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Abstract

Malaria remains a significant public health burden in Sub-Saharan African countries, hinder-
ing their development. With no effective vaccine currently available, controlling the malaria
vector population remains the most effective preventive measure. A promising strategy to
combat this disease involves the use of the bacterium Microsporidia MB to reduce/replace
disease-transmitting wild mosquito population. In this paper, we develop a dynamic model to
analyze the transmission dynamics of Microsporidia MB within the wild mosquito population,
considering both imperfect maternal and horizontal transmissions. In this paper, we develop
a dynamic mathematical model to analyze the transmission dynamics of Microsporidia MB
within wild mosquito populations, accounting for both imperfect maternal and horizon-
tal transmission. We derive and analyze a threshold condition to assess the potential for
Microsporidia MB-infected mosquitoes to invade and persist in the wild population. By
establishing conditions for the local stability of equilibrium points, we explore the influence
of maternal transmission on the spread of Microsporidia MB. Additionally, we employ a
cascade reduction approach to simplify the model into a two-dimensional system and for-
mulate an optimal control problem. Using Pontryagin’s Maximum Principle, we determine
optimal release strategies for infected mosquitoes to either replace the wild population or
promote coexistence with a significantly reduced wild mosquito population. Through theo-
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retical analysis and numerical simulations, our findings contribute to the understanding and
development of effective strategies for malaria control using Microsporidia MB.

Keywords Microsporidia MB - Maternal transmission - Horizontal transmission - Stability -
Optimal control

Introduction

Vector-borne diseases continue to pose significant challenges to global public health, with
malaria standing as one of the most formidable examples [1, 2]. Sub-Saharan Africa bears
the brunt of this burden, with approximately 95% of malaria cases reported in the region
[3]. Transmitted through the bites of infected Anopheles mosquitoes, malaria causes exten-
sive morbidity and mortality, particularly among young children and pregnant women [3].
Although conventional interventions, such as insecticide-based approaches, have been instru-
mental in malaria control, the emergence of insecticide resistance and environmental concerns
necessitate the exploration of alternative strategies. One promising avenue involves harness-
ing the power of symbiotic microorganisms to disrupt malaria transmission. In recent years,
the symbiotic bacterium Microsporidia MB has emerged as a potential tool for malaria con-
trol [4, 5]. This maternally inherited bacterium infects mosquitoes and imparts resistance
against the malaria parasite, thereby reducing their capacity to transmit the disease. The con-
cept entails releasing Microsporidia MB-infected mosquitoes into the wild, with the goal of
either replacing or significantly reducing the population of disease-transmitting mosquitoes.
Mathematical modeling plays a pivotal role in comprehending the intricate dynamics of infec-
tious diseases and evaluating the efficacy of control strategies. The idea of utilizing symbiotic
microorganisms for vector-borne disease control has been successfully demonstrated in other
contexts. For instance, field trials in Guangzhou have shown that the Wolbachia symbiont
effectively reduces the ability of Aedes aegypti mosquitoes to transmit dengue fever [6, 7].
This success has spurred extensive research into the theoretical dynamics of Wolbachia spread
and its potential for mosquito population replacement and disease suppression [8—10]. Vari-
ous mathematical models, including difference and differential equation-based frameworks,
have been developed to evaluate mosquito release strategies for Wolbachia-based control [11,
12]. These models incorporate key biological mechanisms such as cytoplasmic incompati-
bility (which prevents hatching of eggs from uninfected females mated with infected males),
incomplete maternal transmission, and infection reversion dynamics [13, 14]. Some studies
have also investigated the potential of using Wolbachia to control the spread of malaria [15].
The study by Florez et al. [16] suggests that the most efficient approach to establishing Wol-
bachia within Anopheles albimanus mosquito populations in Haiti is to release all infected
mosquitoes immediately after the prerelease mitigation process. Given the biological and
functional similarities between Microsporidia MB and Wolbachia, it is important to inves-
tigate whether the mathematical models developed for Wolbachia-based control of dengue
can be adapted to study Microsporidia MB-mediated malaria vector control. Additionally,
understanding how the unique transmission mechanisms of Microsporidia MB influence its
spread is crucial, as they may lead to higher prevalence, population replacement, or sig-
nificant suppression of wild mosquito populations. While previous studies have explored
the impact of Wolbachia on mosquito population dynamics and disease transmission, the
dynamics of Microsporidia MB remain largely unexplored. In this paper, we address this gap
by introducing a novel mathematical model that captures the unique transmission dynamics
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of Microsporidia MB and its interaction with wild mosquito populations. Our contributions
are threefold: (i) We develop a comprehensive mathematical framework to characterize the
spread of Microsporidia MB within mosquito populations, incorporating its distinct modes
of transmission. (ii) We derive and analyze key epidemiological thresholds, including the
basic reproduction number (Rg), to assess conditions under which Microsporidia MB can
establish itself and lead to population replacement or suppression. (iii) We propose a model
reduction scheme and investigate different mosquito release strategies, identifying optimal
control measures that maximize the effectiveness of Microsporidia MB in reducing malaria
vector populations.

The subsequent sections of this paper are organized as follows: “Model Formula-
tion” section, we present a comprehensive mathematical analysis of our proposed model,
encompassing both theoretical and epidemiological aspects. In “Cascade of Reduced Mod-
els” section, we present step-by-step reduction techniques to simplify the original model.
“Analysis of the Complete Model and Comparison with Reduced Models”, we perform a
comprehensive mathematical analysis of the proposed model and compare the simplified
models with the original one. Finally, in “Mosquito Release Strategies” section, we explore
diverse strategies for controlling the population of wild mosquitoes, considering both theo-
retical implications and practical applications. By investigating the transmission dynamics
of Microsporidia MB and evaluating control strategies, this study aims to contribute to the
development of effective interventions for malaria vector control.

Ecological Background on Microsporidia MB

In the ongoing effort to combat vector-borne diseases, an exciting breakthrough has been
made by a team of researchers from the United Kingdom and Kenya. During their study, they
serendipitously discovered a microbe known as Microsporidia MB on the shores of Lake
Victoria. This microbe possesses a remarkable ability to immunize Anopheles mosquitoes
against malaria [17]. Notably, it selectively targets the Anopheles gambiae and arabiensis
species, which are the primary carriers of malaria. Interestingly, Microsporidia MB naturally
coexists with a symbiotic bacterium/fungi found in approximately 5% of Anopheles mosquito
species. Experimental findings have revealed that infections caused by Microsporidia MB
persist throughout the mosquito’s entire lifespan and become more potent as the mosquito
ages, resulting in long-term protection against malaria [18]. Unlike the Wolbachia bacterium,
which can impact mosquito fecundity and lifespan, Microsporidia MB infections do not
lead to any reduction in reproductive capacity or lifespan, nor do they induce cytoplasmic
incompatibility [17].

Furthermore, it has been observed that horizontally infected females can transmit
Microsporidia MB to their offspring at a relatively high rate [18]. This unique character-
istic, coupled with the microbe’s double mode of transmission, positions Microsporidia MB
as a promising contender for the biological control of malaria transmission. More specif-
ically, the Microsporidia MB is an infecting microbe of mosquitoes having the following
characteristics [17]:

e It is a symbiotic bacterium/fungi naturally present in about 5% Anopheles mosquito
species.

e It blocks the transmission of Plasmoduim from mosquitoes to humans.

e It is transmitted vertically from mother to offspring.
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e Itis (sexually) transmitted horizontally and bi-directionally during mating between adult
mosquitoes.

e It incurs no fitness cost on its host: it does affect significantly the lifespan and fertility of
infected mosquitoes.

e Its infection does not induce virulence to the infected mosquitoes.

These features should be carefully accounted for when modeling its dynamics within the
wild mosquito population.

Model Formulation

Our mathematical model extends existing frameworks developed for Wolbachia transmission
[4, 19, 20], while incorporating the distinctive characteristics of Microsporidia MB transmis-
sion. Unlike Wolbachia, which predominantly relies on maternal transmission, Microsporidia
MB exhibits horizontal transmission among mosquitoes [18], and it does not induce the
cytoplasmic incompatibility phenomenon [21]. The core strategy of our model involves the
introduction of Microsporidia MB-infected wild mosquitoes into the population. Specifi-
cally, we extend and enrich the seminal model in [11] given below (for the convenience of
the reader, see Fig. 1 and system (1)), by splitting the mosquito population into two groups.

B =9F (1-2) - v + oA,

T 0

dd# =bnyA— pmM.

In order to build the sex-structured model for microsporidia MB infection, we split the
mosquito population into two groups. One group for the uninfected mosquitoes and the other
for microsporidia MB-infected mosquitoes. For the uninfected group, we follow the baseline
model (1) above, and define the population of uninfected wild mosquitoes in the aquatic stage,
adult females, and adult males as A,,, F;,, and M,,. Correspondingly, for the infected group, we
denote the population of Microsporidia MB-infected mosquitoes in the aquatic stage, adult
females, and adult males as A;, F;, and M;. Additionally, we enrich the baseline model (1)
by explicitly modeling the different mating processes between females and males of within
and across the mosquito groups. We further assume a spatially homogeneous distribution
of mosquitoes throughout the population. Upon a female mosquito mating with a random
male mosquito, the probability of the male being uninfected is given by M, /(M, + M;),
whereas the probability of the male being infected is given by M; /(M,, + M;). As mentioned
earlier, unlike some symbiotic bacteria like Wolbachia, Microsporidia MB infection does not
induce the cytoplasmic incompatibility phenomenon [21]. Therefore, the mating between an
uninfected female mosquito and an infected male may result in oviposition by the female
and production of offspring. However, experimental data indicate that maternal transmission
of Microsporidia MB, as a result of all these mating processes, is imperfect [18]. This is
accounted for here by introducing parameters p1, 02, and p3. In fact, we assume that mating
between infected males (M;) and infected females (F;) consistently produces a fraction p;
of infected offspring. Correspondingly, we assume that mating between uninfected males
(M,,) and infected females (F;) always results in a fraction p; of infected offspring. Finally,
we assume that mating between infected males (M;) and uninfected females (F,) may or
may not lead to female infection, depending on the probability A,,, followed by a fraction
p3 of infected offspring as shown in Fig. 2. When A,, = 0, no transmission occurs, and the
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Fig.1 The baseline model for mosquito dynamics. The variable A represents the mosquito population at the
aquatic stage; F and M are respectively the emerging female and male mosquito populations. When breeding
sites are abundant, female mosquito spawning rate is defined by ¢. This ovoposition rate is limited by an
environmental carrying capacity K, which depends on the availability of egg laying sites and environmental
resources. Mosquitoes grow from the aquatic stage to the adult stage at a rate y and a fraction b y are females
while the remaining fraction by, = 1 —b y are males. The parameters [q, |4y and pm denote the per capacity
mortality of mosquitoes at the aquatic stage, female adult mosquitoes and adult male mosquitoes, respectively

resulting offspring are completely uninfected. Of course, mating between uninfected males
(M,,) and uninfected females (F),) always produces entirely uninfected offspring. Our main
model assumptions include the fertility of all female mosquitoes, the persistent Microsporidia
MB infection throughout the mosquito lifespan; disregard the mosquito migration, neglect the
incubation period for horizontally acquired Microsporidia MB infection, account for the equal
development rate in the aquatic stage for infected and uninfected mosquitoes, and assume a
mating frequency of one for both uninfected/infected females and uninfected/infected males.
Notably, Microsporidia MB infection does not impose a fitness cost on mosquitoes [17],
maintaining consistent birth and death parameters for both (infected and uninfected) mosquito
populations.

We summarize in Table 1 the different offspring proportions of mosquito ticks according
to the four possible types of matings.

The parameters p1, p2 and p3 (p3 < p2 < pi) translating the efficiency of the maternal
transmission are all included in the interval (0, 1]. The cases p; = 1,1 € {1, 2, 3} correspond
to a perfect maternal transmission.

Under the above assumptions, the sex-structured model of the transmission of
Microsporidia MB within the mosquito population is given by the following system of dif-
ferential equations:
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Table 1 Mating strategies and their offspring probabilities

Male Female Fraction of infected offspring Fraction of uninfected offspring
Uninfected Uninfected 0 1

Infected Uninfected P3Am 1 — p3im

Uninfected Infected 0 1—pp

Infected Infected p1 1—p1

The bold indicate MB-infected mosquitoes

dAy ¢<Mﬂ%+ﬂ—pDMﬂ§+ﬂ—pﬁMﬂ§+ﬂ—pMmﬂhﬂ><1 A)

dt My, + M; Kg
— (¥ + ta)Au,
dA; PIM;Fi + poMy Fi + p3im M; Fy A
= l—— | — Aj,
At d’( Mu-l—M' K, (v + ra)A;
dFy =bryA Mi F,
ar YA = Bn———— M, +M — HKflu, ?2)
By i+ B F, F;
ar fYAi mMu M u— Mmfri,
M ) A gty M
ar mY Au fFu o u — Mm My,
M =buyA;+ 8 Fi M M;
di mY fFu I F u — MWmM;j.

In System (2), A = A, + A; is the total number of mosquitoes in aquatic stage which is
assumed to be always smaller than the environmental carrying capacity K,. We give in Table
2 the description of all the parameters in the system (2). The first block in the right hand side
of the second equation of (2), models the vertical transmission of the infection according to
the different matings performed, in which, for instance, the term

Spah M; F, (1 A)
03 mMu"'Mi K, )’

represents the number of mosquitoes in aquatic stage produced by an uninfected female
having acquired the infection horizontally. The latter quantity is only visible in the specific
case of Microsporidia MB, due to the possibility of vertical transmission after horizontal
acquisition of infection. The remaining terms in that first block are defined similarly and the
same reasoning applies for the first block of the right hand side of the first equation. The
terms

F;
F, and M,
Bn—-+ M+Ml an ﬂfF—i—F u

in the last four equations of the system (2), model the horizontal bidirectional transmission
of Microsporidia MB infection during mating. This is a clear extension of the baseline model
(1) by accounting for the horizontal transmission of Microsporidia MB.

We shall show that the set D below is the biological meaningful domain in the precise
sense of Theorem 1, Proposition 1 and Corrollary 1 in “Analysis of the Complete Model and
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Fig. 2 Transmission dynamics of Microsporidia MB . Uninfected mosquitoes at the aquatic stage, females,
and males are represented by blue compartments (Ay, Fy,, My,), while infected mosquitoes at the aquatic stage,
females, and males are represented by red compartments (A;, F;, M;). Mating events between infected and
uninfected mosquitoes, leading to infection of the uninfected partner, are denoted by black circles with infection
rates B or B¢. The blue and red lines show the population dynamics of uninfected and infected mosquitoes,
respectively. Purple lines represent horizontal transmission, originating from the M, and F; compartments.
Imperfect maternal transmission is indicated by blue dotted lines. Mortality rates for mosquitoes are shown
by black lines exiting the compartments. Female mosquitoes lay eggs at a rate ¢, and mosquitoes develop
Jfrom the aquatic stage to the adult stage at a rate y, with a fraction b ¢ becoming females and the remaining
fraction by, =1 — by becoming males

Comparison with Reduced Models” section.
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Before going further and deeper in the analysis of System (2), we need the following two
ecological thresholds. We denote by R, and R; the next generation number (basic offspring
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number) for the uninfected and infected of mosquito population, respectively. They are given
by the following expressions:

fLi, and R,-:plbfLi.
(Y + ta) Ly Tyt a)

More specifically, the quantity R, measures the number of uninfected eggs produced by an
uninfected female during her life cycle and determines ability of wild mosquitoes persist or
disappear, while R; measures the number of infected eggs produced by an infected female
during her life cycle and determines the ability of Microsporidia MB infected mosquitoes to
persist or die out.

Given the intrinsic complexity of the mathematical system (2), it is both useful and relevant
to simplify the it by using some biological properties of the mosquito life cycle. Moreover, it
is difficult to perform the theoretical analysis that system of six highly non-linear differential
equations. This motivates us to create in the next section, a cascade of reduced models based
on assumptions that hold for a range of parameters and initial conditions appropriate for
real-world applications.

Ru=b (4)

Cascade of Reduced Models

In this section, we aim to simplify the original model by reducing it to a more concise form
while preserving its key parameters. We mimic a reduction techniques in [23], which involves
eliminating the aquatic stage of the mosquito and reducing the number of variables.

Suppression of the Aquatic Stage: Reduction to 4-Dimensional System

Since the transmission of Microsporidia MB occurs primarily between adult mosquitoes
or vertically from infected females to their offspring, the population of mosquitoes in the
aquatic stage does not directly contribute to the transmission dynamics of the infection.
Therefore, we can simplify the model by removing the aquatic compartments (A, and A;)
and assuming instantaneous hatching of eggs into adult mosquitoes [23]. However, in contrast
to the approach taken in [23], we consider that the total lifespan of a mosquito does not include
the time spent in the aquatic stage. Hence, in the reduced model, we retain the mortality rates
of male and female mosquitoes as t,, and 1 s respectively.

To determine the basic reproduction numbers of the uninfected and infected mosquito
populations in the absence of interaction between the two populations in the reduced model
without the aquatic stage, we define R,(f) and Rl@ as:

/ /
ﬂ, and Rl@) = plbfﬁ.

R =b
w =br s

(&)
Here, R,(,4) represents the number of uninfected offspring produced by an uninfected female
during her lifetime, while Rl@ represents the number of infected offspring produced by
an infected female during her lifetime. The parameters ¢, and ¢; denote the average rates
of offspring produced by an uninfected and infected female, respectively. To preserve the
key parameters of the model, we impose that the reproductive rates of the population in the
reduced model are the same as those in the initial model (2), leading to the relationship:

’ ’ ’ 14
u i Y Ua ()
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Here, ¢’ represents the average rate of offspring produced by a female during her life cycle.
Considering that the growth of the mosquito population is influenced by the ability of females
(both uninfected and infected) to find suitable egg-laying sites, which can accommodate
only a limited number of females, we substitute the environmental carrying capacity K,
of mosquitoes in the aquatic stage with the environmental carrying capacity K of female
mosquitoes:

K=b;Y K, %)
Hf
The value of K corresponds to the maximum number of females (uninfected and infected)
that the environment can sustain. By skillfully eliminating the equations for the aquatic stage
(Ay, A;) and utilizing certain biological characteristics of the mosquito life cycle, we can
capture the dynamics of the aquatic stage at the adult stage.
To achieve this, we make the following assumptions and approximations:

e Firstly, we replace the mosquito renewal rate in the aquatic stage with the female renewal
rate at the adult stage, which is a more biologically meaningful quantity since females
are responsible for oviposition. To accomplish this, we approximate the logistic term

(1 — A‘%QA" by (1— %) in two first equation of (2).

e Secondly, we assume that the oviposition rate ¢ of females and the egg hatching rate y
are much greater than their respective mortality rates. As a result, we assume that the
aquatic compartments A, and A; are fast variables and their dynamics of eggs are at
equilibrium. They are then approximated by the following expressions:

A, ~ ¢ (MuFu-l-(l—Pl)MiFi+(1—P2)MuFi+(1—P3)~m)MiFu)(1_ Fu+Fi)
Y+ la M, + M; K
¢ (PlMiFi+/02MuE +p3)\mMiFu>(1_ Fu+Fi)
' Y+ Ua M, + M; K ’

These approximations allow us to effectively capture the dynamics of the aquatic stage at the
adult stage, while simplifying the model by removing explicit equations for A, and A;. By
incorporating these assumptions and approximations, we can analyze the simplified model
(2) more conveniently, as we focus on the adult stage dynamics and capture the essential
aspects of the mosquito life cycle.

The reduced model without the aquatic stage for the transmission of the Microsporidia
MB infection is therefore given by the following 4-ODE system:

b, _ /<MMFL,+(1—pl)Miﬂ+(1—pz)Muﬂ+<1—psxm)M,-Fu) (1 F)

dt M, + M; K
ﬁliﬁiM‘ fFu»

dF; 1M F; + po M, F"FP%)» M; F, F

dt :bf¢< M, I_E +:3mM“+M Fy—pyFi,
am, — by M,F, + (1 —p])MF + (1= p)M, F; + (1 — p3hn)M; F, - E
d — " M, + M; K

_ﬁf%Mu = Um My,
i ,(leiE+p2ML4E +)03)\mMiFu)(1 F

F; ,
M, + M; _?)“Lﬂf’FL,TF,-Mu—HmMz-

®)

Where F' = F, + F; represents the total size of the female mosquito population.
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Removing Males: Reduction to 2-Dimensional System

Here we wish to reduce the number of variables in the 4-ODE model obtained earlier by
approximating the fraction of infected males in the total male population as a function of
the fraction of infected females in the total female population. Thus the system (8) can
be identified as a 2-ODE system reflecting the progression of female mosquitoes [23]. To
reduce the differential system (8), we first assume that the horizontal infection rate f,, from
infected male mosquitoes to females and the horizontal infection rate  r from infected female
mosquitoes to male are equal and we set:

Where A = A, denotes the probability of infection during mating between an infected
and an uninfected mosquito and ¢ the contact rate between an infected mosquito and an
uninfected mosquito per unit of time.

It is also assumed that male and female mosquitoes have the same birth rate. This is
reasonable considering experimental work in [17] which estimates the ratio of male to female
mosquitoes to be 1.08 : 1. Sowe have by = by, = % Since the infection with Microsporidia
MB is not accompanied by a reduction in the longevity of the mosquito, the above assumptions
allow us to consider therefore at the following approximation:

F M
F,+F M,+ M

(10)

We justify this approximation using numerical simulations (see Fig. 3).
Thus, the reduced model of transmission of Microsporidia MB within the female mosquito
population is thus written:

dF, _, (F2 + (1= p)FF+ (= p)FuF + (1 —psx)F,-Fu> (1 R +ﬂ>

dt Fu+ F K

i
- Fy—urFy,
Pr T F e mrku (11)
dFi _ (o2t R Ft paFiF (R FY g B
dt F,+ F; K Fy+ F

Where b = b ¢’ denotes the birth rate of female mosquitoes. In the absence of horizontal
transmission, model (11) is similar to the model introduced in [24] for the dynamic of Wol-
bachia spread with imperfect maternal transmission and without cytoplasmic incompatibility
phenomena.

Analysis of the Complete Model and Comparison with Reduced Models

Assuming female mosquitoes live longer than males and mate only once in their lifetime, we
have the following assumptions:

Br <PBm and iy < . (12)
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Fig. 3 Proportion of mosquitoes For the simulation, we choose an transmission of initial infection rate of
20%. The figures in the left show the case where we have the dominance of the MB-infected mosquitoes with
p2 = 0.7, p3 = 0.55, A = 0.7. The figures in the right show the case where we have the extinction of the
MB-infected mosquitoes with py = 0.45, p3 = 0.3, . = 0.37. The other values of the parameters influencing
the infection are py = 0.06, um = 0.14, B = 0.032. The small difference between the proportions of males
and females being due to differences in mortality rates

Table 3 Description of the parameters of the model (11) Here we give the definitions of the parameters
newly introduced in the reduced model. The description of the other parameters is given in Table 2 “Model
Formulation” of section

Parameter Biological description Unit

b=by (ﬁ) ¢ Birth rate of female mosquitoes Mosquito per day
A Probability of horizontal infection during mating Dimensionless

B Horizontal infection rate Per day

K =by % K4 Carrying capacity of female mosquitoes Mosquito

Theoretical and Numerical Study of the 6-ODE Model
The system (2) can be expressed as:
X' = F(X), 13)

with X = (Ay, A;, Fy, F;, My, M;)T, The function F> : R® — RO represents the right-
hand side of (2). We extend the system’s domain to include the point Ey = Os by defining
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F2(Eop) = Ope, ensuring continuity and existence of a solution for any Cauchy problem
associated with (2).

We associate to the system (13) the initial condition: X(0) = Xy = (Ag, A?, F,?, Fio,
M2, M) such that:
A2>0, AV>0, F'>0, F'=0, M’>0, M?>o0. (14)

u

Global Existence, Positivity and Uniqueness of the Solution

Theorem 1 For any initial condition in D and verifying (14), the system (13) has a unique
solution that remains in D for any time t > Q.

Proof The function 7> is of class C! in the neighborhood of X and the Cauchy- Lipschitz
theorem ensures the existence of a unique solution of the Cauchy problem associated with
the system (13) of initial condition Xj.

It remains to show that D is positively invariant by the flow of the system (13) for any
time ¢ > 0. To do this, we show that the vector field defined by /; is either tangential or
directed to the interior of D.

Indeed, if

Au+Ai=Ka:>A,;+A;=_(y+Ma)Ka50»

bnya / /
Fu+ Fi = s :>Fu+F,':bfV(Au‘i‘Ai)_Nf(Fu‘l'Fi)
<bryKqa—ps(Fy+ F;)=0,
by Kq / ’
M, + M; = m :>MM+M,' = by (Ay + Ai) — pm(My + M;)
m
< bm)/Ka - Mm(Mu + M;) =0.
Futhermore,

Ay =0 = A, >0 because A=A, + A; <K,

A =0 = A, >0 because A=A,+ A; <K,,

F,=0 = F, >0,

=0 — Fi/ > 0,

This proves that on different edges of the domain D, the vector field 7, points inwards.
Thus for any initial condition (14) in D the solution of (13) remains in D. ]

Proposition 1 The set D is a basin of attraction relative to the system (13): In other words,
D is an absorbing domain.

Proof Consider an initial condition of type (14) which does not belong to D. Let X =
(Ay, Aj, Fy, F;, M,,, M;)T be the solution of (13) associated to this initial condition.

Since the domain D is invariant, it is therefore sufficient to show that there exists a time
T > 0 such that X (t) € D.
We pose:

A=A, +A;, F=F,+F, M=M,+M,.
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— Suppose that for all # > 0, A(¢) > K,. Then we have

ey — A
A'(t) = F(r) (1 X,

= A1) = (v + _a)A®).

) — (v + 1a)A(D)

By applying Gronwall’s lemma, we have for all ¥ > 0
A < A(O)e*(VJr,U«a)f'

. 1 A(0)

In particular for ¢t = #; = n
Y+ la K,y
absurd. Hence there exists a first time #{ > 0 such that V¢ > t{, A(t) < K,.

) > 0, we have A(t]) < K, which is

bryK bryK,
- IfF(r) < f¥Ra ,thus F (1) < 21¥Ra Vt > ] because D is invariant. Otherwise,
w n
/ bfVKa
suppose that for all # > ¢}, we have F(t) > ———. Thus

F'(t) =bsyA(t) —usF(t), Vi=1
= F'(t) <bsy(A(t) — Ka) Vt>1.

Integrating this inequality over the interval [z{, 5], with s > ¢{ fixed, we obtain
N
F(s) < F(1}) — bf)’/ (A@t) — Ky)dr.
1

This gives us by applying the integral mean theorem the existence of 5o € [f{, 5] such
that

F(s) < F(t}) + by (A(so) — Ko)(s — 7).

bryK,
F()) — 2
. f
In particular for s = #tp = t; + —————=——, we have F(y) <
byy(Ka — A(s0)) Py
bnya
Hf
— In the same way, we show that there exists an instant té > 0 such that V¢ > té, we have
by K,

m

biyvK
20Y 24 Shich is

absurd and thus there exists a time ) such that V¢ > 1}, F(t) <

M) <
Thus by taking t = max({z{, t;, 73}, the solution X (¢) remain in D Vt > . O

Corollary 1 The maximal solution of the Cauchy problem associated with the system (13) of
initial condition (14) is global.

Proof According to the previous proposition and Theorem 1, the unique maximal solution

of the Cauchy problem associated to the system (13) of initial condition (14) is bounded. It
therefore exists globally for positive times. O

Equilibrium Points

The transmission model of Microsporidia MB given by the system (2) has three equi-
librium points: the equilibrium point £y = (0,0,0,0,0, O)T which corresponds to
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extinction of both populations called mosquito free equilibrium (MFE); the equilibrium
point E, = (A%,0, F;*,0, M}, 0)T where only wild mosquito population exists and called
infection free equilibrium (IFE); according to the level of maternal transmission between
infected mosquitoes (perfect or imperfect), we have either the equilibrium point E; =
(0, A?, 0, FF, 0, Mi*)T corresponding to a total invasion of the wild mosquito population by
mosquitoes infected with Microsporidia MB called complete infection equilibrium (CIE), or
the point of coexistence of the two mosquito populations E¢ = (A5, Af, Fy/, Ff, My, Mi")T
called coexistence equilibrium (CE).

A1) Extinction of both mosquito populations The trivial equilibrium point or mosquito-free
equilibrium Ej is not biologically realistic. However, in the absence of interaction between
the two mosquito populations (the evolution of each mosquito population does not depend
on the other), the growth of each population follows a growth model similar to that studied
in [11] and regulated by a reproduction threshold R, and R;.

A») Wild mosquito population only The infection free equilibrium (IFE) is obtained by taking
A; = F; = M; = 0. Itreflects the situation where the mosquitoes carrying the Microsporidia
MB infection eventually disappear after some time following their introduction into the wild
wild mosquito population. It is denoted by E, = (A%, 0, F¥, 0, M¥, 0)7, with:

u

Ar =K, (1—i>, Ff=byL A%, MF = b, A% (15)
u nr Km

Thus, the condition R, > 1 is necessary and sufficient for the existence of E,,.

A3) Microsporidia MB-infected mosquito population only The existence and stability of the
complete infection equilibrium (CIE) translates the ideal case for the fight against malaria
where the population of wild mosquitoes is entirely replaced by a population of mosquitoes
carrying Microsporidia MB infection. It is obtained by setting A, = F;, = M,, = 0 and we
have E; = (0, A}, 0, F¥*,0, M})T where,

1
A* = K, (1_5)’ ﬂ*:bfulfA;*, Mi*:bmulmA;‘. (16)
Remark 1 The CIE E; is obtained only in the case of perfect maternal transmission between
infected adults (i.e. p; = 1)as we will see shortly later. More precisely, the necessary and
sufficient for the existence of E; are R; > 1 and p; = 1 is. In the oder hand, when p; < 1,
The CIE is replaced by the coexistence equilbrium (CE) where we have both mosquito
populations.

Before characterizing this equilibrium point, we define and calculate the basic reproduction
number of the model (2).

Computation of the Basic Reproduction Number R

The basic reproduction number R for mathematical models in epidemiology provides the
threshold condition for which an infection spreads or disappears in the population. R here is
interpreted as the average number of wild mosquitoes (males or females) infected vertically
or horizontally following the introduction of an infected mosquito. It determines the invasion
capacity of wild mosquitoes by infected mosquitoes. We calculate this quantity following the
next generation matrix method presented in [25]. For this we collect all the infected mosquito
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compartments of the system (2). We pose X; = (A;, Fi, M)HT and we have:

[PlMiFi + po M, F; +,03kmMiFu]<l_i> (v + pa) A
aXi _ My +M; Ka —bryAi+ pnyFi
dt /3m Mu-‘rlMi Fy
’BfFuFTiF,'Mu —meAi +,LLmMi
=F-=V

F represents the flow of newly infected and V' denotes the various transfers between classes
due to causes other than infection. The Jacobian matrices of F and V at the IFE E,, are given
by:

brp
0 02i I03)~mi fom
Ru 7?/ubmlfﬂf 0 0
bfl/-m Y + Ka
Jr=|0 0 Bm » v =| —bsy ny 0
bmﬂf b
mef ’ —bmy 0 pm
0
fbfﬂm

a7

The basic reproduction number is the spectral radius of the next generation matrix of the
system (2) the matrix JxJ), !

1
Ro == |:pz + p3Am + \/(;02 + p3hm)? + M

4
2 s (pZI/«m/sm + )03)\m/“Lf:3f + leﬁf) i| :

(18)

Using the notations

Roy = p2 + p3Am, and Rop =

m

1
f(pZ,um,Bm + o3Amit By + BumBy), (19)

the expression of R takes the form:
1
Ry = 3 [ Rou +/(Rou)? +4Ror | 0)

The definitions of the quantities Ro, and Rpj, are difficult to interpret as breeding numbers.
However, Ry, reflects the effect of vertical transmission resulting from mating between a wild
and an infected mosquito on the ability of infected mosquitoes to invade the wild population.
Ron reflects the effect of horizontal transmission of Microsporidia MB on the ability of
infected mosquitoes to invade the wild population.

Remark 2 The expression that of R independent on the rate of imperfect maternal transmis-
sion (p1) between infected adult mosquitoes. This can be justified by the fact that R refers
to the average number of secondary infections produced in a population of wild mosquitoes,
by an infected mosquito during its entire infectious period [26].

Proposition 2 Let 7y be the quantity defined by:
7o = Roy + Ron- 2D
Then,
i) Ro > lifand only if To > 1,
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ii) Ro < lifand only if Ty < 1,
iii) Ro = lifand only if To = 1.

1o thus defined is an epidemic threshold in the same way as Ry.

Proof 1t is sufficient to note that

7o — 1 = Roy + Rop, — 1

1 1
= (5 (Rov + 4/ R(z)v +4R0h> — 1) <1 + 3 <,/ R%U + 4Ron — R()v))
1
=(Ro—1) (1 +3 (,/Rgv +4Rop — Rov)> :

Since ./ R%U 4+ 4Rop — Roy > 0, then 79 — 1 and Rg — 1 are of the same sign and we have
To = lifand only if Ry = 1. O

Ay) Coexistence of mosquito populations Since maternal transmission of Microsporidia MB
infection is naturally imperfect, it is more realistic to consider that p; < 1. In this situation,
the complete infection equilibrium point E; is replaced by the equilibrium point E¢ where
the two mosquito populations coexist. In this situation, we wish to have a maximum of
infected mosquitoes (See Appendix A.1). We define the coexistence equilibrium point as
EC = (Ag, AS, FS, FF, My, M), with:

Fy = foond (1 - i) <71 —P ) Ay = LHMFJ»

175 Ru/\l1—p+ap bry

o — (1 —
A = p (u;a ( pm’")F;, Fe—a p Fe, o)
l—p bry l—p

M;=0~-p+ap)lF, M{= %(1 —p+ap)lFf.

In (22), @ and [ are giving by
b
=M7m<7/3m+/‘*f),andl= me,
1253 IBf + Um bf,um

and the parameter p is the proportion of infected males within the total male population at
the equilibrium and given by

M¢ —aps(l —pr — p3h
P C:,Bm apnr(l —p2 — p3hny) 23)
Mg+ M; By —apr(pr — p2 — P3Am)
Proposition 3 We assume that p1 < 1 and ﬁ—mﬂ—f < 1.
Km Kf
1
Letd =1+ 3 (1 / Rév + 4Ry, — ROv) and we define the quantity
A
RE=1- 2 '"(’i’“_if). (24)
d \pf  pm
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Then, the system (13) admits the point E€ given by (22) as an equilibrium point inside D
if Ry > 1and Ro > R
Moreover, the fraction p of infected males in the total population of males at the equilib-
rium is given by the following expression:
Ro — 'Rg

p= :
1_

Ro— R§ + — (1+’3—’">

d Wy

(25)

Proof (Appendix A.2) O

Remark 3 In Proposition 3 above, the quantity (8, 87)/(umity) is actually the target
reproduction number of (2)when only horizontal transmission is accounted for [27]. The
assumption (B, Bf)/(umm r) < 1is not only a mathematical working artefact, rather a con-
dition observed form field from the experiment [ 18], which highlights the fact that the average
number of horizontally infected mosquitoes is less than one.

Stability of Equilibrium Points: Case o1 = 1

The stability of an equilibrium point is given by studying the sign of the eigenvalues of
the Jacobian matrix of the system (2) evaluated at this point. When maternal transmission
between infected adult mosquitoes is perfect (p; = 1), the transmission model (2) admits the
points E, and E; as equilibrium points distinct from the origin Eg. We have the following
result:

Theorem 2 When maternal infection is perfect (py = 1), the following statement hold:

o The equilibrium point without infection E, = (A}, 0, F;f,0, M}, 0T given by (15) is
locally asymptotically stable (LAS) if and only if R, > 1 and Ry < 1.

e The complete infection equilibrium point E; = (0, A, 0, F}*, 0, Ml.*)T given by (16) is
locally asymptotically stable (LAS) if and only if R; > 1 and Ry > 1.

Proof (See Appendix B) O

Stability of Equilibrium Points: Case 0 < p1 < 1

When maternal transmission between infected adult mosquitoes is imperfect (0 < p; < 1),
the system (2) admits two equilibrium points distinct from the origin Eg: The infection-
free equilibrium point E,, and the coexistence equilibrium point £¢. We have the following
results:

Theorem 3 The equilibrium point E, = (A}, 0, F,0, M}, 0T given by (15) is locally
asymptotically stable (LAS) if and only if R,, > 1 and Ry < 1.

Proof To avoid redundancy, we skip this proof because it is similar to that of Theorem 2. O
Theorem 4 The coexistence equilibrium point E© = (A;,, A7, F, Ff, M, Ml-c)T given by

(A10) is locally asymptotically stable (LAS) if R, > 1 and Ro > 1. It is unstable for R,, > 1
and R§ < Ro < L.
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Table 4 Existence and stability conditions of the equilibrium points

Equilibrium points Stability conditions (LAS)

Rate of M; x F; transmission Case p1 =1 Case 0 < p; <1
Mosquito-free equilibrium (E) Ru<landR; <1 Ru<landR; <1
Infection-free equilibrium (E;) Ry >land Ry < 1 Ry >land Ry < 1
Complete infection equilibrium (E;) R; >land Ry > 1 does not exist
Coexistence equilibrium (E€) Does not exist Ry >land Ry > 1

Imperfect maternal transmission of MixF;: p1 =0.7

= Stable
084 - Unstabxle E€
—e— Rp=R;
4
S 06 L
+
=l
=
= 0.4
=
Il
Q Y
0.2 1
I{
)
0.0 e Fu__
T

000 025 050 075 100 125 150 175  2.00
Ro

Fig. 4 Bifurcation plot when p; < 1. This plot shows the stability of equilibrium points as a function of R
for imperfect maternal transmission between infected adult mosquitoes. The horizontal line represents the
stable and unstable states of the equilibrium point E,. The half parabola represents the stable and unstable
states of the coexistence equilibrium E€ (for 0 < p < 1). The blue lines denote the stable states and the red
dashed lines the unstable states. The black arrows indicate the direction of the vector field

In contrast to the previous cases, computing the Jacobian matrix at the E€ point gives us
a full 6 x 6 matrix whose eigenvalue sign analysis is quite complex. We therefore resort
to numerical simulations in order to prove the stability of E¢. The Table 4 summarizes the
existence and local stability conditions of the equilibrium points of the system (2).

When Rg < Ry, The IFE E,, is the only equilibrium point and is globally stable. When
Ro > RS, we have two equilibria: In the interval Rg < Ro < 1, the equilibrium E, is stable
and E€ is unstable; in the interval Ry > 1 the equilibrium E, is unstable and E€ is stable
For our simulation, the point Ry = Ry is the threshold condition beyond which we have
coexistence of both mosquito populations (Fig.4).

Time Evolution of Mosquito Populations in Different Scenarios

Figure 5a reflects the extinction case for both groups of mosquitoes. Figure 5b reflects the
case of complete infection where wild mosquitoes are totally replaced by infected mosquitoes
as soon as Rog > 1, whatever the small proportion of infected mosquitoes introduced at
the beginning. Figure 5c shows the situation where the population of infected mosquitoes
eventually disappears (IFE) as soon as Ry < 1.

@ Springer



225 Page 20 of 39 Int. J. Appl. Comput. Math (2025) 11:225

Perfect maternal transmission of MixFj: p; =1
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Fig.5 Perfect maternal transmission between infected adult mosquitoes. a Represents the case of extinction of
both populations, R,, = R, = 0.77, withinitial conditions A, (0) = 40000, A; (0) = 30000, F,,(0) = 60000,
F;(0) = 20000, M, (0) = 60000, and M;(0) = 20000. (b) Here, Ry = 1.42, R, = R; = 240, with initial
conditions A, (0) = 10000, A;(0) = 20, F,(0) = 15000, F; (0) = 0, M, (0) = 15000, and M;(0) = 20. (c)
We have R = 0.85, Ry = R; = 200, with initial conditions A, (0) = 4000, A; (0) = 4000, F (0) = 2000,
F;(0) = 10000, M, (0) = 2000, and M;(0) = 10000

Figure 6 allows us to justify Theorem 4. Indeed in the both situation, we have Ry > R
and thus the coexistence of the two mosquito populations corresponding to the point E€. We
observe that for Ro > 1, the curves translating the density of the mosquito population tend
towards this point and therefore it is stable. In this case, Ro < 1 and the mosquito population
density curves move away from the equilibrium point, so it is unstable.

The Full Sex-Structured Model Versus Its Reduced Counterparts

In this section, we assess the accuracy of our model reduction process by comparing the
reproduction numbers and threshold conditions for infection establishment between the full
model and reduced models. In this regards, we will refer to full sex-structured model as

6-ODE model, to the reduced four-dimensional system as 4-ODE model, and to the reduced
two-dimensional system as 2-ODE model.

Comparison of the Reproduction Numbers and Equilibrium Points

The 4-ODE Model
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Imperfect maternal transmission of MxF;: p; = 0.89
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Fig. 6 Coexistence of the both populations. In (a) we have: Ry = 1.37, RZ)" = 0.95, Ry = 200 and
R; = 140, with initial conditions A, (0) = 5000, A; (0) = 0, F,(0) = 10000, F; (0) = 500, M, (0) = 10000,
and M;(0) = 500. In the simulation (b), Ry = 0.97, ’RS = 0.94, R, = 285.71 and R; = 254, with
initial conditions A, (0) = 10000, A;(0) = 0, F,(0) = 20000, F;(0) = 12000, M, (0) = 20000, and
M;(0) = 12000

In the 4-ODE model, the reproduction numbers for the population of wild mosquitoes
(R,(f)) and infected mosquitoes (RLG)) are given by:

/
R :bfﬁ:bfLizRu, (26)
M Y+ la iy
!
@ ; y ¢
RY = pibr—t = plbf—2—— =TR;. 27)
' s Y ¥any

The 4-ODE model exhibits three equilibrium points under certain conditions:

e Mosquito-free equilibrium (MFE): Eé4) =(0,0,0, 0.
e Infection-free equilibrium (IFE): E,54) = (F;,0, My, 0.

@ Springer



225 Page220f39 Int. J. Appl. Comput. Math (2025) 11:225

e Complete infection equilibrium (CIE): El.(4) = (0, F*,0, M})T, where

F(T=K I—W . MH=VK l—w B (28)
o a

When the maternal transmission between infected mosquitoes is imperfect (p; < 1) and

5,4) > 1, the complete infection equilibrium (CIE) is replaced by the coexistence equilibrium

(CE) given by EY = (F¢, F¢, M, MX)T , where:

! RY)\1=ptaep)’ '+ “1=-p "
u (29)

MS=(—p+ap)lFS, M= %(1 — p+ap)lFE.

with o € {u,i}.

The parameters «, p and [ are those given in (22).
To determine the basic reproduction number (R(4)) of the 4-ODE system, we utilize the
next generation matrix method [25], which yields:

1
Ry = 2 (Rou + V(R0 +4Rar) (30)

where Ro, and Rgy are given by (19). Thus, the basic reproduction number for the reduced
4-dimensional model is exactly the same as that of the 6-ODE model. Hence, the reduc-
tion process leading to the four-dimensional system did preserve the main epidemiological
threshold for the population dynamics of mosquitoes.
The 2-ODE Model

In the 2-ODE model, the reproduction numbers for the population of wild mosquitoes
(R,(Az)) and infected mosquitoes (Rl@) are given by:

b
RO -2 _p Y iznu, (31)

wr / Y+ la by

b y ¢
R = p1— = piby — =
nr Y+ Uha Lf

(32)

The 2-ODE model exhibits three equilibrium points under certain conditions:

e Mosquito-free equilibrium (MFE): E; ) = (0, 0).
e Infection-free equilibrium (IFE): E,Ez) = (F},0).
e Complete infection equilibrium (CIE): E'? = (0, F*), where

1
F::K(l—(z)>,witha e {u,il. (33)
(el

When the maternal transmission between infected mosquitoes is imperfect (p; < 1) and
R,(,Z) > 1, the complete infection equilibrium (CIE) is replaced by the coexistence equilibrium
(CE) given by:

E® = (F¢, Ff), (34)
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Table 5 Sensitivity analysis of

the full and reduced model w = Basic reproduction number

Comparison of the local v 6-ODE/4-ODE 2-ODE
sensitivity indices of the general
model and the reduced model for ~ P2 0.546 0.529
the base values of the variables v p3 0.207 0.206
in Table 2 A 0.217 0.219
0.312 0.331
753 —0.311 —0.330
Basic reproduction number for baseline value
Ro =R =0.96 RY =097
where
. 1 . .
Fo=-ppk (1-— ). Fr=PLr (33)
R 1—py

and the quantity p s is defined as:

RY —1
pr=—0 (36)
RS = pi

Here, p s represents the proportion of infected females.
To calculate the basic reproduction number (R(()z)) of the 2-ODE system in equation (11),

we employ the next generation matrix method [25], resulting in:

RY = p+ ph+ L 37)

Kt

It is worth noticing that when w,, = s and B, = B, we have Ry = R(()z) . However, the
following gives the values of the three basic reproduction numbers obtained throughout the
reduction processes, when the baseline parameter values are used.

Analysis of the Sensitivity of the Models

The analysis of the sensitivity displayed in Table 5 consists in examining how the key
parameters of invasion of Microsporidia MB in the full model and in the reduced model vary
according to the disturbances carried out on the values of the parameters of each model given
in Table 2 of “Model Formulation” section.

Definition 1 The normalized direct sensitivity index of w with respect to a parameter v is

defined by:

v dw
SV=—x —. 38
V'oow T Qv (38)
It measures the variation of the output variable w as a function of the input variable v. More
precisely, if v grows by x% then w grows by S}’ x x%
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6-ODE Model 4-ODE Model 2-ODE Model
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Fig.7 Global asymptotic stability (GAS) of IFE
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Fig.8 Global asymptotic stability (GAS) of CIE

Comparison of Asymptotic Behavior: Phase Portraits

In this section, we perform a comprehensive analysis of equilibrium stability in both the
original and reduced models, with a focus on the phase plane dynamics. We investigate the
influence of the basic reproduction number on equilibrium stability and compare the results
across different model configurations.

To facilitate our analysis, we introduce the following quantities: U = A, + F, + M,,,

I =A +F +M;,Us = F, + M, and Iy = F; + M;. These variables represent the
population levels of susceptible and infected individuals in the 6-EDO model and the 4-EDO
model.
Perfect Maternal Transmission (p; = 1): We first explore the stability of equilibrium
points in the context of perfect maternal transmission, where the maternal transmission rate
p1 equals unity. Our investigations encompass both the original models and their reduced
counterparts.

Remarkably, throughout our analysis, we maintain the integrity of the equilibria and
their stability properties. Figure 7 demonstrates the global asymptotic stability (GAS) of the
Infection-Free Equilibrium (IFE) when the basic reproduction number falls below unity, while
Fig. 8 showcases the GAS of the Chronic Infection Equilibrium (CIE) for basic reproduction
numbers exceeding unity.

Imperfect Maternal Transmission (p; < 1): Next, we extend our investigation to
account for imperfect maternal transmission, where the maternal transmission rate p; is
less than one. Similar to the previous scenario, we meticulously preserve the number of
equilibria and their stability characteristics when reducing the model complexity.

@ Springer



Int. J. Appl. Comput. Math (2025) 11:225 Page250f39 225

6-ODE Model 4-ODE Model 2-ODE Model

Phase plane (Ug, Ig) R{Y <1 Phase plane (F,, F)) R¥<1
2000 % ~

0
o 2 sho 750 w000 1zsof JiR00 10 2000

Fig.9 Global asymptotic stability (GAS) of IFE

6-ODE Model 4-ODE Model 2-ODE Model

oo Phase plane (U, I) R0‘> 1 mmphase plane (Ua, 14) R(()‘U >1 Phase plane (F, F;) RJ,Z’/>1

g

g

Fi

00

20

. E(()Z\r

500 1000 1500  2000(y* 2500 3000

u

Fig. 10 Global asymptotic stability (GAS) of CIE

Figure 9 showcases the global stability of the IFE when the basic reproduction number is
less than one, while Fig. 10 presents the stability of the CIE for basic reproduction numbers
greater than one.

Comparison of the Invasion Frequency

One of the key assumptions in the model reduction process is the rapid development of
aquatic mosquitoes into adults. As shown in the following figure, when the maturation rate
into adults (y) is high, the progression of Microsporidia MB infection in both the general
model and the reduced model is almost identical.

The Figs. 11, 12 show the evolution of the proportion of infected females in the two models
over time for different values of the rate of maturation in the aquatic stage. The upper curves
(in red) in each of the graphs represent the case of invasion of Microsporidia MB and the
lower curves (in purple) reflect the case of disappearance of the infection with Microsporidia
MB. With an initial infection rate of 33% for cases p; = 1 and 42% for cases p; < 1.

The reduced model describes the dynamics of transmission of the infection within the
population of females for a rapid hatching rate and a high maturation of mosquitoes at the
aquatic stage into adults as well as a mortality rate of males and females. relatively close.
The model obtained has the advantage of being able to characterize the basins of attraction
of the equilibrium points and more simplistic stability conditions. Since Microsporidia MB
infection is at a very low level in nature, it is therefore necessary to introduce infected
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Fig. 12 Comparison of 6-ODE and 2-ODE

mosquitoes into nature. In the next chapter we will study the different control strategies that
can be used to ensure that wild mosquitoes are replaced by infected mosquitoes.

Mosquito Release Strategies

Microsporidia MB infection is present at relatively low prevalence in the Anopheles mosquito
population [17], suggesting that R < 1. In fact, for the baseline values, the basic reproduc-
tion number of our model is R &~ 0.96. This value does not insure the natural persistence of
MB-infected mosquitoes in the population. Therefore, an attempt to reverse this undesired
situation is to design and implement some classical control strategies consisting in releasing
laboratory MB-infected rearing mosquitoes in the wild mosquito population [12]. Typically,
in this regards, there are many release methods and for the seek of simplicity, we shall consider
only two continuous possible release strategies as presented below.

1. Continuous releases with constant release rate: In this case, we release a constant
number of mosquitoes carrying Microsporidia MB infection cultured in the laboratory.

2. Continuous releases with variable release rate: In this case, the release rate of infected
mosquitoes is a function of time.
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Based on the hierarchical reduction approach, we can implement various control strategies
on the reduced 2-ODE model for the transmission of the infection, specifically targeting
Microsporidia MB. This involves the introduction of infected mosquitoes when the value of
Réz) exceeds 1 (approximately 0.97 for the baseline parameter values).

Releases with Constant Rate

In order to model these releases, we introduce into the reduced model the variable r, the
(constant) release rate of mosquitoes. The rate r expresses the fraction of mosquitoes infected
with Microsporidia MB released each day as a percentage of infected mosquitoes present in
the locality on the same day [12]. The fitted model takes the form:

dFy _ (Fi+(—pDF+( —p)FFi+ (A —pWFF\ ( F+F
dr F,+ F; K
B Fy— s Fa
Fu+Fi ’
(39)
dfi _, p1F? + p2FuFi + p3)Fi Fy | Bt F
dr F,+ F; K
i
Fy — wsF; +rF;.
+5Fu+Fiu wrki+rk;
We associate to the system (39) the initial condition:
RO =K (1-5L). F© =rF,0). (40)

The rate r € [0, u [ and is expressed in day_l.

Control Strategies: Case p1 = 1

In this situation, the objective of the mosquito release strategy is the total replacement of
the wild mosquito population with infected mosquitoes. The analysis of the reduced model
assures us of the existence of the complete infection equilibrium point (CIE) which is stable
for R((Jz) > 1.

Using the next generation matrix [25] method, we get the base reproduction number of
the system (39) given by:

Gy = p2+ p3r+

. 41)
pp—rx
In the absence of control (r = 0), the basic reproduction number is Gg = R(()z) < 1. The
release rate r must therefore be chosen so that G > 1, leads us to the following condition:

B
1 —p2— p3r
Using the baseline values from Table 2, we obtain 0.012 <r < 0.1.
Figure 13 shows some possible release options. Mosquito releases over a fixed period

of time require a large release rate to be efficient in contrast to the case where infected
mosquitoes are released indefinitely. This shows that the strategy based on a constant release

s <r<uy (42)
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Fig. 13 Constant release strategy of infected mosquitoes when p; = 1 The purple band in (a) represents the
release period of infected mosquitoes with t = 400 days. In (b) uninterrupted releases over the duration of the
experiment are assumed. The blue curves represent the progression of wild mosquitoes and the red curves the
progression of infected mosquitoes. We use the following values in the simulation: K = 200000, b = 2.22.
The other parameters are taken at their baseline values in Table 2

rate achieves the replacement of the population, but requires an uninterrupted production of
infected mosquitoes in the laboratories, which can be very costly.

Control Strategies: Case p7 < 1

For this case, it is no longer possible to achieve total replacement of the wild mosquito
population with mosquitoes carrying the Microsporidia MB. infection. According to the
analysis made in the previous sections, it is possible to have the coexistence of the both
mosquito populations which is stable for R(()z) > 1. The aim of this release strategy is to
considerably reduce the size of the wild mosquito population.

In the absence of control, the proportion of infected mosquitoes at the coexistence

equilibrium is given by:

R 1
Pr=
RE))—Pl

The objective is to have a higher number of infected mosquitoes than wild mosquitoes (p r >
0.5 or RE)Z) > 2 — p1). We then choose r such that GB > ’R(()z) > 2 — pj. This leads to

B B
2—p1—p2—p3r

[y <r<uy. (43)
Using the baseline values from Table 2 we get 0.046 <r < 0.1.

The numerical simulations in Fig. 14 show us some possible release options. This strategy
requires a large number of mosquitoes in the releases (r > 0.046) in contrast to the p; = 1.
Figure 14a and b show that releases effected over limited durations are not efficient regardless
of the rate of release of infectioed mosquitoes because wild mosquitoes will take over once
releases are stopped. Thus, to achieve the fixed objective it is necessary to release infected
mosquitoes uninterruptedly (Fig. 14c, d). In this case the prevalence of the infection will
increase according to the importance of the rate of releases carried out.
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Fig. 14 Constant release strategy of infected mosquitoes when p; < 1 The purple bands, in (a) and (b)
represent the release period of infected mosquitoes. In (c) and (d), uninterrupted releases over the duration of
the experiment are assumed. The blue curves represent the progression of wild mosquitoes and the red curves
represent the progression of infected mosquitoes. We use in the simulations the values K = 200000, b = 2.22,
B =0.032, A = 0.51, the other parameters taken at their baseline values in Table 2

Releases with Variable Rate

For this type of release, similar to the approach in [4, 12, 28], we introduce the control
variable 7(¢) € [0, rmax], Fmax < i y.1s assumed to be continuous (or piecewise continuous)
and expresses the time-dependent rate of released infected mosquitoes.

The control model is therefore as follows:

dFy _ (Fi+ (= pDF2+ (0= p)FuFi+ (= ps)FiFy (1_FM+F,~>

dt F,+ F K
B o F,
F,+ F u Wfly,
(44)
dF; _ (P P2+ pFuFi+p3hFiFy) (0 Fu+ F
dr F,+ F K
F;
+B———F,— urF +r@)F;.
ﬂFu Ty u— Mfli () F;
With the initial condition:
F(0)=F) >0, F0)=F >0. (45)
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To the system (44), we associate the objective (cost) function
T
J(r) = FXT) + / Cr2(t)F;(t)dt. (46)
0

Where FZ(T) is the objective with respect to the population level of wild mosquitoes that
we wish to minimize at the final position. Then, our goal is to determine the release rate r*
that minimizes the cost r* 7 (r) at time horizon [0, T]on T.

J(r*) =min J(r), (47)
rel
where
I ={rec®(0,T]), piecewise : 7 (1) € [0, rmaxl} (48)

is the set of admissible controls. C > 0 expresses the cost per unit time associated with the
release strategy (laboratory production of mosquitoes and releases).

Theorem 5 Consider the optimal control problem associated with the system (44). There
exists a control r* and a corresponding solution X* = (F,f, F") which minimizes the func-
tional J onT.

Proof Since the function g = FMZ(T) is continuous, to establish the existence of an optimal
control, we verify that the conditions of Fleming and Rishel’s theorem [29] are satisfied:

The set of controls and the set of corresponding solutions is non empty.

The set of controls I is convex and closed in L2([0, T']).

The right part of the Eq. (44) is bounded by a linear function of the control.

The integrant of the objective function is convex on I and bounded by ay|r|* —aa, where
ap,ay > 0and o >1.

L=

The condition 1 is obtained thanks to the results of Lukes [30] for systems with constant
coefficients. The set I' is a closed convex set of L>(0, T) by definition and the right part of
the system (44) satisfies the condition 3 because the state variables are bounded. It is clear
that the integrant Cr2F; (¢) of the objective function is convex with respect to r, moreover
there exist aj, ap > 0 and o > 1 such that:

CrPF;(1) > ailr|® — aa,

because the state variables are bounded. We conclude that there exists an optimal control r*
which minimizes the functional 7 on I. O

The existence of an optimal control having been established, we are now interested in
its characterization. Following [31], we define the Hamiltonian associated with the problem
(44)-(46) as:

F.
H(Fy, Fi, 1, A1, 7)) = Cor?F; — Aj. L _F F,
(Fy, Fi,r A1, 22) 2r°F; l<ﬂFu+Fi utny u)

o (PFE = pOFE (= p)FuFi 4 (= 3 i) (1 Fu+Fi)
1- -
Fu+F K

(49)

2
Hz.[b(mﬂ + pyFuFi + p3hFi Fy) (1_ Fu—l—F,-) 5 Fi

Fy—wnrF; F;|.
Fut F, X Fu+ Fi u—mpli+r 1:|

A1 and X, are called adjoint variables.
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Theorem 6 Letr*be anoptimal controland X* = (F,f, F[") the corresponding solution. Then
there exist adjoint variables L1(t) and Ay (t) Then there exist adjoint variables verifying the
transversality conditions:

AM(T) =2F,(T), A(T)=0. (50)

Moreover, the following characterization is verified

r*(t) = min {max {0,—)\;—?},rmax}. (5D

Proof By application of Pontryagin’s maximum principle [32], the optimality condition gives
us the existence of A1 and A; verifying the following adjoint system:

I OH
at  OF,’
o oM (52)
ar  OF;

with final time conditions:

g
OFu |,—r

M(T) = =2F(T), »(T)=0.

— The minimality condition on the set {r € [0, T'] : 0 < r*(¢) < rmax} is:
oH
— =2r*CF; + My F; = 0.
ar*

. A
Thus on this set, r* = ——2.

C
— Ifr € {t € [0, T]: r* = 0}, then the minimality condition is:

oH . )
a?:h*CFi—i—kzFi <0, i.e., ~3C > 0.
— Ifre{t €[0,T]: r* = rmax}, then the minimality condition is
oH . A2
Py =2r*CF; + \aF; >0, i.e., ~3c < Fmax-
Therefore, we obtain the desired control characterization given by (51) O

Numerical Implementation: Optimal Release

In this section, we are interested in the numerical solution of the optimal release control
problem. We have proved in Theorem 5, the existence of an optimal control and an associated
optimal solution. We have also given the characterization of the optimal control in Theorems
6 as a function of the level of maternal transmission. In what follows, we use the Python’s
gekko package [33] to solve optimal control problems in order to illustrate these results.

We consider in our numerical simulations that the maximum release rate of infected
mosquitoes is rmax = 0.06 and we take C = 1. The maximum female carrying capacity K
is fixed at 20000. We assume that at time t = 0, we have F = 15000 and F’ = 0.052F)
i.e. the infected mosquitoes constitute 5% of the total mosquito population at the time of the
study. The releases are made over a period of T = 500 days and the parameter values used
are the same as those for the constant rate releases.
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Fig. 15 Optimal release over a 500 day period when p; = 1
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Fig. 16 Optimal release over a 500 day period when p; = 0.76 < 1

Figures 15 and 16 show us the effet control on the growth of the two mosquito populations
in the case p; = 1 where population replacement is achieved. Figure 16 reflects the case of
coexistence of the both populations (p; < 1) where the objective is to minimize the population
density of wild mosquitoes in the final state. The profils of the control are given by the curves in
green. At the onset (¢t = 0), the release rate r*(¢) is set to its maximum value (rmax = 0.06) to
introduce a substantial number of infected mosquitoes into the environment. This initial surge
aims to disrupt the existing population dynamics and establish a foundation for the infected
group. As the infected mosquitoes integrate and begin to influence the wild population, the
efficiency of maternal transmission directly impacts r*(¢). With perfect maternal transmission
(p1 = 1), therelease rate gradually reduces over time as the infected population becomes self-
sustaining. Conversely, with imperfect maternal transmission (p; < 1), a more aggressive
and sustained release strategy is required to achieve the desired population dynamics.

Discussion and Conclusion

In this study, we have presented a comprehensive mathematical model that explores the
interactive dynamics between wild mosquitoes and Microsporidia MB-infected mosquitoes.
Through rigorous analysis and investigation, we have gained valuable insights into the spread
of the infection and its dependence on various factors. Our model allows for a detailed
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examination of the population dynamics, considering both the wild and infected mosquito
populations. By reducing the full model to smaller, mathematically tractable systems, we
have preserved the qualitative and quantitative dynamics, enabling a deeper understanding
of the underlying mechanisms at play. One of the key findings of our study is the critical role
played by the level of maternal transmission in the successful spread of Microsporidia MB
infection. Specifically, we have observed that under perfect maternal transmission, population
replacement becomes possible, leading to the dominance of infected mosquitoes within the
population. Analysis of this model allowed us to determine the threshold conditions on
basal reproduction rate for which Microsporidia MB the infection persists in the mosquito
population (Ro > 1) with the stability of the CIE. However, when maternal transmission is
imperfect, population replacement is no longer attainable. Nevertheless, we have identified
that a sufficiently high rate of maternal transmission can still achieve a significant level of
infection, with at least 50% of mosquitoes becoming infected, surpassing the minimum target
of 40% infection.

We have explored the impact of release rates of infected mosquitoes on population
replacement. Our findings indicate that maintaining a release rate that ensures at least 50%
population replacement is essential for successful spread. However, we have also discovered
that constant releases over a fixed period do not lead to population replacement or the dom-
inance of MB-infected mosquitoes. Instead, employing time-dependent release strategies
proves to be more effective in achieving population replacement within a specified time-
frame. These results build upon prior studies that have examined the use of release strategies
with symbiotic microorganisms like Wolbachia for mosquito control [11, 12], highlighting
the importance of timing and adaptation in control strategies.

It is important to note that the potential for Microsporidia MB-based interventions will
depend on various contextual factors. In developed countries with well-established healthcare
systems and efficient mosquito control infrastructure, the feasibility of implementing such
strategies may be higher, though challenges such as public acceptance and environmental
concerns must still be considered. In contrast, in developing countries, especially those in
Sub-Saharan Africa where malaria remains a significant burden, the success of Microsporidia
MB-based strategies may depend heavily on factors such as resource availability, healthcare
access, and cultural acceptance of such interventions. Moreover, the effectiveness of these
strategies could be influenced by local mosquito species, environmental conditions, and the
presence of competing interventions. Therefore, while our model offers promising insights,
its implementation will require careful consideration of local contexts. Several promising
directions for future research in this field include the influence of seasonality on the life
cycle of mosquitoes and the dynamics of symbiont spread. Investigating how seasonal varia-
tions affect transmission could provide valuable insights into timing interventions effectively.
Additionally, exploring the spatial heterogeneity in the distribution of uninfected and infected
mosquitoes could help optimize release strategies based on local environmental factors and
mosquito population structures.

In conclusion, our mathematical model offers a powerful tool for studying the com-
plex dynamics of Microsporidia MB infection in mosquitoes. Through our analysis, we have
highlighted the significance of maternal transmission and release strategies in achieving pop-
ulation replacement. These insights have practical implications for the development of more
effective interventions and control strategies against mosquito-borne diseases, ultimately
reducing their impact on human health.

@ Springer



225  Page 34 0f39 Int. J. Appl. Comput. Math (2025) 11:225

Appendix A Existence of the Coexistence Equilibrium

A.1 Coexistence Equilibrium

The search for this equilibrium point leads us to the solution of the following system:

My F, + (1 — p)M; F; + (1 — p2) M, Fi + (1 — p3h) M; F,

‘

byyAu — B graar Fu — 1tfFu =0,
bryA; +ﬂmﬁFu —urF =0,

by Au — B o Mu — 1m My =0,
bny Ai + Bf i Mu — i M; = 0.

Let us recall the following notations:
A=A, +A;,, F=F,+F et M=M,+ M,.

Then we obtain the system:

a
byyA—pusF =0,
bpy A — umM = 0.

A
¢F<1—F>—(V+Ma)A=O,

The system (A2) admits for solution:

1
A:Ka<l——>, F=b; LA M=b,1 A
R .y

Mﬂl

U
satisfying the relation

b
M =IF. with [= 2"

fHm

By posing

M
= My M
we obtain from (A1), (A3), (A4) and (A4) the system:
¢

p

Ry
—(y + na)Ay =0,

¢
Rf[mpFi + p2(1 = p)Fi + p3impFul — (¥ + na)Ai =0,
u
bfVAu — BupFy — ,ufFu =0,
bfVAi + BupFu —urFi = 0,
by Ay — ,Bfl(1 —p)Fi — um (1 — p)IF =0,
by Ai + Brl(1 — p)Fi — wmlpF = 0.

@ Springer

Mu +Mi
—(y + 1a)Ay, =0,
PIM; F; + oo My Fy + p3hmM; Fy A
1—— ) — A; =0,
¢< M, + M; K, (¥ + ma)Ai

S [Ad=pF + A= p)pFi+ 1 —p2)(d = p)Fi + (1 — p3rn) pFul

(AD)

(A2)

(A3)

(A4)

(A5)
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Where F = F, + F; and as a result, the last four allow us to have:

A, = MFM’
bf)/ |
A= P (Mfa —( —p)ﬂm) F..
Fi=«a 1 Fu,
b 1 1 -
s () ()
W Ru)\1=p+oap
with
o= Hm (M) . (A8)
wr \Bf =+ tm
Considering the expressions in (A7),the second equation in (A6), allows us to have
— 1 —p2— p3r
b Bm —oaur(l — p2 — p3hm) (A9)

Bm — (1 — p2 — P3hm)

— When p; = 1, then p = 1. Replacing p with its value in the system (A6), we have
A, = F, = M, = 0 and thus we find the complete infection equilibrium point (CIE)
given by (16).

— When p; < 1, we use the relations (A4) and (A5) to express M, and M; in terms of F,,
and the unique solution of (A1) representing E€ is given by:

br 1 1 -
el (1) ()
% Ru/\1=p+ap

e = PP IS pe
byy 1
qe_ _P ura — (1 — p)Bm Fe AL0)
fodl-p bry
.2 ‘
FiC = QEF;,

M =(0—-p+ap)lFf,
Me =P (I —p+ap)lFg.
1 1 _ p
The quantity p given by relation (A9), (0 < p < 1) represents the proportion of infected
c
les in the total lation of males at equilibrium, i.e., p = ————.
males in the total population of males at equilibrium, i.e., p M + ¢
A.2 Existence of E°

Proof 1t follows from expression (A10) that E€ is well defined in D if and only if:
F{>0, pra>{1—p)pn and 0<p <1
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The condition F; > O0leads R, > 1.

ga > (L= )i & oy 2mE1

m

@ifo—1>—[p3x (’3’” —ﬂ—f>+<1—p1)<1_M)]
Ky Hm M A f

©<Ro—1>d>—[psxm<’3—m—ﬂf)+<1— )(p%)}
Kwr o Hm Mmh f

<:>R0>1—%[/)3)\,”(&—&)+(1—p1)<1—M>i|='R1.
%% Wm Mm i f
O0<p<1%Bu>aur(l—p— p3kn)
ﬁm,Bf
Mml/vf

B
+ (p2 + pskm)i; + P2+ 3k — p1 > 0

Bm
+ (o2 +p3km)7+pz+pakm—1>0

& 1p—1 >—p3km(@—ﬂ—f>
Hf  Hm

< (Ro— Dd > —p3ipy <'Bm ﬁ)
Hf Km

Am
& Ro 1_L<ﬁﬂ_ﬁ>:R3_
d wr MKm

Therefore, we need Ro > max{R{, R1}. According to the assumption (12), we have

(5—"’ — 'B—f> > 0. Moreover, since 'B— 'B—f < 1 and so the condition of existence of the
1233 Km Km HKf
equilibrium E, comes down to R, > 1 and Ry > R(’;.

Furthermore, the expressions in the numerator and denominator of p in the expression
(A9) are rewritten as follows:

o BB Bm
ﬂm—al/«f(l—m—m)»m):mif( "L 4 (oo + p3hn) o 2 3k 1)
Bf + tm \ mds Hr
Mm L f *
=——"—(MRo—Ry)d, and
ﬁf‘i'lj*m 0
Hm BB Bm
ﬁm—wf(m—pz—pakm)=m7f< mZf +(l_pl+)02+)03)‘«m)7>
Bf + tm Km M f nf
Km L f
+ L (oo 4 p3hm —
B+ m(ﬂz P3Am — p1)
. 1—
:M(RO_R3+ o (H*’im))d.
Br + m d 1%

Thus the expression for p given by relation (A9) becomes:

Bn —apr(l—p2— p3km) Ro—Ra‘
B —apy(pr — p2 — p3Am)

p:
'R()—RS

)
K
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Appendix B Local Stability of E,, and E; When p1 = 1

The proof of the local stability of the equilibrium points E, and E; are similar and we only
provide here that of E,,.

Proof To prove stability, we use the known results on Metzler matrices [34]. The Jacobian
matrix of (2) at the point E,, is given by:

—( + 1R ¢ + 1)1 =Re) 7= (L= p) = O —p3h e 3h
0 ~Hud 0 g 0 pyhag
F*
byy 0 —uf 0 0 B 3%
J(E,) = il
0 bry 0 —Ky 0 B 3t
M*
by 0 0 _ﬁfﬁi —Hm 0
M*
0 bmy 0 ﬂng 0 —MUm
This gives us
det(J (Ey) — x1¢)
~ Ry =3 ) =Ra)  fe (=p)gy 0 —p3hmgy g
0 ~Hp)-x 0 ;g 0 p3hmry i
_ bry 0 —np=x 0 0 B 3=
0 bry 0 —pfp—x 0 ,smﬂ‘;—
by 0 0 —,Bf%? ~tm — x 0
0 bmy 0 ﬁf %5; 0 —Mm — X
~ +HORe =% |+ i) (L= Ra) (L= p2) g —p3dn 7 3
by “Hf X 0 0 —ﬂm%
=— _ — b ¢ Fr
&+ pm) 0 0 v tua)—x s Pmp
0 0 byy —Uf—x ﬂme’%
0 0 by Brgt  —im—x
Thus, the characteristic polynomial associated with J(E}) is given by:
Pi(x) = —(x + i) det(My — xI) det(Ny — xI3).
Where
_ 9
My = ( (v + a)Ru Ru ),and
bry —If
¢ ¢ Fr
_(V+Mu) sziu pSAmEW Al Bl
Ny = byy —HMf ﬂmﬁ% =
M C1|D
by ﬁfT; —Mm L=

Then Sp(J(E,)) = {—pum} U Sp(M1) U Sp(Ny). It is therefore sufficient to study the
stability of matrices N1 and M.
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M eis a Metzler matrix. Since all diagonal terms are fully negative, it is Metzler stable if
and only if det My = (y + o)ty (Ry — 1) > 0ieif R, > L.

Ny is a Metzler matrix and it is Metzler stable if and only if A and D; — C 1Af1B 1
are Metzler stable [34]. A is a stable Metzler matrix because all its non diagonal terms are
positive, its diagonal terms all negative and det A} = (¥ + o) s (1 — p2) > 0. Moreover,

_ 2 B B BmP
Dy~ CiAT'B; = ——" (l—pz—pakm—pz—’”—paxm—f—m—f
1 —p 753 Hm  Hmif
—_ M Gg_my<o0if T <1
L —p2

This condition is equivalent to Ry < 1 from i) of Proposition 2 and thus Nj is a stable
Metzler matrix. O
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