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ABSTRACT. Downy mildew is a disease that continues to infect corn crops in Timor Tengah Utara regency, reducing
the amount of crop production and making corn farmers suffer losses. Farmers continue to look for ways to control
downy mildew. Two treatments are commonly used by farmers, namely spraying Fungicides and Pseudomonas Flu-
orescens simultaneously in one unit of time, but have not resulted in optimal production. Therefore, this research is
important to get a more optimal way to control find downy mildew. In this paper, we determine the optimal model
of downy mildew control in corn plants by comparing the use of Fungicides and Pseudomonas Fluorescens. This re-
search begins by forming a dynamic mathematical model consisting of six populations, namely four corn populations
(Sk, F, P, In) and two populations of infecting fungi (S,, I.,). Then they obtained the basic reproduction number
(Ro) and two equilibrium points, namely the disease-free equilibrium and the disease-endemic equilibrium which has
asymptotic stability. Numerical simulation results based on optimal control analysis with the minimum Pontryagin
principle show that using fungicides can reduce the number of plants infected with downy mildew. Therefore, control

by using fungicides is necessary and recommended increasing the number of downy mildew infected plants.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of [JBM: Department of Mathematics, Uni-
By _NC versitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction

Corn is a food-crop commodity that plays an important role
in the development of the agricultural sector. One of Indone-
sia’s islands, Timor Island in East Nusa Tenggara Province, corn
remains a staple food for rural people. Corn is also used as an-
imal feed [1]. More interestingly, corn is used as a raw material
for home or small industries in the Timor Tengah Utara (TTU) re-
gency [2]. Corn is used as a material for the tortilla or corncracker
agro-industry [3]. Thus, the planting of corn must continue to be
improved.

Based on data from Badan Pusat Statistik (BPS) of East Nusa
Tenggara Province in 2023, corn productivity in the TTU regency
has fluctuated. In 2019, it was 46,621 tons, then in 2020, there
was a decrease in the yield of 4+ 10,000 tons, so that it became
36,406 tons, and in 2021 it increased again by + 6,000 tons so
that it became 42,945 tons. TTU Regency ranks fourth highest in
corn productivity in East Nusa Tenggara Province [4].

West Insana District, Bannae village, is a village with high
corn productivity [5]. The farmers in the village continue to strive
so that corn productivity does not decrease, so that it can fulfill
consumer demand and needs. In fact, planting corn to produce
corn kernels that are of good quality and does not reduce the
quantity for consumption is not easy. Based on direct reports
from farmers in Bannae village, there has been a decrease in corn
productivity in recent years. The decrease in corn productivity

*Corresponding Author.

Email : dianludji@unimor.ac.id (D. G. Ludji)
Homepage : http:/ejurnal.ung.ac.id/index.php/JJBM/index / E-ISSN : 2723-0317
© 2024 by the Author(s).

occurred in 2021 to 2022 due to weather changes at the planting
time of previous years, so that many diseases attacked corn. One
of the diseases encountered in corn is downy mildew. Downy
mildew in corn is caused by the fungus Peronosclerospora, which
attacks corn leaves so that the growth of corn is inhibited and
dwarfed, and the corn kernels produced are abnormal. The fun-
gus spreads through the air. Cool and wet air can accelerate the
growth of Peronosclerospora fungus [6]. Bannae Village is an area
where the air is cool and wet so that it supports the growth of
Peronosclerospora fungus and its rapid spread.

Controlling the spread of downy mildew on corn leaves can
be done in several ways, namely by spraying fungicides made
from active prodium and Carbio drugs on corn plants that are one
to three weeks old. In addition, by using antagonistic microor-
ganisms such as Pseudomonas Fluorescens Spraying. [7]. These
two control measures are often practiced by farmers in Bannae
village. Combining the two control measures will require more
time and the results will not be optimal because each measure
has a different effect on the number of downy mildew-free corn
plants. Therefore, it is important to conduct this research to find
effective control measures. This research begins with construct-
ing a mathematical model of the dynamics of the transmission of
downy mildew in corn by adding variables of fungicide treatment
and variables of pseudomonas fluorescens treatment.Next, find
the basic reproduction number as a center to know how many
corn plants can be infected by one downy mildew-affected tree.
After that, proceed with optimal control analysis using minimum
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Pontryagin principle and numerical simulation to support the re-
sults of the analysis. There is a lot of research on the mathe-
matical model dynamics of the transmission of diseases in plants
[8-11]. Two of them are making mathematical models for the
transmission of diseases in plants in general, which is not specific
to the type of plant and the disease (8|, and the next one does
research by making mathematical models on corn plants but not
specific to the type of disease [12]. Research on the mathematical
model of the spread of downy mildew in corn and optimal control
as a control effort is rarely. One of the previous research that is
close to the research to be carried out is the analysis and optimal
control of the mathematical model of the spread of leaf disease
in corn plants due to pathogens [13]. The research made a math-
ematical model and carried out control in the form of prevention
efforts by applying fungicides and obtained research results that
the provision of control can minimize the number of infected
corn plant populations [13]. In the research, only one control
treatment was taken, while this research was conducted by tak-
ing two control treatments, namely the treatment of fungicides
and the treatment of pseudomonas fluorescens.This research has
never been conducted by other researchers, so it is very impor-
tant to do so in order to find out more optimal control for corn
farmers. Variable U is the control variable for fungicide treat-
ment and variable V" is the control variable for pseudomonas flu-
orescens treatment. The last step of this research is to compare
the two control treatments by looking at the numerical simula-
tion results of each control treatment based on the optimal con-
trol analysis results.

2. Methods

This research is quantitative research by comparing the re-
sults of numerical simulations based on the results of optimal
control analysis on the use of fungicides and Pseudomonas fluo-
rescens to obtain more effective results.The data used from pre-
vious journal references and primary data from corn farmers in
Bannae village. The steps taken to complete this research are to
first create a mathematical model of the transmission of downy
mildew in corn by adding variables of downy mildew control mea-
sures. Second, find the equilibrium point of the model that has
been formed.After that, find the basic reproduction number (Ry),
then analyze the equilibrium point obtained by connecting the
Ry value to determine the stability properties of the model cre-
ated. Next, the optimal control analysis uses the minimum pon-
tryagin principle method for each control variable. Variable U
is the control variable for fungicide treatment and variable V' is
the control variable for pseudomonas fluorescens treatment. The
last step is numerical simulation to see the dynamics of downy
mildew spread in corn and compare the two control treatments
based on the results of the optimal control analysis. The math-
ematical model formulated in this research is presented in chart
form in Figure 1.

Based on Figure 1, the following equation is obtained which
will be used in searching for the basic reproduction number. The
basic model formed is Susceptible (S}), which is a corn popu-
lation that is susceptible to infection by downy mildew, and in-
fected (I3) is a corn population that has been infected with downy
mildew and can spread it to susceptible populations. However,
it should be noted in this study, that this basic model is given an
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Figure 1. Diagram for the transmission of downy mildew dis-
ease in corn

additional class given Fungicide (F'), namely the corn population
given Fungicide and the class given Pseudomonas Fluorescens
(P), namely the population given Pseudomonas Fluorescens. In
addition, there are two sub populations of vectors that cause
downy mildew, namely populations of susceptible fungi and pop-
ulations of fungi that can infection plants. The purpose of adding
this compartment is as a strategy in controlling the transmission
of downy mildew in corn. The developed mathematical model
can be said to be accurate if it has a stable equilibrium point, in
this case the disease-free point is stable and the disease endemic
point is stable. The following is a system of non-linear equation

% = A—aSh—(l—a)Sh—uSh,
F

CiTt = (1-«)S,—nFI, — uF,
dP

— = aS, —~PIl, — uP,

dl
i = nFL+yPL—uly,
dsS
dtv = X - ﬂS’uI’u - QS@,
dl
v = Syl, — 01,.
dt s

where A is the rate of corn planting that enters the susceptible
corn population, a is the proportion of providing control mea-
sures, v and 7 is the strength rate of infection by peronoscle-
rospora fungus in corn. X is peronosclerospora fungus natural
birth rate which belongs to the group of susceptible fungi, S is
the rate of movement of the fungi susceptible to infection fungi.
One important formulation in this study is to include control vari-
ables in the mathematical model formed. The control variable in
question is the U variable as a control variable for the giving of
fungicide and the V variable as a control variable for giving Pseu-
domonas Fluorescens.Optimal control analysis is performed us-
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ing the Minimum Pontryagin Principle. A comparison of the two
control measures will be seen from the graphical results in the
numerical simulation based on the results of the optimal control
analysis.

3. Results and Discussion

From system (1), two equilibrium points are obtained,
namely the disease-free equilibrium and the disease endemic
equilibrium.

3.1.  Equilibrium Points

a. Disease free equilibrium
The disease-free equilibrium (DFE) assumes that there are no
fungal individuals attacking the corn, so there is no infected
corn population. The DFE obtained is as follows

DFE = (Sy,F,P1,5S,,1,)

B (A Al-a) Ao OXO>
o Natpl p(p 1) p(p 1) 00 '(2)

b. Disease endemic equilibrium
The disease endemic equilibrium (DEE) is obtained from

Su_dE _dP _diy ds, _dl, _ |
dt —dt  dt dt’ dt  dt
so that the DEE is obtained as follows
. A
T Gy
o BOA(1 — «)
~ (BnX + BnuX + Bub + B0 — nb? — nu6?)’
P _ aBbA
C BYX + ByuX + Bub + Bu20 — 402 — ypo2’
o (BmX +aByub + Bupf(1 — o) — ymb?) A(BX — 6)
" (1(BYX + BypX + Bub + Bu0 — 102 — yu62))
9
Sr o= =,
v B
2
= X%
36

3.2.  Basic Reproduction Number

Basic reproduction number (Ry) is the average of infected
individuals in the susceptible population produced by one in-
fected individual. Ry is obtained using the Next Generation Ma-
trix (NGM) method. In this research, there are two subpopula-
tions that will be the focus in NGM determination, namely sub-
population I, as the infected subpopulation and subpopulation
I, as the infecting subpopulation. The two selected subpopula-
tions are made based on the decomposition of the Jacobian ma-
trix to obtain the following transmission matrix (¥) and transition
matrix (V) [14, 15].

n(l —a)A+ ayA
1(1+ p)
Xp ’

0
0
0 |

or® o

- |
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Thus, the NGM is obtained as follows [16].
Nl —a)A+ ayA
-1 Op(l + p)

02
R, obtained based on the spectral radius of the NGM, so it is

obtained [17],

X
Ro=p(FV™) = 597

3.3.  Stability Analysis of Equilibrium Point

The stability of each equilibrium can be determined based
on the eigenvalues obtained from the substitution of the equilib-
rium point into the Jacobi matrix. If all the eigenvalues obtained
are negative, then the point is stable. However, if any eigen-
value is zero or positive, then the point is not asymptotic stable
[18, 19]. The following is the Jacobi matrix based on the system

(1),

—1—pn 0 0 0 0 0
l—a —ly—up 0 0 0 —nF
J— @ 0 —vIly — 0 0 —vP
0 nly v1y — 0 nF +~P
0 0 0 0 —Bl,—90 —BSy
0 0 0 0 BI, BSy — 0

@)
a. Stability analysis of disease-free equilibrium
To get the eigenvalues, the disease-free equilibrium eq. (2)

are substituted into the Jacobi matrix eq. (3). So we get
something like eq. (4)
[—1—p 0 0 0 0 0 |
l—-a —p 0 0 0 —nF
o 0 —p 0 0 —yP
Jo = 0 0 0 —pu 0 nF+AP| (4
BX
0 0 0 0o -0 —
X
0 0 0 0 0 X _ 0
L 0 J
So that the eigenvalues obtained as follows
)\1 = —-1- My )‘4 = U,
Ao = —Hs A5 = _97
X
)\3 = —W, )\6 = % — 6.

The disease-free equilibrium will be stable if all eigenvalues
are negative. The values of A1, Ao, A3, A4, A5 have negative
eigenvalues, but A\ does not always have negative values.
Therefore, the manipulation of algebra is done by connect-

ing to Ry, i.e.
)\6 < 0
BX
— -0 0
9 <
BX
YT 1 < 0
Ro—1 < 0
Ry <

Thus, the DFE will be asymptotically stable at Ry < 1.
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b. Stability Analysis of Disease Endemic Equilibrium
In the analysis of the stability of the disease endemic equi-
librium (DEE), substitution of the DEE section 3.1 into the
Jacobi matrix eq. (3) and the eigenvalues were obtained as
follows

Al = —1—/147

pX — 67 62

X —0?
Az = —’Y(ﬁﬁa) = s

Ay = —H,
VR

2
e = ‘(&ﬁ99)~

The DEE will be stable if all eigen values are negative. The
values A1, A4, and A5 have negative eigen values, but ),
Az and \g it are not sure of a negative value. Therefore,
manipulative algebra is done by connecting to Ry, i.e.

i. A2 <0,

X — 62
(ﬂﬂG )”‘” <0

XD n-n < 0
9 ﬁ 77 M )

pX w3
<—92 + 1) 7 < 0

(1—R0)n—% <

Ay =

ii. A3 <0,

(BX 92> o<
X@
(5 ﬂ)”“”’

(), <

(1—R0)’7—7 < 0 Ry>1
iii. \g <0,
X — 2
) <
el
< 0 +> < 0,
X
(—ﬁ+1> < 0,
(1—R0) < 0 Ry>1.

Thus, the DEE will be asymptotically stable at Ry > 1.

3.4.  Optimal Control Problem

To minimize the number of infected corn in the dynamic
model of downy mildew transmission in corn, fungicides and
pseudomonas fluorescens are given as control measures. Both
treatments do not produce the maximum amount of production

| Jambura J. Biomath

if done together in one unit of time, so an optimal control com-
parison between the two treatments is needed. The solution
to this optimal control, using the minimum Pontryagin Principle
method. The first is Optimal Control Problem using Fungicides.
The objective function formed is as follows [20-23]:

a. Optimal control problem using fungicides
The objective function formed is as follows:

t
J= / (A1 Ty, + Aol + A3U?)dt
0

The U variable is the control variable of the given control
action. A, A, are the balanced weight of the infected pop-
ulation, and Aj is the weight of the balanced cost of control.
State variable for model

with constrain

d
% — A—aS,—(1—a)US, — uSh,
dF
o = (1-a)USy, —nFI, — uF
dP
— = —~PI, — uP,
o aSp — %
% = 77FIU+'YPIU_MI}17
dsS,
dt = X - /BSUIU - 951}7
dI
ke = vIv _9-[1)»
dt ps

and boundary conditions ¢ty < ¢t < t1,0 < t < 1, S,(0) >
0, F(0) > 0, P(0) > 0, I(0) > 0, .5,(0) > 0, I,(0) > 0.
Based on the minimum Pontryagin Principle, the Hamilton
functionis H = f(z, U, t)—i—(I>/g(337 U, t) obtained as follows
which is equivalent to

H = Al + Asl, + AsU? + &1[A — (1 — )US), — &Sy,
—/.LSh] + (132[(1 — CX)US}L —nFI, — MF] =+ @3[0(5%
—yPI, — uP] + ®u[nF I, + vPI, — plp] + @5[X

_/BSUI'U - QSU] + q)G[IBSvI’U - 9[’0}7

where &, &5, &3, P4, P5, and D¢ are co-state variables or
Lagrange multipliers. The conditions necessary to achieve
optimal control must satisfy the following minimum Pon-
tryagin Principles:

i. State Equations
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as;t(t) = % =A—(1—-a)US, —aS, — uSh,
‘%(t) - % — (1 Q)USy — nFI, — uF,
oP) % — Sy, — AP, — uP,

Mgt(t) _ % — yFI, +~PI, — uly,
%}f”:%:){—ﬁah—esy,

Mgt(t) _ % = BS,1, — 01,

ii. Co-state equation

®y =

o, =
By =
®, =
o5 =

O =

_oH
S

oOH

COF
OH

P
OH

oI,
OH
98,
OH
9l

=~ [®1(—(1— a)U — a — p) + (1
—a)U + ®30],

= — [®a(—nl, — p) + Pa(nl,)],

= — [®3(—7I, — p) + PyryI,)],

=—[A; — &4 — p],

= — [=®5(BI, — 0) + ®6BL,),

= — [Ay — BonF — O3y P + By(nF

+P) — ®5(B5y) + P85, — 0].

iii. Transversal condition

OH
0=
O = 2A3U - @1(1 — Oé)Sh + @2(1 - Ot)Sh,
0= 2A3U — (‘1)1(1 — Oé) + (1)2(1 — Oé)) Sh,

243U = (91 + (1)2)(1 —a)Sh,

U =

(P1+P2)(1 —@)Sh

243

Since 0 < U < 1, then we get :

U = min {max {0, (®1 = @2)(1 — a)Sh,l}} .

24,

b. Optimal control problem using pseudomonas fluorescens
The objective function formed is as follows

The variable V' is the control variable of a given treatment.
By and B, are the balanced weights of the infected popu-
lation, and Bj is the weight of the balanced treatment cost.

t
J= / (B1I}, + Bol, + B3V?)dt
0

| Jambura J. Biomath

State variables for the model

with constrain

d
% = A—aVS,—(1—a)Sh — uSh,
dF
pr (1 —a)Sy —nFI, — prk,
dpP
— = —vyPI, — uP.
7 aVSy —yPIl, — P,
% = nFlL, +~vPIL, — plp,
ds,

L= X - vly — 0 v
7 BS S,
dr,

= vIv 70[1,,

dt ps

and boundary conditions g < ¢t < t1,0 < t < 1, S,(0) >
0, F(0) > 0, P(0) > 0, I,(0) > 0, S,(0) > 0, I,(0) > 0.
Based on the minimum Pontryagin Principle, the Hamilton
functionis H = f(Y,U,t)+¥ g(Y,V, ) obtained as follows
which is equivalent to

H

= Byl + Boly + B3V 4+ U([A— (1—a)S)
—aV' S, — puSp] + ¥2[(1 — a)Sp — nFly — pF]
+WslaVSy — yPlopP] + Wy[nF Iy + yPLy, — plp]
FU5[X — BSyLy — 0Su] + W6[BSu Iy — 01,

where Wy, Uy, U3, Wy, U5, and Wq are co-state variables or
Lagrange multipliers. The conditions necessary to achieve
optimal control must satisfy the following minimum Pon-
tryagin Principles:

i. State Equations

ii. Co-state equation

aSu(t)  OH
dt vy
OF(t) OH
At 00,
OP(t)  OH
Tdt 9y
oI, (t)  0H
dt 0V,
8S,(t)  OH
dt 0y
oI,(t)  OH
dt ~ 0¥g

=A- (1 — Oé)Sh — aVSh — /J,Sh,
=(1-a)S, —nFI, — uF,

=aV S, —yPI, — uP,

=nll, +~yPL, — ply,
=X - B8S5,1, —0S,,
= BS,1, — 01,.
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Figure 2. Population dynamics of corn
Table 1. Parameter values

OH
Up=——=—[U1 (-1 —a) —aV — u) + Ty(l Parameter Ro>1 Rp<1 Source

oSy X 0,1 [24]

— a) + \IlgonL @ 0,5 0,5 asumption
OH A 0,1 0,1 asumption
__ vt I " 0,03 0,03 [25]

Uy =— 55 = —[V2(=nly — p) + Va(nL)], " 0E 000 o

OH B 0,01 0,1 [24]
\113 = — — = —[\1/3(—’711] — /,L) + \114’)/11“] 0 0,07 0,07 [24]

gﬁ n 0,03 0,1 (13]
Uy=——=—[B; — ¥y —pu,

4 oI, [B1 4=

N OH = [~ Us(BI, — 0) + VeBL,)], Figure 2a shows that when the value of Ry < 1, the pop-

ISy ulation of infected plants (I;,) will decrease, and then the popu-

_ OH lation will be extinct after 170 days. The infecting vector popu-

Vo =— oI, — B2 = WonF = Wgy P+ Wy (nF lation (I,)) will decrease, and the population will be extinct after

+ ")/P) - \IJ5(/BSU) + WeBS, — 0]'
iii. Transversal condition

OH
0=%v

0=2B3V — Va8, + Y3a5),
0=2B3V — (V1o + U3c) S},
2B3V = (U + U3)aSh,
Vo (T, + \Ilg)aSh.
2B3

Since 0 < V < 1, then we get :
v, — U
V= min{maX{O,(l?’)aSh,l}}.

2B
3.5. Numerical Simulation

The following is a numerical simulation to see the dynamics
of the spread of downy mildew in corn, with and without control
using the parameter values in Table 1, with the initial conditions
for each compartment being S, = 10, F = 6,P = 7,1, = 8,
Sy = 5,1, = 5.

| Jambura J. Biomath

the 50th day. Next, the populations of corn treated with pseu-
domonas (P), corn treated with fungicide (F'), susceptible corn
(S1) and susceptible fungus (S,) decreased and then increased
again and constant at + 2 individuals after day 130. Figure 2b,
shows the situation when Ry > 1, the infected plant population
(Iy) increases then decreases until constant at + 3 individuals
after day 150. The infected vector population increases and re-
mains constant at £ 14 after day 50. Furthermore, the population
of corn treated with Pseudomonas (P), corn treated with fungi-
cide (F)), susceptible corn (S}) decreased from before day 10,
while the susceptible fungus (5,,) decreased and then remained
constant after day 20.

Based on these conditions, it can be concluded that if the
value in the field is the same as the value listed in Table 1 in the
Ry < 1 section, downy mildew will become extinct. Meanwhile,
if the value in the field is the same as the value listed in Table 1 in
the Ry > 1 section then downy mildew will not become extinct.

a. Control by fungicide
Figure 3a shows that the infected corn plant population (I},)
grew more slowly in the number of infected when given con-
trol compared to when not given control. The population
slowly began to decline on day 6 with the total population of
infected corn treated with fungicide control being no more
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Figure 3. Dynamics of susceptible (Sy) and infected (/5,) populations of corn with and without control

than 16 corn plants. Figure 3b shows that the population of
susceptible corn plants (S}) will decline more quickly when
given control. It can be concluded that when fungicide con-
trol is given to corn plants, the number of corn plants that
can be affected by downy mildew is less than when no con-
trol is given.
. Control by pseudomonas fluorescens

Figure 3d shows that the infected corn plant population (I},)
grew more slowly in the number of infected when given con-
trol compared to when no control was given and the infected
corn population (/) slowly began to decline on the follow-
ing day. 8th with the number of infected corn populations
given pseudomonas fluorescens control of no more than 30
corn plants. Figure 3¢ shows that the population of suscep-
tible corn plants (S) will decline more quickly when given
control. Based on the simulation results for each popula-
tion during the action of giving pseudomonas fluorescens,
it shows that when control is given to corn plants, the num-
ber of corn plants that can be affected by downy mildew
disease is less than when control is not given.

4. Conclusion

The model constructed in this research is a dynamic math-
ematical model of the transmission of downy mildew in corn by
adding two control populations. The two populations are pop-
ulation F (population of corn treated with fungicide) and pop-
ulation P (population of corn treated with pseudomonas fluo-

| Jambura J. Biomath

rescens). The model consists of six populations, namely four
maize populations (S}, F', P, I},) and two infecting fungal popu-
lations (5, I,,). Next, the expression for the basic reproduction
number is Ry= % and two equilibrium points are obtained,
namely the disease-free equilibrium which is asymptotically sta-
ble at Ry < 1 and the disease endemic equilibrium which is
asymptotically stable at Ry > 1. After that, an optimal control
analysis of each control measure is carried out using the min-
imum Pontryagin principle in order to see the comparison be-
tween the two control measures. Variable U is the control vari-
able for fungicide treatment and variable V' is the control vari-
able for pseudomonas fluorescens treatment. Numerical simula-
tion results based on optimal control analysis with the Minimum
Pontryagin principle, when comparing the two control measures,
show that using fungicides can reduce the number of downy
mildew infected plants. Therefore, control by treatment of fungi-
cides is necessary and recommended to increase the number of
healthy or susceptible corn plants.
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