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Abstract. Potato virus Y (PVY) is one of the most common widespread vector-borne transmission diseases
through aphids. In recent years, biologists have focused on the effect of vector preference to the spread of PVY. In
this paper, according to transmission mechanism of PVY, a mathematical model of a vector-borne disease includ-
ing preference behavior and vertical transmission of vector is formulated. The basic reproduction number Ry is
calculated by using the next generation matrix method. The existence of a backward bifurcation presents a further
sub-threshold condition below Ry for the spread of the disease by theoretical and numerical analysis. Numerical
simulations suggest that vector preference plays an important role in the spread of PVY.
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1. INTRODUCTION

The spread of plant virus diseases relies on vector transmission, of which nearly 80% are
transmitted by specific vectors [1-3], such as aphids, whiteflies, leathoppers, and thrips. These
viruses cause drastic reductions in crop yield, especially for tomato, cassava crops, and potato
[4]. Potato (Solanum tuberosum) is the third most important staple food crop in the world
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consumed by approximately 1.3 billion people [5]. One of the most devastating diseases of
potato is potato virus Y (PVY, genus Potyvirus, family Potyviridae), transmitted by the aphid
[6] which causes quality and yield of potatoes in commercial production [7,8]. PVY infection is
a major issue in potatoes because PVY spreads easily and quickly and results in yield losses up
to 85% [9]. PVY is transmitted by aphid to potato in a nonpersistent manner. Acquisition and
inoculation periods are brief (only a few minutes) [6]. Primary symptoms of PVY are mottling
or yellowing of leaflets, necrosis, leaf dropping or sometimes premature death [10].

Aphid is the most efficient vector of PVY [11,12]. Like other insects, aphids exhibit directed
responses to external stimuli, known as preference behavior. It is a complex process for an aphid
to accept or reject a potato which governed by visual, tactile, and chemical cues [13,14]. From
landing the potato leaf surface a few seconds to several minutes, an aphid receives stimulatory
cues communicating whether to continue feeding [15]. If the potato provides appropriate cues,
the aphid settles and feeds deeper [16]. It is reported that aphids can often detect and respond
to the phenotypic differences between healthy and infected potatoes, and then exhibit different
landing and feeding preferences [17]. Phenotypic preference of aphid can directly influence the
transmission rate of PVY.

Recent research on mathematical models of PVY has been mainly focused on the effects of
transmission efficiency, vector behavior, and vector activity [18-20], in which these models have
assumed that vector transmission occurs essentially at random. Research indicates that, after
being infected by PVY virus, the host plant can alter the expression of related genes within its
body, thereby causing changes in the feeding behavior and preferences of the aphids. The aphid
exhibits different preferences for infected and uninfected host plants. It is essential to incor-
porate vector preference behavior into the model construction because vectors with strong host
selection contribute to the spread of plant virus diseases [21-23]. In spite of research regarding
the effect of vector preference on the spread of PVY is relatively rare, there have been some re-
search works recently focused on the impact of vector preference on the transmission of malaria,
West Nile virus, and barley yellow dwarf virus (see [24-27]). Several studies suggest that in-
fected humans may be more attractive to mosquitoes than healthy humans, which shows that

vector preference plays an important role in controlling the spread of malaria [24,25]. Marini et
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al. [26] affirm that vector feeding preferences can have important consequences for the pathogen
invasion, the probability to start an epidemic, and the influence of West Nile virus transmission
rates. Mcelhany et al. [27] indicate that the effect of vector preference for healthy or infected
hosts on the spread of barley yellow dwarf virus. The results show that vector preference for
infected plants influence the probability of disease spread, which depends on the frequency of
diseased plants in the population.

The epidemiology of plant viruses diseases is very sensitive to the vector preference of the
insect vectors [28-30]. However, the simultaneous effects of vector preference and vertical
transmission in potatoes on PVY transmission have never been studied before by using math-
ematical models. In this paper, our main purpose is to investigate how vector preference and

vertical transmission influence the transmission of PVY.

2. MODEL FORMULATION

Following the idea of [24,31], we propose a mathematical model (2.1) that includes landing
and feeding preferences of vector. The proposed model includes healthy, incubation (infected
but not infectious) and infected host potatoes, and non-viruliferous and viruliferous aphids. Let
H(t), L(t), and I(r) denote the density of the three stages of host potatoes and X (¢), Y (z) denote
the two stages for the aphids, where the time ¢ is measured on a daily basis. Hence, the total

host potatoes and aphid population are given as

Ny(t)=H(t)+L(t)+1(t), No(t) =X(t)+Y(2).

PVY virus is carried by the vector aphid in a nonpersistent manner. After being inoculated
with PVY, aphids are considered as infective aphid. When aphids carrying the virus come
into contact with healthy potatoes, they transmit the virus to the potatoes, resulting in potato
infection after an incubation period. Following the idea of [32,33], the mathematical model
we will establish does not take into account the virus population, but it can exist in the system
through infective aphids.

In the absence of disease, susceptible potatoes grow logistically towards the environmental

carrying capacity, denoted as K, at a rate of r. Therefore, the vital dynamics of the potatoes can
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be described by the equation

H+L+1
rH(l_L)_
K

Aphids show preferences in their interactions with potatoes [17]. Inspired by the idea of [34],
we define v to be the degree to which aphids prefer to land on infected potatoes, then aphids can
be biased either in favour of (v > 1), or against (v < 1), landing on infected potatoes. Similarly,
we define c to be the degree to which aphids prefer to land on incubation period potatoes, aphids
can then be biased either in favour of (¢ > 1), or against (¢ < 1), landing on incubation period

potatoes. Hence, the probability that aphid (healthy or infected) lands on a host potato (healthy,

. . . . H cL vl .
in ion, or inf 1 T Fig. 1).
cubation, or infected) is g 77 Frer» OF Frerm (See Fig. )
p
Landing on and probes w Settles on plant for
susceptible plant \ extended feed
J
1-w
Hrclvol ) t )
Vector flying tel+w Landing on and probes nw Settles on plant for
between plants incubation period plant extended feed )
1-nw
vl
H+cL+vl Landing on and probes &w Settles on plant for
infected plant extended feed
J
1-ew

FIGURE 1. Schematic showing how the movement, landing, and feeding be-

haviours of aphids are modelled.

It is considered that there is vertical transmission of the infection among aphids. Let b be the
proportion of aphids get infected due to birth on infectious potatoes. Thus the infection occurs

due to birth from infectious potatoes can be given as following forms:

vI(t)

bX (1) H+cL(t)+vI(t)

It is noted that a aphid probes a potato directly after landing, but then chooses between settling
for an extended feed or immediately moving off to probe a different potato. The probability of
feeding potentially depends on the state of the potato (healthy, incubation, or infected). We
define  is the probability that aphids settle to feed on healthy potatoes, 1 is the probability
that aphids settle to feed on incubation period potatoes and € is the probability that aphids settle

to feed on infected potatoes, where @ < 1,ew < 1,nw < 1. Hence, the probability that aphid
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settles for extended feed on a host potato (healthy, incubation, or infected) is @, N ®, or €w (see
Fig. 1). And the probability that aphid probes a host potato (healthy, incubation, or infected)
but moves elsewhere is 1 —w, 1 —nw, or I —ew (see Fig. 1).

Based on the idea of [34], in the presence of vector preference, the overall rate at which

healthy potatoes are inoculated is taken as following forms:

YH(H+cL+vI) . H
=PxwxY x ,
oI?(H +ncL+evl)? oI'(H+ncL+¢evl)

where

_ H+cL+vI

~ oI(H+mncL+evl)’
represents the average number of potatoes visited by each aphid per unit of time, and

H
oI'(H +ncL+¢evl)

is the probability that a single visit by a aphid is made to a susceptible potato.

Similarly, the overall rate at which susceptible aphids acquire infection should be taken as

forms:
eXVvI(H + cL+vI) b emx X X vl ,
oI2(H +ncL+evl)? oI'(H +ncL+ evl)
where €@ is the probability that a aphid acquires the virus from an infected potato, and
vl
ol (H+ncL+evl)’

is the probability that an individual visit by a aphid is made to an infected potato.

H+L+1

TH(l —T)

YH(H + cL + vI)
wIl'2(H + ncL + evl)? yL

pL pl
Y
A X bX —2 '

H+cL+vI

eXvI(H + cL + vI)

@l (H + ncL + evl)?
mX mY

FIGURE 2. Schematic diagram of the formulated PVY disease dynamic model.
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Taking into account the above considerations and from model structure diagrams (Fig. 1 and

Fig. 2), the PVY transmission dynamics will be governed by the following system of differential

equations:
( dH H(1 H+L+I) YH(H +cL+vI)
— =7 — —
dt K ®I2(H +ncL+evl)?’
dL YH(H+cL+vI
— = (H+cL+vl) —YL—pL,
dt  ©I2(H+ncL+evl)?
2.1) ad o ol al
. o Ve Pl
dX 1 eXvI(H +cL+vI
aX _ . x— M vI(H + cL+VI) X,
dt H+cL+vI oI2(H +ncL+ evl)?
dy vl eXVI(H +cL+vI)
— =bX —(7 Y,
| dt H+cL+vI+a)F2(H+ncL+8v1)2 (z-+m)

where the description of all parameters of system (2.1) can be seen in Table 1.

The initial condition of system (2.1) is given as

H(0) > 0,L(0) > 0,1(0) > 0,X(0) > 0,¥(0) > 0.

3. MAIN RESULTS

3.1. Boundedness and Non-negativity of Solutions. The non-linear system (2.1) will be
qualitatively analysed boundedness and non-negativity of solutions. Adding the last two equa-

tions of system (2.1), we have
dN, (1)
dt

= A—mN,(t).

A A
Obviously, we have }Lm N, (t) = —, which gives the asymptotic relation X = — — Y. Therefore,
oo m m

we only need to study the following limit system of (2.1):
3.1
(dH H(1 H+L+I> YH(H +cL+VI)
— =7 J— I
K ol2(H +ncL+ evl)?

A
= fi(H,L,1.Y
dt fl( y Loy Ly )7

dL  YH(H+cL+vI)

at _ —yL—pL2 f(H,LIY
dt  ol2(HincLte) P S(H,LLY),

dl
5, ’}/L_pl_glé]%(HaL?I?Y)?

dr

ay v evl(H+cL+vI) A .

—- =10 2 Y —(t+mY 2 f(H.LLY).
\ dt (H+CL+VI+wFZ(H+nCL—|—8vI)2)(m ) ( +m) f4( sy Ly )
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TABLE 1. Description of the variables and parameters for model (2.1).

Variable Description

H Density of susceptible and healthy potatoes
L Density of incubation (infected but not infectious) period potatoes
1 Density of infected potatoes
X Density of non-viruliferous aphids
Y Density of viruliferous aphids

Parameter Description
r Net recruitment rate of healthy potatoes through plantation
K Maximum carrying capacity of the field for the potatoes
p Natural mortality rate in potatoes
Y Intrinsic incubation rate in potatoes

Potatoes disease-induced death rate

A Recruitment rate of aphids by birth in the crop field or by immigration

b Proportion of aphids get infected due to birth on infectious potatoes

T Recovery rate of infectious aphids to be susceptible

m Natural mortality rate in aphids

% Bias of aphid to land on infected potatoes

c Bias of aphid to land on incubation period potatoes

(0] Probability that aphid settles to feed on a susceptible potato

n Bias of a aphid to settle to feed on an incubation period potato

€ Bias of a aphid to settle to feed on an infected potato

r Average time spent feeding on a potato when aphid chooses to settle for extended feed

Denote R* = {(H,L,1,Y) € R*: H,L,I,Y >0}, and let y(t) = (H(t),L(t),1(),Y (¢)) denote

the solution orbit of system (3.1). Then we have the following lemmas.

Lemma 3.1. The sets Ri and its interior Ri are the positively invariant of system (3.1).
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Proof. In order to prove the positively invariant of set Ri and I%i, we only show that
(32)  (Ho,Lo,Io,Yo) € R} = ¥(t) € R% and (Hy, Lo, lo,Yo) € RY = y(t) € R,

forallt > 0.

Indeed, if y(7) is initiated from H-axis with Hy > 0, Ly = Iy = Yo = 0, then f»(H,0,0,0) =0,
f3(H,0,0,0) =0 and f4(H,0,0,0) =0 imply L() =0, I(t) =0 and Y (¢) = O for all # > 0, and
(¢) remains on the H-axis. Similarly, If y(¢) is initiated from L-axis with Lo >0, Hy =1y =Yy =
0, then f1(0,L,0,0) =0, f3(0,L,0,0) > 0, and f4(0,L,0,0) =0 imply H(¢) =0, I(t) > 0 and
Y(¢r) =0 for all # > 0 and ¥(z) enters into L-I plane. If y(¢) is initiated from /-axis with Iy > 0,
Hy =Ly =Yy =0, then £;(0,0,7,0) =0, »(0,0,7,0) =0 and f4(0,0,7,0) > 0 imply H(t) =0,
L(t)=0and Y(¢) > O forall # > 0, and y(¢) enters into /-Y plane. If y(¢) is initiated from Y -axis
with Yy > 0, Hy = Lo = Ip = 0, then £1(0,0,0,Y) =0, £2(0,0,0,Y) =0 and f3(0,0,0,Y) =0
imply H(t) =0, L(t) =0 and I(r) = O for all 7 > 0, and y(¢) remains on the Y -axis.

If y(¢) is initiated from H-L plane with Hy > 0,Ly >0, lp =Yy =0, then I(r) >0and Y () =0
for all 7 > 0, and y(¢) enters into H-L-I plane. Similarly, if y(¢) is initiated from H-I plane with
Hy>0,Ip>0, Lo =Yy =0, then L(t) >0 and Y (¢) > 0 for all > 0, and ¥(¢) enters into R . If
y(¢) is initiated from H-Y plane with Hy > 0,Yy > 0, Ly = Iy = 0, then L(z) > 0 and /(r) = O for
all t > 0, and Y(¢) enters into H-L-Y plane. If y(¢) is initiated from L-I plane with Ly > 0,1y > 0,
Hy=Yy=0,then H(t) =0and Y(¢) > 0 for all 7 > 0, and ¥(¢) enters into L-I-Y plane. If ()
is initiated from L-Y plane with Ly > 0,Yy > 0, Hy = Iy = 0, then H(t) = 0 and /(¢) > O for all
t > 0, and y(¢) enters into L-I-Y plane. If y(z) is initiated from /-Y plane with Iy > 0,Yy > 0,
Hy=Lo=0, then H(t) =0 and L(¢) = 0 for all # > 0, and (¢) remains on the I-Y plane.

Similarly, if y(¢) is initiated from H-L-I, H-L-Y, H-I-Y and L-I-Y planes, then we have
f1(0,L,1,Y) =0, fo(H,0,1,Y) >0, f3(H,L,0,Y) >0and f4(H,L,1,0) > 0, respectively, which
corresponds H(t) =0, L(t) >0, I(t) > 0 and Y (¢) > 0 in sequence for all # > 0, and y(¢) enters
into L-I-Y plane.

Moreover, based on the uniqueness of solution of system (3.1), when (Hy, Lo, lo,Yp) € I%i,
¥(¢) will not touch the four axes in finite time, so y(¢) remains in the inside of R%. Thus, (3.2)

is verified. ]
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Lemma 3.2. All solutions of system (3.1) with the initial values from Ri are uniformly bounded.

Proof. Let Nj,(t) = H(t) +L(t) +1(t). The derivative of N, (¢) along system (3.1) is

de(t)—d_H+d_L_|_d_I
dt  dt dt dt

= (-0 i
< H( N‘;{(’))
< erT(t)(K—Np).

Then we have limsupN,(¢) < K. In addition, We know ,ILm N,(t) = % Therefore, all solu-
t—roo °

tions of system (3.1) with the initial values from Ri are uniformly bounded. ]

By Lemmas 3.1 and 3.2, we have following result.
Lemma 3.3. If the initial conditions (H(0),L(0),1(0),Y (0))7 of system (3.1) are in the region

A
(3.3) Q:{(H, LI, Y)eRi|0§H+L+1§K,0§Y§—},
m

then all solutions (H(t),L(t),1(t),Y (t))T will enter and remain in Q.

Based on Lemma 3.3 , we can conclude that it is enough to analyze the dynamic properties

of system (3.1) in , which will be presented in the following subsections.

3.2. The Basic Reproduction Number. In this section, we will calculate the basic reproduc-
tion number of system (3.1). It is easy to see that system (3.1) always has a disease-free equilib-
rium (the absence of infection, thatis, L=1=Y = 0), Eg = (K,0,0,0). Let 2" = (L,1,Y,H).

Then model (3.1) can be written as

dx

= F@) -T2,
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where
YH(H + cL+VI)
oI?(H +ncL+evl)?
0
ﬁ(%) = )
b vl N evI(H +cL+vI) (é_y)
H+cL+vl  oI?(H+ncL+evl)?) 'm
0
YL+ pL
—YL+pl+gl
V(X)) =
(t+m)Y
H+L+1 YH(H +cL+vI)
—rH(1 — )
K oI2(H + ncL+ evl)?
We can get
0 ! 0 0
F=10 0 0 , V= -y p+g 0
A, vb ey
0 —(— 0
n'x *orex) 00 THm
The next generation matrix for model (3.1) is described as
1
0 0
oI2(T+m)
Fv-1= 0 0 0
Ay bv ev A bv ev
—+ — 4+ 0
m(y+p)(p +g)(K a)F2K) m(p +g)(K a)F2K)

It then follows that the spectral radius of matrix r(FV~1) = \/ szr&gﬂi?’yj?) TRk Ac-

cording to Theorem 2 in [35], the basic reproduction number of model (3.1) is

\/ Ay + €)
Ro=

(34) Ko T*m(t+m)(y+p)(p+g)

Theorem 3.1. The disease-free equilibrium Ey is locally asymptotically stable for Ry < 1 and

unstable for Ry > 1.
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Proof. Evaluating the Jacobian matrix of system (3.1) at Ey:

P —r .
oI?

0 —(r+p) 0 ﬁ

0 Y —(p+2) 0

0 0 A(bv VE ) —(c+m)

Thus the characteristic equation gives

(3.5)

where
by =
by =
by =

According to the Routh-Hurwitz criterion, we obtain that Ej is locally asymptotically stable
provided that Ry < 1; whereas if Ry > 1, equation (3.5) has a positive eigenvalue. Hence E

O

becomes unstable.

Remark 3.1. Theorem 3.1 illustrates that the disease may be go to the state of extinction if

A+ A3 +bi A%+ b +b3) =0,

T+m+p+g+y+p >0,

(p+g)(t+m)+(y+p)(t+m)+(y+p)(p+g) >0,

(r+p)(p+)(s+m) 5 (¥ + i)

vA(boI?+e)  vyA b+ £
Ko’T*mR3 KolZm ol?
vyA(boI?+e) (1 1

Ko T*m  \ RZ '

Ry < 1; otherwise, the disease will be endemic if Ry > 1.

3.3. Bifurcation Analysis. In this section we investigate the center manifold near the crit-
icality (at Eg and Ry = 1) by using the approach developed in [35-37], which is based on the

general center manifold theory [38]. The approach establishes that the normal form representing

the dynamics of the system on the center manifold is given by

(3.6)

it = Au® +Buu+ 0(3),

11
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where
v 2 Ly P
(3.7) A= 5 e f (x0,0)w? = zkijz::lvkw,wj T, (x0,0),
(3.8) B=vD ¢ f(x O)w:zn:v w-ﬁ(x 0)
. xé 0, = k laxiaé 0, .

Note that, in (3.6), 1 denotes a bifurcation parameter such that Ry < 1 for g < 0 and Ry > 1
for i > 0, the notation &/(3) is used to denote terms of third order and higher in u and u. In (3.7)
and (3.8), the term £ denotes a bifurcation parameter to be chosen, f; denote the right-hand side
of system (3.1), x denotes the state vector, xg denotes the disease-free equilibrium E( and v and
w denote the left and right eigenvectors, respectively, corresponding to the null eigenvalue of
the Jacobian matrix of system (3.1) evaluated at the criticality. Now we take b as a bifurcation

parameter. Solving for b from Ry = 1, we get

Ko T'm(y+p)(t+m)(p+g) — Avye
Avyol? '

In view of Theorem 4 in [35], we know that a local stability analysis of (3.7) shows that

S

=

B > 0. Therefore, the nature of the bifurcation at b = b is given by the sign of coefficient (3.7).
By [35-37], we can conclude that, if A > 0, then system (3.1) exhibits a backward bifurcation

at Rp = 1. If A < 0, then the system exhibits a forward bifurcation at Ry = 1.

Denote
3.9 i i
o Avy(ry+ (r+p+7)(p+g)) (boT? +&)  Acvy(—bol*+e(1-21n))
Ka’T*mr(g+p)*(y+p) Ko T*m(p +g)(y+p)
AV (—boT? + €(1 —2¢))

+(m+7) <c<1—2n)+v7

(1-2¢)\ vy(hoI?+e¢)
Ko?T*m(y+p)(g+p)? > -

g+p ol (g+p)
Theorem 3.2. If © > 0, then system (3.1) exhibits a backward bifurcation at Ry = 1. If the

reversed inequality holds, then the system exhibits a forward bifurcation at Ry = 1.

Proof. Let us begin by observing that the matrix
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—r —r -r T ol?
] 0 —(r+p) 0 ar®
J(E()ab) = 7
0 Y —(p+eg) 0
0 0 sz(Hp)(yHm)(erg) —(t+m)

admits a simple zero eigenvalue and the other eigenvalues are real and negative. Hence, when
b = b (or, equivalently, when Ry = 1), the disease-free equilibrium E is a non-hyperbolic equi-
librium. Denote by v = (v1,v2,v3,v4), and w = (w1, wz,w3,w4)”, a left and a right eigenvector

associated with the zero eigenvalue, respectively, such that v-w = 1. We get:

ol*(y+p)(T+m)

v =0, v =0 (T+m)vs, v3= . V4, V4= V4.
_ry+(r+y+p)(p+g)w4 WZZ;W s = Y e Wt = wa.
rol2(y+p)(p+g) olZ(y+p) ol2(y+p)(p+g)
We can choose w4 and v4 satisfy
(t+m)(y+g+2p) r
W4 -Vq = +1 >0,
o { (y+p)(p+8)

such thatv-w = 1.

Taking into account of system (3.1) and considering only the nonzero components of the left

eigenvector v, it follows that

2 2
A = n [wzvmﬁ(xo,b)—f—mwzta aY(xo,b)}
2 2 2
Ja Ja °f4 =
+ v [W1W3m()€0,b) + wows aL&I(Xo,b) —|—W3W4alaY ()Co,b)
V4 fa, -
+ EW3W3W(Xo,b).
Now it can be checked that
0% f> _c(l1=2m) 9*f _ o v(1—2¢)
aLor P = ez a1y Y0P = “kerz
and
fy - Av - & 9y, - Acv. - g(1-2n)

T2 O or2) oo = Pt g )



14 ZHANG, GAO, LIU, WANG

and
Afy, - 20— e(1-2¢8), I*fy - v, €
—22 (x0,b) = —b b)=——(b+—5).
o191 00 = bt — sl oy e b) = = (b4 )
Thus, we have
_ V4Wi ®
WK (y+p)

where O is defined in (3.9). Therefore, system (3.1) exhibits backward or forward bifurcation

at Ry = 1 according to the sign of ®.

4. NUMERICAL SIMULATION

In this section, we first provide results from numerical simulations of model (2.1) that demon-
strate and support our theoretical results, and then study the influence of the landing and feeding
preferences on the PVY spread. We need to estimate the model parameters in order to carry out
the numerical simulations. The values of parameters of model (2.1) are given in Table 2.

Fig. 3 shows a backward bifurcation occurs at b = b. There exists two threshold values of b,
namely b’ and b. We also observe that the disease-free equilibrium Ej is the only equilibrium
for system (2.1) for b < b°"; a couple of endemic equilibria coexist with the disease-free equi-
librium Ey for b < b < b; system (2.1) exhibits the disease-free equilibrium and the larger
endemic equilibrium for b > b: a backward bifurcation occurs for b = b.

Next, in order to show the effects of vector landing preferences v, ¢ and vector feeding prefer-
ences 1), € on the total infective population. On the 7-axis, the time index, ranges from 0 to 1200,
we fix the different panels refer to different values of v = ¢ and € = 7 that assume respectively
the values of (0.5, 1, 1.5, 4), respectively. The numerical results (see Fig. 4) show that there is
high infected value with vector landing preferences (v = ¢ = 4) and vector feeding preferences
(€ = n =4); however, there are low infected values with vector landing preferences (v =c =0.5
and v = ¢ = 1) and vector feeding preferences (€ =1 = 0.5 and € = n = 1). It shows that vector
landing and feeding preferences play a key role in PVY transmission in potatoes.

From Fig. 5, we can observe that the basic reproduction number Ry is independent on the
values of the landing and feeding preferences of aphids on incubation potato plants ¢ and 7.

However, the final disease incidence HL°°+I°°

A1 decreases as ¢ or 7 increases. Because the
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TABLE 2. Parameters to be used in the system (2.1) and numerical simulations.

Parameter Baseline values Unit Reference
r 7.3613 day™! Assumed
K 108.6110 plant [31,39]
P 3.7361 day™! [34]
y 0.1590 day™! [40]
g 2.1806 day™! [34]
A 4.1329 vector X day’1 [39]
b 1.5014 day™! [19]
T 6.3354 day™! [41]
m 0.1731 day™! [31]
v 0.0895 - Assumed
c 3.9271 - Assumed
w 0.1023 - Assumed
n 0.5755 - Assumed
€ 0.7181 - Assumed
r 0.1509 day Assumed

FIGURE 3. Backward bifurcation diagram in the plan (b,7). In this diagram,

solid lines indicate stability and the dashed lines indicate instability.
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FIGURE 4. The plots of time series: influence of the vector preferences on the
infected host population. (a) v=c=0.5,v=c=1,v=c=15,v=c=4; (b)

e=nN=05e=n=1e=n=15e=n=4

3.5 T T T 0.04 3.5 T T T 0.042
3t 10039 3t 1004
2 0.038 |2
25 00383 |T 25 T
45 2
&£ HY o 0.036 £y
2|+ +
2 0.037 =g 2 3
= 0.034 I
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FIGURE 5. Responses of the basic reproduction number (blue) and equilibrium
incidence (red) to changes in the vector preference parameters: (a) landing pref-

erence c; (b) feeding preference 7.

incubation potato plants do not spread the virus, so vector preference behavior to incubation
host will not affect the basic reproductive number, but they will have an impact on the final

disease incidence.
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FIGURE 6. The responses of the basic reproduction number are simultaneously
altered as both landing preference v and feeding preference €. Pairs of parame-
ters for which Ry = 1 are again marked with a red curve. (a) Isocline of the basic

reproduction number; (b) Isocline of the final disease incidence.

The effect of landing and feeding preferences to infected host v and € on the basic repro-
duction number and final disease incidence is shown in Fig. 6. It is observed in Fig. 6(a) (left
panel) that the effect of vector preference on Ry which is given in equation (3.4). The red line
indicates the threshold value where Ry = 1, and the different colors indicate increasing values
of Ry from 0 to 4, with 0.5 steps (blue to yellow). As vector landing and feeding preferences on
infected host increase, Ry increases. The dark blue area indicates the parameter region where
the pathogen is always driven to extinction. Fig. 6(b) (right panel) shows how final disease
incidence is influenced by landing and feeding preferences on infected host. From Fig. 6(b), we
can see that, when landing preference v is very low, the final disease incidence is monotonically
increasing with feeding preference € increasing (see Fig. 7a); whereas when v > 1.8, the final
disease incidence is initially monotonically increasing to peak value, and then monotonically
decreasing with € increasing (see Fig. 7b). Similar phenomena are observed regarding param-
eter v as well. The influence of vector behavior on infection incidence can lead to the change
in the final disease scale trend. Indeed, when landing preference v is large and the aphid has a
strong feeding preference € for infected potatoes, the probability of viruliferous aphids feeding

on infected potato plants is becoming large. This leads to reduce the final disease incidence.
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FIGURE 7. Responses of the basic reproduction number (blue) and final disease
incidence (red) to changes in the vector preference of aphids on infected potato
plants: (a) feeding preference €, fix v = 1; (b) feeding preference &€, fix v =

6; (c) landing preference v, fix € = 1; (d) landing preference v, fix € = 6.

5. CONCLUSION

In this paper, we propose and analyze a vector-borne epidemic model for PVY by incorporat-
ing preference behavior and vertical transmission of vector. We compute the basic reproduction
number and discuss the local stability of the disease-free equilibrium. When we choose appro-
priate parameters, there exists a backward bifurcation occurs at b = b. If b > b, then there is
a unique endemic equilibrium and the disease is uniformly persistent, whereas if b < b, there
may be two endemic equilibria, and the endemic equilibrium can coexist with the disease-free
equilibrium. This illustrates that b < b (i.e. Ry < 1) cannot ensure the eradication of the disease,

and decreasing b below the sub-threshold » = b’ would be a propositional control strategy.
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If bt < b < b, only when the numbers of infected cases are small enough, it is a sufficient
condition to eliminate PVY. The numerical results indicate that the landing and feeding pref-
erences of aphids on infected potato plants will lead to a more efficient transmission of PVY
virus. However, the final infection incidence of PVY may not necessarily increase with an in-
crease of the preference parameter (v or €). Further, the number simulation also shows that R
is independent of the landing and feeding preferences of aphids on incubation potato plants, but
the final infection incidence decreases with an increase of the preference parameter (c or 1).
Our investigations suggest that the landing and feeding preferences of aphids on infected
potato plants play an important role in the spread of PVY, and phenotypic preference of aphid
for infected population may increase the risk of PVY transmission. Vertical transmission dra-
matically affect the disease transmission dynamics. The result strongly suggests and supports

the previous observations.
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