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ABSTRACT

OF THE THESIS OF

Hazem Bashir Daou for Master of Science
Major: Biology

Title: Characterizing Anopheles Gambiae Susceptibility to Oral Infections with a Panel
of Human Bacterial Pathogens

The mosquito midgut is a key organ associated with multiple physiological functions
including development, digestion, immunity and reproduction. In mosquito vectors of
diseases, all transmitted microbes including viruses and parasites start their journey in the
midgut where they interact with several chemical and physical barriers that function to
restrain microbial invasion of the host. In the malaria vector Anopheles gambiae, the
physiological responses of the midgut epithelium as well as local barriers, such as the
peritrophic matrix and barrier epithelial, are known to impact the development of early
stages of Plasmodium parasites. However, the midgut responses to bacterial pathogens
are not very well understood as those to malaria parasites, and have mainly focused on
the use of the Gram-negative bacterium S. marcescens (Sm) as an oral pathogen to
establish midgut infections.

In this project, we aim to study mosquito susceptibility to oral infections with human
bacterial pathogens known to cause gut infections, in order to determine whether these
are virulent to the insect and, hence, can be used as tools to deepen our understanding of
the mosquito gut physiologic responses to infection. The results show that several human
pathogens including Pseudomonas aeruginosa, Salmonella Typhi, Klebsiella
pneumoniae and Escherichia coli can indeed cause mosquito mortality when acquired
through the oral route, however none of the tested human pathogens persisted in the
mosquito midgut beyond 4 days from feeding suggesting that the midgut
microenvironment is not permissive for colonization by these bacteria. We also show that
oral infections with a particularly virulent P. aeruginosa sequence type 309 and the insect
gut pathogen Erwinia carotovora carotovora significantly increased the number of cells
undergoing enhanced endoreplication in the proventriculus but not in the midgut (anterior
and posterior), further supporting the recognized immune defensive role of the
proventriculus. None of the oral infections triggered significant cell division in midgut
regenerative cells in PH3 staining, supporting previous studies in 4. gambiae showing
that chemical and microbial damage of the midgut does not trigger significant
proliferation of regenerative cells. In summary, our data reveal that human bacterial
pathogens can cause mosquito mortality when acquired orally despite their transient
colonization of the midgut indicating that they might be causing irreversible damage. A
genome wide transcriptomic approach is underway to identify the functional groups of
genes whose expression may be altered by these oral pathogens, in order to gain better
insight into mosquito midgut physiological responses to infection.
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CHAPTER I
INTRODUCTION

A. Mosquitoes as vectors of disease

Bloodsucking insects are important vectors of pathogens that cause a variety of
severe diseases worldwide, with a strong impact on human and animal health [1, 2].
Concern about vector-borne diseases has increased in the last decade due to the
geographical spread of several insect vectors caused by intense trade and climate
changes [3, 4].

Vector-borne diseases are human illnesses caused by parasites, viruses and
bacteria that are transmitted by vectors. In particular, mosquitoes are major vectors of
pathogens, including protozoa (e.g., Plasmodium spp. which causes malaria),
nematodes (e.g., filariae), and viruses (e.g., dengue, chikungunya, West Nile, and Zika).
Over 3,500 species of mosquitoes have been described, but only a limited number of
them can function as disease vectors, and varying levels of specificity are observed for
different types of pathogens. Overall, mosquito-borne pathogens are estimated to cause
around 500,000 deaths each year, with billions of people exposed to the risk of
contracting these infectious agents. Since 2014, major outbreaks of dengue, malaria,
chikungunya, yellow fever and Zika have afflicted populations, claimed lives, and
overwhelmed health systems in many countries (WHO report 2020).

Aedes mosquitoes are vectors of chikungunya, dengue, yellow fever and zika
viruses whereas Anopheles mosquitoes are carriers of malaria caused by Plasmodium
parasites. There are around 530 recognized species of Anopheles [5] with An. gambiae

s.s. being the best studied as it is the major malaria vector in Africa with a prominent



role in the transmission of P. falciparum, and the first mosquito vector whose genome
was sequenced [6, 7]. An. gambiae belongs to Anopheles gambiae s.1. species complex
which contains at least 9 species, including 3 of the most important vectors in sub-
Saharan Africa: An. gambiae s.s., An. coluzzi and An. arabiensis [8§]. Although
mosquitoes can transmit several human pathogens, they are not considered passive
vectors but rather mount multiple innate immune responses against the various

microbes they encounter.

B. Mosquito Innate Immune Responses to Infection
1. Cellular Defenses

a. Hemocytes and Phagocytosis

Phagocytosis is a rapid, evolutionary conserved cellular response through which
phagocytic cells clear microbes they encounter in the host tissue. Mosquito hemocytes
“analogous to vertebrate white blood cells” are classified into 3 types, oenocytoids,
prohemocytes and granulocytes based on their morphology [9].Granulocytes, the
professional phagocytic cells, are further divided into several subpopulations based on
their transcriptional profile [10]. In adult mosquitoes, approximately 75 % of
hemocytes are in circulation while 25 % are sessile [11]. In An. gambiae, hemocytes
tend to aggregate at the periosteal regions of the heart that witness the highest
hemolymph flow in response to all systemic infections, where they are actively engaged
in phagocytosis [12]. In 4e. aegypti, circulating and sessile hemocytes were shown to
phagocytose microbes within seconds of their introduction into the hemolymph [13].
Mosquito hemocytes have the capacity to phagocytose hundreds of bacteria at any given

time [14]. Unlike the hemocyte-mediated melanization and encapsulation responses that



are detrimental to hemocytes, phagocytosis is non-destructive to hemocytes, which
perhaps explains why small arthropods harboring a small number of hemocytes have a
higher proportion of phagocytic granulocytes than larger arthropods [15].
Phagocytosis is initiated when cell-surface pattern recognition receptors (PRRs)
or soluble PRRs bind pathogen-associated molecular patterns (PAMPs) on microbial
surfaces. PRRs that have been empirically shown to be involved in phagocytosis
include thioester-containing proteins, Nimrod proteins, DSCAM, B-integrins, and
PGRPs [16-20]. Different PRRs have different specificities. For example, D.
melanogaster PGRP-LC mediates the phagocytosis of E. coli but not S. aureus [17],
while NimC1 mediates the phagocytosis of S. aureus and to a lesser extent E. coli [19].
The intracellular signaling pathways that drive or enhance phagocytosis remain poorly
understood in insect models of immunity, but in mosquitoes the cell death abnormal
CEDG6 pathway regulates the internalization of bacteria (phagocytosis) that is mediated

by the putative PRRs, TEP1, TEP3, LRIM1 and LRP1 [21].

b. Gut Epithelial Immunity Against Parasites

To successfully establish an infection, Plasmodium ookinetes need to invade and
traverse the midgut epithelial cells reaching the basal lamina where they transition into
oocysts between the basal side of the epithelium and the basal lamina. This midgut
traversal by ookinetes is considered a very critical step and the most severe bottleneck
in the Plasmodium lifecycle as the transition to oocysts is accompanied by dramatic
losses in parasite numbers [22, 23]. Plasmodium ookinetes cause cellular damage when
they invade the mosquito midgut epithelium; consequently, hemocytes are recruited to

the infected cells where they release vesicles for complement activation against



Plasmodium [24]. Plasmodium ookinetes also cause irreversible damage to the cells
they invade and trigger a strong caspase-mediated nitration response [25, 26]. When
hemocytes come in contact with a nitrated midgut surface, they undergo apoptosis and
release hemocyte-derived microvesicles (HdMv) [24]. Local HdMv release promotes
activation of thioester containing-protein 1 (TEP1) [24], a major final effector of the
mosquito complement-like system that binds to the parasite’s surface and forms a
complex that lyses the ookinete [27]. In An. gambiae, it has been reported that Toll
over-activation induces hemocyte differentiation which enhances the immune response
against Plasmodium. Toll signaling promotes hemocyte differentiation into the
megacyte lineage, resulting in a dramatic increase in the proportion of circulating
megacytes and enhanced midgut megacyte recruitment [28]. Megacytes are effector
cells with hemocytes as their predecessors before differentiation.

Moreover, Silencing Cactus, a negative regulator of Toll signaling in 4. gambiae
mosquitoes, elicits a very strong TEP1-mediated immune response that eliminates
Plasmodium berghei ookinetes [29]. This phenotype can be rescued by co-silencing
Cactus with either TEP1 or the Rell transcription factor, indicating that parasite
elimination is mediated by activation of Toll signaling, with TEP1 as a final effector
[29]. Later studies showed that hemocytes mediate this enhanced immune response, as
transfer of Cactus-silenced hemocytes into naive mosquitoes recapitulates the
phenotype of systemic Cactus silencing [30]. Furthermore, Cactus silencing also
increases HAMv release in response to ookinete midgut invasion [24], indicating that

hemocytes are more reactive to Plasmodium infection.
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2. Humoral Defenses

a. Anti-microbial Peptides

Antimicrobial peptides (AMPs) are secreted as low molecular weight proteins
that were initially identified for their antimicrobial activity in vitro. In Drosophila, there
are seven well-characterized AMP gene families, Attacins, Cecropins, Defensins,
Diptericins, Drosomycins, Drosocins and Metchnikowins [31], and a loss of function
mutation in Imd compromises the induction of most of these AMPs except Drosomycin
that is controlled by the Toll pathway [32]. Systematic CRISPR-mediated gene
depletion of these various AMP genes revealed that AMPs function mainly against
Gram-negative bacteria and fungi, acting either synergistically or additively [33].
Interestingly, certain Drosophila AMPs reveal remarkable specificity against certain
pathogens, such as the two Diptericins (A and B) that seem to have evolved in
Dipterans in response to two species of gut commensal bacteria, Providencia and
Acetobacter spp. [34]. Besides AMPs, two families of peptides that are regulated by the
Toll pathway, Bomanins and Baramycin A, have been identified to mediate protection
against Gram-positive bacteria and fungi, respectively, as well as against toxins
produced by Gram-positive bacteria and fungi [35-38].

Defensins, cecropins, diptericins, gambicins and attacins comprise the five main
AMP gene families in mosquitoes, with Holotricins being found in 4Aedes but not
Anopheles [39, 40]. In vitro analyses of the antimicrobial spectra of 4. gambiae AMPs
showed that Cecropinl and Gambicin are cytotoxic primarily against Gram-negative
bacteria; Defensinl, Cecropinl and Gambicin are cytotoxic primarily against Gram-
positive bacteria; Cecropinl, Defensinl and Gambicin are cytotoxic against filamentous

fungi [41-43]. In vivo silencing of An. gambiae Defensinl increased mosquito
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susceptibility to S. aureus infections [44], whereas RNAi based silencing of Ae. aegypti
Defensin A had no effect on mosquito survival following challenge with three bacterial
species [45]. Gambicin seems to exhibit some activity against P. berghei in vitro and in
vivo [42, 46]. In Ae. aegypti, the transgenic overexpression of Cecropin A and Defensin
A blocked the development of P. gallinaceum [47].

The AMPs produced by mosquitoes are regionalized with one study showing the
transcriptional patterning of AMPs within the Ae. aegypti gut, where over 95 % of all
AMP/putative AMP transcripts are derived from the proventriculus and anterior midgut,
whereas the posterior midgut contributes to less than 3 % [48]. In the same study,
disproportionate high expression of AMPs transcripts was also noted in the
proventriculus and anterior midgut of An. gambiae as compared to the posterior midgut.
In both species of Ae. aegypti and An. gambiae, the posterior midgut’s investment in
AMPs was negligible. Altogether, the expression of digestive and defensive genes as
well as a GOEA (Gene Ontology Enrichment Analysis) of the An. gambiae midgut
regions confirm that the midgut structure-function relationship is well conserved

between the two mosquito species [48].

b. Melanization
Melanization is an enzymatic reaction used by insects for cuticle hardening,
wound healing, and immunity [49, 50]. In the realm of immunity, melanization is an
immune effector mechanism involved in the killing of bacteria, fungi, protozoan
parasites, and nematode worms. When this process also involves the aggregation of
hemocytes, it is known as nodulation or encapsulation. Melanization involves a series of

reactions that include the conversion of tyrosine to melanin precursors and the cross-
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linking of proteins on microbial surfaces to form a layer of melanin that surrounds and
sequesters an invading pathogen [49, 50]. Melanization is phenotypically manifested as
a darkened proteinaceous capsule that surrounds the invading pathogen, and the death
of the pathogen presumably occurs via either oxidative damage or via starvation, as the
foreign agent becomes isolated from the nutrient-rich hemolymph [49, 50].
Melanization also assists in the clearing of dead or dying pathogens [51, 52]. The
process of melanization involves the coordinated interaction of pattern recognition
receptors, cascades of clip domain serine proteases, serine protease inhibitors, and the

enzymes that drive the production of melanin [53, 54].

c. Complement-like Responses

The complement-like system in An. gambiae has emerged as a key anti-
plasmodial defense mechanism. The main component of this system is TEP1 which
shares significant sequence similarity and structural organization with the mammalian
complement factor C3 [16, 55]. TEP1 is produced by hemocytes and functions as a
phagocytosis enhancer. It is secreted in the hemolymph as a single chain peptide that is
inactive and is activated by proteolytic cleavage [16]. The activated TEP1 protein is
then stabilized by the formation of a leucine-rich repeat complex containing LRIM1 and
APLI1C proteins. After this complex is formed, TEP1 gains the ability to bind to
bacteria in the hemolymph and Plasmodium (ookinetes) in the midgut leading to their
destruction [56, 57].

The two LRR proteins are unstable individually and require the presence of each
other to persist in circulation where a single knockdown of either LRIM1 or APL1C is

sufficient to entirely remove both proteins from circulation which is phenotypically
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equivalent to a double knockdown [56]. In addition, silencing of either of the two LRR
encoding genes leads to deposition of cleaved TEP1 on self-tissues, resulting in
depletion of the protein from circulation and to the abolishment of TEP1 binding to
ookinetes and their subsequent lysis during Plasmodium infection. This shows that the
TEP1cut/LRIM1/APL1C complex functions as a complement-like system for parasite

killing.

C. Mosquito Immune Defenses in the Gut

The basic structure of the digestive tract is similar across insects although they
possess a diversity of modifications associated with adaptation to different feeding
modes (Figure 1). The gut has three primary regions: foregut, midgut (or ventriculus),

and hindgut [58].
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Figure 1. Generalized Gut Structure of Insects. The foregut and hindgut are lined by
a cuticle layer (thick black line), and the midgut secretes a peritrophic matrix (dashed
line).

The foregut and hindgut originate from embryonic ectoderm and are lined with
exoskeleton made up of chitin and cuticular glycoproteins. This exoskeleton separates
the gut lumen from the epidermal cells and is shed at each ecdysis. Foregut or hindgut
may be subdivided into functionally distinct subsections, with the foregut often having a
separate crop or diverticula for temporary food storage and the hindgut encompassing

discrete sections such as fermentation chambers and a separate rectum for holding feces

before defecation. The midgut is the primary site of digestion and absorption in many
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insects; it lacks the exoskeletal lining and has a different developmental origin, arising
from endodermal cells.

The midgut is composed of a single layer of polarized epithelial cells, with
either pole displaying different morphological adaptations for increasing the surface
area involved in the exchange of molecules. The distinct microvillous apical surface is
exposed to the lumen, and its primary role is the secretion of digestive enzymes and
absorption of nutrients. The basal pole is characterized by intricate convolutions of the
basolateral membrane, forming the basal labyrinth that functions in ion and water
transport and provides spaces for molecular exchanges [59]. Exterior to the labyrinth
and connected to the basal membrane is the basal lamina, which encloses the midgut
and separates it from the hemolymph and other hemocoel contents. In addition, a web
like arrangement of muscles encircle the midgut on the hemocoel side to allow
distention following the blood meal [60]. The posterior midgut, in particular, is
vulnerable to invasion as this is where the blood meal is often stored during the
digestive process and where parasites (such as Plasmodium) have the opportunity to
attach to and invade the midgut epithelium.

In many insects, the midgut epithelial cells secrete a layer composed of chitin
and proteins, called the peritrophic matrix (or peritrophic membrane). The peritrophic
matrix divides the midgut into the endo- and ectoperitrophic space, and microorganisms
are usually confined to the former, preventing their direct contact with midgut
epithelium [61]. The peritrophic matrix serves a variety of functions, including
providing a barrier that protects the epithelium from mechanical damage by food
particles, from exposure to large toxin molecules present in food, and from microbial

invasion, and also concentrating food and digestive enzymes [62-65].
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The midgut represents an effective barrier for the entrance of pathogens into
insect body cavity. The midgut plays complex roles in immune resistance and tolerance
as it has to preserve the beneficial microbiota and mount effective responses against
harmful pathogens that are based particularly on the production of antimicrobial
peptides (AMPs) and reactive oxygen species [66-69]. In many insects, the midgut is
characterized by a complex functional regionalization. In some flies (i.e., non-
hematophagous brachycerous Diptera), where this specialization is particularly evident,
the different midgut regions (anterior, middle, and posterior) are characterized by
peculiar features, such as columnar cell morphology, presence of atypical cell types,
expression of genes encoding for cell proteins and digestive enzymes, luminal pH, and
even microbiota load and composition [70-78].

Columnar cells (CCs) also termed “enterocytes” are the predominant cell type in
the insect midgut and are responsible for digestive enzyme production and absorption of
nutrients. In 1979, Cioffi performed one of the first detailed morphological and
ultrastructural analysis on the insect midgut. The author examined the midgut of a
lepidopteran larva and observed that the fine structure of CCs gradually changes from
the anterior to the posterior end of the midgut. In particular, in the anterior region of the
midgut, the microvilli are irregular and vesicles form from their membrane; in the
posterior region, the microvilli consist of long, thin, and regular projections of the apical
membrane [79].

Endocrine cells (ECs) are also present in the insect midgut. They produce and
secrete bioactive peptides which have important regulatory activities that are
fundamental for midgut physiology and insect homeostasis. In addition, the bioactive

peptides released by ECs play several important roles such as in coordinating insect
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growth with nutrition availability, regulating midgut peristalsis, digestive enzyme
release in the midgut lumen, and stem cell proliferation [79].

Stem cells (SCs), also known as regenerative cells, play a key role in
maintaining the overall integrity of the gut to guarantee insect homeostasis. The gut
must cope with mechanical food abrasion, interact with resident bacteria and act as a
barrier against ingested toxic compounds and pathogens [68]. SCs can undergo
asymmetric division (i.e., formation of a SC and another cell that undergoes terminal
differentiation) to assure the maintenance of a constant number of SCs, or symmetric
division that results in the generation of two SCs or two daughter mature cells [80]. The
remarkable capacity of SCs to proliferate is fundamental to ensure the growth of the
midgut during larval development. During metamorphosis, the midgut is completely
replaced by a newly forming epithelium that originates from proliferation and
differentiation of larval SCs [81, 82]. Studies from Drosophila revealed the importance
of intestinal stem cell proliferation in gut homeostasis and protection from infection [83,
84]. In contrast, mosquitoes seem to exhibit very minimal intestinal stem cell
proliferation in response to microbial insult and chemical damage, when compared to
Drosophila [85, 86].

Insect excretory organs are the Malpighian tubules, which are extensions of the
anterior hindgut that extend into the body cavity and absorb wastes, such as uric acid,
which are delivered to the anterior hindgut (Figure 1). Thus, the hindgut contains a
combination of nitrogenous waste and food waste, probably creating a different
nutritive environment for insect gut bacteria than for gut bacteria of animals, in which

these two waste products are separated [61].
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1. Role of Imd Pathway in Gut Immunity

a. Overview of Drosophila Imd Pathway

The role of the Imd pathway in insect immunity was initially characterized and
studied in Drosophila [32], and since then it has been found to play an essential role in
the immune system of insects including mosquitoes [87]. Invasion of the Drosophila
gut by Gram-negative bacteria [and few Gram-positives with DAP-type peptidoglycan
(PGN)] activates the immune-deficiency (Imd) pathway to produce AMPs, through the
sensing of DAP-PGN by two peptidoglycan recognition proteins, the transmembrane
receptor PGRP-LC [17, 88, 89] and the intracellular soluble receptor PGRP-LE [90,
91]. Sensing of PGN by PGRPs triggers functional amyloid formation in the adaptor
protein Imd that is essential for signal propagation downstream to the NF-kB-like
transcription factor Relish that controls the inducibility of several classes of
antimicrobial peptides-encoding genes (AMPs) [92].

Full activation of Relish requires its phosphorylation by the Ix-B Kinase complex (IKK)
and its cleavage by the caspase DREDD [93-95].

In Drosophila, the IMD pathway is the main pathway controlling AMPs
expression in the midgut, and its activity is strongly constrained by expression of
amidase PGRPs [83], while the Toll pathway is expressed mostly in the ectodermal
portions of the gut. A similar pattern was found in the gut of Ae. aegypti with orthologs
of Toll pathway recognition proteins most strongly expressed in the crop while IMD-
activating PGRPs (PGRPLC and PGRP-LE) and IMD pathway components were
enriched in the midgut. Investment in these IMD-activating PGRPs was highest in the
anterior midgut, while immune-modulating PGRPs showed more divided expression.

Altogether, the expression patterns of these key genes suggested enhanced immune
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vigilance in the anterior portion of the midgut, with hallmarks of immune tolerance

prominent in the posterior midgut [48].
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Figure 2. Imd signaling pathway and its negative regulators in insect intestinal
immunity. When pathogens invade the gut, DAP-PGN in the cell wall is recognized by

the PGRP-LC in the cell membrane, activating the intranuclear transcription factor
Relish.

Nucleus

b. Mosquito Imd Pathway in Immune Defense

The activation of the Imd pathway in mosquitoes has been reported to be
triggered by bacteria and Plasmodium, and an indirect effect of the Imd pathway has
been shown on viral loads in Aedes mosquitoes [96]. Over-expression of the gene
encoding Rel2 transcription factor confers complete resistance against laboratory
cultured P. falciparum in An. gambiae, Anopheles stephensi, and Anopheles albimanus
mosquitoes [97]. A study conducted on An. gambiae infected with isolates of P.
falciparum revealed the requirement of the PGRP-LC receptor which activates the IMD
pathway, thereby emphasizing the role of the IMD pathway in Anopheles immunity
against Plasmodium [97].

The majority of the intracellular components of the Imd pathway in Drosophila

are conserved in the mosquito with few exceptions [39]. The mosquito orthologue of
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Drosophila Relish is Rel2 that plays a central role in Imd signaling but little is known
about the gene targets of the Imd/Rel2 pathway in mosquitoes [87].In vitro studies
provide evidence for the regulation of Cecropinl and Gambicin by Rel2 [98], but a
more recent study conducted in vivo proposed dual regulation of mosquito AMPs by
Imd and Toll pathways [97]. In contrast to Drosophila, Rel2 in the mosquito Aedes
aegypti is encoded by 3 alternatively-spliced isoforms [99], whereas in A. gambiae by 2

alternatively spliced isoforms [98].

¢. Mosquito Imd Pathway and Control of Gut Microbiota

One of the distinct features of the IMD pathway is its activation, which is
regulated by the endogenous bacterial flora of the mosquito midgut [96].These bacteria
exhibit a physiological role in the development, digestion, nutrition, and reproduction of
the mosquito [61]. According to recent studies, mosquito microbiota have been found to
have a profound effect on the immune system [100]. Host-microbe interactions between
mosquitoes and their bacterial and fungal symbionts are bi-directional: microbes alter
mosquito physiology and vector competence; reciprocally, mosquitoes employ
resistance and immune tolerance to shape their associated microbial communities [101].
In a study conducted on Ae. aegypti mosquitoes infected with the DENV, a reciprocal
tripartite interaction between the microbiota, immune system, and dengue virus
infection was reported after the blood intake [100]. It is hypothesized that this kind of
interaction between the three players may not be restricted only to DENV but could be a
general feature of other arboviral interactions as well [102].

Moreover, PGRPs play essential roles in regulating the gut microbiota of

mosquitoes. In one study, silencing PGRP-LC led to a significant 2-fold increase of the

20



bacterial load in sugar-fed 4n. gambiae mosquitoes and a 6-fold increase following a
bloodmeal (compared to a 4-fold increase in control) [103]. It was also demonstrated, in
the same study, that the effect of PGRPLC on Plasmodium survival is directly related to
the bacteria residing in the mosquito midgut. That was evident through a 3-fold increase
in oocyst numbers in PGRP-LC kd mosquitoes which was comparable to gentamycin
treated mosquitoes.

In another study, PGRPLB knockdown in An. stephensi upregulated AMPs and
ROS which resulted in a ~500 times reduction of culturable microbes [104]. Therefore,
it was concluded that PGRP-LD helps protect commensal bacteria by preventing
overactivation of host immune responses. In addition, gut microbiota promote PM
structural integrity and their reduction in numbers, after antibiotic treatment (similar
expression profiles with dsSRNA treated mosquitoes), prevented PM formation and
blood was dispersed within the entire gut lumen after a bloodmeal [104].

Moreover, knockdown of PGRP-LA in An. stephensi resulted in around 6-fold
increase in bacteria CFU (Colony Forming Units) and a significant reduction in the
expression of four immune genes (attacin, tep1, nos and defension) compared to dsGFP
control [105]. These results showed that PGRP-LA control the abundance of gut

microbiota through regulating the synthesis of downstream immune effectors.

2. Role of Peritrophic Matrix

The midgut in insects is protected by a tightly arranged semi-permeable
membrane structure of chitin and protein, known as the peritrophic membrane (PM)
[106]. It is the first physical barrier of the insect intestinal immune system, which

prevents damage caused by pathogens, food particles and bacterial toxins ingested by
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insects and coming into direct contact with intestinal epithelial cells [107, 108].
Therefore, the PM is a defense outpost for pathogenic microbial infections that occur in
invertebrates via food. As the PM has a role in protecting against pathogens, its
thickness and integrity are particularly important in defense. In Drosophila,
Drosocrystallin (dcy) protein is a major component of the PM, and mortality is
significantly increased in dcy mutant flies following intestinal infection with
Pseudomonas entomophila [109, 110]. The integrity of the PM has been shown to be
regulated through the Wnt (Wingless/Integrated) signaling pathway in tsetse flies [111].
In An. coluzzii, the synthesis and the integrity of the PM were shown to be microbiota-
dependent [112]. Altogether, these studies highlight the key role of the PM in intestinal
homeostasis and in providing protection from systemic infections through midgut
invasion.

The structural integrity of PM is necessary for a proper response against
pathogens: for example, silencing of PGRP-LD in An. stephensi causes a dysbiosis, as a
consequence of the altered expression of genes that codify for structural components of
the PM and thus for its integrity [104]. Noteworthy, the fragmentation of the PM
consequent to silencing increases the vectorial potential of the mosquito thanks to the
enhanced susceptibility to P. berghei infections [104].

In An. gambiae mosquitoes in addition to PM, the formation of a mucin-barrier
lining the epithelium in the ectoperitrophic space has been proposed [113]. In particular,
upon the increase of microbiota load induced by blood meal, Duox enzyme mediates the
crosslinking between mucins that are secreted on the cell surface. This cross-linked
mucin-barrier seems to reduce the access of immune elicitors secreted by gut bacteria to

the epithelium, hence limiting inflammatory responses by gut epithelial cells [114].
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3. Role of DUOX

Activation of the Drosophila intestinal nicotinamide adenine dinucleotide
phosphate oxidase Duox by pathogenic microorganisms produces ROS that can directly
destroy pathogenic bacteria [115], thus the DUOX-ROS system plays an important role
in insect intestinal immunity. In addition to its involvement in the clearance of
pathogenic microorganisms, the Duox-ROS system plays an essential role in
maintaining intestinal homeostasis in Bactrocera dorsalis [116]. A recent study also
showed that serotonin in the gut of B. dorsalis and Aedes aegypti affects the
homeostasis of gut microbiota by regulating the expression of Duox [117].

Many studies have shown that insect intestinal Duox activation produces ROS
through two mechanisms, one regulating Duox gene expression in the nucleus and the
other activating Duox enzyme activity. The specific ligand that activates Duox
enzymatic activity is uracil, which is secreted by most pathogenic bacteria but not
intestinal commensal microbes [118]. It regulates the Hedgehog (Hh) signaling pathway
while being recognized by the G-protein coupled receptor (GPCR), activating the
formation of Cad99C/PLCB/PKC endosomes, leading to Ca2+ release from the
endoplasmic reticulum and activating the enzymatic activity of Duox [119, 120].

Peptidoglycan-dependent activation of the Duox transcriptional pathway is
negatively regulated by p38 activation, which itself is regulated by PLCp, Calcineurin B
(CanB) and MAP kinase phosphatase 3 (MKP3) [121]. This negative regulation ensures
that transcriptional Duox is activated only when stimulated by large amounts of
peptidoglycan, thus creating a balance between clearing harmful pathogens and

tolerating the beneficial microbiota.
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In mosquitoes, DUOX is involved in the generation of a dityrosine network in
the ectoperitrophic space of the midgut, by cross-linking proteins in the mucin layer,
that reduces the permeability of immune elicitors generated in the midgut lumen, hence,
reducing the midgut immune responses to bacteria and Plasmodium parasites [113].
Silencing Duox in An. stephensi mosquitoes enhances the suppression of Plasmodium
parasites by promoting the thioester-containing protein 1 (TEP1) pathway [122], which
is the hallmark of mosquito immunity to malaria parasites [27].

ROS scavenging mechanisms exist in the insect gut, as excess ROS cause
oxidative stress damage to intestinal epithelial cells. ROS enzymes are mainly involved
in regulating normal levels of ROS that maintain normal oxidative reactions in the
intestine and avoid cell damage by the excess of ROS such as catalase, long-oxide
dehydrogenase, thioredoxin peroxidase, and glutathione peroxidase [106]. Upon
invasion of exogenous pathogens, DUOX regulates various peroxidases in vivo to clear

overexpressed ROS and maintain their levels within the threshold of host damage [106].

D. Human Bacterial Pathogens Identified in Insects

Insects are hosts to a wide variety of microorganisms, including bacteria, fungi,
viruses, and parasites, several of which can cause infections and diseases in humans.
Understanding the role of insects as reservoirs and vectors for human bacterial
pathogens is crucial for public health, as it can aid in the development of effective
prevention and control strategies.

Despite their importance, little is known about the origins of many emerging
human pathogens. However, given the ancient evolution and current predominance of

invertebrates, it is likely that bacteria—invertebrate interactions may not only constitute a
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source of new human pathogens but also shape bacterial evolution such as fostering the
spread of novel virulence factors into existing human commensal or pathogenic bacteria
[123]. The interactions between insects and human bacterial pathogens are complex.
Insects can serve as both reservoirs and vectors (mechanical and biological) for these
pathogens, contributing to their survival and transmission. In some cases, the bacteria
establish long-term relationships with their insect hosts, while in others, the insects act
as accidental carriers. The mechanisms by which these pathogens adapt to insect hosts
and transition to human hosts are subjects of ongoing research. Studying human
bacterial pathogens isolated from insects is vital for understanding the epidemiology
and ecology of these diseases. It helps in identifying the factors influencing pathogen
transmission, host range, and the development of effective control measures.
Furthermore, this knowledge can guide the surveillance and monitoring of insect
populations, especially those with a high potential for transmitting pathogens to
humans.

Among insects that serve as sources of bacterial human pathogens is the
housefly Musca domestica which is considered as pest of human, poultry and livestock
surroundings and facilities. The housefly can transmit several pathogenic bacteria to
humans including Vibrio cholerae, members of the Enterobacteriaceae, S. aureus,
Pseudomonas spp. and others [124, 125]. The mode of bacterial transmission is
mechanical either through regurgitation or excretion [124, 126]. Furthermore, several
studies reported bacteria isolated from flies that were resistant to multiple antibiotics
including E. coli [127, 128], Klebsiella pneumoniae [125, 129], and Pseudomonas
aeruginosa [125, 130]. Most of the antibiotic resistant bacteria were isolated from flies

caught in and around hospital environments and animal farms (where there is an
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extensive use of antibiotics as growth promoters), suggesting that house flies may also
play a role in the dissemination of antibiotic resistant bacteria to different environments
[131].

A systemic review and meta-analysis were conducted in a study to estimate the
occurrence of various bacterial species of medical and veterinary importance harbored
by the housefly Musca domestica around the world [132]. The most frequent reported
isolated bacterial species by various studies were the following: (a) E. coli, the
bacterium that causes nosocomial infections and bloody diarrhea and hemorrhagic
colitis in humans [127, 133, 134]; (b) Enterococcus faecium, the most important
nosocomial pathogen of humans, causing urinary tract infections, bloodstream
infections, endocarditis and wound infections [135, 136]; (c) K. pneumoniae, which
causes infections of the respiratory tract and urinary tract, as well as post-operative
wound infections [127, 137]; (d) P. aeruginosa, cause disease in humans and other
animals ]207]; and (e) S. aureus which is capable of causing human illness and food
poisoning ]207]. The pathogenic Gram-negative bacteria were by far the most
frequently identified in most of these studies as compared to Gram-positive bacteria. In
another study, Gram negative bacteria isolated from the external surfaces of houseflies
were identified as Escherichia coli (36.8 %), Salmonella species (26.3 %),
Pseudomonas species (5.3 %), Shigella species (26.3 %) and Klebsiella species (5.3 %)
in Illorin, Kwara state [206]. Moreover, Gram negative bacteria isolated from the
internal surfaces of houseflies were identified as Escherichia coli (50 %), Klebsiella
species (25 %) and Proteus species (25 %). E. coli seems to be frequently carried by

flies and in one study, E. coli O157:H7 was identified in Musca domestica at a cattle
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farm in Japan [133]. Bacterial species identified on houseflies seem to depend on the
location from where the flies were captured [138].

In addition to flies, domestic cockroaches exist in many human habitats, such as
hospitals, restaurants, offices, homes, markets and the urban community together with
the bacteria they harbor. The role of cockroaches in disseminating and increasing the
persistence of pathogens in residential environment remains unknown. Therefore,
studies have been conducted to assess the presence of culturable microflora and
pathogens in cockroaches. In a report by Newell & Fernley (2003), insects which
include flies, darkling beetle and cockroaches found in and around chicken farms
carried Campylobacter and the bacteria can survive on or within these insects for a few
days. Cockroaches harbor a diverse range of bacterial genera including multiple drug-
resistant strains, such as Staphylococcus aureus, Pseudomonas aeruginosa, Shiga toxin-
producing E. coli, Klebsiella spp., and Salmonella Typhi, in addition to a range of fungi
and viruses [139, 140]. The German cockroach, Blatella germanica, is a common pest
in built environments worldwide. They host diverse microbial communities within their
gut [141]. They frequently harbor microorganisms with the potential to cause human
disease, including enteric bacterial pathogens that are acquired by feeding on
contaminated substrates in unsanitary habitats. For instance, cockroaches harboring
Salmonella spp., frequent agents of gastroenteritis, have been collected in China,
Ethiopia, Ghana, India, Iran, Nigeria, Pakistan, Spain, and Thailand [142].

A recent meta-analysis determined that across multiple studies approximately 20
% of German cockroaches tested harbored Salmonella spp., indicating that these insects
are relevant environmental reservoirs [142]. Epidemiological evidence also suggests

that German cockroaches contribute more directly to the spread of several bacterial and
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viral enteric infections among human hosts. In one study, cockroaches could acquire a
strain of Salmonella typhimurium from a contaminated food source and then transfer
them to food, water and uninfected cockroaches [143]. Another study demonstrated that
Salmonella typhimurium undergoes replication in the cockroach gut at multiple
timepoints following ingestion [144]. In addition, S. typhimurium undergoes a lifestyle
shift from individual motile rods to aggregated biofilm-like forms in the cockroach
foregut unlike Escherichia coli which is frequently used as a non-colonizing control in
S. typhimurium infection experiments [ 144].

A study was performed to estimate the prevalence of the external bacterial flora
of two domestic cockroaches (Blattella germanica and Blatta orientalis) collected from
households in Tebessa (northeast Algeria) [145]. Three major bacterial groups were
cultured (total aerobic, enterobacteria, and staphylococci) from 14 specimens of
cockroaches, and antibiotic susceptibility was tested for both Staphylococcus and
Pseudomonas isolates. Culturing showed that the total bacterial load of cockroaches
from different households were comparable (P<0.001) and enterobacteria were the
predominant colonizers of the insect surface, with a bacterial load of (2.1x105
CFU/insect), whereas the staphylococci group was the minority [145].

The ability of mosquitoes to transmit bacterial pathogens is poorly understood
and has not received significant attention. Although mosquitoes are mainly biological
vectors of parasites and viruses there are few reports that highlight their ability to act as
mechanical vectors for bacteria pathogenic to humans.

A study in Australia suggested a role for mosquitoes in Mycobacterium ulcerans
transmission between possums and humans. M. ulcerans causes Buruli ulcer which is a

necrotizing infection of skin and subcutaneous tissue. An extensive 4-month structured
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mosquito field survey was conducted in an area endemic for Buruli ulcer. M. ulcerans
was almost exclusively associated with Aedes notoscriptus with them being a possible
intermediary between infected possums and humans [146] aiding the uprise of Buruli
ulcer cases in the region of Mornington Peninsula.

In Sweden and Finland, clinical experience and epidemiological data indicate that
mosquitoes are the main transmission route of human tularemia [147-149].Tularemia is
a bacterial zoonotic disease of the northern hemisphere, endemic in certain geographical
areas where it affects a wide range of mammals [150]. In one study, Aedes aegypti
larvae exposed to a fully virulent Francisella tularensis holarctica strain for 24 hours,
were allowed to develop into adults when they were individually homogenized. Mice
infected with PCR-positive homogenates developed clinical signs of disease within five
days similar to the positive controls. However, attempts to culture PCR-positive
homogenates were unsuccessful. Interestingly, the bacteria are associated with the
mosquito in a passive, non-replicating quiescent state, and are resuscitated upon contact
with the mammalian host, a process which represents a novel transmission cycle for a

bacterial pathogen [151].

E. Insect Models to Study the Virulence of Human Pathogens

The use of insects as model hosts for studying the virulence of human bacterial
pathogens has a number of benefits. Insects can be reared in large numbers and are easy
to manipulate, resulting in minimal time and cost of maintenance. The infection process
relative to mammals is much quicker, yielding results more rapidly. Also, there are
fewer ethical issues associated with inoculating insects with pathogens than mammalian

species. Moreover, results obtained using insects as model hosts can easily be
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confirmed using mammalian models, alleviating concerns over unwarranted
extrapolation of the results [152].

The similarities between insect and mammalian pathogenesis, to a certain extent,
indicate that insects may represent good model hosts for the study of human pathogens
[152]. However, the prerequisite for utilizing such a system is a significant positive
correlation between the virulence of the pathogen in insect and mammalian hosts. The
human opportunistic pathogens Candida albicans and Pseudomonas aeruginosa have
been bio-assayed against both types of hosts, demonstrating astonishing similarities in
their responses. For instance, bioassays with P. aeruginosa mutant strains showed a
significant positive correlation between the percent survival of mice and the LD50 value
(50 % lethal dose) in Galleria mellonella larvae [153].

Several studies have reported on the virulence of human bacterial pathogens in
insect models. In one study, a set of 44 environmental P. aeruginosa isolated from
various (e.g. hydrocarbon-contaminated) environmental sources such as groundwater
and soil, compost, industrial wastewater effluents of Hungarian oil refineries and
municipal sewage were examined for their virulence in G. mellonella [154]. In the
applied G. mellonella virulence model, the majority (65.9 %) of the examined
environmental isolates was virulent with a mortality rate of 75-100 %. Five of the
examined 44 environmental P. aeruginosa isolates were proved to be moderately
virulent (50-75 %), five isolates were semi-virulent (25-50 %) and five strains were
avirulent (0-25 % mortality) [154].

In another study involving G. mellonella collected from a commercial farm, two
bacteria species were isolated and identified as Klebsiella pneumoniae and

Pseudomonas aeruginosa. P. aeruginosa effectively killed Trichoplusia ni larvae by
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either feeding or by surface-application of the bacterium, and total insect mortality was
83.33 % and 81.66 %, respectively. In contrast, the effective pathogenicity of K.
pneumoniae for T. ni was 50 % for feeding and 0 % for surface application [155]. It was
hypothesized that K. pneumonia is a secondary and opportunistic pathogen of insects
that requires the primary pathogenicity of stronger microbes such as P. aeruginosa to
manifest virulence. The virulence of 50 strains of Klebsiella was investigated in
Galleria at an infectious dose of 1x105 c.f.u. The clinical strains showed a range of
virulence, with the majority of strains (68 %) causing greater than 50 % mortality at an
infectious dose of 1x105 c.f.u [156]. Moreover, infection of G. mellonella by K.
pneumoniae via injection, resulted in dose-dependent larval death due to bacterial
replication in the hemolymph, increased PO activity (at 12h post-infection) and
hemocyte depletion [157]. When infected with Salmonella typhimurium at various
doses, the wax moth larvae showed a clear dose-dependent response, with a 50 % lethal
dose of 3.6 x 103 CFU [158].

In addition to G. mellonella, other insects proved to be good models also to
assess the virulence of human bacterial pathogens. In the life cycle of the house fly,
larvae consume bacteria that are necessary for their development. When larvae were
artificially fed with E. coli, the average rate of larval survival dropped to 62 % within
48 h after ingestion [159]. In addition, Drosophila melanogaster flies infected by
injection of 104 CFU of Salmonella typhimurium succumbed to infection within 7 to 9

days compared to controls [160].
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F. Specific Aims

Innate immunity is the first line of defense against pathogen infection in all
animals, including insects. It is a non-specific immune response that is activated
immediately upon pathogen detection and does not require prior exposure to the
pathogen. Innate immunity in insects involves both physical and chemical barriers, as
well as cellular and humoral responses. Physical barriers in insects include the
exoskeleton, which provides a mechanical barrier to prevent pathogen entry, and the
peritrophic matrix, a protective layer found in the gut that prevents pathogens from
coming into contact with the gut epithelium. The peritrophic matrix is produced by the
mosquito midgut which is a key organ associated with multiple physiological functions

including development, digestion, immunity and reproduction.

The physiological responses of the midgut epithelium to bacterial pathogens are
not very well understood as those to malaria parasites, and have mainly focused on the
use of the Gram-negative bacterium S. marcescens (Sm) as an oral pathogen to establish
midgut infections. A study combining SNP phenotyping with transcriptomic and
functional genetic analysis identified 3 genes encoding type III fibronectin domain
proteins and a gustatory receptor that control the load of the Sm in the midgut of 4.
gambiae mosquitoes (Stathopoulos, Neafsey et al. 2014). Sm oral infections were shown
to trigger a more pronounced transcriptional response in the midguts compared to
abdomens that is characterized by an abundance of differentially expressed transcripts
belonging to metabolism and a paucity of transcripts associated with immunity.
Interestingly, transcripts that uniquely responded to Sm feeding belonged to processes
related to protein translation, cell cycle, and DNA repair suggesting an investment in

cellular damage repair (Dekmak, Yang et al. 2021). The response of the mosquito
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midgut to damage appears to vary between mosquito species; chemical and Sm-induced
damage trigger the proliferation of regenerative cells in the midguts of Aedes albopictus
and Culex pipiens but only marginally in those of 4. gambiae, suggesting distinct
adaptations to stress responses (Janeh, Osman et al. 2017). Although Sm is able to
colonize the guts of mosquitoes, it does not seem to be particularly virulent as it is
commonly identified as member of the normal microbiota of mosquitoes and is well
tolerated in the gut (Wang, Gilbreath et al. 2011, Chen, Zhao et al. 2016, Scolari,
Casiraghi et al. 2019, Saab, Dohna et al. 2020). However, under certain conditions Sm
may compromise the survival of A. gambiae mosquitoes, such as when ingested in the
context of a blood meal containing P. falciparum gametocytes (Bahia, Dong et al. 2014)
or when fed to mosquito in extremely large numbers (Janeh, Osman et al. 2019). Hence,
a better understanding of the mosquito gut physiologic responses to infection will
strongly benefit from the use of a broad panel of bacterial pathogens including the
insect gut entomopathogens Pseudomonas entomophila (Vodovar, Vinals et al. 2005)
and Erwinia carotovora (Basset, Khush et al. 2000), as distinct pathogens exhibit

distinct virulence factors and vary in their capacity to efficiently colonize the gut.
Specific aims of my proposal:

* In Specific Aim 1, we will assess the virulence of selected human bacterial gut
pathogens to 4. gambiae mosquitoes through oral infections as well as their ability to

colonize the mosquito midgut.

* In Specific Aim 2, we will assess whether bacterial oral infections trigger the

proliferation of regenerative cells in the mosquito midgut and induce epithelial cell

polyploidy.
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CHAPTER II

MATERIALS AND METHODS

A. Anopheles gambiae rearing

All experiments were performed with 1-3 day old adult female Anopheles
gambiae G3 strain mosquitoes, reared in a dedicated insectary in the Department of
Biology at the American University of Beirut. Mosquitoes were maintained at 27 (1)
°C and 75 (£5) % humidity with a 12-hour day-night cycle. Larvae were reared in 752
cm? plastic pans at a density of approximately 150 larvae per pan and given Tetra®
tropical fish food. Freshly emerged adult mosquitoes were collected from larval pans
using a vacuum collector and fed on sugar pads containing 10 % sucrose. To maintain
the cycle, adult mosquitoes were given a mouse blood meal once per week to lay eggs;
BALB/c mice were anesthetized with a solution of ketamine and xylazine, then placed
on top of mosquito cages allowing the starved mosquitoes to feed on mice blood for

approximately 15 minutes in total darkness.

B. Bacteria Cultures

All bacterial species were pre-cultured in LB broth medium for approximately
16-18 hours in an incubator at 37°C with moderate shaking. Ecc pre-cultures were
incubated at 29°C with moderate shaking. Bacterial stocks were previously prepared
and stored in cryogenic vials at -80°C. In a BSL2 lab and under the hood, pre-cultures
were prepared at a standard of 5 u of bacteria from cryogenic stock into 10 mL LB

broth. Pre-cultures were prepared in either falcon tubes or Erlenmeyer flasks such that

1/3 of volume was occupied with LB.
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After the incubation period, pre-cultures were centrifuged at 4000 rpm for 5
minutes and supernatant was discarded. Then, two rounds of washing and centrifuging
at 4000 rpm with 1xPBS were done with the bacterial pellet for 1 minute/round. At the
end, a final resuspension of the pellet was performed with 1x PBS. This final

suspension was used to feed adult female mosquitoes in the experiments of this project.

C. Mosquito Survival Assays

Sixty (1-2 day old) female mosquitoes were fed with a suspension of pre-
cultured bacteria and 3 % sucrose. The suspension was applied on cotton pads for 24
hours and then replaced with sterilized cotton pads containing 10 % sucrose. The
survival of bacteria-fed mosquitoes was scored over a period of two weeks. The first
batch of bacteria (St-Kp-Pa ST:639) were fed to female mosquitoes on different OD
levels 1, 2 and 4. The remaining bacterial species were fed at OD:4. The concentration
of bacteria was determined using a spectrophotometer (at A=600 nm) by diluting the
bacterial pellet (D.F=20). The suspension fed was a mixture of washed bacteria, water
and sucrose (Final concentration: 3 %). At least 2 assays were performed for each

bacteria using different batches of mosquitoes.

D. Microbial Proliferation Assays

To determine the extent of bacterial colonization in the mosquito midgut, female
mosquitoes were fed with bacterial suspensions (as mentioned above) for 24 hours.
After that, mosquitoes were dissected on ice and the midgut, with the proventriculus,
were placed into Eppendorf tubes containing sterile 1x PBS. For each bacteria, 6 groups

of 6 midguts each were grinded for 45 seconds in sterile 1x PBS. After that, serial
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dilutions were plated onto either LB or Macconkey agar plates supplemented with the
corresponding antibiotic (Table 1) and the CFUs were counted after 14-16 hours.
Statistical significance was calculated using the Mann-Whitney test. Medians were

considered significantly different if P<0.05.

Bacteria ID | ST Plate Medium Antibiotic Breakpoint (ug/mL)

Salmonella typhi S1 - LB + Antibiotic Chloramphenicol 32
Klebsiella pneumoniae 097 | 383 LB + Antibiotic Tetracycline 16
Pseudomonas aeruginosa 639 | 309 | Macconkey + Antibiotic Meropenem 8
Pseudomonas aeruginosa 548 | 111 | Macconkey + Antibiotic Meropenem 10
Pseudomonas aeruginosa 637 - Macconkey + Antibiotic Meropenem 10
Escherichia coli 006 | 648 LB + Antibiotic Gentamicin 10
Escherichia coli 166 | 131 LB + Antibiotic Gentamicin 6
Escherichia coli 020 | 167 LB + Antibiotic Tetracycline 12

Table 1. Bacteria species and their corresponding antibiotics. The ID column shows
the last three digits of the complete internal IDs.

E. Endoreplication Assay
This experiment was performed using the Click-iT® EdU Imaging Kit from
Invitrogen. Three independent trials were executed and representative images were then
chosen. This assay utilizes EdU (5-ethynyl-2'-deoxyuridine) which is a nucleoside
analog of thymidine that is incorporated into DNA during active DNA synthesis. DNA
synthesis is detected via a click reaction: a copper-catalyzed covalent reaction between
an azide (Alexa Fluor®) and an alkyne (incorporated in the EdU). The sequence
performed is as follows:
1) Two-day old mosquitoes were fed with 10 % sucrose containing 50/100 ug/mL
of EdU for 48 hours.
2) After 48 hours, EAU was removed and mosquitoes were fed with a suspension of

bacteria and 3 % sucrose for 24 hours.
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3)

4)

5)

6)

7)

8)

9)

After 24 hours, mosquitoes were dissected and midguts were extracted (with
proventriculus) and fixated with 4 % PFA in PBS for 30 minutes.

After fixation, midguts were washed three times with 300 uL of 2 % BSA in
PBS for 10 minutes each.

Midguts were blocked and permeabilized with 300 uL of 2 % BSA, 0.1 %
Tx100 in PBS for 90 minutes.

Midguts were washed two times with 300 uL of 2 % BSA in PBS for 10 minutes
each.

300 uL of Click-iT reaction cocktail was added and midguts were incubated at
RT for 30 minutes on a rocking plate in the dark.

Reaction cocktail was removed and midguts were washed once with 300 uL of 2
% BSA in PBS.

Midguts were then stained with Anti-PH3 (1:250) added in 2 % BSA, 0.1 %

Tx100 in PBS (PBST) and incubated overnight at 4°C in the dark.

10) The following day, midguts were washed three times with 300 uL of PBST.

After washing, 300 uL of Anti-Rabbit 568 Ab was then added for 2 hours at RT

in the dark.

11) Midguts were washed three times with 300 uL of PBST. After washing, Hoescht

stain was added for 5 minutes.

12) A final wash with 300 uL of 1x PBS was done before mounting the midguts on a

slide using a mounting solution. A cover slip was added and sealed with nail

polish. Samples were stored at -20°C.
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CHAPTER III
RESULTS

A. Mosquito Susceptibility to Oral Infections with Human Bacterial Pathogens

Human bacterial pathogens have been associated with insects in a variety of
settings. Recent studies suggest that the ability of an organism to survive an infection is
determined by more than just the capacity to demonstrate physiological resistance by
eliminating the invading microorganism [161]. Rather, tolerance, defined as the ability
to limit the health impact and fitness effects caused by an infection, may be used in
conjunction with resistance to promote host survival to a given infection. The survival
rate of an organism following an infection is considered one of the key indicators of
tolerance. In this project, we aimed to assess the survival rate of mosquitoes when
challenged with different strains of human bacterial pathogens. An. gambiae female
mosquitoes were orally fed with a suspension containing the bacteria and 3 % sucrose
and their survival rates were scored over a period of 2 weeks. Mosquitoes fed with 3 %
sucrose alone were used as control. At low OD (OD 1 and 2), Salmonella Typhi (St) and
Klebsiella pneumoniae (Kp) slightly decreased the survival rate of mosquitoes whereas
Pseudomonas aeruginosa (Pa) (ST:309) caused significant mortality (Fig. 3A-B). At
higher OD (OD:4), all strains caused significant mortality except for St and the survival
rate of mosquitoes fed with human bacterial pathogens were comparable to mosquitoes
challenged with Erwinia carotovora (Ecc) of OD:1 which is an established

entomopathogen (Fig. 3C).
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Figure 3. Challenging An. gambiae female mosquitoes with human bacterial
pathogens reduced their survival rate. (A-C) Survival assays after oral infection with
S.t, K.p, P.a (ST:309) of different ODs and Ecc (OD:1). Three independent biological
experiments are shown. The Kaplan-Meier survival test was used to calculate the
percent survival. Statistical significance of the observed differences was calculated
using the Log-rank test.

To further assess this phenomenon, An. gambia mosquitoes were challenged
with other human bacterial species such as Escherichia coli (E. coli). In addition,
different sequence types of the same species were utilized to determine whether the
phenomenon observed differs among the same species. At high OD, several species
tested were able to cause significant mortality. £. coli (ST:131) caused significant

mortality whereas E. coli (ST:648) seemed to be of moderate virulence (Fig. 4A-B).

Thus, different strains of a certain species (of # STs) have different virulence patterns.
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Figure 4. Challenging An. gambiae female mosquitoes with human bacterial
pathogens (OD:4) reduced their survival rate. (A-D) Survival assays after oral
infection with S.¢, K.p, P.a (ST:309), P.a (ST:111), P.a (ID:637), E. coli (ST:131), E.
coli (ST:648), E. coli (ST:167) and Ecc. Two independent biological experiments are
shown. The Kaplan-Meier survival test was used to calculate the percent survival.
Statistical significance of the observed differences was calculated using the Log-rank
test.

To confirm this, we challenged mosquitoes with different STs (i.e different strains)
of P.a. The survival rates showed that there is variation in virulence patterns among
species and among sequence types of the same species (Fig. 4C-D). Moreover, P.a
seemed to be particularly virulent when compared to other tested bacterial species.

V. cholerae and arthropods has been documented and is likely more frequent than
that between V. cholerae and humans [162, 163]. In fact, environmental studies have
demonstrated that common house flies carry V. cholerae in endemic areas [164]. In one
study, it was hypothesized that V. cholerae may have evolved for an arthropod rather
than for humans [165]. In addition, in one study, the infection frequency of
Acinetobacter to Ae. albopictus was particularly high which may indicate that there is a
symbiotic relationship between the bacterium and its host [ 166]. Therefore, An.

gambiae female mosquitoes were also challenged with Vibrio cholerae (Vc) and
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Acinetobacter baumannii (Ab). Both species displayed virulence towards their host

throughout the trial particularly V. cholerae (Fig. 5).
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Figure 5. Challenging An. gambiae female mosquitoes with human bacterial
pathogens (OD:4) reduced their survival rate. (A-B) Survival assays after oral
infection with V. cholerae (Vc), A. baumannii (Ab) and Ecc. Two independent
biological experiments are shown. The Kaplan-Meier survival test was used to calculate
the percent survival. Statistical significance of the observed differences was calculated
using the Log-rank test.

B. Human Bacterial Pathogens Cannot Colonize the Mosquito Midgut

Microorganisms, indeed, colonize different organs and tissues in mosquitoes,
including gut, salivary glands and reproductive tissues [167-169]. They influence many
aspects of the mosquito biology, including reproduction, development, adult survival
and, overall, immunity [170]. After observing positive phenotypes of various degrees of
virulence from different human bacterial pathogens, we opted to assess whether these
pathogens do colonize the mosquito midgut. Female An. gambiae mosquitoes were
challenged with bacteria for 24 hours and were dissected at different timepoints (Day 1,
4/5 and 8) for microbial proliferation assays. In addition, Serratia marcescens, a part of
the mosquito gut flora, was used as control and proved capable of colonizing the
mosquito midgut (Fig. 6C). At low OD, St, K.p and P.a (ST:309) colonies in the midgut

were significantly reduced from Day 1 to Days 4 and 8 (Fig. 6 A-B-D). Thus, these
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human bacterial pathogens couldn’t efficiently colonize the mosquito midgut. Since P.a
is of particular virulence, we next compared the CFUs of two different sequence types
of P.a at higher OD (OD:4). The results were reciprocated as both sequence types of
P.a showed significant reduction in colony numbers from Day 1 to Days 4 and 8 (Fig. 6
D-E). We hypothesize that P.a inflicts damage to An. gambiae female mosquitoes at
early stages after challenging before it is cleared from the mosquito midgut. It is
estimated that individual granulocytes can phagocytose approximately 1500 E. coli
[171]. We challenged mosquitoes with high OD (OD:4) of E. coli of different sequence
types. The clearance of E. coli from the midgut was much more significant than the
remaining bacterial species (Fig. 6 F-G-H). In brief, An. gambiae female mosquitoes

have low vector potential to carry the different species of human bacterial pathogens.
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Figure 6. Human bacterial pathogens cannot efficiently colonize the mosquito
midgut. Microbial proliferation assays in midguts at Days 1, 4/5 and 8 after oral
infection. The results are based on two independent experiments pooled together and
shown as mean values (Red line). Statistical significance was calculated using the
Kruskal-Wallis test and means were considered significantly different (****) if p <
0.05.

C. Polyploidy Assessment in Response to Oral Infection

It is known that in insects, there are no adaptive immune responses. However,
recently, there is contributing evidence that during the interaction with non-infective
pathogens, an adaptive immune response can be developed inducing immune memory
(priming). The immune response would be more intense and robust after a second
encounter with an infective form of the pathogen. In the midgut of Anopheles albimanus
and Aedes aegypti, significant DNA synthesis and endoreplication happen during

immune priming [172-174]. There are cell cycle variations, a “cell cycle plasticity”,
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which can generate polyploid cells using endoreplication [175]. Polyploid cells possess
multiple copies of the complete genome [176], and they tend to support higher growth
capacity for homeostasis and tissue differentiation. In addition, in Ae. albopictus, adult
mosquito midgut cells can divide after damage induced by chemicals and bacterial
ingestion [85]. Therefore, we sought whether the ingested human bacterial pathogens
stimulate endoreplication in female An. gambiae midguts. Endoreplications assays were
performed using the Click-iT® EdU Imaging Kit. Phosphorylation in histone 3 at serine
10 (PH3) is associated with mitosis in several systems, and it is used to determine the
division activity [177] including adult mosquitoes. PH3 staining was established using
Alexa Fluor® (Red) and DNA synthesis was evaluated by EAU (Green) incorporation
into cell nuclei in mosquito midgut cells. In naive An. gambiae mosquitoes, it was clear
that EAU signals were concentrated in the midgut as opposed to the remaining
compartments (Fig. 7A). Specifically, they were most concentrated at the entry site of
the midgut. This observation comes in line with the fact that over 95 % of all
AMP/putative AMP transcripts are derived from the proventriculus and anterior midgut
[48]. Moreover, when mosquitoes were challenged with either P.a (ST:309) or Ecc,
EdU signals were more pronounced in the proventriculus when compared to naive
mosquitoes (Fig. 7B-C). In addition, the number of cells undergoing endoreplication in
the midgut (posterior and anterior) were similar between A. gambiae mosquitoes orally
fed with human bacterial pathogens and sugar fed. However, endoreplicating cells were
more pronounced in the proventriculus of orally infected mosquitoes than in sugar fed
(Fig. 7D). In addition, regenerative cells in the midgut were rarely detected by PH3

staining, after oral infection with Ecc or Pa 309 (Fig. 7E). We therefore hypothesize
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that the proventriculus is a hallmark of the mosquito innate immunity in terms of AMP

production.
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Figure 7. Pseudomonas and Erwinia oral infections increase the numbers of
endocycling cells in the proventriculus. (A-C) sample images of full midguts captured
from EDU-treated (A) sugar fed, (B) Ecc fed and (C) Pa309 fed mosquitoes using
tiling. (D) Numbers of endocycling cells in each condition. (E) Numbers of PH3
positive cells per condition. (F) Sample fluorescent image of a mosquito midgut fed
with PSA (ST: 309) and stained with anti-PH3 (red) and Hoechst stain (blue). Arrow
heads point to the rare regenerative cells. Statistical analysis was performed using the
Mann-Whitney non-parametric test, and differences were considered significant if
P<0.05. *, P<0.05; **, P<0.005.
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CHAPTER IV

DISCUSSION

Mosquitoes are important vectors of disease that impose a significant burden on
human health due to the plethora of pathogens they transmit including viruses and
parasites. The mosquito midgut constitutes the first barrier for the entry of pathogens
into the insect body cavity. It is also populated with bacteria communities that play
important roles in shaping the immune response of the vector and its capacity to
transmit human pathogens [103, 178, 179], in addition to vector susceptibility to certain
insecticides [180]. In some cases, gut bacteria such as S. marcescens were found to
promote dengue virus transmission by Aedes aegypti [181]. Bacterial communities
change and shift with mosquito life stage and nutritional status, geography, and
phenology [182].

The physiological responses of the midgut epithelium to bacterial pathogens are
not very well understood as those to malaria parasites, and have mainly focused on the
use of the Gram-negative bacterium S. marcescens as an oral pathogen to establish
midgut infections. However, S. marcescens does not seem to be particularly virulent as
it is commonly identified as member of the normal microbiota of mosquitoes and is well
tolerated in the gut. Hence, a better understanding of the mosquito gut physiologic
responses to infection will strongly benefit from the use of a broad panel of bacterial
pathogens including the insect gut entomopathogens Pseudomonas entomophila [183]
and Erwinia carotovora carotovora [184], as distinct pathogens exhibit distinct
virulence factors and vary in their capacity to efficiently colonize the gut. In this

project, we assessed the competency and fitness of female An. gambiae mosquitoes
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after oral infection with a panel of human bacterial pathogens. The panel was diverse
highlighting pathogens that are mainly causative agents of gut infections. These include
Salmonella Typhi [185], Pseudomonas aeruginosa [186], Klebsiella pneumoniae [187],
Escherichia coli [185], Vibrio cholerae [188] and Acinetobacter baumannii [189].

Among the human pathogens, P. aeruginosa seemed to be the most virulent as it
caused significant mortality when fed to mosquitoes at a low OD. At higher OD, other
species also caused significant mosquito mortality including K. pneumoniae, S. Typhi
and E. coli. The virulence of P. aeruginosa was not unexpected as this bacterium is
virulent to a wide range of insects and nematodes [190-193]. Among P. aeruginosa
virulence factors in invertebrates are phenazines, pigments secreted by the bacteria
causing the generation of the ROS in the host [190] and effector molecules secreted by
the Type-2 and Type-3 secretion systems [194, 195]. On the contrary V. cholerae and A.
baumannii did not cause mortality through feeding suggesting that their virulence
mechanisms are more relevant to mammalian cells. Interestingly, V. cholerae was
virulent to Drosophila through oral infections exhibiting several of the characteristics of
the human disease. However, in contrast to mammalian infections, the cholera toxin
alone did not cause disease in the fly in the absence of the bacterial cells, suggesting
that V. cholerae may contain factors that exhibit virulence in the fly but not the
mammalian host [196]. Of note, oral infections with Ecc, an entomopathogen, were not
lethal to mosquitoes, and the same was observed in Drosophila [197].

Despite the mortality caused by the human bacterial pathogens, none of them
was able to colonize the gut and they were all cleared by day 8, in contrast to S.
marcescens which colonized the gut efficiently as expected, since, it is frequently

isolated from the gut microbiota [198]. These results suggest that oral infections with
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the human pathogenic bacteria are causing some irreversible damage to the midgut
causing the observed mortality. It would be interesting to observe whether changes in
the mosquito gut morphology are triggered by these oral infections using scanning
electron microscopy. Also, it would be interesting to see whether RNAseq analysis of
infected midguts (which is underway) reveals enrichment of functions associated with
cellular damage that could explain the observed mortalities.

Measurement of polyploidy in midgut epithelial cells after feeding on P.
aeruginosa309 and Ecc revealed that the number of cells undergoing endoreplication
was similar in the midgut (anterior + posterior) of orally infected and the sugar fed
control, however more endoreplicating cells were counted in the proventriculus of the
former group. This observation is interesting since the proventriculus in A. gambiae
mosquitoes was shown to be enriched in transcripts encoding anti-microbial peptides
and anti-Plasmodium factors suggesting that it is a special defensive compartment
against orally acquired pathogens [199]. The enrichment of the proventriculus in
defensive genes was also observed in the gut of Ae. aegypti mosquitoes [48]. It is
important to note that despite the fact that the midguts of orally infected mosquitoes
have similar numbers of endoreplicating cells as those fed on sugar, this does not
necessarily mean that they have the same levels of endoreplication. Future experiments
should focus on quantitating the mean level of EdU fluorescence per midgut from both
groups to determine if more endocycling is taking place in cells of orally infected
mosquitoes. Midguts of 4. gambiae mosquitoes did not exhibit significant numbers of
regenerative cells, as deduced from PH3 staining, in response to oral infections with
Ecc or P. aeruginosa309. These results are in agreement with a previous study showing

that feeding A. gambiae mosquitoes with sucrose solution containing the chemical SDS
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or S. marcescens did not result in an increase in the number of mitotic cells in the
midgut [86]. However, it seems that different mosquito species have different gut
physiologies since regenerative cells have been detected in the midguts of Culex pipiens
and Ae. albopictus mosquitoes in response to gut damage [85, 86].

Our findings conclude that An. gambiae mosquitoes have no colonization
capacity for human bacterial pathogens as they are rapidly cleared from the midgut.
However, these bacteria seem to cause significant damage to the host as deduced from
the increased mortality rate and levels of endoreplication in the proventriculus. It would
be interesting to test whether these pathogens are virulent to mosquitoes when injected
directly into the hemolymph to establish systemic infections, which could inform
whether mosquitoes are good models to score and characterize the virulence of human
bacterial pathogens. It would be also interesting to test the effects of the bacterial
species and sequence types used in this study on other mosquito species that have a
broader geographical distribution, such as C. pipiens mosquitoes and that are more

likely to encounter human bacterial pathogens, specifically in their larval habitats.

49



e

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Boulanger, N., et al., Ticks and tick-borne diseases. Med Mal Infect, 2019.
49(2): p. 87-97.

Fournet, F., et al., Effective surveillance systems for vector-borne diseases in
urban settings and translation of the data into action: a scoping review. Infect
Dis Poverty, 2018. 7(1): p. 99.

Caminade, C., K.M. Mclntyre, and A.E. Jones, Impact of recent and future
climate change on vector-borne diseases. Ann N'Y Acad Sci, 2019. 1436(1): p.
157-173.

de La Rocque, S., et al., 4 review of trends in the distribution of vector-borne
diseases: is international trade contributing to their spread? Rev Sci Tech,
2011.30(1): p. 119-30.

Harbach, R.E., The Phylogeny and Classification of Anopheles. 2013, InTech.
Holt, R.A., et al., The genome sequence of the malaria mosquito Anopheles
gambiae. Science, 2002. 298(5591): p. 129-49.

Sinka, MLE., et al., The dominant Anopheles vectors of human malaria in Africa,
Europe and the Middle East: occurrence data, distribution maps and bionomic
precis. Parasit Vectors, 2010. 3: p. 117.

O'Loughlin, S. and A. Burt, INFERRING DEMOGRAPHY AND SELECTION
IN EAST AFRICAN ANOPHELES GAMBIAE SL FROM GENOME WIDE
SNPS. PATHOGENS AND GLOBAL HEALTH, 2013. 107: p. 416-416.
Castillo, J.C., A.E. Robertson, and M.R. Strand, Characterization of hemocytes
from the mosquitoes Anopheles gambiae and Aedes aegypti. Insect Biochemistry
and Molecular Biology, 2006. 36(12): p. 891-903.

Raddi, G, et al., Mosquito cellular immunity at single-cell resolution. Science,
2020. 369(6507): p. 1128-1132.

King, J.G. and J.F. Hillyer, Spatial and temporal in vivo analysis of circulating
and sessile immune cells in mosquitoes: hemocyte mitosis following infection.
BMC Biology, 2013. 11(1): p. 55.

Sigle, L.T. and J.F. Hillyer, Mosquito Hemocytes Associate With Circulatory
Structures That Support Intracardiac Retrograde Hemolymph Flow. Frontiers in
Physiology, 2018. 9.

Hillyer, J.F., S.L. Schmidt, and B.M. Christensen, Rapid phagocytosis and
melanization of bacteria and Plasmodium sporozoites by hemocytes of the
mosquito Aedes aegypti. J Parasitol, 2003. 89(1): p. 62-9.

Hillyer, J.F. and B.M. Christensen, Mosquito phenoloxidase and defensin
colocalize in melanization innate immune responses. J Histochem Cytochem,
2005. 53(6): p. 689-98.

Oliver, 1.D., et al., Comparative analysis of hemocyte phagocytosis between six
species of arthropods as measured by flow cytometry. J Invertebr Pathol, 2011.
108(2): p. 126-30.

Levashina, E.A., et al., Conserved Role of a Complement-like Protein in
Phagocytosis Revealed by dsRNA Knockout in Cultured Cells of the Mosquito,
Anopheles gambiae. Cell, 2001. 104(5): p. 709-718.

Ramet, M., et al., Functional genomic analysis of phagocytosis and
identification of a Drosophila receptor for E. coli. Nature, 2002. 416(6881): p.
644-8.

50



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Dong, Y., H.E. Taylor, and G. Dimopoulos, AgDscam, a hypervariable
immunoglobulin domain-containing receptor of the Anopheles gambiae innate
immune system. PLoS Biol, 2006. 4(7): p. €229.

Kurucz, E., et al., Nimrod, a putative phagocytosis receptor with EGF repeats in
Drosophila plasmatocytes. Curr Biol, 2007. 17(7): p. 649-54.

Mamali, 1., et al., 4 beta integrin subunit regulates bacterial phagocytosis in
medfly haemocytes. Dev Comp Immunol, 2009. 33(7): p. 858-66.

Moita, L.F., et al., In vivo identification of novel regulators and conserved
pathways of phagocytosis in A. gambiae. Immunity, 2005. 23(1): p. 65-73.
Gouagna, L.C., et al., The early sporogonic cycle of Plasmodium falciparum in
laboratory-infected Anopheles gambiae: an estimation of parasite efficacy. Trop
Med Int Health, 1998. 3(1): p. 21-8.

Sinden, R.E., Plasmodium differentiation in the mosquito. Parassitologia, 1999.
41(1-3): p. 139-48.

Castillo, J.C., et al., Activation of mosquito complement antiplasmodial response
requires cellular immunity. Sci Immunol, 2017. 2(7).

Oliveira Gde, A., J. Lieberman, and C. Barillas-Mury, Epithelial nitration by a
peroxidase/NOXS5 system mediates mosquito antiplasmodial immunity. Science,
2012. 335(6070): p. 856-9.

Trisnadi, N. and C. Barillas-Mury, Live In Vivo Imaging of Plasmodium
Invasion of the Mosquito Midgut. mSphere, 2020. 5(5).

Blandin, S., et al., Complement-like protein TEPI is a determinant of vectorial
capacity in the malaria vector Anopheles gambiae. Cell, 2004. 116(5): p. 661-
70.

Barletta, A.B.F., et al., Hemocyte differentiation to the megacyte lineage
enhances mosquito immunity against Plasmodium. Elife, 2022. 11.

Frolet, C., et al., Boosting NF-kappaB-dependent basal immunity of Anopheles
gambiae aborts development of Plasmodium berghei. Immunity, 2006. 25(4): p.
677-85.

Ramirez, J.L., et al., The role of hemocytes in Anopheles gambiae
antiplasmodial immunity. J Innate Immun, 2014. 6(2): p. 119-28.

Imler, J.L. and P. Bulet, Antimicrobial peptides in Drosophila: structures,
activities and gene regulation. Chem Immunol Allergy, 2005. 86: p. 1-21.
Lemaitre, B., et al., 4 recessive mutation, immune deficiency (imd), defines two
distinct control pathways in the Drosophila host defense. Proc Natl Acad Sci U
S A, 1995. 92(21): p. 9465-9.

Hanson, M. A, et al., Synergy and remarkable specificity of antimicrobial
peptides in vivo using a systematic knockout approach. Elife, 2019. 8.

Hanson, M.A., L. Grollmus, and B. Lemaitre, Ecology-relevant bacteria drive
the evolution of host antimicrobial peptides in Drosophila. Science, 2023.
381(6655): p. eadg5725.

Clemmons, A.W., S.A. Lindsay, and S.A. Wasserman, An Effector Peptide
Family Required for Drosophila Toll-Mediated Immunity. PLOS Pathogens,
2015. 11(4): p. €1004876.

Hanson, M. A, et al., The Drosophila Baramicin polypeptide gene protects
against fungal infection. PLOS Pathogens, 2021. 17(8): p. €1009846.

Huang, J., et al., 4 Toll pathway effector protects Drosophila specifically from
distinct toxins secreted by a fungus or a bacterium. Proceedings of the National

51



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Academy of Sciences of the United States of America, 2023. 120(12): p.
€2205140120.

Xu, R., et al., The Toll pathway mediates Drosophila resilience to Aspergillus
mycotoxins through specific Bomanins. EMBO Rep, 2023. 24(1): p. €56036.
Waterhouse, R.M., et al., Evolutionary Dynamics of Immune-Related Genes and
Pathways in Disease-Vector Mosquitoes. Science, 2007. 316(5832): p. 1738-
1743.

Saucereau, Y., et al., Structure and dynamics of Toll immunoreceptor activation
in the mosquito Aedes aegypti. Nature Communications, 2022. 13(1).

Vizioli, J., et al., Cloning and analysis of a cecropin gene from the malaria
vector mosquito, Anopheles gambiae. Insect Mol Biol, 2000. 9(1): p. 75-84.
Vizioli, J., et al., Gambicin: a novel immune responsive antimicrobial peptide
from the malaria vector Anopheles gambiae. Proc Natl Acad Sci U S A, 2001.
98(22): p. 12630-5.

Vizioli, J., et al., The defensin peptide of the malaria vector mosquito Anopheles
gambiae: antimicrobial activities and expression in adult mosquitoes. Insect
Biochemistry and Molecular Biology, 2001. 31(3): p. 241-248.

Blandin, S., et al., Reverse genetics in the mosquito Anopheles gambiae:
targeted disruption of the Defensin gene. EMBO Rep, 2002. 3(9): p. 852-6.
Magalhaes, T., D.C. Leandro, and C. Ayres, Knock-down of REL2, but not
defensin A, augments Aedes aegypti susceptibility to Bacillus subtilis and
Escherichia coli. Acta tropica, 2009. 113: p. 167-73.

Dong, Y., et al., Anopheles gambiae immune responses to human and rodent
Plasmodium parasite species. PLoS Pathog, 2006. 2(6): p. €52.

Kokoza, V., et al., Blocking of <i>Plasmodium</i> transmission by
cooperative action of Cecropin A and Defensin A in transgenic <i>Aedes
aegypti</i> mosquitoes. Proceedings of the National Academy of Sciences,
2010. 107(18): p. 8111-8116.

Hixson, B, et al., 4 transcriptomic atlas of Aedes aegypti reveals detailed
functional organization of major body parts and gut regional specializations in
sugar-fed and blood-fed adult females. Elife, 2022. 11.

Christensen, B.M., et al., Melanization immune responses in mosquito vectors.
Trends Parasitol, 2005. 21(4): p. 192-9.

Cerenius, L., B.L. Lee, and K. Soderhall, The proPO-system: pros and cons for
its role in invertebrate immunity. Trends Immunol, 2008. 29(6): p. 263-71.
Osta, M.A., G.K. Christophides, and F.C. Kafatos, Effects of mosquito genes on
Plasmodium development. Science, 2004. 303(5666): p. 2030-2.

Volz, J., et al., A genetic module regulates the melanization response of
Anopheles to Plasmodium. Cell Microbiol, 2006. 8(9): p. 1392-405.

Nakhleh, J., L. El Moussawi, and M.A. Osta, Chapter Three - The Melanization
Response in Insect Immunity, in Advances in Insect Physiology, P. Ligoxygakis,
Editor. 2017, Academic Press. p. 83-109.

Kanost, M.R. and H. Jiang, Clip-domain serine proteases as immune factors in
insect hemolymph. Current Opinion in Insect Science, 2015. 11: p. 47-55.
Baxter, R.H., et al., Structural basis for conserved complement factor-like
function in the antimalarial protein TEPI. Proc Natl Acad Sci U S A, 2007.
104(28): p. 11615-20.

52



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Fraiture, M., et al., Two Mosquito LRR Proteins Function as Complement
Control Factors in the TEPI-Mediated Killing of Plasmodium. Cell Host &amp;
Microbe, 2009. 5(3): p. 273-284.

Povelones, M., et al., Leucine-rich repeat protein complex activates mosquito
complement in defense against Plasmodium parasites. Science, 2009.
324(5924): p. 258-61.

Chapman, R.F., The insects: structure and function. 1998: Cambridge university
press.

Billingsley, P.F., The Midgut Ultrastructure of Hematophagous Insects. Annual
Review of Entomology, 1990. 35(1): p. 219-248.

Whitten, M.M.A., S.H. Shiao, and E.A. Levashina, Mosquito midguts and
malaria: cell biology, compartmentalization and immunology. Parasite
Immunology, 2006. 28(4): p. 121-130.

Engel, P. and N.A. Moran, The gut microbiota of insects - diversity in structure
and function. FEMS Microbiol Rev, 2013. 37(5): p. 699-735.

Shao, L., M. Devenport, and M. Jacobs-Lorena, The peritrophic matrix of
hematophagous insects. Archives of Insect Biochemistry and Physiology, 2001.
47(2): p. 119-125.

Kuraishi, T., et al., Genetic evidence for a protective role of the peritrophic
matrix against intestinal bacterial infection in <i>Drosophila
melanogaster</i>. Proceedings of the National Academy of Sciences, 2011.
108(38): p. 15966-15971.

Shibata, T., et al., Correction: Crosslinking of a Peritrophic Matrix Protein
Protects Gut Epithelia from Bacterial Exotoxins. PLOS Pathogens, 2016. 12(6):
p. €1005670.

Guo, W., W. Kain, and P. Wang, Effects of disruption of the peritrophic
membrane on larval susceptibility to Bt toxin CrylAc in cabbage loopers.
Journal of Insect Physiology, 2019. 117: p. 103897.

Ryu, J.H., E.M. Ha, and W.J. Lee, Innate immunity and gut-microbe mutualism
in Drosophila. Dev Comp Immunol, 2010. 34(4): p. 369-76.

Douglas, A.E., Multiorganismal insects: diversity and function of resident
microorganisms. Annu Rev Entomol, 2015. 60: p. 17-34.

Huang, J.H., X. Jing, and A.E. Douglas, The multi-tasking gut epithelium of
insects. Insect Biochem Mol Biol, 2015. 67: p. 15-20.

Wu, Q., J. Patocka, and K. Kuca, Insect Antimicrobial Peptides, a Mini Review.
Toxins (Basel), 2018. 10(11).

Terra, W.R., et al., The larval midgut of the housefly (Musca domestica):
Ultrastructure, fluid fluxes and ion secretion in relation to the organization of
digestion. Journal of Insect Physiology, 1988. 34(6): p. 463-472.

Lemos, F.J. and W.R. Terra, Digestion of bacteria and the role of midgut
lysozyme in some insect larvae. Comp Biochem Physiol B, 1991. 100(2): p. 265-
8.

Buchon, N., N.A. Broderick, and B. Lemaitre, Gut homeostasis in a microbial
world: insights from Drosophila melanogaster. Nat Rev Microbiol, 2013. 11(9):
p. 615-26.

Buchon, N., et al., Morphological and molecular characterization of adult
midgut compartmentalization in Drosophila. Cell Rep, 2013. 3(5): p. 1725-38.

53



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Broderick, N.A., N. Buchon, and B. Lemaitre, Microbiota-induced changes in
drosophila melanogaster host gene expression and gut morphology. mBio,
2014.5(3): p. e01117-14.

Buchon, N. and D. Osman, All for one and one for all: Regionalization of the
Drosophila intestine. Insect Biochem Mol Biol, 2015. 67: p. 2-8.

Pimentel, A.C., et al., Molecular machinery of starch digestion and glucose
absorption along the midgut of Musca domestica. J Insect Physiol, 2018. 109: p.
11-20.

Bonelli, M., et al., Structural and Functional Characterization of Hermetia
illucens Larval Midgut. Front Physiol, 2019. 10: p. 204.

Bruno, D., et al., The Intestinal Microbiota of Hermetia illucens Larvae Is
Affected by Diet and Shows a Diverse Composition in the Different Midgut
Regions. Appl Environ Microbiol, 2019. 85(2).

Caccia, S., M. Casartelli, and G. Tettamanti, The amazing complexity of insect
midgut cells: types, peculiarities, and functions. Cell and Tissue Research, 2019.
377(3): p. 505-525.

Gervais, L. and A.J. Bardin, Tissue homeostasis and aging: new insight from the
fly intestine. Curr Opin Cell Biol, 2017. 48: p. 97-105.

Franzetti, E., et al., The midgut of the silkmoth Bombyx mori is able to recycle
molecules derived from degeneration of the larval midgut epithelium. Cell and
Tissue Research, 2015. 361(2): p. 509-528.

Tettamanti, G., et al., Programmed cell death and stem cell differentiation are
responsible for midgut replacement in Heliothis virescens during prepupal
instar. Cell Tissue Res, 2007. 330(2): p. 345-59.

Buchon, N, et al., <em>Drosophila</em> Intestinal Response to Bacterial
Infection: Activation of Host Defense and Stem Cell Proliferation. Cell Host &
Microbe, 2009. 5(2): p. 200-211.

Jiang, H., et al., Cytokine/Jak/Stat signaling mediates regeneration and
homeostasis in the Drosophila midgut. Cell, 2009. 137(7): p. 1343-55.

Janeh, M., D. Osman, and Z. Kambris, Damage-Induced Cell Regeneration in
the Midgut of Aedes albopictus Mosquitoes. Sci Rep, 2017. 7: p. 44594.

Janeh, M., D. Osman, and Z. Kambris, Comparative Analysis of Midgut
Regeneration Capacity and Resistance to Oral Infection in Three Disease-
Vector Mosquitoes. Sci Rep, 2019. 9(1): p. 14556.

Zakovic, S. and E.A. Levashina, NF-kB-Like Signaling Pathway REL?2 in
Immune Defenses of the Malaria Vector Anopheles gambiae. Front Cell Infect
Microbiol, 2017. 7: p. 258.

Choe, K.M., et al., Requirement for a peptidoglycan recognition protein (PGRP)
in Relish activation and antibacterial immune responses in Drosophila. Science,
2002. 296(5566): p. 359-62.

Gottar, M., et al., The Drosophila immune response against Gram-negative
bacteria is mediated by a peptidoglycan recognition protein. Nature, 2002.
416(6881): p. 640-4.

Takehana, A., et al., Peptidoglycan recognition protein (PGRP)-LE and PGRP-
LC act synergistically in Drosophila immunity. Embo j, 2004. 23(23): p. 4690-
700.

54



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kaneko, T., et al., PGRP-LC and PGRP-LE have essential yet distinct functions
in the drosophila immune response to monomeric DAP-type peptidoglycan. Nat
Immunol, 2006. 7(7): p. 715-23.

Kleino, A., et al., Peptidoglycan-Sensing Receptors Trigger the Formation of
Functional Amyloids of the Adaptor Protein Imd to Initiate Drosophila NF-«kB
Signaling. Immunity, 2017. 47(4): p. 635-647.¢€6.

Ertiirk-Hasdemir, D., et al., Two roles for the Drosophila IKK complex in the
activation of Relish and the induction of antimicrobial peptide genes. Proc Natl
Acad Sci U S A, 2009. 106(24): p. 9779-84.

Leulier, F., et al., The Drosophila caspase Dredd is required to resist gram-
negative bacterial infection. EMBO Rep, 2000. 1(4): p. 353-8.

Stoven, S., et al., Caspase-mediated processing of the <i>Drosophila</i> NF-
&#x3ba, B factor Relish. Proceedings of the National Academy of Sciences,
2003. 100(10): p. 5991-5996.

Barletta, A.B., et al., Microbiota activates IMD pathway and limits Sindbis
infection in Aedes aegypti. Parasit Vectors, 2017. 10(1): p. 103.

Garver, L.S., Y. Dong, and G. Dimopoulos, Caspar controls resistance to
Plasmodium falciparum in diverse anopheline species. PLoS Pathog, 2009. 5(3):
p. €1000335.

Meister, S., et al., Immune signaling pathways regulating bacterial and malaria
parasite infection of the mosquito Anopheles gambiae. Proc Natl Acad Sci U S
A, 2005. 102(32): p. 11420-5.

Shin, S.W., et al., Characterization of three alternatively spliced isoforms of the
Rel/NF-kappa B transcription factor Relish from the mosquito Aedes aegypti.
Proc Natl Acad Sci U S A, 2002. 99(15): p. 9978-83.

Ramirez, J.L., et al., Reciprocal tripartite interactions between the Aedes
aegypti midgut microbiota, innate immune system and dengue virus influences
vector competence. PLoS Negl Trop Dis, 2012. 6(3): p. e1561.

Hixson, B., et al., The transcriptional response in mosquitoes distinguishes
between fungi and bacteria but not Gram types. bioRxiv, 2023.

Kumar, A., et al., Mosquito Innate Immunity. Insects, 2018. 9(3).

Meister, S., et al., Anopheles gambiae PGRPLC-Mediated Defense against
Bacteria Modulates Infections with Malaria Parasites. PLoS Pathogens, 2009.
5(8): p. €1000542.

Song, X., et al., PGRP-LD mediates A. stephensi vector competency by
regulating homeostasis of microbiota-induced peritrophic matrix synthesis.
PLOS Pathogens, 2018. 14(2): p. €1006899.

Gao, L., X. Song, and J. Wang, Gut microbiota is essential in PGRP-LA
regulated immune protection against Plasmodium berghei infection. Parasites
&amp; Vectors, 2020. 13(1).

Zeng, T., et al., The Intestinal Immune Defense System in Insects. Int J Mol Sci,
2022. 23(23).

Kuraishi, T., A. Hori, and S. Kurata, Host-microbe interactions in the gut of
Drosophila melanogaster. Front Physiol, 2013. 4: p. 375.

Villegas-Ospina, S., D.J. Merritt, and K.N. Johnson, Physical and Chemical
Barriers in the Larval Midgut Confer Developmental Resistance to Virus
Infection in Drosophila. Viruses, 2021. 13(5).

55



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Shibata, T., et al., Crosslinking of a Peritrophic Matrix Protein Protects Gut
Epithelia from Bacterial Exotoxins. PLoS Pathog, 2015. 11(10): p. €1005244.
Prakash, A., K.M. Monteith, and P.F. Vale, Mechanisms of damage prevention,
signalling and repair impact disease tolerance. Proc Biol Sci, 2022. 289(1981):
p. 20220837.

Aksoy, S., Tsetse peritrophic matrix influences for trypanosome transmission. J
Insect Physiol, 2019. 118: p. 103919.

Rodgers, F.H., et al., Microbiota-induced peritrophic matrix regulates midgut
homeostasis and prevents systemic infection of malaria vector mosquitoes. PLoS
Pathog, 2017. 13(5): p. €1006391.

Kumar, S., et al., 4 Peroxidase/Dual Oxidase System Modulates Midgut
Epithelial Immunity in <i>Anopheles gambiae</i>. Science, 2010. 327(5973):
p. 1644-1648.

Gabrieli, P., et al., Mosquito Trilogy: Microbiota, Immunity and Pathogens, and
Their Implications for the Control of Disease Transmission. Front Microbiol,
2021. 12: p. 630438.

Ha, E.M., et al., An antioxidant system required for host protection against gut
infection in Drosophila. Dev Cell, 2005. 8(1): p. 125-32.

Yao, Z., et al., The dual oxidase gene BdDuox regulates the intestinal bacterial
community homeostasis of Bactrocera dorsalis. ISME J, 2016. 10(5): p. 1037-
50.

Zeng, T., et al., Serotonin modulates insect gut bacterial community
homeostasis. BMC Biol, 2022. 20(1): p. 105.

Lee, K.A., et al., Bacterial-derived uracil as a modulator of mucosal immunity
and gut-microbe homeostasis in Drosophila. Cell, 2013. 153(4): p. 797-811.
Ha, E.M., et al., Regulation of DUOX by the Galphaq-phospholipase Cbeta-
Ca2+ pathway in Drosophila gut immunity. Dev Cell, 2009. 16(3): p. 386-97.
Lee, K.A., et al., Bacterial uracil modulates Drosophila DUOX-dependent gut
immunity via Hedgehog-induced signaling endosomes. Cell Host Microbe, 2015.
17(2): p. 191-204.

Ha, E.M., et al., Coordination of multiple dual oxidase-regulatory pathways in
responses to commensal and infectious microbes in drosophila gut. Nat
Immunol, 2009. 10(9): p. 949-57.

Kakani, P., et al., Anopheles stephensi Dual Oxidase Silencing Activates the
Thioester-Containing Protein I Pathway to Suppress Plasmodium Development.
J Innate Immun, 2019. 11(6): p. 496-505.

Waterfield, N.R., B.W. Wren, and R.H. Ffrench-Constant, Invertebrates as a
source of emerging human pathogens. Nature Reviews Microbiology, 2004.
2(10): p. 833-841.

Ahmed, A.S., K.M. Ahmed, and S.S. Salih, Isolation and Identification of
Bacterial Isolates from House Flies in Sulaymaniya City. Engineering and
Technology Journal, 2013. 31: p. 24-33.

Davari, B., et al., Frequency of resistance and susceptible bacteria isolated from
houseflies. Iran J Arthropod Borne Dis, 2010. 4(2): p. 50-5.

Sasaki, T., M. Kobayashi, and N. Agui, Epidemiological potential of excretion
and regurgitation by Musca domestica (Diptera: Muscidae) in the dissemination
of Escherichia coli O157: H7 to food. ] Med Entomol, 2000. 37(6): p. 945-9.

56



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Blaak, H., et al., Detection of extended-spectrum beta-lactamase (ESBL)-
producing Escherichia coli on flies at poultry farms. Appl Environ Microbiol,
2014. 80(1): p. 239-46.

Nazari, M., et al., Bacterial Contamination of Adult House Flies (Musca
domestica) and Sensitivity of these Bacteria to Various Antibiotics, Captured
from Hamadan City, Iran. J Clin Diagn Res, 2017. 11(4): p. Dc04-dc07.
Fotedar, R., et al., Vector potential of hospital houseflies with special reference
to Klebsiella species. Epidemiol Infect, 1992. 109(1): p. 143-7.
Hemmatinezhad, B., et al., Molecular detection and antimicrobial resistance of
Pseudomonas aeruginosa from houseflies (Musca domestica) in Iran. ] Venom
Anim Toxins Incl Trop Dis, 2015. 21: p. 18.

Zurek, L. and A. Ghosh, Insects represent a link between food animal farms and
the urban environment for antibiotic resistance traits. Appl Environ Microbiol,
2014. 80(12): p. 3562-7.

Monyama, M.C., et al., Bacterial pathogens identified from houseflies in
different human and animal settings.: A systematic review and meta-analysis.
Vet Med Sci, 2022. 8(2): p. 827-844.

Iwasa, M., et al., Detection of Escherichia coli O157:H7 from Musca domestica
(Diptera: Muscidae) at a cattle farm in Japan. J Med Entomol, 1999. 36(1): p.
108-12.

Poudel, A., et al., Multidrug-Resistant Escherichia coli, Klebsiella pneumoniae
and Staphylococcus spp. in Houseflies and Blowflies from Farms and Their
Environmental Settings. Int ] Environ Res Public Health, 2019. 16(19).
Hammerum, A.M., Enterococci of animal origin and their significance for
public health. Clin Microbiol Infect, 2012. 18(7): p. 619-25.

Macovei, L., B. Miles, and L. Zurek, Potential of houseflies to contaminate
ready-to-eat food with antibiotic-resistant enterococci. J Food Prot, 2008. 71(2):
p. 435-9.

Ranjbar, R., et al., Molecular detection and antimicrobial resistance of
Klebsiella pneumoniae from house flies (Musca domestica) in kitchens, farms,
hospitals and slaughterhouses. J Infect Public Health, 2016. 9(4): p. 499-505.
Cervelin, V., et al., Enterobacteria associated with houseflies (Musca
domestica) as an infection risk indicator in swine production farms. Acta Trop,
2018. 185: p. 13-17.

Zarchi, A.A. and H. Vatani, 4 survey on species and prevalence rate of bacterial
agents isolated from cockroaches in three hospitals. Vector Borne Zoonotic Dis,
2009. 9(2): p. 197-200.

Menasria, T., et al., Bacterial load of German cockroach (Blattella germanica)
found in hospital environment. Pathog Glob Health, 2014. 108(3): p. 141-7.
Kakumanu, M.L., et al., Overlapping Community Compositions of Gut and
Fecal Microbiomes in Lab-Reared and Field-Collected German Cockroaches.
Appl Environ Microbiol, 2018. 84(17).

Nasirian, H., Contamination of Cockroaches (Insecta: Blattaria) by Medically
Important Bacteriae: A Systematic Review and Meta-analysis. ] Med Entomol,
2019. 56(6): p. 1534-1554.

Donkor, E.S., Cockroaches and Food-borne Pathogens. Environmental Health
Insights, 2020. 14: p. 117863022091336.

57



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Turner, M., V. Peta, and J.E. Pietri, New insight into the relationship between
Salmonella Typhimurium and the German cockroach suggests active
mechanisms of vector-borne transmission. Res Microbiol, 2022. 173(3): p.
103920.

Menasria, T., et al., External Bacterial Flora and Antimicrobial Susceptibility
Patterns of Staphylococcus spp. and Pseudomonas spp. Isolated from Two
Household Cockroaches, Blattella germanica and Blatta orientalis. Biomed
Environ Sci, 2015. 28(4): p. 316-20.

Mee, P.T., et al., 4 transmission chain linking<i>Mycobacterium
ulcerans</i>with<i>Aedes notoscriptus</i>mosquitoes, possums and human
Buruli ulcer cases in southeastern Australia. 2023, Cold Spring Harbor
Laboratory.

Eliasson, H. and E. Back, Tularaemia in an emergent area in Sweden. an
analysis of 234 cases in five years. Scand J Infect Dis, 2007. 39(10): p. 880-9.
Eliasson, H., et al., Tularemia: current epidemiology and disease management.
Infect Dis Clin North Am, 2006. 20(2): p. 289-311, ix.

Eliasson, H., et al., The 2000 tularemia outbreak: a case-control study of risk
factors in disease-endemic and emergent areas, Sweden. Emerg Infect Dis,
2002. 8(9): p. 956-60.

Keim, P., A. Johansson, and D.M. Wagner, Molecular epidemiology, evolution,
and ecology of Francisella. Ann N'Y Acad Sci, 2007. 1105: p. 30-66.
Béackman, S., et al., Transmission of tularemia from a water source by
transstadial maintenance in a mosquito vector. Scientific Reports, 2015. 5(1): p.
7793.

Scully, L.R. and M.J. Bidochka, Developing insect models for the study of
current and emerging human pathogens. FEMS Microbiol Lett, 2006. 263(1): p.
1-9.

Jander, G., L.G. Rahme, and F.M. Ausubel, Positive Correlation between
Virulence of <i>Pseudomonas aeruginosa</i> Mutants in Mice and Insects.
Journal of Bacteriology, 2000. 182(13): p. 3843-3845.

Kaszab, E., et al., Groundwater, soil and compost, as possible sources of
virulent and antibiotic-resistant Pseudomonas aeruginosa. International Journal
of Environmental Health Research, 2021. 31(7): p. 848-860.

He, Y., et al., Isolation of Klebsiella pneumoniae and Pseudomonas aeruginosa
from entomopathogenic nematode-insect host relationship to examine bacterial
pathogenicity on Trichoplusia ni. Microb Pathog, 2019. 135: p. 103606.

Wand, M.E., et al., Complex interactions of Klebsiella pneumoniae with the host
immune system in a Galleria mellonella infection model. ] Med Microbiol, 2013.
62(Pt 12): p. 1790-1798.

Insua, J.L., et al., Modeling Klebsiella pneumoniae pathogenesis by infection of
the wax moth Galleria mellonella. Infect Immun, 2013. 81(10): p. 3552-65.
Bender, J.K., et al., LPS Structure and PhoQ Activity Are Important for
Salmonella Typhimurium Virulence in the Gallleria mellonella Infection Model.
PLoS ONE, 2013. 8(8): p. €73287.

Rochon, K., T.J. Lysyk, and L.B. Selinger, Persistence of Escherichia coli in
immature house fly and stable fly (Diptera: Muscidae) in relation to larval
growth and survival. ] Med Entomol, 2004. 41(6): p. 1082-9.

58



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Brandt, S.M., et al., Secreted Bacterial Effectors and Host-Produced Eiger/TNF
Drive Death in a Salmonella-Infected Fruit Fly. PLoS Biology, 2004. 2(12): p.
e418.

Schneider, D.S. and J.S. Ayres, Two ways to survive infection: what resistance
and tolerance can teach us about treating infectious diseases. Nat Rev
Immunol, 2008. 8(11): p. 889-95.

Hugq, A., et al., 4 simple filtration method to remove plankton-associated Vibrio
cholerae in raw water supplies in developing countries. Appl Environ
Microbiol, 1996. 62(7): p. 2508-12.

Chiavelli, D.A., J.W. Marsh, and R.K. Taylor, The mannose-sensitive
hemagglutinin of Vibrio cholerae promotes adherence to zooplankton. Appl
Environ Microbiol, 2001. 67(7): p. 3220-5.

Fotedar, R., Vector potential of houseflies (Musca domestica) in the
transmission of Vibrio cholerae in India. Acta Trop, 2001. 78(1): p. 31-4.
Blow, N.S., et al., Vibrio cholerae infection of Drosophila melanogaster mimics
the human disease cholera. PLoS Pathog, 2005. 1(1): p. e8.

Minard, G., et al., Prevalence, genomic and metabolic profiles of Acinetobacter
and Asaia associated with field-caught Aedes albopictus from Madagascar.
FEMS Microbiology Ecology, 2013. 83(1): p. 63-73.

Segata, N., et al., The reproductive tracts of two malaria vectors are populated
by a core microbiome and by gender- and swarm-enriched microbial
biomarkers. Scientific Reports, 2016. 6(1): p. 24207.

Scolari, F., M. Casiraghi, and M. Bonizzoni, Aedes spp. and Their Microbiota:
A Review. Front Microbiol, 2019. 10: p. 2036.

Gao, H., et al., Mosquito Microbiota and Implications for Disease Control.
Trends Parasitol, 2020. 36(2): p. 98-111.

Coon, K.L., et al., Mosquitoes rely on their gut microbiota for development. Mol
Ecol, 2014. 23(11): p. 2727-39.

Hillyer, J.F., et al., Age-associated mortality in immune challenged mosquitoes
(Aedes aegypti) correlates with a decrease in haemocyte numbers. Cellular
Microbiology, 2004. 7(1): p. 39-51.

Hernandez-Martinez, S., et al., Induction of DNA synthesis inAnopheles
albimanus tissue cultures in response to aSaccharomyces cerevisiae challenge.
Archives of Insect Biochemistry and Physiology, 2006. 63(4): p. 147-158.
Contreras-Gardufio, J., et al., Plasmodium berghei induced priming in Anopheles
albimanus independently of bacterial co-infection. Developmental &
Comparative Immunology, 2015. 52(2): p. 172-181.

Serrato-Salas, J., et al., De Novo DNA Synthesis in Aedes aegypti Midgut Cells
as a Complementary Strategy to Limit Dengue Viral Replication. Frontiers in
Microbiology, 2018. 9.

Fox, D.T. and R.J. Duronio, Endoreplication and polyploidy: insights into
development and disease. Development, 2013. 140(1): p. 3-12.

@vrebg, J.I. and B.A. Edgar, Polyploidy in tissue homeostasis and regeneration.
Development, 2018. 145(14).

Sawicka, A. and C. Seiser, Histone H3 phosphorylation — A versatile chromatin
modification for different occasions. Biochimie, 2012. 94(11): p. 2193-2201.

59



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Ramirez, J.L., et al., Chromobacterium Csp_P Reduces Malaria and Dengue
Infection in Vector Mosquitoes and Has Entomopathogenic and In Vitro Anti-
pathogen Activities. PLoS Pathogens, 2014. 10(10): p. e1004398.

Dong, Y., F. Manfredini, and G. Dimopoulos, Implication of the Mosquito
Midgut Microbiota in the Defense against Malaria Parasites. PLOS Pathogens,
2009. 5(5): p. €1000423.

Gomez-Govea, M.A., et al., Suppression of Midgut Microbiota Impact
Pyrethroid Susceptibility in Aedes aegypti. Frontiers in Microbiology, 2022. 13.
Wu, P., et al., 4 Gut Commensal Bacterium Promotes Mosquito Permissiveness
to Arboviruses. Cell Host Microbe, 2019. 25(1): p. 101-112.e5.

Bartholomay, L.C. and K. Michel, Mosquito Immunobiology: The Intersection
of Vector Health and Vector Competence. Annual Review of Entomology, 2018.
63(1): p. 145-167.

Vodovar, N., et al., Drosophila host defense after oral infection by an
entomopathogenic Pseudomonas species. Proc Natl Acad Sci U S A, 2005.
102(32): p. 11414-9.

Basset, A., et al., The phytopathogenic bacteria Erwinia carotovora infects
Drosophila and activates an immune response. Proc Natl Acad Sci U S A, 2000.
97(7): p. 3376-81.

Adesoji, A.T. and A.M. Liadi, Antibiogram studies of Escherichia coli and
Salmonella species isolated from diarrheal patients attending Malam Mande
General Hospital Dutsin-Ma, Katsina State, Nigeria. Pan Afr Med J, 2020. 37:
p. 110.

Petitjean, M., et al., The rise and the fall of a Pseudomonas aeruginosa endemic
lineage in a hospital. Microbial Genomics, 2021. 7(9).

Moradigaravand, D., et al., Evolution and Epidemiology of Multidrug-Resistant
<i>Klebsiella pneumoniae</i> in the United Kingdom and Ireland. mBio,
2017. 8(1): p. e01976-16.

Agboola, T.D., E.E. Nmema, and B.W. Odetoyin, Distribution and antibiogram
of Vibrio species from hospital wastewater in Southwest, Nigeria. Pan Afr Med
J,2023. 45: p. 80.

Ibrahim, S., et al., Multidrug-resistant Acinetobacter baumannii as an emerging
concern in hospitals. Molecular Biology Reports, 2021. 48(10): p. 6987-6998.
Mahajan-Miklos, S., et al., Molecular mechanisms of bacterial virulence
elucidated using a Pseudomonas aeruginosa-Caenorhabditis elegans
pathogenesis model. Cell, 1999. 96(1): p. 47-56.

Lysenko, O. and M. Kucera, The mechanism of pathogenicity ofPseudomonas
aeruginosa. Folia Microbiologica, 1968. 13(4): p. 295-299.

L. A. Bulla, J., R.A. Rhodes, and G.S. Julian, BACTERIA AS INSECT
PATHOGENS. Annual Review of Microbiology, 1975. 29(1): p. 163-190.
Teoh, M.-C., G. Furusawa, and G. Veera Singham, Multifaceted interactions
between the pseudomonads and insects: mechanisms and prospects. Archives of
Microbiology, 2021. 203(5): p. 1891-1915.

Mizerska-Dudka, M. and M. Andrejko, Galleria mellonella hemocytes
destruction after infection with Pseudomonas aeruginosa. Journal of Basic
Microbiology, 2014. 54(3): p. 232-246.

Andrejko, M., A. Zdybicka-Barabas, and M. Cytrynska, Diverse effects of
Galleria mellonella infection with entomopathogenic and clinical strains of

60



196.

197.

198.

199.

200.

201.

Pseudomonas aeruginosa. Journal of Invertebrate Pathology, 2014. 115: p. 14-
25.

Blow, N.S., et al., Vibrio cholerae Infection of Drosophila melanogaster Mimics
the Human Disease Cholera. PLOS Pathogens, 2005. 1(1): p. e8.

Buchon, N, et al., Drosophila intestinal response to bacterial infection:
activation of host defense and stem cell proliferation. Cell Host Microbe, 2009.
5(2): p. 200-11.

Chen, S., J. Blom, and E.D. Walker, Genomic, Physiologic, and Symbiotic
Characterization of Serratia marcescens Strains Isolated from the Mosquito
Anopheles stephensi. Frontiers in Microbiology, 2017. 8.

Warr, E., et al., Spatial and sex-specific dissection of the Anopheles gambiae
midgut transcriptome. BMC Genomics, 2007. 8: p. 37.

Ibrahim AMA, Ahmed HHS, Adam RA, Ahmed A, Elaagip A (2018) Detection
of Intestinal Parasites Transmitted Mechanically by House Flies (Musca
domestica, Diptera: Muscidae) Infesting Slaughterhouses in Khartoum State,
Sudan. Int J Trop Dis 1:011. doi.org/10.23937/ijtd-2017/1710011

Banjo et al., African Journal of Biotechnology Vol. 4 (8), pp. 780-784, August
2005 Available online at http://www.academicjournals.org/AJB ISSN 1684—
5315 © 2005 Academic Journals

61



	ACKNOWLEDGEMENTS
	ABSTRACT
	ILLUSTRATIONS
	TABLES
	INTRODUCTION
	A. Mosquitoes as vectors of disease
	B. Mosquito Innate Immune Responses to Infection
	1. Cellular Defenses
	a. Hemocytes and Phagocytosis
	b. Gut Epithelial Immunity Against Parasites

	2. Humoral Defenses
	a. Anti-microbial Peptides
	b. Melanization
	c. Complement-like Responses


	C. Mosquito Immune Defenses in the Gut
	1. Role of Imd Pathway in Gut Immunity
	a. Overview of Drosophila Imd Pathway
	b. Mosquito Imd Pathway in Immune Defense
	c. Mosquito Imd Pathway and Control of Gut Microbiota

	2. Role of Peritrophic Matrix
	1.
	3. Role of DUOX

	D. Human Bacterial Pathogens Identified in Insects
	E. Insect Models to Study the Virulence of Human Pathogens
	F. Specific Aims

	MATERIALS AND METHODS
	A. Anopheles gambiae rearing
	B. Bacteria Cultures
	C. Mosquito Survival Assays
	D. Microbial Proliferation Assays
	E. Endoreplication Assay

	RESULTS
	A. Mosquito Susceptibility to Oral Infections with Human Bacterial Pathogens
	B. Human Bacterial Pathogens Cannot Colonize the Mosquito Midgut
	C. Polyploidy Assessment in Response to Oral Infection

	DISCUSSION
	REFERENCES

