread of
phyllody disease in sesame.

Conclusion

In this study we developed and analysed a nonlinear
deterministic transmission model for sesame phyllody,
capturing interactions between sesame plants and the
leathopper vector population. The model was used to
assess how different management strategies alter disease
dynamics in the crop. We examined three forms of
control: (i) biological and cultural practices (such as crop
rotation, use of clean seed, field sanitation and timely
planting), (ii) roguing (removal of symptomatic plants, 1),
and (iii) chemical/vector control. The simulation results
indicate that these interventions can substantially reduce
both infected plants and infected vectors over time, and
that integrated control produces the strongest and most
sustained suppression of phyllody. Specifically, rapid
removal of infected plants limits onward transmission
from diseased plants to vectors, while vector-focused
measures further reduce infection pressure on healthy
plants. However, our results also show that no single
intervention is universally sufficient: roguing applied in
isolation does not fully prevent continued infection in the
vector population, and chemical control alone may have
limited short-term effect if application is not well timed.
These findings imply that phyllody management should
be viewed as an integrated, seasonally planned process
rather than a one-off action. We therefore recommend that
farmers and extension officers prioritise early detection
and prompt roguing of symptomatic plants, combined
with appropriate vector suppression and good agronomic
practices (field sanitation, removal of volunteer hosts,
timely planting, and use of healthy seed material). For
policy and advisory agencies, the model supports
promoting coordinated, multi-component management
guidelines rather than relying solely on spraying,
especially in areas and seasons with high vector pressure.
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