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Abstract

Evidence that the mosquito’s microbiota can alter Plasmodium susceptibility has led to
interest in manipulating the mosquito microbiome to interfere with malaria transmission.
Microbes that mosquitoes naturally harbor may modulate vectorial capacity by altering vector
competence, daily survival, blood-feeding behavior or vector density. Anopheles exposed to
Chromobacterium (Csp_P), a bacterium isolated from field-caught Aedes aegypti, are more
resistant to Plasmodium infection and are killed efficiently. This study evaluated the impact of
Csp P on fitness, multigenerational killing efficiency, and midgut microbiota composition in
exposed Anopheles gambiae. To assess the effects on fitness parameters in exposed females,
mosquitoes were fed a low (10° CFU/mL) or a high (10’ CFU/mL) dose of Csp_P or Pantoea
spp. (P. sp.) in an artificial nectar meal, and were subsequently offered a blood meal and allowed
to oviposit. In a separate experiment, the offspring of females fed Csp P (10" CFU/mL) were
reared to measure transgenerational fitness effects. First generation offspring were exposed to
Csp_P as either larvae or adults to test Csp P’s multigenerational killing capacity. To measure
the effect of Csp_P ingestion on the cultivable midgut microbiota, females were fed a high dose
of either Csp_P, Enterobacter sp. Zambia (Esp _Z), or P sp., and, at 24 and 96 hours, individual
midguts were dissected and plated on LB agar. Exposure to either dose of Csp_P or P. sp. did not
alter the proportion ovipositing females or the number of eggs oviposited. Only adults fed Csp P
at the higher dose experienced reduced longevity. Maternal exposure to Csp P significantly
decreased survival, time to pupation, and survival of larval offspring; however, the life span and
sex ratio of adult offspring was unaffected. When challenged with Csp_P, the F1 offspring of
Csp_P-exposed females were killed as quickly as the F1 larvae of PBS-controls. Ingestion of
Csp P does not affect the total number or prevalence of the endogenous, cultivable bacteria.

Overall, Csp_P (10" CFU/mL) attenuates the lifespan of exposed females without significantly
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impacting fecundity, oviposition, or midgut microbiota composition. Furthermore, this bacterial
strain perturbs the development and eclosion of first-generation offspring and maintains killing

efficiency over at least two consecutive generations.
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Introduction

Malaria is a disease of significance to human health. Five species of Plasmodium, the
protozoan parasite that causes malaria, are infectious to humans and are transmitted by Anopheles
mosquitoes (Calderaro et al. 2013, Sinka et al. 2012). Each year, hundreds of thousands of deaths
are attributable to infection with P. falciparum, and the majority of deaths occur in young
children (Gulland 2012, Hay et al. 2010). Despite the investment in both human and mosquito-
targeted interventions, billions of people worldwide are at risk of infection (Gulland 2012, Hay et
al. 2010). Prophylactic and therapeutic anti-malarial drugs are available for human use; however,
the evolution of drug resistant parasites and complications associated with drug distribution and
their accessibility limit their efficacy (Takala-Harrison and Laufer 2015). Currently, only one
malaria vaccine is licensed for human use. Although vaccination protects from severe clinical
manifestations with P. falciparum malaria, the vaccine does not prevent infection long-term,
which limits its potential applicability towards transmission interference (RTS,S Clinical Trials
Partnership 2015). Parasites that differ genetically from the vaccine strain are not inhibited
efficiently, further limiting vaccine efficacy (Neafsey et al. 2015).

The limited efficacy of human-directed control methods increases the reliance on vector-
based control. Although chemical and biological insecticides drastically decrease susceptible
mosquito populations, mosquitoes evolve resistance (Cisse et al. 2015, Gnanguenon et al. 2015,
Paris et al. 2010). The degradation of insecticidal activity over time, the improper use of
insecticide-treated bed nets, and implementation costs limit the effectiveness of chemical-based
approaches (Chanda et al. 2015, Cisse et al. 2015, Haji et al. 2013). Bioinsecticides applied to the
aquatic breeding sites lose mosquitocidal activity quickly, and weekly or monthly reapplications
are needed for sufficient population depression (Fillinger et al. 2003, Goldman et al. 1986,

Majambere et al. 2007, Paris et al. 2010, Paris 2011b). The persistent limitations of current



control strategies stimulate the innovation and implementation of new approaches. Recently,

interest in exploiting the mosquito’s microbiota as resource in malaria control emerged.
Endogenous midgut microorganisms play an integral role in life history of mosquitoes,

including the regulation of pathogen susceptibility and transmissibility. Vectorial capacity,

defined as the baseline transmission efficiency of a vectored pathogen, is described quantitatively
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by MacDonald’s equation, (C= ) (m=vector density related to the host population; a= the

proportion of blood-feeding females in consideration of the length of the gonotrophic cycle; V=
vector competence; P= mosquito daily survival; n= the extrinsic incubation period) (Reisen
1989). The microbiota can influence, either directly or indirectly, each vectorial capacity variable.
Influence of the midgut microbiota on vector competence has been characterized best.
Microorganisms that naturally colonize the midgut can alter Plasmodium susceptibility either by
regulating immune responses or producing factors that interfere with the parasite’s viability or
infectivity (Bahia et al. 2014, Christophides et al. 2002, Cirimotich et al. 2011, Ramirez and Short
et al. 2014, Ramphul et al. 2015, Rodrigues et al. 2010, Vlachou et al. 2005, Xi et al. 2008). The
microbiota can shape vector population dynamics and the likelihood of vector-vertebrate host
interactions. Entomopathogenic microorganisms limit malaria transmission by reducing vector
density (Mohanty and Prakash 2000, Muspratt et al. 1963, Nnakumusana 1986, Prakash et al.
2010, Priyanka et al. 2001, Seye et al. 2009), fecundity (Garza-Hernandez et al. 2013,
Nnakumusana 1986, Scholte et al. 2006), fertility (Nnakumusana 1986), and daily survival
(Akhouayri et al. 2013, Bahia et al. 2014, Blanford et al. 2005, Gonzalez-Ceron et al. 2003,
Ramirez and Short et al. 2014). In a laboratory setting, a Chromobacterium (Csp_P) isolated
from Aedes aegypti (Ramirez et al. 2012) reduces An. gambiae’s susceptibility to P. falciparum
and survival (Ramirez and Short et al. 2014). The multifactorial role of Csp P, and other bacteria,

in regulating Plasmodium transmission potentiates the introduction of microbiota-based malaria



control strategies. The process of microbiota acquisition and the roles of the microbiota in

immune system regulation and malaria transmission are detailed below.

Acquisition and Composition of the Mosquito’s Endogenous Microbiota

The mosquito’s microbiota influences the life history of the mosquito, from development
and reproductive capacity to nutrition and infection susceptibility (Bian et al. 2013, Blanford et
al. 2005, Blanford et al. 2012, De Gaio et al. 2011, Dobson et al. 2002, Dong et al. 2009, Garza-
Hernandez et al. 2013, Joshi et al. 2014, McMeniman et al. 2009, Minard et al. 2013,
Nnakumusana 1986, Ondiaka et al. 2015, Scholte et al. 2006, Walker et al. 2011). The microbiota
includes the non-pathogenic and pathogenic microorganisms found in association with the
mosquito. As with vertebrates, a variety of microorganisms naturally inhabit the mosquito (Coon
et al. 2014, Duguma et al. 2015, Gimonneau et al. 2014). Although the midgut microbiota is the
most investigated tissue because of its interaction with potential pathogens, other tissues (the fat
body, salivary glands, and reproductive organs) are colonized as well (Akhouyari et al. 2013,
Damiani et al. 2010, Favia et al. 2007, Gimonneau et al. 2014, Gusmao et al. 2010, Lindh et al.
2008, Ricci et al. 2011a, Sharma et al. 2014, Wang et al. 2011). The reciprocal interactions of the
midgut microbiota with the host and pathogen influence vector competence. Knowledge of how
the microbiota is acquired and its composition offers insight into the mechanisms of pathogen
interference and guidance in the design of future applications.

The mosquito’s microbiota is acquired at several stages throughout the mosquito’s
lifespan. As larvae, mosquitoes are in an aquatic environment that hosts a diverse microbial
community (Coon et al. 2014, Duguma et al. 2015, Gimonneau et al. 2014). The larvae filter-feed
on organic matter, including bacteria and eukaryotic microorganisms. Ingestion of bacteria is
essential for larval development (Chouaia et al. 2012, Coon et al. 2014, Mitraka et al. 2013,

Wotton et al. 1997). In addition to ingestion of microorganisms naturally present in the water,



female mosquitoes can transmit bacteria, fungi, or yeasts vertically (Akhouayri et al. 2013, Bian
et al. 2013, Damiani et al. 2010, Favia et al. 2007, Gusmao et al. 2010, Hughes et al. 2014, Lindh
et al. 2008, Mitraka et al. 2013, Ricci et al. 2011a, Wang et al 2011). This intergenerational
transmission can occur through infection of the egg cytoplasm (Werren 1997), colonization of the
egg surface (Damiani et al. 2010, Favia et al. 2007), or inoculation of the breeding water at
oviposition (Lindh et al 2008). Any microorganisms transferred to the breeding water can then be
ingested once the larvae hatch.

When the larvae undergo metamorphosis into pupae, the midgut epithelium turns over,
and a peritrophic matrix surrounds the sloughed midgut (Moll et al. 2001, Moncayo et al. 2005).
The pupal stage does not feed, so no additional microorganisms are introduced at this point in the
life cycle (Moll et al. 2001, Moncayo et al. 2005). At the transition from pupa to adult, a second
peritrophic matrix may form around the first, and both are egested, leaving the adult gut
essentially sterile (Moll et al. 2001, Moncayo et al. 2005). At emergence, the adult ingests water
from the breeding site, and some of the imbibed bacteria and fungi colonize the adult gut
(Pumpuni et al. 1996). The efficiency of the microorganisms’ persistence from larva to adult,
independent of ingestion at the adult stage (termed transstadial transmission), is unclear (Duguma
et al. 2015, Favia et al. 2007, Gimonneau et al. 2014, Lindh et al. 2008, Mitraka et al. 2013,
Pumpuni et al. 1996, Ricci et al. 2011, Seye et al. 2009). Although ingestion of larval water
seems to be the most efficient mode of adult colonization, microorganisms can also be acquired
from nectar (Alvarez-Perez et al. 2012, Pumpuni et al. 1996) and, more rarely, via sexual
transmission (Damiani et al. 2008, Favia et al. 2007).

Over the past several years, a number of studies have evaluated the mosquito’s
endogenous bacterial population. Through the use of both cultivable and non-cultivable methods,
such as metagenomic sequencing, the bacterial composition of a variety of mosquito vectors
across the various life stages has been evaluated (Andrews et al. 2014, Apte-Deshpande et al.
2012, Boissiere et al. 2012, Chandel et al. 2013, Demaio et al. 1996, Djadid et al. 2011, Duguma
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et al. 2015, Gimonneau et al. 2014, Ngwa et al. 2013, Osei-Poku et al. 2012, Pidiyar et al. 2004,
Ramirez et al. 2012, Sharma et al. 2014, Terenius et al. 2008, Valiente Moro et al. 2013, Wang et
al. 2011, Zouache et al. 2011). Despite the variability in bacterial composition among and within
mosquito populations, several themes have emerged, including a “core microbiota,” shared
colonization patterns, and the presence of a dominant bacterial isolate.

Consistent identification of bacteria with particular characteristics hints at the existence
of a core mosquito microbiota. In the midguts of Aedes, Anopheles, and Culex mosquitoes,
Proteobacteria is the dominant phylum (Andrews et al. 2014, Apte-Deshpande et al. 2012,
Boissiere et al. 2012, Chandel et al. 2013, Djadid et al. 2011, Duguma et al. 2015, Gimonneau et
al. 2014,0sei-Poku et al. 2012, Pidiyar et al. 2004, Ramirez et al. 2012, Sharma et al. 2014,
Valiente Moro et al. 2013, Wang et al. 2011, Zouache et al. 2011). Other dominant phyla include
Bacteriodetes, Firmicutes, and Actinobacteria; however, the contribution of these bacteria and
less common phyla to the overall midgut microbiota is more variable across vector species
(Boissiere et al. 2012, Chandel et al. 2013, Osei-Poku et al. 2012, Ramirez et al. 2012, Sharma et
al. 2014, Valiente Moro et al. 2013, Wang et al. 2011, Zouache et al. 2011). Within the dominant
phyla, several genera have been repeatedly identified, including Acinetobacter, Enterobacter,
Bacillus, Serratia, Pseudomonas, Pantoea, and Asaia (Andrews et al. 2014, Boissiere et al. 2012,
Chandel et al. 2013, Chouaia et al. 2010, De Freece et al. 2014, Djadid et al. 2011, Gusmao et al.
2010, Minard et al. 2013, Osei-Poku et al. 2012, Pidiyar et al. 2004, Pumpuni et al. 1996,
Ramirez et al. 2012, Straif et al. 1998, Terenius et al. 2008, Terenius et al. 2012). Several of the
bacteria are found across mosquito genera and in both field-caught and laboratory populations
(Boissiere et al. 2012, Duguma et al. 2015, Rani et al. 2009, Steyn et al. 2015, Wang et al. 2011).
These commonalities in composition suggest that mosquito colonization may be semi-selective or
may reflect an increased propensity for the mosquito to encounter these particular bacteria.

The composition studies also offer insight into the dynamics of microbiota acquisition.
As filter feeders, the larvae ingest the microorganisms available in the aquatic environment.
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Several studies show that the diversity in the water exceeds the diversity found in the larval gut
(Boissiere et al. 2012, Coon et al. 2014, Duguma et al. 2015, Gimonneau et al. 2014, Wotton et
al. 1997, Zouache et al. 2011). The larval habitat is a primary contributor to variability among and
within vector species (Chavshin et al. 2012, Demaio et al. 1996, Duguma et al. 2015, Gimonneau
et al. 2014, Moll et al. 2001, Moncayo et al. 2005, Ngwa et al 2013, Steyn et al. 2015, Tajedin et
al. 2009, Wang et al. 2011).

When larvae develop into pupae and adults, the number of unique bacteria identified
decreases, consistent with the physical turnover of the midgut at emergence (Chavshin et al.
2012, Demaio et al. 1996, Duguma et al. 2015, Gimonneau et al. 2014, Moll et al. 2001, Moncayo
et al. 2005, Ngwa et al 2013, Steyn et al. 2015, Wang et al. 2011, Tajedin et al. 2009). Despite
the proliferation of bacteria that occurs following a blood meal (Gusmao et al. 2010, Pumpuni et
al. 1996), diversity decreases in the adult, and only a few bacterial genera remain associated with
the adult gut (Terenius et al. 2012, Wang et al. 2011). The continued reduction in unique bacteria
colonizing the gut at all life stages suggests that the midgut environment is semi-selective, with
only a particular subset of bacteria capable of persisting throughout the mosquito’s life span.
Although a great deal of research is needed to elucidate the mechanisms determining microbiota
composition, recent experiments have shown that both host and bacterial genetics can influence
the capacity of a bacterium to colonize the adult midgut (Bando et al. 2013, Pei et al. 2015,
Stathopoulos et al. 2014). For example, Enterobacter requires waal, a gene necessary for proper
LPS structure, for efficient colonization in the mosquito (Pei et al. 2015).

The majority of the variability is related to which constituents are dominant and which
are minor. Typically, only one or two bacteria are dominant, whereas many others are present in
much smaller numbers (Andrews et al. 2014, Boissiere et al. 2012, Chandler et al. 2015, Chouaia
et al. 2010, Demaio et al. 1996, De Freece et al. 2014, Djadid et al. 2011, Minard et al. 2014,
Ngwa et al. 2013, Osei-Poku et al. 2012, Pidiyar et al. 2004, Ramirez et al. 2012, Rani et al. 2009,
Sharma et al. 2014, Straif et al. 1998, Terenius et al. 2008). The operational taxonomic units
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(OTUs) defined by metagenomic sequencing methods reflect this observation. In a given sample,
a single OTU contributes the majority of the reads, while unique, minor OTUs represent the
bacteria present in low numbers (Boissiere et al. 2012, Ngwa et al. 2013, Wang et al. 2011). The
dominant bacterium is typically a member of the “core microbiota,” Gram-negative, and
possessing general shared characteristics, such as catalase activity, osmotolerance, and the ability
to colonize a microaerophilic environment (Alvarez-Perez et al. 2012, Boissiere et al. 2012,
Chandel et al. 2013, Gimonneau et al. 2014, Ngwa et al. 2013, Wang et al. 2011). Several factors
contribute to the variability with which a bacterium dominates the adult gut, including larval
habitat (Boissiere et al. 2012, Chandel et al. 2013, Gimonneau et al. 2014), sex (Rani et al. 2009,
Zouache et al. 2011, Valiente Moro et al. 2013), diet (Colman et al. 2012, Wang et al. 2011), and
genetics (Bando et al. 2013, Pei et al. 2015, Stathopoulos et al. 2014).

Although less is known about the eukaryotic organisms associated with mosquitoes,
similar patterns in colonization dynamics are observed. As observed for the bacteria, the
population of eukaryotic microorganisms is more diverse in larvae than in adults, one isolate is
dominant within an individual, and several genera are repeatedly identified (Chandler et al. 2015,
Pereira et al. 2009; Lara da Costa and Cunha de Oliveira 1998; Frants and Mertvetsova 1986;
Gusmao et al. 2010; Ignatova et al. 1996; Ricci et al. 2011b; Steyn et al. 2015, Tajedin et al.
2009). Wickerhamomyces, Aspergillus, Saccharomyces, and Penicillium are among the most
commonly isolated eukaryotic genera (Chandler et al. 2015, Pereira et al. 2009; Lara da Costa and
Cunha de Oliveira 1998; Frants and Mertvetsova 1986; Gusmao et al. 2010; Ignatova et al. 1996;
Ricci et al. 2011b; Steyn et al. 2015, Tajedin et al. 2009). Additional studies are needed in the
future to identify other members of the mosquito mycobiota and to dissect the factors contributing

to colonization.



The Mosquito Innate Immune System and Interactions with the Endogenous

Microbiota

The innate immune system is critical for mitigating pathogen-induced responses, and the
effects of reciprocal microbiota-host interactions on immune signaling are important to dissect in
their relevance to vectorial capacity. The mosquito’s innate immune system consists of three main
pathways: the Toll, immunodeficiency (IMD), and Janus kinase/signal transducers and activators
of transcription (JAK/STAT) pathways (Fragkoudis et al. 2009, Kingsolver et al. 2013, Levashina
2004). Each of the three main pathways follows a similar general path: Pathogen recognition
receptors (PRRs) recognize pathogens via interactions with pathogen-associated molecular
patterns (PAMPs); downstream of this pathogen recognition, an intracellular signal cascade is
induced (Cirimotich et al. 2010). The intracellular cascade results in the nuclear translocation of
transcription factors that regulate the expression of a variety of genes encoding PRRs, immune
effectors, and proteins involved in immune regulation (Cirimotich et al. 2010).

Despite the cross-talk among these pathways, different pathways are activated
preferentially in response to certain pathogens. The Toll pathway, analogous to the interleukin-1
receptor pathway in mammals (Barillas-Mury et al. 1996, Belvin and Anderson 1995), is most
important in regulating responses to viruses (Dodson et al. 2014, Dong et al. 2012a, Sanders et al.
2005, Sim et al. 2013, Xi et al. 2008, Zambon et al. 2005), fungi (Bian et al. 2005, Dong et al.
2012a, Shin et al. 2005, Wang et al. 2015), Gram-positive bacteria (Barillas-Mury et al. 1996,
Dimopoulos 1997, Dong et al. 2009, Michel et al. 2001, Nicolas et al. 1998, Warr et al. 2008),
and the rodent malaria parasite Plasmodium berghei (Fraiture et al. 2009, Frolet et al. 2006,
Garver et al. 2009, Mitri et al. 2009, Ramirez et al. 2014, Riehle et al. 2008). Melanization and
phagocytosis, both of which are hemocyte-mediated (Kim et al. 2005, Ligoxygakis et al. 2002,

Povelones et al. 2013, Ramirez et al. 2014, Wang et al. 2013a, Zou et al. 2008), are the primary



effector mechanisms promoted by the Toll pathway. The IMD pathway, analogous to the tumor
necrosis pathway (Kleino et al. 2005), mainly responds to Gram-negative bacteria (Antonova et
al. 2009, Bahia et al. 2014, Bian et al. 2010, Dong and Dimopoulos 2009, Georgel et al. 2001,
Hoa and Zheng 2007, Kallio et al. 2005, Meister et al. 2009, Oliveira et al. 2011a, Sluss et al.
1996, Stathopoulos et al. 2014) and the human malaria parasite Plasmodium falciparum
(Antonova et al. 2009, Garver et al. 2009, Garver et al. 2012, Garver et al. 2013, Meister et al.
2009). Among the main effector mechanisms, IMD regulates nitration and lysis via Rel2, an NF-
kB-like transcription factor (Antonova et al. 2009, Dong and Dimopoulos 2009, Frolet et al.
2006, Garver et al. 2012, Garver et al. 2013, Lin et al. 2007, Luna et al. 2006, Meister et al. 2005,
Mitri et al. 2009), and cellular responses such as cytoskeletal rearrangement and apoptosis
through the Jun-terminal kinase (JNK) branch (Oliveira et al. 2012, Georgel et al. 2001, Leulier et
al. 2000, Ramphul et al. 2015, Silverman et al. 2003). Although the JAK/STAT pathway is the
most important in mediating anti-viral (Carissimo et al. 2015, Dong et al. 2012a, Dostert et al.
2005, Fragkoudis et al. 2008, Sim et al. 2013, Souza-Neto et al. 2009) and anti-fungal responses
(Dong et al. 2012a), like the mammalian interferon pathway (Dupuis et al. 2003, Fu et al. 1992),
this pathway also contributes to anti-Plasmodium (Bahia et al. 2011, Gupta et al. 2009) and anti-
bacterial responses (Gupta et al. 2009, Oliveira et al. 2011a). In the case of each of these
pathways, exposure to bacteria results in the translocation of primary transcription factors,
although not all pathways contribute equally to this process (Barillas-Mury et al. 1996, Gupta et
al. 2009, Hoa and Zheng 2007, Nicolas et al. 1998, Sluss et al. 1996).

The exogenous RNA interference (RNAi) pathway is involved in virus defense
(Brackney et al. 2009; Campbell et al. 2008; Carissimo et al. 2015; Franz et al. 2006; Keene et al.
2004; McFarlane et al. 2014; Myles et al. 2008; Sanchez-Vargas et al. 2009; Sim et al. 2013).
Although it is not directly involved in bacterial responses, this pathway intersects with the IMD
and JAK/STAT pathways (Paradkar et al. 2012, Paradkar et al. 2014). In addition, the
endogenous RNAIi pathway is involved in the regulation of host mRNA expression, and therefore

9



the expression of genes important to bacterial colonization (Dennison et al. 2015, Osei-Amo et al.
2012, Zhang et al. 2013).

The mosquito’s innate immune pathways are important in regulating the load and
composition of the microbiota. RNAi-mediated silencing of the Toll and IMD pathway NF-kB-
like transcription factors, Rell and Rel2, respectively; it also results in the proliferation of the
endogenous microbiota (Dong et al. 2009, Meister et al. 2009, Yassine et al. 2014). Also,
silencing of the complement-like protein TEP1 allows the bacteria to replicate (Dong et al. 2009).
Both Rell and Rel2 control the expression of TEPI expression (Fraiture et al. 2009, Frolet et al.
2006, Garver et al. 2012, Garver et al. 2013, Riehle et al. 2008). Multiple PRRs, including
AgDscam and PGRP-LC, also control the endogenous microbiota (Dong et al. 2006b, Dong et al.
2009, Dong and Dimopoulos 2009, Meister et al. 2009). In a study analyzing small nucleotide
polymorphisms associated with Serratia marcescens colonization, Stathopoulos et al. (2014)
made the interesting observation that certain AgDscam homologs are important in controlling
proliferation once ingested.

Conversely, the bacteria present in the mosquito also regulate the expression of
immunity-related genes. Xi et al. (2008) have shown that dedes aegypti mosquitoes treated with
antibiotics experience reduced expression of antimicrobial peptides (AMPs) when compared to
mosquitoes with an intact microbiota. AMPs, which are controlled by both Rell and Rel2, inhibit
viruses, fungi, bacteria, and Plasmodium through the disruption of the plasma membrane without
affecting the cells of the mosquito (Antonova et al. 2009, Barillas-Mury et al. 1996, Boutros et
al. 2002, De Gregorio et al. 2002, Dong et al. 2012a, Hoa and Zheng 2007, Lemaitre et al. 1996,
Lin et al. 2007, Luna et al. 2006, Manfruelli et al. 1999, Meister et al. 2005, Shin et al. 2005, Xi
et al. 2008). Other anti-bacterial effectors (e.g., PRRs, including AgDscam and PGRP-LC) and
immune regulator genes are known to be up-regulated in bacteria-colonized mosquitoes (Dong et

al. 2009). Also, genes involved in the melanization pathway, such as serine proteases and serine
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protease inhibitors, are differentially regulated to control the endogenous microbiota (Dong et al.
2009).

Microbiota-mosquito immune interactions are further exemplified by the anti-bacterial
immune responses that are induced following the proliferation of the microbiota after a blood
meal. When female mosquitoes take a blood meal, the endogenous microbiota proliferates
(Pumpuni et al. 1996, Gusmao et al. 2010); ingestion of blood, and more specifically heme,
reduces the production of reactive oxygen species (ROS) via reduction in the expression of the
heme peroxidase, IMPer (Oliveira et al. 2011a). This reduction in IMPer leads to a breakdown in
the dual oxidase, DUOX, and the IMPer network that increases the permeability of this barrier to
antimicrobial peptides (Kumar et al. 2010, Oliveira et al. 2011a). Although the peritrophic matrix,
a physical barrier composed of chitin fibrils, chitin-binding domain proteins, and other
components, forms around the blood bolus, some of the proliferating bacteria may be able to
activate the mosquito’s innate immune pathways, which are more sensitive to activation when
ROS are down-regulated (Ha et al. 2009, Kumar et al. 2010, Molina-Cruz et al. 2008, Oliveira et
al. 2011a).

Although little is known about the role of endogenous eukaryotic microorganisms in
immune regulation, each of the pathways has been shown to be involved in the clearance of
fungal pathogens (Bian et al. 2005, Dong et al. 2012a, Shin et al. 2005, Wang et al. 2015, Yassine
and Kamareddine 2012). Presumably, the native eukaryotic organisms can regulate the innate
immune pathways in a manner similar to the native bacteria; however, further research is required
to investigate these relationships.

Overall, the mosquito’s innate immune system is composed of three major pathways that
are involved in the regulation of bacterial responses, and the endogenous microbiota influences
the baseline expression of the mosquito’s immune effectors. This reciprocal interaction is
important to consider when evaluating the role exerted by bacteria on vector competence through
immune regulation.
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Influence of the Mosquito Microbiota on Plasmodium Vectorial Capacity

Plasmodium’s Life Cycle in the Mosquito

In order for a mosquito to play a viable role in Plasmodium’s transmission cycle, the
mosquito must be a competent vector. Vector competence is the ability of a mosquito to become
infected with a pathogen, support the pathogen’s life cycle, and transmit the pathogen to a
susceptible vertebrate host (Christofferson and Mores 2011, Sardelis et al. 2001, Zhou et al.
2014). In the case of Plasmodium, the cycle begins with the mosquito feeds on an infected human
and ingests blood cells containing the male and female gametocytes (Smith et al. 2014). Once
inside the mosquito, the parasites undergo sexual replication to form a motile ookinete (Smith et
al. 2014). At the ookinete stage, the parasite must overcome barriers, including the peritrophic
matrix, digestive enzymes, immune effectors, blood meal components, and endogenous
microorganisms, to invade the midgut columnar epithelial cells (Abraham and Jacobs-Lorena
2004, Han et al. 2000). This invasion process induces cellular stress and nitric oxide synthase
(NOS), which may cause invaded cells to undergo apoptosis (Han et al. 2000, Kumar et al. 2010,
Lim et al. 2005, Molina-Cruz et al. 2008, Molina-Cruz et al. 2013, Smith et al. 2012). The
resulting damage may allow endogenous microorganisms to leak through and induce anti-
bacterial responses, some of which overlap with and amplify the anti-Plasmodium responses
(Christophides et al. 2002, Ramphul et al. 2015, Rodrigues et al. 2010, Vlachou et al. 2005). A
subset of ookinetes that successfully invade the epithelial cells then traverse the invaded cells to
reach the basal lamina, where they mature into oocyts (Smith et al. 2014). During cell traversal,
the parasite is subject to additional immune responses, including melanization and other
hemocyte-mediated effector responses (Aguilar et al. 2007, Baxter et al. 2007, Oliveira et al.
2012, Dong et al. 2006a, Dong et al. 2009, Fraiture et al. 2009, Frolet et al. 2006, Habtewold et

al. 2008, Molina-Cruz et al. 2013, Povelones et al. 2009, Ramphul et al. 2015, Rodrigues et al.
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2010, Riehle et al. 2008, Wang et al. 2013b). The few parasites that survive through to the
oocycst stage reproduce asexually and release thousands of sporozoites (Smith et al. 2014). The
sporozoites released into the hemolymph must evade additional immune challenges in order to
invade the salivary glands (Bian et al. 2013, Habtewold et al. 2008). Once viable sporozoites
reach the salivary glands and invade the salivary ducts, the mosquito is competent as a vector
(Aly et al. 2009). The time from ingestion of a gametocyte-contaminated blood meal to
transmissible sprozoites is the extrinsic incubation period (EIP), typically around 10-14 days (Aly
et al. 2009). Most mosquitoes are not competent vectors for a given pathogen, because of the
presence of numerous barriers to the infection; however, several Anopheles species are competent
for the Plasmodium species infectious to humans (Sinka et al. 2012). Multiple biotic and abiotic
factors contribute to a mosquito’s ability to transmit the malaria parasite, including the midgut

microbiota.

Vector Competence

The presence of bacteria in the midgut influences the vector competence of mosquitoes
for transmitting Plasmodium. Depletion of the midgut bacteria with antibiotics increases the
oocyst burden and the prevalence of multiple human and rodent malaria parasites in various
Anopheles species (Beier et al. 1994, Dong et al. 2009, Gendrin et al. 2015, Noden et al. 2011,
Sharma et al. 2013). In addition, reintroduction of live bacteria, particularly Gram-negative
constituents, decreases the Plasmodium infection intensity in a dose-dependent manner (Dong et
al. 2009, Gonzalez-Ceron et al. 2003). These observations indicate that the midgut bacteria limit
the parasite’s ability to infect the mosquito. On closer inspection, the presence of bacteria appears
to alter the mosquito’s vector competence for the malaria parasites through altered immune

signaling or direct interactions with the parasite.
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Immune Stimulation

Endogenous bacteria mediate both the basal and Plasmodium-induced immune responses
of the mosquito, which alter the parasite’s ability to complete its life cycle within the mosquito.
The Toll and IMD pathways are particularly important for P. berghei and P. falciparum
responses, respectively (Fraiture et al. 2009, Frolet et al. 2006, Garver et al. 2009, Garver et al.
2012, Garver et al. 2013, Meister et al. 2009, Mitri et al. 2009, Ramirez et al. 2014, Riehle et al.
2008). Immune genes involved in shared responses encode a variety of PRRs, effectors, and
immune regulators, particularly those mediating melanization, lysis, and phagocytotic responses
(An et al. 2013, Christophides et al. 2002, Dimopoulos et al. 1997, Dimopoulos et al. 2000,
Dimopoulos et al. 2002, Eappen et al. 2013, Ramphul et al. 2015, Rodrigues et al. 2010, Vlachou
et al. 2005). Overexpression of shared immune genes at the time of parasite exposure allows the
mosquito to mount responses more quickly.

When the ookinete invades the midgut epithelium, the damage allows bacteria in the
midgut to amplify the mosquito’s immune responses that coincidently control Plasmodium. The
peptidoglycan recognition protein, PGRP-LC, a PRR that acts as the transmembrane receptor of
the IMD pathway, is involved in both anti-Plasmodium and antibacterial responses (Dong et al.
2009, Meister et al. 2009). Meister et al. reported that PGRP-LC is important in regulating
endogenous and exogenous bacteria as well as immunity to Plasmodium (2009). Following
RNAi-mediated silencing of PGRP-LC3, endogenous bacteria proliferate, and the mosquito
becomes more susceptible to exogenous bacterial challenge and to Plasmodium (Meister et al.
2009). Treatment of mosquitoes with antibiotics prior to an infectious blood meal abrogates the
role of PGRP-LC3-mediated protection against Plasmodium (Meister et al. 2009). The reliance on
endogenous bacteria to induce the anti-parasitic responses suggests that the bacteria activate
PGRP-LC3 more strongly than does the ookinete, and genes activated downstream of PGRP-LC
are effective in controlling both the bacteria and Plasmodium. Also, when mosquitoes are

infected with P. berghei after PGRP-LC3 silencing, the melanization of the ookinetes increases,
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suggesting an increased reliance on Toll-mediated responses (Meister et al. 2009). Furthermore,
the IMD pathway negatively regulates the melanization pathway (Frolet et al. 2006, Meister et al.
2009), suggesting that the presence of the endogenous bacteria can influence which effector
response is preferentially activated following parasite invasion.

Other pathogen recognition receptors are likewise involved in bacteria-Plasmodium
shared responses. Gram-negative binding proteins, particularly GNBPB4 (Warr et al. 2008); the
fibronectin-related proteins, especially FBN9 (Dong et al. 2009, Dong and Dimopoulos 2009);
and immunoglobulin super-family proteins, such as infection-response with immunoglobulin
domain protein (IRID)-6 (Garver et al. 2008) and the alternatively spliced hypervariable
immunoglobulin domain-encoding gene, AgDscam (Dong et al. 2006b, Dong et al 2012b), have
been shown to be important in restricting both bacteria and Plasmodium.

Recent experiments also suggest that the presence of bacteria is critical for the induction
of a “priming” response against Plasmodium in An. gambiae. Rodrigues et al. (2010) have
hypothesized that parasite invasion allows bacteria-mediated activation of a hemocyte
differentiation factor that induces the differentiation of hemocytes into granulocytes. The increase
in granulocytic hemocytes protects against either a subsequent Plasmodium or exogenous
bacterial challenge (Rodrigues et al. 2010). Also, the “priming” effect results in the increased
expression of TEPI and LRIMI, both of which are critical in hemocyte-mediated responses
against bacteria and Plasmodium (Rodrigues et al. 2010). Treatment of mosquitoes with antibiotic
prior to the initial Plasmodium exposure does not result in the production of the hemocyte
differentiation factor, and protective levels of TEP1 and LRIM1 are not induced (Rodrigues et al.
2010, Ramirez et al. 2015). Although these experiments further support the role of bacteria in the
activation of anti-Plasmodium effectors, An. albimanus mosquitoes do not rely on the presence of
bacteria to generate a “priming” response to P. berghei (Contreras-Garduno et al. 2015). These

conflicting results concerning the involvement of the microbiota in regulating Plasmodium-
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infection responses serve as a reminder that underlying species-specific differences in immunity
play a critical role in controlling infection.

Re-introduction of Gram-negative bacteria isolates from field-collected mosquitoes can
also alter the expression of genes that are important for Plasmodium defense. In addition to the
general immune stimulation described above, exposure to Wolbachia, Serratia marcescens,
Enterobacter spp. Zambia (Esp_Z), Pantoea sp., or Pseudomonas putida increases the expression
of antimicrobial peptides (Bahia et al. 2014; Cirimotich et al. 2011; Moreira et al. 2009; Ramirez
and Short et al. 2014). The induction of AMPs may offer protection against Plasmodium;
however, Gram-positive isolates, such as Bacillus pumilus, that do not enable a Plasmodium-
protective phenotype also induce AMP expression (Cirimotich et al. 2011). Although the
contribution of AMPs to Plasmodium defense is unclear, other immune factors that negatively
affect Plasmodium development, including PGRP-LC, TEP1, Rel2, FBN9, and reactive oxygen
species, are upregulated (Bian et al. 2013, Bahia et al. 2014, Hughes et al. 2011, Kambris et al.
2010, Moreira et al. 2009, Stathopoulos et al. 2014). Interestingly, natural variation within
Serratia marcescens related to the fIhDC plasmid influences the bacterium’s ability to restrict
Plasmodium infection, suggesting that the tripartite interactions can be quite specific (Bando et al.
2013).

Although the majority of overlapping Plasmodium and immune responses minimize
Plasmodium infection, some bacteria induce responses that enhance vector competence. For
example, CTL4 and CTLMA2 are over-expressed in Gram-negative or P. berghei-challenged
mosquitoes (Osta et al. 2004, Povelones et al. 2013, Schnitger et al. 2009). The expression of
these C-type lectins protects against Escherichia coli infection but enhances P. berghei infection
through an inhibition of the melanization pathway (Osta et al. 2004, Povelones et al. 2013,

Schnitger et al. 2009).
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Direct Inhibition

In addition to indirectly inhibiting Plasmodium development, some bacteria interact
directly with the parasite. Co-incubation of the sporognic stage of Plasmodium with certain
Gram-negative bacteria inhibits ookinete formation or damages the parasite in vitro (Bahia et al.
2014, Cirimotich et al. 2011, Ramirez and Short et al. 2014). Such mosquito-independent
inhibition is observed for bacteria that commonly colonize Anopheles mosquitoes, including
Comamonas sp., Acinetobacter, Pseudomonas, Pantoea, Serratia, Enterobacter, and
Elizabethkingia (Bahia et al. 2014, Cirimotich et al. 2011, Ramirez and Short et al. 2014). The
ability of bacteria that naturally associate with mosquitoes to impede Plasmodium competence
may contribute to the natural variation in vector competence.

Bacteria directly impair Plasmodium development through species-specific mechanisms.
The molecular mechanisms of parasite inhibition by bacteria with in vitro activity are beginning
to be explored. Cirimotich et al. have demonstrated that an Enterobacter isolated from Anopheles
in Zambia Esp Z, produces hydrogen peroxide (2011). Introduction of anti-oxidants either in
vitro or in vivo negates Esp Z’s ability to block parasite development (Cirimotich et al. 2011).
Other bacteria can secrete other protective factors that may be active against multiple parasite
stages. For example, Serratia marcescens and Chromobacterium spp. Panama (Csp_P) inhibit
both the asexual and sporogonic stages of Plasmodium when bacteria-free culture supernatant is
tested (Bahia et al. 2014, Ramirez and Short et al. 2014). Further experiments are required to

identify the molecules responsible for the inhibition and their mechanisms of action.

Other Variables

The microbiota can influence other factors that contribute to vectorial capacity including
daily survival, vector density, and reproduction and blood feeding behavior. Currently, the
entomopathogenic bacteria Bacillus thuringiensis and B. sphaericus are used to control larval

populations (Barbosa et al. 2007, Fernandez-Luna et al. 2010, Futami et al. 2011, Joshi et al.
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2014, Majambere et al. 2007, Paris et al. 2010, Singer 1973). In susceptible populations, exposure
to these bacteria, or their derived toxins, decreases survival upward of 90% (Mohanty and
Prakash 2000, Parakash et al. 2010, Seye et al. 2009). Reduced larval survival translates to fewer
eclosed adult and decreases the risk of Plasmodium infection in treated areas (Geissbuhler et al.
2009, Karch et al. 1991, Kroeger et al. 1995, Kumar et al. 1994). Exposure to several
entomopathogenic fungi can reduce the number of eggs a female produces (fecundity), further
depleting vector density, and can suppress the propensity to blood feed (Garza-Hernandez et al.
2013, Nnakumusana 1986, Scholte et al. 2006). For example, infection with the
entomopathogenic fungi Beauveria bassiana decreases the propensity to blood feed and reduces
indirectly the number of gonotrophic cycles over a mosquito’s lifetime (Blanford et al 2005,
Darbo et al. 2012). In general, reducing the vector density limits the total number of blood-
feeding females, which decreases the number of infectious bites (entomological inoculation rate).
Several other bacteria possess mosquitocidal properties. Although the majority of the
mosquitocidal microorganisms characterized possess activity against larvae and pupae (Geetha et
al. 2010, Geetha and Manonmari 2010, Geetha et al. 2011, Prabakaran et al. 2003, Ramirez and
Short et al. 2014), several isolates also attenuate adult survival (Akhouaryi et al. 2013, Bahia et
al. 2014, Gonzalez-Ceron et al. 2003, Ramirez and Short et al. 2014). The Chromobacterium,
Csp_P, previously described that possesses in vivo anti-Plasmodium activity kills both the adult
and larval stages of Anopheles mosquitoes (Ramirez and Short et al. 2014). Other bacteria
commonly isolated from Anopheles, including Serratia marcescens and Elizabethkingia, decrease
the longevity of colonized adults (Akhouaryi et al. 2013, Bahia et al. 2014, Gonzalez-Ceron et al.
2003). Also, bacteria-colonized mosquitoes die more quickly following a blood meal than do
antibiotic-treated mosquitoes (Dong et al. 2009). Attenuating the lifespan of adult females may
prohibit an infected female form surviving the length of the extrinsic incubation period as well as

decrease the total number of mosquitoes.
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In some cases, microorganisms can play a multifactorial role limiting vectorial capacity.
For example, in addition to the observed effects on immature and adult longevity in An. gambiae,
Chromobacterium (Csp_P) also reduces susceptibility to P. falciparum (Ramirez and Short et al.
2014). Evidence that Csp P perturbs of vector density, daily survival, and vector competence

makes Csp P an attractive candidate to control malaria transmission.

Potential Application of Chromobacterium (Csp_P) in Malaria Control

The potential application of Chromobacterium (Csp P) or Csp P-derived factors in
vector control necessitates further investigation of Csp P-vector interactions. The aim of the
project was to assess the effects of Csp P exposure on fitness parameters and the microbiota
composition of An. gambiae as well as the multigenerational killing efficiency of Csp P.
Evaluating direct and indirect fitness parameters following Csp P exposure provides important
insight into the feasibility of Csp_P-based control strategies since any Csp P-conferred fitness
advantages could negate the cost to survival. Additionally, exposure to Csp P for two
consecutive generations offers preliminary insights as to the rate at which resistance may evolve.
Also, since Csp_ P has been shown to produce anti-bacterial factors active against mosquito-
isolated bacteria (Ramirez and Short et al. 2014), the influence of Csp P, and two control
bacteria, on the composition of the endogenous microbiota was assessed.

The results of these experiments suggest that Csp_P may impede vectorial capacity more
broadly than the previous study indicated. Although ingestion of Csp P does not alter the
reproductive capacity of exposed females, maternal Csp P exposure delays the development and
reduces the survival and eclosion of first-generation offspring during the immature stages. The F1
larval and adult offspring of Csp P-exposed females died as quickly as the F1 offspring of PBS-
exposed females, suggesting that Csp_P maintains killing efficiency for at least two consecutive
generations. Finally, the cultivable endogenous microbiota is not altered measurably following

the Csp_P ingestion. Although additional studies are needed to assess the long-term effects of
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multigenerational Csp P-exposure on fitness under semi-field conditions and the potential for
evolution of resistance, these results encourage further evaluation of Csp_P as means to control

Anopheles gambiae and reduce Plasmodium transmission.
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Materials and Methods

Mosquito Rearing
The Keele strain of Anopheles gambiae was reared at 27°C with 80% humidity with a 12-
hour light/dark cycle. Unless otherwise noted, mosquitoes were maintained on a 10% sucrose

solution.

Bacterial Cultures

Luria broth (LB), SmL, was inoculated with 1pL of freezer stock of Chromobacterium
(Csp_P), Enterobacter (Esp_Z), or Pantoea (P. sp.) and cultured overnight at 30°C with shaking.
The overnight culture was the washed twice in SmL of 1X phosphate buffer solution (PBS). After
the second wash, the cultures were diluted to ODgp= 1.0 (£0.05) giving an approximate
concentration of 10°* colony forming units/mL (CFUs). To measure the concentration of bacteria

fed post hoc, 50uL of serial dilutions (10'4, 10'6) of the 10Dy culture were plated on LB agar

number of colonies X 10"—4

then incubated at 30°C overnight before calculating CFUs (CFUs= [( ) +

0.05mL

(number of colonies X10_6)]
0.05mL

/2).

Introduction of Bacteria in Sugar Meal

At 4-6 days post-emergence, adult females were placed into cups, provided 10% for at
least 4 hours, and starved overnight prior to exposure. The morning of bacterial exposure,
bacteria were added to a 1.5% sucrose solution with an intended final concentration of 10
CFU/mL or 10’ CFU/mL. For all bacteria-feeding experiments, the same volume of 1X PBS was
added to 1.5% as a negative control. A piece of filter paper was added to the 1mL of sucrose
solution, and mosquitoes were allowed to feed for 24 hours. Following bacteria introduction in

1.5% sucrose, the mosquitoes were returned to 10% sucrose.
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Blood Feeding

Blood meals were prepared by mixing 40% human red blood cells and 60% O+ human
serum. Mosquitoes were offered a blood meal using membrane feeders as described previously
(Xi et al. 2007). For all experiments, mosquitoes were starved 6-8 hours before being allowed to

blood feed for one hour.

Fecundity and Oviposition

Six-to seven-day eclosed females were fed either a 10> or 10’ dose of Csp P or P sp
(N=25). Approximately 56 hours after exposure, each cup was provided a blood meal with one
membrane feeder. At the end of the blood meal, the blood fed females were sorted from the non-
fed. Three days later, blood fed females were placed into individual oviposition cups, a 50mL
Falcon tube will 5-7.5mL of deionized tap water with a piece of filter paper placed at the bottom
to collect eggs. After being allowed to oviposit for two days, the number of ovipositing females
and the number of eggs oviposited were recorded. If females oviposited ten eggs or fewer their
spermatheca was dissected to check insemination status. For spermathecae dissections, the
spermathecae was first dissect in 30uL of 1X PBS then transferred to 10uL of Geimsa stain
(diluted 1:100 in deionized water) and physically crushed onto a glass slide using ethanol-
sterilized forceps, allowed to air dry, fixed with 50pL of methanol for 30 minutes, and rinsed with
deionized water. After the slides with the fixed spermathecae air-dried, the slides were viewed
using a light microscope at 10-40X. Only inseminated females were included in the oviposition

and fecundity analyses.

Fertility and Offspring Development
Females, 6-7 days eclosed, were fed a 10’ dose of Csp P in cups (N=30). Two days

following exposure, the surviving mosquitoes for each treatment were transferred to a small cage

22



and were blood fed (3 membrane feeders per cage). Three days after the blood meal, two
oviposition cups (50-mL of water with a piece of funneled filter paper) were placed in each cage.
After being allowed to oviposit for two days, the eggs for each paper were counted. The egg-
laden filter paper was placed in a 150mm X 25mm petri dish with 100mL of deionized tap water,
and the eggs were allowed to hatch. The number of hatched larvae was recorded for two days.
After emergence, the larvae were transferred to density-controlled trays (N=100) with 20 mg of
larval food (liver powder, tropical fish flake food, and rabbit pellets mixed in a 2:1:1 ratio) and 1
pellet of cat food in 2L of deionized tap water. Throughout the experiment, 10.0 mg of food was
added every other day. Water bacterial loads were measured throughout the experiment. Two
water samples, 1mL each, were collected from the oviposition containers and at baseline, 4 days,
and 8 days from the density-controlled trays. 50ul. of non-diluted water samples and serial

dilutions (107, 10™*) were plated on LB agar. The LB plates were incubated at 30°C and counted

[number of colonies ><10"—2+

colonies at 18 and 42 hours to calculate the CFUs (CFUs= 0.05mL

number of colonies X 10"—4

Py 1/2). The CFUs were transformed to log base 10 prior to data analysis.

Survival was recorded at 4 days, 8 days, and each day once larvae began to pupate. The pupae
were transferred to cups with 50mL of deionized tap water and placed in a small cage with 10%

sucrose and allowed to emerge. The proportion of pupae that eclosed was recorded. The sex ratio

number of males

(sex ratio= ) was calculated after all offspring eclosed as adults. Adult offspring

number of females
were transferred to cups (N= 20-25) and used either for Csp_P exposure or survival bioassays.

Survival of adult offspring was monitored daily until all mosquitoes died.

Csp_P Susceptibility of Larval Offspring
One to two days after the F1 larvae of Csp P or PBS exposed females hatched, a subset

of larvae were exposed to Csp P. Larvae were transferred to a well of a 6-well plate (N=10) with
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5 mL of sterile water and 2 mg of larval food and were exposed to a final concentration of 10°

CFU/mL of Csp_P or an equal volume of 1X PBS. Survival was monitored daily for 3 days.

Csp_P Susceptibility of Adult Offspring

Three to five days after the F1 adult offspring eclosed, females were placed into cups
(N=25), starved overnight, and exposed to 10" CFU/mL Csp P in 1.5% sucrose for 24 hours.
After bacterial exposure in 1.5% sucrose, mosquitoes were provided 10% sucrose ad libitum.

Survival was monitored until all mosquitoes died.

Microbiota Assays

At 6 days post-eclosion, adult females were placed in cups (N=30). Prior to bacterial
exposure, individual midguts were dissected from mosquitoes after being starved overnight as
baseline. For midgut dissections, each mosquito was surface sterilized in 70% ethanol for 30
seconds and rinsed in 1X PBS; then the midgut was dissected in 30 uL. of 1X PBS, rinsed in 70%
ethanol to surface sterilize the midguts, rinsed in 1X PBS, and stored in 120uL of 1X PBS. At 0
hours, mosquitoes were fed a 107 dose either Csp P, Esp Z, or P sp, or the same volume of 1X
PBS. At 24 and 96 hours after exposure, individual midguts were dissected. For each replicate,
six midguts per treatment per time point were homogenized and plated on LB agar as a serial

dilution (ND, 102 10*) and incubated at 30°C. Colonies were counted at 18 and 42 hours after

number of colonies xdilution
0.05mL

plating. The colony counts were then calculated as CFUs ( + 1) and log

base 10 transformed prior to statistical analysis. Additionally, survival was monitored daily
through 144 hours for the mosquito cohorts from which the dissected mosquitoes were taken.
Unique colonies, identified based on differential morphology, for each treatment and
each time point were streaked to yield isolated, monoculture colonies. The 16S rDNA was
amplified from each morphologically distinct colony using one of two methods. Direct

amplification of 16S rDNA from the isolated bacterial colony was attempted first. Each unique
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colony was suspended in 24ulL of the appropriate PCR reagents (2.5uL 10X PCR buffer, 0.5
10mM of each primer, 0.1uLL Platinum Taq Polymerase, 0.5 uL 10mM dNTPs, 0.75 uL 50mM
MgCl,) and the PCR was run using the 16S 27F (5'- AGA GTT TGA TCC TGG CTC AG -3")
and 1492R (5'- ACG GyT ACC TTG TTA CGA CTT -3") primers under the following
conditions: 94°C for 10 minutes, [94°C for 30 seconds, 55°C for 30 seconds 72°C for 90
seconds]X33 cycles, then 72°C for 10 minutes. Then 7 uL of PCR product was run on 1.0%
agarose gel and visualized at 200ms exposure. The PCR samples for colonies with a 1465bp band
were purified using the QIAquick PCR Purification kit (QIAGEN) and sent for sequencing with
the 27F primer. The colonies that did not produce a band via the direct amplification method were
cultured in SmL of LB broth at 30°C shaking overnight. DNA was extracted from 1.5-mL of each
unique colony culture using the genomic DNA isolation from Gram-positive protocol of the
QIAamp DNA Mini kit (QIAGEN) with the following modifications: after re-suspension in
lysozyme solution (200ug/mL) the samples were kept at 37°C overnight. The extracted gDNA
from each unique colony (200ng) was then PCR amplified using the 16S 27F and 1492R primers
under the same conditions as the direct amplification method, except the duration of the initial
denaturing step at 94°C was 2 minutes rather than 10 minutes. The gDNA PCR amplification
products were run on an agarose gel to confirm the 1465bp band, purified, and sequenced in the
same manner as the direct amplification products. All unique colonies were PCR amplified and
sequenced successfully using one of the two methods. Using the nucleotide BLAST from NCBI,
then isolate colonies were matched to genus level. The match cut off applied was 90% coverage
and 95% identity. To confirm the Chromobacterium spp., Enterobacter spp., and Pantoea spp.
cultivated from the midguts was the fed isolate, 16S rDNA from a colony of each fed isolate was

sequenced and used as a reference sequence.
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Statistical Analysis

Data was analyzed using one-way ANOVA with Dunn's or Bonferroni's post-test,
Kruskal-Wallis test with Bonferroni's post-test, Friedman test with Dunn's post-test, paired t-test,
and pairwise Log-Rank (Mantel Cox) tests for survival analysis conducted in the GraphPad Prism
statistical software package (Prism 5.05; GraphPad Software, Inc., San Diego, CA). For Figure
4A, analysis was performed using a Cox proportional hazards statistical analysis in R (R

Foundation for Statistical Computing).
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Results

Fitness Effects of Csp_ P on Exposed Adult Females

Previous studies have shown that exposure of mosquitoes to a 10° CFU/mL dose of
Csp_P robustly attenuates the survival of exposed adult females (Ramirez and Short et al. 2014).
At this high dose, only a few females survived long enough to measure the fitness effects of
exposure efficiently. Thus, in this experiment, two lower doses of Csp_P, 10> CFU/mL and 10’
CFU/mL were used. To control for any non-specific effects of bacterial exposure on female
fitness Pantoea sp.(P sp.), a Gram-negative bacterium isolated from field-collected Anopheles
(Cirimotich et al. 2011), was fed at the same doses.

Females were fed either bacterium or PBS in 1.5% sucrose for 24 hours, blood fed two
days later, and allowed to oviposit through five days after blood feeding to measure the number
of egg-laying females, fecundity, and survival. Neither Csp_P nor P. sp. influenced the number of
ovipositing females (Figure 1A; P= 0.9788) or fecundity (Figure 1B; P=0.7205). Only ingestion
of Csp_P at the higher dose significantly reduced longevity (Figure 1C; Ppgg_pspioo= 0.5771, Ppgs.

Pspl0~7— 0.8154, PPBS»CspPIOAZZ 0-7046, PPBS—CspPlOW <0.0001).

Intergenerational Effects of Csp P Exposure

Transgenerational Fitness Effects

To investigate whether Csp P exposure transgenerationally affects mosquito fitness, the
F1 progeny derived from either Csp_P (10’ CFU/mL) or PBS challenged females were reared to
monitor viability, development, and longevity. After allowing the Csp_P- or PBS-fed females to
oviposit, their eggs were hatched. Exposure to Csp P did not affect embryonic viability (Figure
2A, P=0.4179). When the hatched F1 larvae were reared in density-controlled trays, the survival
of the F1 larvae from Csp P-exposed females was significantly decreased compared to the F1

larvae of PBS-exposed females (Figure 2B, P <0.0001). The divergence in larval survival
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between these two groups mainly occurred during the third and fourth instars. Corresponding to
this impairment in survival, the proportion of F1 larvae from Csp_P-challenged females that
pupated was 32.3% lower (Figure 2C; P= 0.028, 95% CI 9.1-59.9%) and the proportion of F1
larvae from Csp_P-challenged females that eclosed to adults was 32.3% lower (Figure 2D; P=
0.0253, 95% CI 9.8-54.9%) than the F1 larvae from PBS-exposed females. Additionally, after
adjusting for larval death, the median time to pupation was two days slower in the F1 larvae of
females challenged with Csp P (Figure 2E; P <0.0001).

The proportion of F1 pupae from Csp P-exposed females that eclosed into adults was
lower than the F1 pupae from PBS-exposed females by 11.5% (Figure 2F; P=0.026, 95% CI 3.4-
19.7%). Negative effects of maternal Csp P exposure on the first-generation of offspring were
limited to the immature stages. Maternal Csp P-exposure affects neither longevity (Figure 2G;
P=0.7154) nor sex ratio (Figure 2H; P= 0.3447) of the F1 adult progeny.

To determine whether Csp P is transferred vertically to F1 larvae or whether the
bacterial load differs between the aquatic environments of the two groups of larvae, water
samples were collected and cultured. Although breeding water bacterial load varied across time
points (P< 0.05), the bacterial loads did not differ between groups at any of the time points
(Figure 3; Pegg water >0.05 Ppagetine >0.05 Pypays >0.05 Pgpays >0.05). In one of the three replicates,
Csp_P was detected in the larval water of F1 offspring derived from females challenged with
Csp_P at 4 days at loads of approximately 10° CFU/mL and decreased to less than 10 CFU/mL
at 8 days (data not shown). Overall, the results from these experiments indicate that maternal
Csp_P exposure negatively affects the immature stages of F1 progeny's development, particularly

larvae, but does not significantly affect the F1 adult offspring.
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Csp_P Killing Capacity

To evaluate Csp_P’s multigenerational killing capacity, the F1 larval and F1 adult
offspring of Csp P- and PBS-exposed females were exposed to Csp P. Challenge of first instar
larvae with Csp P (10° CFU/mL) has been shown to cause significant mortality (Ramirez and
Short et al. 2014). Here the F1 first instar larvae derived from females fed either Csp P (10’
CFU/mL) or PBS were challenged with Csp P (10° CFU/mL) or PBS and their survival was
followed for three days. F1 larvae challenged with Csp P, regardless of the mother’s Csp P
infections status, experienced significant mortality (Figure 4A; P= 1.81e-11). In support of the
earlier experiment indicating that maternal Csp P-exposure reduces F1 larval survival, F1 larvae
derived from Csp P-challenged mothers that were exposed to PBS as a negative control
experienced impaired survival compared to PBS-challenged F1 larvae derived from PBS-exposed
females (Figure 4A; P= 0.0344). However, no interaction exists between maternal and larval
Csp P exposure (Figure 4A; P= 0.6105), meaning that F1 larvae of Csp_P- or PBS-challenged
females are susceptible, equally, to a 10° CFU/mL dose of Csp_P. Unlike the larval offspring, the
F1 adult female progeny of Csp P-challenged females died significantly faster following
ingestion of Csp_P (10" CFU/mL) in an artificial nectar meal, than Csp_P-challenged F1 adult
progeny of PBS-exposed females (Figure 4B; P= 0.0021). However, in one of these replicates

median survival in the control group was lower.

Effects of Csp_P Exposure on the Midgut Microbiota

To determine whether Csp P affects the load and composition of the midgut microbiota,
the cultivable bacteria of individual midguts from females prior to bacterial exposure (baseline)
and at 24 and 96 hours after ingestion of PBS, Csp_ P, an Enterobacter (Esp_Z) isolated from
Anopheles in Zambia (Cirimotich et al. 2011), or P. sp.. The dissection at the 24 hour time point
was chosen due to evidence that Csp P colonizes efficiently at 24 hours (Ramirez and Short et al.

2014); and the 96-hour time point coincides with the median survival of 10’ CFU/mL Csp P-fed
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females (Figure 1C; Appendix 5). In this experiment, survival was attenuated significantly in
Csp P- (P <0.0001) and Esp_Z- (P= 0.0205) exposed females (Figure 5); however, the relative
survival at 4 days post-Csp P exposure was 20.4% and median survival was not reached
(Appendix 9).

The total number of cultivable bacteria for each group was assessed in reference to the
baseline and the PBS control midgut bacterial loads. At 24 hours, the total number of cultivable
bacteria in mosquitoes that fed on Esp Z increased significantly compared to baseline mosquitoes
(P <0.05); but in relation to the PBS control, the load of cultivable bacteria did not differ across
groups (P > 0.05) (Figure 6A). The bacterial load at 96 hours increased significantly for all
groups, with the exception of Csp_P-fed, in reference to baseline (Pgasetine- pBs sp 7, p. sp. < 0.0001,
Pgasetine-csp_p > 0.05), but the total number of bacteria did not increase compared to the 96-hour
PBS control (Pegs.csp p» Esp z p. sp. >0.05) (Figure 6A). Further, when only the endogenous bacteria
(Asaia, Elizabethkingia, Klebsiella, and Staphylococcus) were used for the analysis, the same
patterns were observed with the exception that the bacterial load in Esp Z-fed females at 24 hours
did not increase significantly relative to baseline (Pgaseiine.£5p 2 >0.05) (Figure 6B).

The prevalence of the non-introduced, endogenous cultivable bacteria (4saia,
Elizabethkingia, Klebsiella, and Staphylococcus) did not differ significantly among the treatments
relative to baseline or PBS (Figures 7A-D; Pgascline- pBS, csp P, E5p 7, Psp. > 0.05, Pegs. g p, £5p 2, Psp. >
0.05). As expected, the prevalence of the introduced bacteria was higher in the correspondingly
exposed group at 24 hours and absent from all other groups (Figures 7E-G; Pgg, 7= 0.0080,
Pcgp p= 0.0433, Pp = 0.0080). The introduced bacteria were not found frequently at 96 hours,
suggesting transient colonization (Figures 7E-G). Overall, feeding bacteria does not influence the

composition of the cultivable midgut microbiota.
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Discussion

Tripartite interactions between mosquito, microbiome, and pathogen have the potential to
shape vectorial capacity. For instance, microbiota associated with the mosquito midgut may
interfere with susceptibility to Plasmodium infection by altering immune signaling (Dong et al.
2009, Garver et al. 2008, Meister et al. 2009, Rodrigues et al. 2010, Warr et al. 2008) or
producing factors that directly impair pathogen viability or infectivity (Bahia et al. 2014,
Cirimotich et al. 2011, Ramirez and Short et al. 2014). Alternatively, the mosquito microbiome
may disrupt vector-vertebrate host interactions by decreasing vector population size (Barbosa et
al. 2007, Fernandez-Luna et al. 2010, Futami et al. 2011, Joshi et al. 2014), propensity to blood
feed (Blanford et al. 2005, Darbo et al. 2012), or mosquito longevity (Akhouaryi et al. 2013,
Bahia et al. 2014, Gonzalez-Ceron et al. 2003, Ramirez and Short et al. 2014). In a laboratory
setting, the entomopathogenic Chromobacterium (Csp_P) has previously been shown to block
Plasmodium falciparum infection and kill larval and adult An. gambiae (Ramirez and Short et al.
2014). This study further evaluated how Csp P infection influences various life history traits of
immature and adult An. gambiae. The direct and transgenerational impacts of Csp_P exposure on
mosquito fitness, and the composition of cultivable midgut microbiota were tested to yield

insights into the potential suitability of Csp_P as a biological agent for malaria control.

Csp_ P and Female Fitness Parameters

Since entomopathogenic bacteria typically decrease the fecundity and proportion of egg-
laying females (Garza-Hernandez et al. 2013, Joshi et al. 2014, Mmakumusana 1986, Scholte et
al. 2006), Csp P was anticipated to influence these fitness parameters negatively. Ingestion of
either 107 or 10" CFU/mL Csp_P, or the control bacterium P. sp., did not affect the proportion of
female mosquitoes ovipositing (Figure 1A) or their fecundity (Figure 1B). Entomopathogens

cited to interfere with reproduction typically induce immune responses (Dong et al. 2012, Hughes
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et al. 2011), which may divert investment from egg production to anti-microbial responses
(Reaney and Knell 2010, Rhen et al. 2006). Previously, it was shown the Csp P (10° CFU/mL)
does not activate An. gambiae’s IMD pathway 24 hours after infection (Rameriz and Short et al.
2014). The lack of such a Csp P stimulated immune responses may therefore minimize
reproductive costs of infection. Overall, Csp P ingestion did not confer measurable reproductive

costs or benefits.

Transgenerational Effects of Csp P Exposure: Fitness Parameters

The F1 offspring derived from Csp P- or PBS-challenged females were reared to
evaluate transgenerational fitness effects. Pathogen exposure has been shown either to decrease
(Nnakumusana 1986) or not to affect mosquito fertility (Darbo et al 2012, Linder and Promislow
2009). Although the viability of eggs laid by Csp P-exposed females did not differ from those
produced by PBS-exposed females (Figure 2A), a higher proportion of F1 progeny derived from
Csp P exposed females died prior to eclosion as adults (Figures 2B, D, F). Additionally, after
accounting for larval death, maternal exposure to Csp P was associated with the delayed
pupation of F1 larvae (Figure 2E). These results suggest that the offspring of females exposed to
Csp P, in the immature stages, are not as healthy as the control progeny derived from PBS-
exposed females.

Despite fitness deficits during the immature stages, maternal Csp_ P exposure did not
affect the longevity (Figure 2G) or sex ratio (Figure 2H) of Fladult offspring. Although Csp P
was detected in larval water in only one of the three replicates (data not shown), the role of
Csp P in directly mediating larval mortality and developmental delays cannot be excluded. In the
future, plating larval cadavers to isolate Csp P could substantiate or negate this bacterial strain's
involvement in the fitness costs observed during the immature stages of development. Also,

testing for the presence of Csp P in F1 adult offspring using either culture dependent or
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independent methods, would be beneficial to assess the potential for Csp P's intergenerational
transmission. Since the transgenerational fitness effects were consistent across replicates
regardless of Csp_P detection, other factors may likely contribute to these phenotypes.

Depletion of energy stores or interference with the transport of available nutrients to
developing oocytes during vitellogenesis may explain the declined survival and delayed
development of Csp_P F1 larvae. In other studies, pathogen infection has been shown to deplete
energy stores, particularly lipids, in exposed mosquitoes (Oliveira et al. 2011b, Rivero et al.
2007). Yolk components, including maternally derived amino acids and lipids, are incorporated
into the oocytes following a blood meal (Atella et al. 2006, Briegel et al. 2001, Hansen et al.
2014, Leyria et al. 2014). If Csp_P infection alters nutrient availability, composition, or transport
to developing oocytes, then the F1 eggs of Csp P-exposed females may have fewer nutritional
reserves.

Since parental fecundity and F1 embryonic viability appear unaffected, the mechanism
associated with delayed larval development appears not to affect the initial production of viable
An. gambiae first instar stage larvae. Clifton and Norigea (2012) showed that undernourished
female mosquitoes transfer fewer lipids to their offspring without affecting the proportion of
mosquitoes ovipositing, although fecundity was marginally decreased by 10%. Unfortunately, the
development of the hatched larvae was not followed (Clifton and Norigea 2012). For insects,
most experiments that assess the transgenerational fitness costs of pathogen exposure stop
following assessment of F1 embryonic fertility (Garza-Hernandez et al. 2013, Joshi et al. 2014,
Mmakumusana 1986, Scholte et al. 2006, Shoemaker and Adamo 2007), so not much is known
about offspring survival or developmental rate. Evidence from mammalian and avian systems,
however, correlates maternal condition and offspring health (Coakley et al. 2014, Kallio et al.
2015). For example, in wild blue tits treated with malarone, an anti-malarial drug that decreases
Plasmodium burden, fledging success increases (Knowles et al. 2009); in rat pups born to mother
infected with Mycoplasma arthridis, neonatal survival decreases (Naot et al. 1978). However, the
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potential differences in parental care after birth may confound the effect of resource investment
during embryogenesis.

In these experiments, the F1 larvae derived from Csp P exposed females were not
affected until later larval instars, suggesting that metamorphosis may be dysregulated. Since
nutritional status plays an integral role in metamorphosis regulation (Koyama et al. 2013, Layalle
et al. 2008, Niwa and Niwa 2014, Telang et al. 2007, Telang et al. 2010), any changes to resource
transfer during vitellogenesis may impact the development and survival of the resulting offspring.
Lipids are of particular interest due to the link identified between neutral lipid storage in the
larval midgut and metamorphic hormones, juvenile hormone and 20-ecdysone, signaling
(Nishiura et al. 2007). However, amino acids may also be important nutritional signals, as they
regulate the TOR pathway, which is coupled with developmental timing (Hansen et al. 2014,
Koyama et al. 2013).

Additionally, studies indicate that metamorphosis and immune responses are interrelated
processes, and that successful molts require competent immune responses (Altincicek and
Vilcinskas 2008, Regan et al. 2013, Rus et al. 2013, Zhang and Palli 2009, Zhang et al. 2014).
Since mosquito larvae utilize microorganisms as a nutrient resource during development, ingested
bacteria or fungi may activate immune responses when the midgut tissue is turned over. Over-
stimulation of immune responses, typically involving the melanization cascade, or an
uncontrolled infection may abort a molt or result in death (Zhang et al. 2014). Often, the larval
cadavers recovered from either Csp_P or PBS trays were melanized (personal observation). The
bacterial loads in the larval water did not differ between the groups at any of the time points
(Figure 3), suggesting the risk of bacteria-related death during development would be similar
between the two groups in the absence of other differences. As such, the hypothesis that maternal
Csp P-exposure interferes with nutrient transfer during egg production causing transgenerational

deficiencies in larval development and survival remains plausible.
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Alternatively Csp P may epigenetically alter the germline of exposed females, thus
influencing gene expression in the resulting progeny. The epigenetic ensemble of An. gambiae
was recently characterized and includes over 150 genes including histone modifying enzymes as
well as a DNA methyltransferase (Jenkins and Muskavitch 2015). Although the transgenerational
relevance of epigenetic changes is not well characterized, maternal life history has been shown to
influence the epigenome and non-genetic inheritance of the offspring (Desai et al. 2015, Rechavi
et al. 2014, Sinclair et al. 2007, Vangeel et al. 2015). For example, in sheep the preconception B
vitamin and methionine levels altered the methylation pattern of pre-ovulatory oocytes (Sinclair
et al. 2007). Even when the embryos were implanted in a sheep maintained on a normal diet, the
offspring experienced altered immune responses, insulin resistance, and blood pressure elevation
related to the dysregulated expression patterns of differentially methylated genes (Sinclair et al.
2007).

Additionally, exposure to microorganisms, including Plasmodium and Wolbachia, is
known to alter the non-coding RNA profiles of mosquitoes (Dennison et al. 2015, Hussain et al.
2011, Mayoral et al. 2014, Osei-Amo et al. 2012, Zhang et al. 2013). Although any changes to
non-coding RNA profiles are more likely to influence gene expression of the exposed females,
non-coding RNA may play a transgenerational role (Rechavi et al. 2014, Sharma 2015, Yan 2014,
Yuan et al. 2015). Transgenerational epigenetic changes that influence the expression of genes
involved in metamorphosis, including cuticle proteins (Charles 2010, Farnesi et al. 2012), nutrient
transporters (Atella et al. 2006, Hansen et al. 2014), and immune genes (Altincicek and
Vilcinskas 2008, Regan et al. 2013, Rus et al. 2013, Zhang and Palli 2009, Zhang et al. 2014), or
epigenetic regulating genes, such as DNA or histone modifying enzymes (Jenkins and
Muskavitch 2015), could contribute to the reduced survival and delayed pupation following
Csp P exposure.

Despite the negative effects of maternal Csp_P exposure on the survival and the rate of
development in the immature stages, the adult offspring were not impacted measurably. The F1
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adult offspring did not differ in longevity (Figure 2G) or sex ratio (Figure 2H). The lack of a
phenotype may support the hypothesis that F1 larvae of Csp P-exposed females are
undernourished. If the larvae acquire enough resources, though delayed, to progress through each
of the molts, any previous deficits may be compensated for and leave the adult offspring
relatively unaffected. Due to the limited number of F1 offspring reared to adulthood, the
fecundity of F1 adult offspring was not measured; however, repeating these experiments to assess
F1 reproductive fitness may offer valuable insight into long-term multigenerational fitness
effects. Additionally, investigating whether all offspring are affected equally or if offspring of a
few females experience delayed pupation and larval death may provide further insight into these

phenotypes.

Transgenerational Effects of Csp P Exposure: Csp P Challenge

Exposing two consecutive mosquito generations to Csp P did not diminish Csp P’s
killing efficiency. When the F1 larvae derived from Csp P-exposed females or F1 controls
derived from PBS-exposed females were challenged with a moderately lethal dose of Csp P,
median survival times did not significantly differ from one another (Figure 4A). When the F1
larvae were exposed to PBS as a negative control, the survival of F1 larvae from Csp P-exposed
females was lower than that of F1 larvae from PBS-exposed females (Figure 4A), reflective of the
mortality observed in the larval development assay (Figure 2B).

Adult F1 female offspring from Csp P-exposed females that were challenged with
Csp_P (10" CFU/mL) died significantly faster than did female adult offspring of PBS-exposed
females (Figure 4B). However, in one of the two replicates the control mosquitoes died more
quickly. Given this observed variability, this experiment should be repeated in the future a third

time to resolve the legitimacy of this phenotype. In addition, the low number of F1 adult females
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that eclosed each replicate prevented exposure to PBS in parallel with F1 Csp P challenge. These
additional controls should also be included when this suite of experiments is replicated.

Retaining multigenerational killing capacity is encouraging; however, the selection
pressure applied to the adults (FO) was low, 12.5-43.4% relative mortality at 96 hours after
exposure (Appendix 1), and may not be predictive of long-term, multigenerational use. The
bioinsecticides, Bacillus thuringiensis, B. sphaericus, and their derived toxins, kill over 90% of
susceptible larvae (Goldman et al. 1986, Mittal et al. 1998, Paris et al. 2010, Paris et al. 2011,
Wirth et al. 2000). Unfortunately, resistance to these mosquitocidal bacteria can be selected for in
less than 15 generations (Goldman et al. 1986). In Culex quinquefasciatus, exposure of larvae to a
concentration of B. sphaericus lethal to nearly 98% of mosquitoes within 48 hours, killed only
71.3% of mosquitoes within 48 hours the subsequent generation (Wirth et al. 2000). This
observation suggests that exposure to a strongly selective dose of Csp P, particularly as larvae,
may potentiate the evolution of resistance at a faster pace than would ingestion of a moderately
lethal dose in adults. Examining how larval exposure to Csp P influences transstadial and
intergenerational fitness parameters and the development of resistance to perturbations in
mosquito lifespan is important for designing any larval stage-targeted Csp_P-based control. A
selection experiment, exposing adults or larvae to Csp_P for multiple generations, may provide
valuable insight into both the mechanisms of Csp P-mediated mortality and potential for

resistance to evolve.

Bacterial Exposure and the Midgut Microbiota

Since the composition of the midgut microbiota is known to influence vectorial capacity,
the cultivable bacteria were measured following ingestion of known bacteria. The three bacterial
isolates, Csp P, Esp Z, and P. sp., were selected for this experiment; because they grow similarly

at 30°C (data not shown), were isolated from field-caught mosquitoes (Cirimotich et al. 2011,
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Ramirez et al. 2012) , and have all been shown to decrease vector competence of An. gambiae for
P. falciparum (Bahia et al. 2014, Cirimotich et al. 2011, Ramirez and Short et al. 2014). Unlike
the other two bacteria, Csp_P secretes anti-bacterial factors that are active against a broad range
of bacteria naturally found in mosquitoes, and is not isolated commonly from Anopheles
(Ramirez and Short et al. 2014). Due to previous evidence that Csp P colonizes the An. gambiae
gut by 24 hours (Ramirez and Short et al. 2014), prior to the dramatic decrease in survival, and
that peak mortality occurs around 96 hours, these time points were chose to measure the
cultivable midgut bacteria. Exposure to Csp_P was expected decrease the prevalence and load of
the endogenous bacteria while P. sp. and Esp Z were predicted not to affect on the midgut
microbiota composition.

The total number of bacteria did not differ significantly from the PBS control at either
time point for any of the bacteria (Figure 6A). Although not significant, when only endogenous
bacteria (Asaia, Elizabethkingia, Klebsiella, and Staphylococcus) were included in the analysis,
the total number of bacteria tended to be lower in the Csp P- and Esp Z-fed mosquitoes at 24
hours and in the Csp P-fed individuals at 96 hours (Figure 6B). At 24 hours, the decrease in the
load of endogenous bacteria at 24 hours likely relates to the decreasing trend in Asaia prevalence
(Figure 7A) in parallel with the significant increase in prevalence of the fed bacteria (Csp P,
Esp Z, P. sp.) (Figures 7E-G). Reciprocally, the prevalence of Asaia tended to increase at 96
hours and the fed bacteria prevalence decreased significantly (Figures 7A, E-G). The total midgut
bacterial load for all groups, though not significant in Csp_P-exposed, was higher at 96 hours
than prior to bacteria introduction (baseline) (Figure 6).

The increased bacterial load from baseline to 96 hours may reflect either the
accumulation of bacteria over time, or the proliferation of endogenous bacteria due to the
increased sucrose concentration from 1.5%, when the bacteria or PBS were introduced, to 10%,
after the 24-hour bacterial or PBS exposure in our experimental protocol (Alvarez-Perez et al.
2012, Chouaia et al. 2010). Since bacteria associated with the mosquito midgut, such as A4saia,
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proliferate in high sugar conditions (Alvarez-Perez et al. 2012, Chouaia et al. 2010), it is possible
that Asaia proliferated more efficiently in the 10% sucrose environment than did the fed bacteria
preventing their long-term colonization. In the future, maintaining the mosquitoes on a lower
sucrose concentration may influence the colonizability of the fed bacteria.

The lack of evidence that Csp P reduces the prevalence of the cultivable bacteria may be
due to insufficient colonization or lack of signals to produce or secrete anti-bacterial factors. In
Chromobacterium violaceum the production of chitinases, hydrogen peroxide resistance, and
violacein rely on quorum sensing (de Oca-Mejia et al. 2015). If quorum sensing is required,
Csp_P's inability to colonize persistently, or proliferate to a critical population size, may prevent
the production of anti-bacterial factors. If Csp P was fed immediately after eclosion, when the
gut relatively is sterile, colonization may occur more efficiently and alter the ability of other
microorganisms to persist. Additionally, it would be interesting to see whether multigenerational
Csp_P exposure affects microbiota composition.

Although Csp P did not decrease the load or prevalence of the cultivable endogenous
bacteria as predicted, exposure may influence the non-cultivable bacteria. Only two genera, Asaia
and Elizabethkingia, were isolated regularly across all three replicates (Appendix 11). Although
the bacterial diversity in lab-reared colonies is lower than in field-collected mosquitoes, non-
cultivable bacteria most likely are present (Boissiere et al. 2012, Duguma et al. 2015, Rani et al.
2009, Steyn et al. 2015, Wang et al. 2011). To gain adequate insight into whether bacteria
introduction can dysregulate the composition of an established microbiota, performing a
metagenomic analysis of 16S rDNA sequences, in parallel with plating, would be beneficial.

A complication persistent across experiments was identifying an optimal dose.
Previously, Csp_P killed approximately 90% of adults females fed a 10® CFU/mL dose within 48
hours (Ramirez and Short et al. 2014). During the exposed-female fitness bioassays, the 10’
CFU/mL dose consistently caused moderate mortality (43.1-55%) at 96 hours (Figure 1C;
Appendix 1); however, when the same dose was fed for the microbiota assays mortality at 96
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hours was only 19-28% (Figure 5, Appendix 1). Before starting the microbiota assays, the decline
in killing efficiency had been noted, and an attempt was made to determine whether a different
dose might be more suitable. A range of doses from 1X10°-5X10° CFU/mL, at increments of
half-a-log, were fed. Only the doses above 5X10” CFU/mL resulted in significant mortality; and,
consistent with the previous experiment, a 10* CFU/mL, or higher, dose killed at least 85% of
mosquitoes died within 96 hours (Appendix 3). Doses in the 10’-5X10° CFU/mL induced
variable mortality (Appendices 1,3). Due to the past evidence of up to 70% killing efficiency
(SvT-62, Appendix 1), the need for consistency across replicates, and the sample sizes required
for the experiments, the 10’ CFU/mL dose was chosen. The mean and median relative mortality
at 96 hours across replicates for all experiments was 41.9% and 43.5%, respectively, and
longevity was reduced significantly in each replicate (Appendix 1).

Multiple mosquito- and bacteria-related factors may contribute to the variation observed
in Csp_P killing efficiency. Firstly, the dose fed was variable (1.63X107-1.67X10® CFU/mL)
despite the intent of feeding Csp P at 1X10’ CFU/mL (Appendix 1). The dose fed, within the
intended 10’ range, and relative survival (Csp P survival/PBS survival) at 96 hours did not
correlate (*= 0.01483 P= 0.5990, Appendix 2). The lack of correlation between the survival and
dose fed indicates that other factors likely contribute to the variability observed. For example, the
rearing conditions of exposed females, such as density and food availability, may have influenced
the mosquitoes' susceptibility to Csp P (Muturi et al. 2011, Muturi et al. 2012, Suwanchaichinda
and Paskewitz 1998, Telang et al. 2012). Alternatively, differences in the Csp P culture prior to
washing, the amount of bacteria ingested, or the composition of the midgut microbiota may have
been contributing factors. Although only correlational, during the exposed-female fitness assays
(96 hour relative survival 50.3%; Appendix 5) Serratia was prevalent (39.4%, Appendix 4) while
during the microbiota assays (96 hour relative survival 79.6%; Appendix 9) Serratia was absent
from all groups (Appendix 4). Serratia possesses entomopathogenic activity against Anopheles
spp. (Bahia et al. 2014, Gonzalez-Ceron et al. 2003), and the co-colonization of Csp P and
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Serratia may increase the observed mortality synergistically or additively. The threshold effect
observed, i.e. doses over 10 CFU/mL killed nearly all and below 10’ CFU/mL does not kill
mosquitoes, suggests that either mosquitoes can control only Csp P infection up to a critical
number or Csp_P produces and secretes a lethal factor only after proliferating to a particular
bacterial density.

Since the survival phenotype, and potentially the transgenerational fitness phenotypes, is
dose-dependent, requiring ingestion of a starting concentration of 10’ CFU/mL or higher,
exposing mosquitoes to Csp_P in a more ecologically relevant setting may model the effects on
mosquito life history more accurately. For example, in the laboratory the mosquitoes are starved
overnight to ensure that mosquitoes feed on the bacteria to measure effects, but in a natural
setting the mosquitoes may not ingest enough Csp-P to cause substantial mortality in exposed
adults or the F1 progeny derived from challenged adults. In the future, experiments that introduce
Csp P into caged mosquito populations and evaluate fitness parameters under semi-field
conditions will allow us to thoroughly assess the potential of this bacterial strain to control

malaria transmission.

Conclusion

Overall, these experiments demonstrate that (i) ingestion of a moderately lethal dose of
Csp_P negatively affects the condition of an exposed female's offspring without imparting
measurable fitness benefits; (ii) exposure to Csp P for two consecutive generations does not
impact the killing efficiency of this bacterial strain; and (iii) introduction of bacteria to adult
females does not dysregulate the endogenous cultivable midgut microbiota. The ability of Csp P
to impair the survival and development of F1 offspring derived from an exposed Anopheles
gambiae female may increase the potential utility of Csp P as an applied biopesticide for

mosquito population reduction. Sugar baits could serve as a means of introducing high doses of
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Csp P into wild mosquito populations (Muller et al. 2010a, Muller et al. 2010b, Qualls et al.
2014, Stewart et al. 2013). The multifactorial features of Csp P in decreasing vector density,
daily survival, and vector competence for P. falciparum, without an identified fitness benefit,
encourages the introduction of this bacterial strain to adult mosquitoes to control malaria
transmission. To determine the feasibility of Csp P to control larval populations, transstadial and
intergenerational fitness experiments would need to be conducted after larval exposure.
Additional laboratory and semi-field studies are essential to determine the long-term effects of
Csp_P exposure on fitness parameters, Plasmodium susceptibility, mechanisms underlying direct
and indirect mosquitocidal phenotypes, and the potential for the evolution of resistance. These
experiments will provide a substantial foundation for informing the design and field deployment

of any Csp _P-based mosquito control strategy.
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Figure 1. Effect of Csp_P Exposure on Adult Female Fitness Parameters

All female mosquitoes were fed either a 10? or 10’ CFU/mL dose of Chromobacterium (Csp_P)
or Pantoea sp. (P. sp.) or 1X PBS in a 1.5% sucrose meal. Exposure to either a low or high dose
of Csp_P or P. sp. did not alter oviposition (A; P= 0.9013) or fecundity (B; P= 0.7205). Each data
point represents the proportion of ovipositing females (A) or the number of eggs per individual
mosquito (B) for 3 or 4 biological replicates; the mean and error bars, representing the 95%
confidence interval, are presented on the graph; total sample sizes: npgs= 56, np._gp. 102= 49, Ncyp p
1007= 48, Np_g 1007= 35, Negp p 107~ 50. Survival was monitored daily for ten days (C). Only the 10’
CFU/mL dose of Csp_P significantly decreased survival (Ppgs_pspiora= 0.5771, Ppgs.pspi07= 0.8154,
Ppgs.csppioo= 0.7046, Ppgs.coppioe7 <0.0001). The data represents 3-4 biological replicate; total
sample sizes: npgs= 231, np_ g, 100= 208, Ncgp p 100= 219, Np, g, 107~ 162, Ny p 1007= 271. A one-
way ANOV (A), Kruskal-Wallis test (B), and pair-wise log-rank test of survival (C) was used to

analyze the data.
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Figure 2. Intergenerational Fitness Effects of Csp P

In all experiments female mosquitoes were allowed to feed on a 10’ CFU/mL dose of Csp_P or
an equal volume of PBS in a 1.5% sucrose meal, and then their F1 progeny were reared. Fertility
(A) was not affected by maternal Csp P exposure (P=0.4179). The survival F1 larvae of Csp_P-
exposed females was reduced significantly relative to F1 larvae of PBS control (B) (P <0.0001).
Maternal Csp P reduced the proportion of F1 larvae the pupated (C) (P= 0.028) and eclosed as
adults (D) (P=0.0253). Additionally, the median time to pupation was forty-eight hours longer in
the offspring of Csp P- exposed females (E) (P< 0.0001), and the number of Csp P F1 pupae
that eclosed as adults was decreased (F) (P= 0.026). The fitness deficits were restricted to the
immature stages as neither adult offspring survival (G) (P=0.7992) nor sex ratio (H) (P= 0.3482)
were affected. For fertility (A), pupation (C), eclosion (D and F), and sex ratio (H) experiments,
each data point represents the proportion for each of 3(C,D,F,H) or 5(A) biological replicates;
total sample sizes: npgs(A)= 835, ncgy, p(A)= 793, npps(C,D)= 400, n¢y, p(C,D)= 400, npgs(F)= 276,
nesp p(F)= 129, npgs(H)= 169, and nc, p(H)= 167. The survival curves represent the average
survival of 3 biological replicates (B,E,G); total sample sizes: npgs(B,E)= 400, ncy, p(B,E)= 400,
npgs(G)= 82, and ncg, p(G)= 63. Paired t-tests (A,C,D,F,H) and pairwise log-rank survival

analysis (B,E,G) were used to analyze data.
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Figure 3. Bacterial Loads in the Water during Development of First-Generation Offspring
of Csp_P Exposed Females

Two-1mL water samples were taken from the oviposition cups and from larval trays prior to
adding food or larvae (baseline), and then again at 4 and 8 days after transfer of the larvae.
Although the load of cultivable bacteria differed across time (P <0.0001), the mean bacterial load
did not differ between the two groups at any of the measured time points (P >0.05). Each data
point represents the average CFU of cultivable bacteria for each of the 3 biological replicate;
error bars represent 95% confidence intervals. A one-way ANOVA with Bonferreni's multiple

comparisons test was used to analyze the data.
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Figure 4. Killing Efficiency of Csp P in the First-Generation Offspring of Csp P Exposed
Females

For Csp_P susceptibility assays, F1 first instar larvae derived from either Csp_P- or PBS-exposed
females were exposed to either PBS or 10° CFU/mL Csp P and survival was monitored daily
through 72 hours (A). Maternal exposure to Csp_P negatively affected survival of larvae in the
presence of PBS (P= 0.0344) and larval Csp_P exposure reduced survival regardless of maternal
exposure status (P=1.81e-11); however, no interaction was detected between maternal and larval
exposure (P= 0.6105), indicating both groups are susceptible equally to Csp_P. The F1 adult
offspring derived from either Csp P- or PBS-exposed females were exposed to Csp P, 10’
CFU/mL, in a 1.5% sucrose meal for 24 hours, and survival was monitored daily (B). The Csp P
F1 adults died significantly more quickly after exposure (P= 0.0025), suggesting increased
susceptibility. Survival curves represent the average of 2 (B) or 4 (A) biological replicates; total
samples sizes: npgs.pes= 100, Npgs.ix1076= 110, Negy p-pes™ 90, Ny poixions= 110, npgg(B)= 43, and
ncsp p(B)= 65. A cox proportional hazards statistical analysis (A) and pairwise log-rank survival

analysis (B) were used to analyze the data.
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Figure 5. Survival of Bacteria-Exposed Anopheles gambiae

Female mosquitoes were fed a 1.5% sucrose meal with 10’ CFU/mL of Csp_P, Esp_Z, or P. sp.,
or an equal volume of 1X PBS for 24 hours. Exposure to Csp_P (P <0.0001) and Esp Z (P=
0.0401) significantly reduced survival, and exposure to P. sp. had no impact on survival (P=
0.9223). The curves represent the average survival across 3 biological replicates; total sample
size: npgs= 253, n¢gp p= 365, Ngg, 7= 264, and np g, = 256. Pairwise log-rank survival analysis was

used to compare the survival effect of each bacterium relative to PBS.
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Figure 6. Total Cultivable Midgut Bacteria in Bacteria-Exposed Anopheles gambiae

Seven- to- eight day eclosed female mosquitoes were fed a 1.5% sucrose meal with 10" CFU/mL
of Csp P, Esp Z, or P. sp., or an equal volume of 1X PBS for 24 hours. Individual midguts
(N=6) were collected at baseline and for each treatment at 24 and 96 hours after introducing the
bacteria. Compared to the baseline measurement, the average bacterial load in Esp Z at 24 hours
(P <0.05), PBS, Esp_Z, and P. sp. at 96 hours (P <0.001) increases, but not in Csp_P-fed at 24
or 96 hours (P >0.05) (A). Relative to baseline, at 96 hours, the total number of endogenous
bacteria (excludes cultivable fed bacteria) in PBS-, P.sp.- (P <0.01) and Esp_Z- (P <0.001) fed
mosquitoes increases significantly but not in Csp_P-fed (P >0.05) (B). Bacteria introduction is
not responsible for the increase in total bacteria, because the average total number of bacteria
does not differ from PBS at the respective time points (A,B; P >0.05). Each data point represents
the total cultivable bacteria (CFUs log bas 10 transformed) in an individual mosquito for three
biological replicates; the mean and 95% confidence intervals are presented; total sample sizes:
n=18 for each treatment at each time point (A,B). A one-way ANOVA with Bonferroni’s

multiple comparison test was used to analyzed the data.
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Figure 7. Prevalence of Cultivable Bacteria Species Identified in the Midgut of Bacteria-
Exposed Anopheles gambiae

Seven- to- eight day eclosed female mosquitoes were fed a 1.5% sucrose meal with 10”7 CFU/mL
of Csp P, Esp Z, or P. sp., or an equal volume of 1X PBS for 24 hours. Individual midguts
(N=6) were collected at baseline and for each treatment at 24 and 96 hours after introducing the
bacteria. The prevalence for all colonies, including Asaia (A), Elizabethkingia (B), Klebsiella (C),
Staphylococcus (D), Csp_P (E), Esp_Z (F), and P. sp. (G), was recorded. The prevalence of non-
introduced bacteria (A-D) did not differ following exposure to the fed bacteria (P >0.05).
Introduction of bacteria did increase the prevalence of that bacterium in the respective treatment
groups at 24 hours, Csp_ P (P= 0.0424), Esp Z (P= 0.008), and P. sp. (P= 0.008), but not at 96
hours (P >0.05) (E-G). The bars represent the average prevalence of each bacterium across three
biological replicates; the error bars included are 95% confidence intervals; total sample sizes:
n=18 for each treatment at each time point. The Friedman test with Dunn’s multiple comparison

test was used to analyze the data.
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1. Survival of Csp_P-Exposed Females for Each Replicate

Dose of Relative Pairwise
Csp P Survival in Log-
Sample | Sample Fed Dose of Csp P Rank
Size Size (CFU/ Csp PFed | Exposed at | Test P-
Experiment | PBS Csp P mL) (Log10) 96 Hours value
SvT-57 + 54 57 3.19X107 7.504 0.45 <0.0001
SvT-62 56 46 1.63X10’ 7.212 0.303 <0.0001
SvT-73 + 52 65 3.70X107 7.568 0.569 <0.0001
SvT-79 + 67 46 7.00X107 7.845 0.525 <0.0001
SvT-80 + 51 104 3.10X10’ 7.491 0.524 <0.0001
SvT-105 * 143 175 6.30X107 7.799 0.810 <0.0001
SvT-107 * 58 102 1.25X108 8.097 0.720 0.0004
SvT-109 * 56 86 1.20X108 8.079 0.745 0.0064
SvT-118 110 119 1.67X10® 8.223 0.124 <0.0001
SvT-126 91 127 1.54X108 8.187 0.764 <0.0001
SvT-128 87 108 1.26X10 8.1 0.565 <0.0001
SvT-129 129 178 1.15X10® 8.062 0.875 0.0038
SvT-131 125 196 1.01X108 8.006 0.861 0.0024
SvT-132 62 66 8.75X107 7.942 0.611 <0.0001
SvT-133 131 149 5.56X107 7.745 0.811 <0.0001
SvT-134 159 229 3.69X107 7.567 0.566 <0.0001
Average 6.37X10"7
Dose * CFU/mL
Range in (0.124,
Survival * 0.875)
Average
Survival * 0.581
Median
Survival * 0.566

+ Fecundity Bioassay Replicate
* Microbiota Assay Replicate

“Does not include microbiota assay replicates since blood feeding was not included in the
protocol
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Relative Survival at 96 Hours Post-Exposure

2. Correlation of Csp_P Dose Fed and Survival

. r’= 0.01483
B . - P=0.5990
7.4 7.6 7.8 8.0 8.2 8.4

Dose Csp_P Fed (Log_10)

Best-fit values

Slope

0.09020 £+ 0.1687

Y -intercept when X=0.0

-0.05505 + 1.316

X-intercept when Y=0.0 0.6103
1/slope 11.09
95% Confidence Intervals

Slope -0.2628 to 0.4433
Y -intercept when X=0.0 -2.810 to 2.700
X-intercept when Y=0.0 -infinity to 6.355
Goodness of Fit

12 0.01483
Sy.x 0.2067
Is slope significantly non-zero?

F 0.2860
DFn, DFd 1.000, 19.00
P value 0.5990
Deviation from zero? Not Significant
Data

Number of X values 21
Maximum number of Y replicates 1
Total number of values 21
Number of missing values 0
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3. Csp_P Optimal Dose Survival Assays

Relative
Intended Survival in

Sample Dose of Dose of Csp_ P Pairwise Log-

Sample Size Csp_P Csp_P Fed Exposed at Rank Test P-
Experiment Size PBS Csp P (CFU/mL) (CFU/mL) 96 Hours value
SvT-87 42 36 5X10"9 1.75X10"710 0.00 <0.0001
SvT-87 42 44 1X10"9 3.5X10"9 0.095 <0.0001
SvT-87 42 51 5X108 1.75X10"9 0.165 <0.0001
SvT-87 42 46 5X10%7 2.75X10"8 0.822 0.0135
SvT-87 42 47 1X1077 5.5X10"7 0.849 0.0523
SvT-87 42 41 5X10"6 2.75X1077 0.947 0.2069
SvT-89 48 49 5X10"9 4.4X10"710 0.022 <0.0001
SvT-89 48 54 1X10"9 8.8X10"9 0.078 <0.0001
SvT-89 48 48 5X10"8 2.5X10"9 0.044 <0.0001
SvT-89 48 59 1X10"8 5X10"8 0.159 <0.0001
SvT-89 48 52 5X1077 2.5X10"8 0.609 <0.0001
SvT-89 48 53 1X10"7 5X1077 0.913 0.1472
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4. Prevalence of Endogenous Midgut Bacteria

1.57
B Fitness Bioassay Replicates
» T B Microbiota Assay Replicates
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Asaia Elizabethkingia Klebsiella Pseudomonas Serratia
Fecundity
Bioassay
Replicates SvT-57 | 0.545 0.061 0.030 0.000 0.303
SvT-73 | 0.961 0.059 0.000 0.020 0.353
SvT-79 | 0.800 0.054 0.000 0.000 0.527
Microbiota
Bioassay
Replicates SvT-105 | 0.625 0.125 0.000 0.000 0.000
SvT-107 | 0.792 0.125 0.000 0.000 0.000
SvT-109 | 0.625 0.000 0.042 0.000 0.000
Mean | 0.7687 0.058 0.01 0.006667 0.3943
Difference | -0.088 0.02533 0.004 -0.006667 -0.3943
0.2870, -0.1950, -0.2057, -0.5933, -
95% CI | 0.1110 | -0.1737, 0.2243 0.2030 0.1923 0.1953
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5. Figure 1

Figure 1A. Proportion of FO Females that Oviposited

PBS Csp P P.sp. 1072 | Csp_ P 1077 | P.sp. 1077
1012
SvT-57 0.944 1 1 1 -
SvT-73 0.846 0.8 0.857 1 0.833
SvT-79 0.923 1 0.833 0.75 1
SvT-80 1 0.818 0.917 0.786 0.714
Mean 0.9283 0.9045 0.9018 0.884 0.849
Lower 95% CI of 0.8268 0.7286 0.7833 0.6696 0.4921
mean
Upper 95% CI of 1.03 1.08 1.02 1.098 1.206
mean
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Figure 1B. Number of Eggs Oviposited per F0 Female
Individual | PBS | Csp P10*2 | P.sp. 10"2 | Csp P 1077 | P.sp. 10°7
1 7 33 5 32 18
2 16 28 40 24 46
3 0 36 26 53 0
4 30 18 22 40 29
5 39 14 18 43 15
6 48 25 16 28 8
7 26 33 22 3 6
8 27 30 25 19 29
9 51 16 17 55 26
10 8 28 30 5 22
11 33 29 24 28 28
12 25 32 9 23 0
13 45 32 32 32 28
14 23 48 43 15 31
15 51 30 33 9 26
16 40 18 0 41 15
17 8 5 15 48 22
18 16 12 22 39 5
19 27 12 7 20
20 20 18 17 30 19
21 21 18 0 0 29
22 21 26 21 20 33
23 16 22 34 14 19
24 0 22 24 0 32
25 0 0 31 0 24
26 7 0 4 10 1
27 48 7 23 13 0
28 18 7 0 30 29
29 1 15 18 20 22
30 23 29 3 16 29
31 28 23 16 55 7
32 6 20 19 3 0
33 16 20 24 47 0
34 0 13 24 21 0
35 15 14 0 3 18
36 11 25 14
37 96 15 19 34
38 23 34 28 34
39 4 8 17 29
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40 16 40 0 7
41 11 20 24 0
42 9 30 48 0
43 23 4 11 24
44 13 0 22 35
45 28 32 29 0
46 32 13 11 1
47 14 6 15 30
48 26 1 17 42
49 13 0 22
50 30 38
51 25
52 5
53 8
54 24
55 49
56 11
Mean | 21.98 19.61 19.15 22.7 17.63
Lower
95% CI of
mean | 17.39 16.25 15.84 17.99 13.27
Upper
95% CI of
mean | 26.58 22.98 22.46 27.41 21.98
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Figure 1C. Percent Daily Survival After Bacterial Exposure

Hours After
Exposure PBS P.sp. 1072 | Csp P 1072 | P.sp.10”7 | Csp P 1077
0 100 100 100 100 100
24 | 95.95 97.67 96.34 97.36 82.34
48 | 95.84 97.67 95.76 97.36 49.06
72 | 94.27 95.01 95.19 97.1 47.34
96 | 93.85 92.68 91.87 94.74 47.2
120 | 92.55 88.91 88.74 94.23 42.85
144 | 86.98 86.08 87.93 84.75 40.04
168 | 79.11 79.77 75.86 73.49 38.55
192 | 79.11 79.77 75.86 73.49 38.55
Median Survival Undefined | Undefined Undefined 96
Relative survival at
96 Hours 98.7 97.9 100.9 50.3
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6. Figure 2

Figure 2A. Proportion of Eggs Hatched

Experiment PBS Csp P
SvT-98 0.71 0.7

SvT-126 0.517 0.589

SvT-128 0.564 0.555

SvT-129 0.526 0.562

SvT-131 0.745 0.732

Mean 0.6124 0.6276

Lower 95% CI 0.4792 0.5252
Upper 95% CI 0.7456 0.73

Figure 2B. Survival of F1 Larval Offspring

Hours After

Hatching PBS Csp P

0 100 100

48 98.83 98.82

96 83.11 77.69

144 79.28 72.45

168 76.28 68.38

192 67.58 54.51

216 67.25 43.45

240 66.63 41.54

264 66.63 37.04

288 66.63 28.91

312 66.63 26.83

336 66.63 25.44

360 66.63 22.26

Median Survival Undefined 192
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Figure 2C. Proportion of F1 Larval that Pupated

Experiment PBS Csp P
SvT-98 0.615 0.19
SvT-126 0.89 0.51
SvT-134 0.61 0.38
Mean 0.705 0.36
Upper 95% CI 0.307 -0.03978
Lower 95% CI 1.103 0.7598
Mean Difference 0.345
95% Confidence
Interval | 0.09134-0.5987

Figure 2D. Proportion of F1 Larvae Eclosed

Experiment PBS Csp P
SvT-98 0.58 0.16
SvT-126 0.61 0.3
SvT-134 0.54 0.3
Mean 0.5767 0.2533
Upper 95% CI 0.4894 0.05254
Lower 95% CI 0.6639 0.4541
Mean Difference 0.3233

95% Confidence
Interval

0.09791 to 0.5488

Figure 2E. Percentage of F1 Larvae not Pupated

Hours After Hatching PBS Csp P
0 100 100
48 100 100
96 100 100
144 100 100
168 83.02 99.41
192 5841 96.02
216 21.11 71.99
240 7.048 60.33
264 2.532 34.57
288 0.7326 30.76
312 0 17.42
336 0 16.21
360 0 6.524
Median Time to Pupation 216 264
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Figure 2F. Proportion of F1 Pupae that Eclosed

Experiment PBS Csp P

SvT-98 0.941 0.7875

SvT-126 0.685 0.588

SvT-134 0.885 0.789

Mean 0.837 0.7215

Upper 95% CI 0.5027 0.4343

Lower 95% CI 1.171 1.009

Mean Difference 0.1155
95% Confidence Interval 0.03373 to 0.1973
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Figure 2G. Daily Survival of F1 Adults

Hours After Eclosion

PBS

Csp P

0

100

100

72

96.83

92.71

120

90.16

87.15

144

88.57

85.07

168

88.57

81.3

192

88.57

79.91

216

854

77.48

264

85.4

76.09

288

80.63

73.31

312

79.85

72.27

336

75.98

60.37

360

74.39

59.33

384

59.47

53.77

408

52.46

47.97

432

49.24

46.92

456

44.55

43.5

480

51.83

38.17

504

49.45

36.61

552

47.07

36.61

576

35.33

31.47

600

30.56

28.35

624

16.45

17.63

648

8.25

14.51

696

8.25

9.821

744

5.925

9.821

768

3.544

3.1

792

2.381

0

840

2.381

0

936

0

0

Median Survival

456

468
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Figure 2H. Sex Ratio of F1 Adults

Experiment PBS Csp P

SvT-126 0.774 0.9
SvT-131 0.857 0.811
SvT-134 0.884 1.333
Mean 0.8383 1.015
Upper 95% CI 0.6959 0.321
Lower 95% CI 0.9807 1.708

Mean Difference -0.1763
95% Confidence Interval | -0.8007 to 0.4480
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7. Figure 3

Figure 3. Bacterial Load in the Aquatic Environment during Larval Development

PBS Csp P PBS Csp P PBS Csp P
PBS Csp P Larval Larval Larval Larval Larval Larval
Egg Egg Water Water Water Day | Water | Water Day Water
Experiment | Water Water Baseline Baseline 4 Day 4 8 Day 8
SvT-98 | 3.8025 4.4765 0 0 6.169 6.243 6.955 7.006
SvT-126 | 5.0005 3.8795 0 0 6.676 6.59 5.8167 5.8665
SvT-134 4.64 4.4695 0 0 6.7547 6.8572 6.3858 6.43625
Mean | 4.481 4.275 0 0 6.533 6.563 6.386 6.436
Upper 95%
CI | 2954 3.424 0 0 5.744 5.798 4.972 5.021
Lower 95%
CI | 6.008 5.126 0 0 7.323 7.328 7.8 7.852
Mean
Difference | 0.2058 0 -0.03017 -0.05042
95%
Confidence | 0.7814 -0.9873 to -1.017 to -1.038 to
Interval | to 1.193 0.9873 0.9571 0.9369
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8. Figure 4

Figure 4A. Survival of F1 Larvae Exposed to Csp P

Hours After | PBSF1- | Csp_PF1-
Exposure PBS PBS PBSF1-Csp P10"6 | Csp PF1-Csp P 10”6
0 100 100 100 100
24 93.54 78.13 61.46 29.17
48 87.29 59.17 37.08 18.33
72 83.54 57.92 33.75 10
Median Survival | Undefined | Undefined 48 24

Figure 4B. Survival of F1 Adults Exposed to Csp P

Hours After Exposure | PBS Csp P
0] 100 100
24 197.92 98.94
48 | 84.86 91.25
72 | 76.14 81.86
120 | 71.79 79.08
144 | 71.79 48.23
168 | 69.61 47.16
192 | 52.2 38
216 | 43.49 33.1
240 | 39.14 28.19
264 | 39.14 27.13
288 | 39.14 25
312 | 28.27 16.67
336 | 21.75 2.778
360 | 17.4 0
384 | 15.23 0
408 | 10.88 0
456 | 8.696 0
552 |1 4.348 0
792 0 0
Median Survival | 216 144

70




9. Figure 5

Figure 5. Survival of Adults Exposed to Bacteria for Microbiota Assays

Hours After Exposure PBS Csp P Esp Z P. sp.
0 100 100 100 100
24 98.1 95.32 97.92 98.2
48 98.1 83.31 95.88 97.34
72 98.1 76.9 95.11 97.18
96 97.15 77.34 90.54 94.81
120 94.58 71.75 83.37 93.77
144 90.09 67.69 78.09 90.95
168 90.09 67.69 78.09 90.95
Median Survival | Undefined | Undefined | Undefined | Undefined
Relative Survival at 96 Hours 0.796 0.932 0.976
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10. Figure 6

Figure 6A. Total Bacteria Load Including Fed Bacteria

PBS | Csp P | Esp Z P. sp. PBS | Csp P | Esp Z | P sp.
Baseline 24 24 24 24 96 96 96 96
SvT-105 1.908 0.000 | 4.348 7.738 3.246 6.228 5.155 5.488 5.624
SvT-105 2.088 3.140 | 0.000 4.139 5.176 5.946 5.356 7.784 6.367
SvT-105 3.225 4432 | 2.149 4.388 3.087 5.824 | 4.892 5.763 6.924
SvT-105 4.763 3.146 | 2.533 5.197 1.908 5.279 7.017 4.823 3.623
SvT-105 3.156 2.083 | 3.243 4.524 4.386 5.884 5.414 6.187 4.845
SvT-105 3.652 1.322 | 0.000 3.659 4981 4413 6.047 7.225 5.644
SvT-105 0.000
SvT-105 0.000
SvT-107 2.415 4463 | 4.617 2.833 5.960 6.338 5.678 6.205 4.550
SvT-107 4319 3497 | 4373 3.248 5.920 6.584 5.033 5.085 4.300
SvT-107 2.417 4.536 | 3.369 6.179 5.063 5.380 | 4.378 6.156 6.748
SvT-107 1.908 4982 | 3.274 5.458 0.000 6.449 5.991 6.518 6.515
SvT-107 1.785 3.688 | 4.213 5.510 5.508 5.494 3.734 5.763 6.139
SvT-107 2.557 0.000 | 4.095 4.245 3.433 5.480 | 4.510 5.624 5.834
SvT-109 4.390 4.031 2.258 4.429 2.790 2.083 3.554 3.439 6.409
SvT-109 3.450 2.344 | 6.828 4.571 0.000 0.000 2.417 6.406 7.322
SvT-109 3.438 4331 0.000 3.181 0.000 2.149 5.799 7.589 3.616
SvT-109 5.108 2.34 2.870 2.792 3.991 7.133 1.613 6.066 4.881
SvT-109 4.533 6.461 2.733 4.953 7.161 6.047 2.004 4.378 4.438
SvT-109 2.447 2.893 | 4.599 3.626 6.380 4.496 0.000 6.042 1.903
Mean 2.878 3.205 | 3.084 4.482 3.833 5.067 4.366 5.919 5.316
Upper 95% CI 2.216 2.371 | 2.190 3.860 2.726 4.142 3.457 5.386 4.615
Lower 95%
CI 3.540 4.039 | 3.977 5.104 4.939 5.992 5.275 6.452 6.016
Mean
Difference -
Baseline 0.327 | -0.205 | -1.604 -0.955 | -2.189 | -1.488 | -3.041 | -2.438
Lower 95% -
CI 1911 | -1.789 | -3.187 -2.538 | -3.772 | -3.072 | -4.624 | -4.021
Upper 95% CI 1.256 | 1.378 | -0.0205 0.629 -0.606 | 0.095 | -1.458 | -0.854
Mean
Difference
PBS 0.122 -1.277 -0.627 0.701 | -0.852 | -0.249
95% - - - -
Confidence 1.503, | -2.901, -2.252, 0.924, | 2.476, | 1.873,
Interval 1.746 0.348 0.997 2.325 0.722 1.376
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Figure 6B. Total Bacterial Load of Endogenous Bacteria

PBS | Csp P | Esp Z | P. sp. PBS | Csp P | Esp Z | P sp.
Baseline 24 24 24 24 96 96 96 96

SvT-105 1.908 0.000 | 0.000 | 7.738 | 0.000 | 6.228 | 5.155 | 5.488 5.624

SvT-105 2.088 3.140 | 0.000 | 0.000 | 5.161 | 5.946 | 5.356 | 0.000 6.367

SvT-105 3.225 4432 | 2.149 | 0.000 | 3.065 | 5.824 | 4.892 | 5.763 6.531

SvT-105 4.763 3.146 | 1908 | 4.832 | 1322 | 5279 | 7.017 | 4.823 3.623

SvT-105 3.156 2.083 | 3.182 | 4509 | 3.301 | 5.884 | 5414 | 6.187 4.845

SvT-105 3.652 1.322 | 0.000 | 0.000 | 4975 | 4.413 | 6.047 | 7.225 5.644

SvT-105 0.000

SvT-105 0.000

SvT-107 4.390 4.031 | 2.258 | 0.000 2.79 2.083 | 3.554 | 3.439 6.409

SvT-107 3.450 2.344 | 6.828 | 0.000 | 0.000 | 0.000 | 2.417 | 6.406 7.322

SvT-107 3.438 4331 | 0.000 | 0.000 | 0.000 | 2.149 | 5.799 | 7.589 3.616

SvT-107 5.108 2.344 2.87 1.613 | 3.991 | 7.133 1.613 | 6.066 4.881

SvT-107 4.533 6.461 | 2.733 | 4945 | 7.093 | 6.047 | 2.004 | 4.378 4.438

SvT-107 2.447 2.893 | 4.599 | 3301 | 5.301 | 4.496 | 0.000 | 6.042 1.903

SvT-109 2415 4463 | 4.617 | 2.833 | 5958 | 6.338 | 5.678 | 6.205 4.550

SvT-109 4319 3.497 | 4373 | 3.248 | 5920 | 6.584 | 5.033 | 5.085 4.300

SvT-109 2416 4.536 | 3.369 | 6.179 | 5.063 5.38 4.378 | 6.156 6.748

SvT-109 1.908 4982 | 0.000 | 4991 | 0.000 | 6.449 | 5991 | 6.518 6.515

SvT-109 1.785 3.688 | 4213 | 5292 | 4.623 | 5494 | 3.734 | 5.763 6.139

SvT-109 2.557 0.000 | 4.095 | 4.242 | 3.134 | 5480 | 4.510 | 5.624 5.834

Mean 2.878 3.205 | 2.622 | 2.985 | 3.428 | 5.067 | 4.366 | 5.487 5.294

Upper 95% CI 2.216 2371 | 1.616 | 1.726 | 2.274 | 4.142 | 3.457 | 4.653 4.605

Lower 95% CI 3.540 4.039 | 3.628 | 4.243 | 4.581 | 5992 | 5.275 | 6.320 5.983
Mean Difference - - -

Baseline 0.3272 | 0.2561 | 0.1066 | 0.5496 | -2.189 | -1.488 | -2.609 | -2.416
Lower 95% CI -2.141 | -1.558 | -1.92 | -2.363 | -4.003 | -3.302 | -4.422 | -4.229
Upper 95% CI 1.486 2.07 1.707 | 1.264 | 0.3753 | 0.3253 | 0.7949 | -0.6022

Mean Difference - -
PBS 0.5833 | 0.2206 | 0.2224 0.7006 | 0.4196 | -0.2269
95% Confidence 1.277, | -1.64, | 2.083, -1.16, | -2.28, | -2.088,
Interval 2.444 | 2.081 | 1.638 2.561 | 1.441 1.634
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11. Figure 7

Figure 7A. Prevalence of Asaia in Bacteria-Exposed Females

PBS | Csp P | Esp Z | P.sp. PBS | Csp P | Esp Z | Pspsp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 1.000 0.833 | 0.667 0.500 | 0.500 | 0.667 | 0.833 | 0.833 0.833
SvT-107 1.000 0.833 | 0.833 0.833 | 0.667 1.000 | 1.000 1.000 1.000
SvT-109 0.667 0.833 | 0.500 0.333 | 0.833 1.000 | 0.833 | 0.667 1.000
Mean 0.889 0.833 | 0.667 0.555 | 0.667 | 0.889 | 0.889 | 0.833 0.944
Lower 95% CI 0.411 0.833 | 0.253 -0.077 | 0.253 | 0.411 | 0.649 | 0.420 0.705
Upper 95% CI 1.367 0.833 | 1.080 1.188 | 1.080 | 1.367 | 1.128 | 1.247 1.184
Figure 7B. Prevalence of Elizabethkingia in Bacteria-Exposed Females
PBS | Csp P | Esp Z P. sp. PBS Csp P | Esp Z P. sp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.167 | 0.167 0.000 0.167 | 0.167 | 0.167 0.167 0.167
SvT-107 0.500 0.000 | 0.000 0.167 0.333 | 0.000 | 0.333 0.000 0.167
SvT-109 0.000 0.000 | 0.000 0.000 0.000 | 0.000 | 0.167 0.167 0.000
Mean 0.167 0.056 | 0.056 0.056 0.167 | 0.056 | 0.222 0.111 0.111
Lower 95% -
CI| -0550 | 0.184 | -0.184 | -0.184 -0.247 | -0.184 | -0.016 | -0.128 -0.128
Upper 95% CI 0.884 0.295 | 0.295 0.295 0.580 | 0.295 | 0.460 0.351 0.351
Figure 7C. Prevalence of Kiebsiella in Bacteria-Exposed Females
PBS | Csp P | EspZ | P.sp. | PBS | Csp P | Esp Z | P sp.
Experiment Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000 0.000 0.000
SvT-107 0.000 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000 0.000 0.000
SvT-109 0.000 0.000 | 0.000 0.167 0.000 | 0.000 | 0.333 0.000 0.167
Mean 0.000 0.000 | 0.000 0.056 0.000 | 0.000 | 0.111 0.000 0.056
Lower 95%
CI 0.000 0.000 | 0.000 -0.184 0.000 | 0.000 | -0.367 | 0.000 | -0.184
Upper 95% CI 0.000 0.000 | 0.000 0.295 0.000 | 0.000 | 0.589 0.000 0.295
Figure 7D. Prevalence of Staphylococcus in Bacteria-Exposed Females
PBS | Csp P | Esp Z| P.sp. | PBS | Csp P | Esp Z | P.sp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.167
SvT-107 0.000 0.000 { 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
SvT-109 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Mean 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.056
Lower 95% CI 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | -0.184
Upper 95% CI 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.295
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Figure 7E. Prevalence of Csp P in Bacteria-Exposed Females

PBS | Csp P | Esp Z| P.sp. | PBS | Csp P | Esp Z | P.sp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
SvT-107 0.000 0.000 | 0.167 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
SvT-109 0.000 0.000 | 0.500 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Mean 0.000 0.000 | 0.222 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Lower 95% CI 0.000 0.000 | -0.410 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Upper 95% CI 0.000 0.000 | 0.855 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Figure 7F. Prevalence of Esp_Z in Bacteria-Exposed Females
PBS | Csp P |Esp Z | P.sp. | PBS | Csp P | Esp Z | P sp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.000 | 0.000 1.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000
SvT-107 0.000 0.000 | 0.000 0.500 | 0.000 | 0.000 | 0.000 0.000 | 0.000
SvT-109 0.000 0.000 | 0.000 0.833 | 0.000 | 0.000 | 0.000 0.167 | 0.000
Mean 0.000 0.000 | 0.000 0.778 | 0.000 | 0.000 | 0.000 0.056 | 0.000
Lower 95% CI 0.000 0.000 | 0.000 0.145 | 0.000 | 0.000 | 0.000 | -0.184 | 0.000
Upper 95% CI 0.000 0.000 | 0.000 1.410 | 0.000 | 0.000 | 0.000 0.295 | 0.000
Figure 7G. Prevalence of P. sp. in Bacteria-Exposed Females
PBS | Csp P |Esp Z| P.sp. | PBS | Csp P | Esp Z | P.sp.
Experiment | Baseline 24 24 24 24 96 96 96 96
SvT-105 0.000 0.000 | 0.000 | 0.000 0.333 | 0.000 | 0.000 | 0.000 0.000
SvT-107 0.000 0.000 | 0.000 | 0.000 0.500 | 0.000 | 0.000 | 0.000 0.000
SvT-109 0.000 0.000 | 0.000 | 0.000 1.000 | 0.000 | 0.000 | 0.000 0.167
Mean 0.000 0.000 | 0.000 | 0.000 0.611 | 0.000 | 0.000 | 0.000 0.056
Lower 95% CI 0.000 0.000 | 0.000 | 0.000 | -0.251 | 0.000 | 0.000 | 0.000 -0.184
Upper 95% CI 0.000 0.000 | 0.000 | 0.000 1.473 | 0.000 | 0.000 | 0.000 0.295

75




References

Abraham, E., Jacobs-Lorena, M., 2004. Mosquito midgut barriers to malaria parasite
development. Insect Biochemistry and Molecular Biology 34, 667-671.

Aguilar, R., Das, S., Dong, Y., Dimopoulos, G., 2007. Continuous exposure to Plasmodium
results in decreased susceptibility and transcriptomic divergence of the Anopheles gambiae
immune system. BMC Genomics 8§, 451.

Akhouayri, I., Habtewold, T., Christophides, G., 2013. Melanotic Pathology and Vertical
Transmission of the Gut Commensal Elizabethkingia meningoseptica in the Major Malaria
Vector Anopheles gambiae. PLoS ONE 8, €77619.

Altincicek, B., Vilcinskas, A., 2008. Identification of a lepidopteran matrix metalloproteinase
with dual roles in metamorphosis and innate immunity. Developmental & Comparative
Immunology 32, 400-409.

Alvarez-Perez, S., Herrera, C., Vega, C., 2012. Zooming-in on floral nectar: a first exploration of
nectar-associated bacteria in wild plant communities. FEMS Microbiol Ecol 80, 591-602.

Aly, A., Vaughan, A., Kappe, S., 2009. Malaria Parasite Development in the Mosquito and
Infection of the Mammalian Host. Annual Review of Microbiology 63, 195-221.

An, C., Budd, A., Kanost, M., Michel, K., 2010. Characterization of a regulatory unit that
controls melanization and affects longevity of mosquitoes. Cell. Mol. Life Sci. 68, 1929-
1939.

Andrews, E., Xu, G., Rich, S., 2013. Microbial communities within field-collected Culiseta
melanura and Coquillettidia perturbans. Medical and Veterinary Entomology 28, 125-132.

Antonova, Y., Alvarez, K., Kim, Y., Kokoza, V., Raikhel, A., 2009. The role of NF-kB factor
REL2 in the Aedes aegypti immune response. Insect Biochemistry and Molecular Biology
39, 303-314.

Apte-Deshpande, A., Paingankar, M., Gokhale, M., Deobagkar, D., 2012. Serratia odorifera a

76



Midgut Inhabitant of Aedes aegypti Mosquito Enhances Its Susceptibility to Dengue-2
Virus. PLoS ONE 7, €40401.

Atella, G., Silva-Neto, M., Golodne, D., Arefin, S., Shahabuddin, M., 2006. Anopheles gambiae
lipophorin: Characterization and role in lipid transport to developing oocyte. Insect
Biochemistry and Molecular Biology 36, 375-386.

Bahia, A., Dong, Y., Blumberg, B., Mlambo, G., Tripathi, A., BenMarzouk-Hidalgo, O.,
Chandra, R., Dimopoulos, G., 2014. Exploring Anopheles gut bacteria for Plasmodium
blocking activity. Environ Microbiol 16, 2980-2994.

Bahia, A., Kubota, M., Tempone, A., Araujo, H., Guedes, B., Orfano, A., Tadei, W., Rios-
Velasquez, C., Han, Y., Secundino, N., Barillas-Mury, C., Pimenta, P., Traub-Cseko, Y.,
2011. The JAK-STAT Pathway Controls Plasmodium vivax Load in Early Stages of
Anopheles aquasalis Infection. PLoS Negl Trop Dis 5, e1317.

Bando, H., Okado, K., Guelbeogo, W., Badolo, A., Aonuma, H., Nelson, B., Fukumoto, S., Xuan,
X., Sagnon, N., Kanuka, H., 2013. Intra-specific diversity of Serratia marcescens in
Anopheles mosquito midgut defines Plasmodium transmission capacity. Sci. Rep. 3, 1641.

Barbosa, R., Souto, A., Eiras, A., Regis, L., 2007. Laboratory and field evaluation of an
oviposition trap for Culex quinquefasciatus (Diptera: Culicidae). Mem. Inst. Oswaldo Cruz
102, 523-529.

Barillas-Mury, C., Charlesworth, A., Gross, I., Richman, A., Hoffmann, J., Kafatos, F., 1996.
Immune factor Gambifl, a new rel family member from the human malaria vector,
Anopheles gambiae. The EMBO Journal 15, 4691-701.

Baxter, R., Chang, C., Chelliah, Y., Blandin, S., Levashina, E., Deisenhofer, J., 2007. Structural
basis for conserved complement factor-like function in the antimalarial protein TEPI1.
Proceedings of the National Academy of Sciences 104, 11615-11620.

Beier, M., Pumpuni, C., Beier, J., Davis, J., 1994. Effects of Para-Aminobenzoic Acid, Insulin,
and Gentamicin on Plasmodium falciparum Development in Anopheline Mosquitoes

77



(Diptera: Culicidae). Journal of Medical Entomology 31, 561-565.

Belvin, M., Jin, Y., Anderson, K., 1995. Cactus protein degradation mediates Drosophila dorsal-
ventral signaling. Genes & Development 9, 783-793.

Bian, G., Joshi, D., Dong, Y., Lu, P., Zhou, G., Pan, X., Xu, Y., Dimopoulos, G., Xi, Z., 2013.
Wolbachia Invades Anopheles stephensi Populations and Induces Refractoriness to
Plasmodium Infection. Science 340, 748-751.

Bian, G., Shin, S., Cheon, H., Kokoza, V., Raikhel, A., 2005. Transgenic alteration of Toll
immune pathway in the female mosquito Aedes aegypti. Proceedings of the National
Academy of Sciences 102, 13568-13573.

Bian, G., Xu, Y., Lu, P., Xie, Y., Xi, Z., 2010. The Endosymbiotic Bacterium Wolbachia Induces
Resistance to Dengue Virus in Aedes aegypti. PLoS Pathog 6, e1000833.

Blanford, S., Chan, B., Jenkins, N., Sim, D., Turner, R., Read, A., Thomas, M., 2005. Fungal
Pathogen Reduces Potential for Malaria Transmission. Science 308, 1638-1641.

Blanford, S., Jenkins, N., Read, A., Thomas, M., 2012. Evaluating the lethal and pre-lethal effects
of a range of fungi against adult Anopheles stephensi mosquitoes. Malar J 11, 365.

Boissiere, A., Tchioffo, M., Bachar, D., Abate, L., Marie, A., Nsango, S., Shahbazkia, H.,
Awono-Ambene, P., Levashina, E., Christen, R., Morlais, 1., 2012. Midgut Microbiota of
the Malaria Mosquito Vector Anopheles gambiae and Interactions with Plasmodium
falciparum Infection. PLoS Pathog 8, €1002742.

Boutros, M., Agaisse, H., Perrimon, N., 2002. Sequential Activation of Signaling Pathways
during Innate Immune Responses in Drosophila. Developmental Cell 3, 711-722.

Brackney, D., Beane, J., Ebel, G., 2009. RNAi Targeting of West Nile Virus in Mosquito
Midguts Promotes Virus Diversification. PLoS Pathog 5, €1000502.

Briegel, H., Waltert, A., Kuhn, R., 2001. Reproductive Physiology of Aedes (de. dimorphus )
vexans (Diptera: Culicidae) in Relation to Flight Potential. Journal of Medical Entomology
38, 557-565.

78



Campbell, C., Keene, K., Brackney, D., Olson, K., Blair, C., Wilusz, J., Foy, B., 2008. Aedes
aegypti uses RNA interference in defense against Sindbis virus infection. BMC
Microbiology 8, 47.

Carissimo, G., Pondeville, E., McFarlane, M., Dietrich, 1., Mitri, C., Bischoff, E., Antoniewski,
C., Bourgouin, C., Failloux, A., Kohl, A., Vernick, K., 2014. Antiviral immunity of
Anopheles gambiae is highly compartmentalized, with distinct roles for RNA interference
and gut microbiota. Proceedings of the National Academy of Sciences 112, E176-E185.

Chanda, E., Mzilahowa, T., Chipwanya, J., Mulenga, S., Ali, D., Troell, P., Dodoli, W., Govere,
J., Gimnig, J., 2015. Preventing malaria transmission by indoor residual spraying in Malawi:
grappling with the challenge of uncertain sustainability. Malar J 14.

Chandel, K., Mendki, M., Parikh, R., Kulkarni, G., Tikar, S., Sukumaran, D., Prakash, S.,
Parashar, B., Shouche, Y., Veer, V., 2013. Midgut Microbial Community of Culex
quinquefasciatus Mosquito Populations from India. PLoS ONE 8, e80453.

Chandler, J., Liu, R., Bennett, S., 2015. RNA shotgun metagenomic sequencing of northern
California (USA) mosquitoes uncovers viruses, bacteria, and fungi. Front. Microbiol. 6,
185.

Charles, J., 2010. The regulation of expression of insect cuticle protein genes. Insect
Biochemistry and Molecular Biology 40, 205-213.

Chavshin, A., Oshaghi, M., Vatandoost, H., Pourmand, M., Raeisi, A., Enayati, A., Mardani, N.,
Ghoorchian, S., 2012. Identification of bacterial microflora in the midgut of the larvae and
adult of wild caught Anopheles stephensi: A step toward finding suitable paratransgenesis
candidates. Acta Tropica 121, 129-134.

Chouaia, B., Rossi, P., Epis, S., Mosca, M., Ricci, 1., Damiani, C., Ulissi, U., Crotti, E.,
Daffonchio, D., Bandi, C., Favia, G., 2012. Delayed larval development in Anopheles
mosquitoes deprived of 4saia bacterial symbionts. BMC Microbiology 12, S2.

Chouaia, B., Rossi, P., Montagna, M., Ricci, 1., Crotti, E., Damiani, C., Epis, S., Faye, L., Sagnon,

79



N., Alma, A., Favia, G., Daffonchio, D., Bandi, C., 2010. Molecular Evidence for Multiple
Infections as Revealed by Typing of Asaia Bacterial Symbionts of Four Mosquito Species.
Applied and Environmental Microbiology 76, 7444-7450.

Christofferson, R., Mores, C., 2011. Estimating the Magnitude and Direction of Altered
Arbovirus Transmission Due to Viral Phenotype. PLoS ONE 6, €16298.

Christophides, G., Zdobno E., Barillas-Mury, C., Birney E., Blandin, S., Blass, C., Brey, P.,
Collins F., Danielli, A., Dimopoulos, G., Hetru, C., Hoa, N., Hoffmann, J., et al, 2002.
Immunity-Related Genes and Gene Families in Anopheles gambiae. Science 298, 159-165.

Cirimotich, C., Dong, Y., Clayton, A., Sandiford, S., Souza-Neto, J., Mulenga, M., Dimopoulos,
G., 2011. Natural Microbe-Mediated Refractoriness to Plasmodium Infection in Anopheles
gambiae. Science 332, 855-858.

Cirimotich, C., Dong, Y., Garver, L., Sim, S., Dimopoulos, G., 2010. Mosquito immune defenses
against Plasmodium infection. Developmental & Comparative Immunology 34, 387-395.

Cisse, M., Keita, C., Dicko, A., Dengela, D., Coleman, J., Lucas, B., Mihigo, J., Sadou, A.,
Belemvire, A., George, K., Fornadel, C., Beach, R., 2015. Characterizing the insecticide
resistance of Anopheles gambiae in Mali. Malar J 14.

Clifton, M., Noriega, F., 2012. The fate of follicles after a blood meal is dependent on
previtellogenic nutrition and juvenile hormone in Aedes aegypti. Journal of Insect
Physiology 58, 1007-1019.

Coakley, C., Staszewski, V., Herborn, K., Cunningham, E., 2014. Factors affecting the levels of
protection transferred from mother to offspring following immune challenge. Front Zool 11,
46.

Colman, D., Toolson, E., Takacs-Vesbach, C., 2012. Do diet and taxonomy influence insect gut
bacterial communities?. Molecular Ecology 21, 5124-5137.

Contreras-Garduno, J., Rodriguez, M., Hernandez-Martinez, S., Martinez-Barnetche, J.,
Alvarado-Delgado, A., Izquierdo, J., Herrera-Ortiz, A., Moreno-Garcia, M., Velazquez-

80



Meza, M., Valverde, V., Argotte-Ramos, R., Rodriguez, M., Lanz-Mendoza, H., 2015.
Plasmodium berghei induced priming in Anopheles albimanus independently of bacterial
co-infection. Developmental & Comparative Immunology 52, 172-181.

Coon, K., Vogel, K., Brown, M., Strand, M., 2014. Mosquitoes rely on their gut microbiota for
development. Molecular Ecology 23, 2727-2739.

Damiani, C., Ricci, 1., Crotti, E., Rossi, P., Rizzi, A., Scuppa, P., Esposito, F., Bandi, C.,,
Daffonchio, D., Favia, G., 2008. Paternal transmission of symbiotic bacteria in malaria
vectors. Current Biology 18, R1087-R1088.

Damiani, C., Ricci, L., Crotti, E., Rossi, P., Rizzi, A., Scuppa, P., Capone, A., Ulissi, U., Epis, S.,
Genchi, M., Sagnon, N., Faye, 1., Kang, A., Chouaia, B., Whitehorn, C., Moussa, G.,
Mandrioli, M., Esposito, F., Sacchi, L., Bandi, C., Daffonchio, D., Favia, G., 2010.
Mosquito-Bacteria Symbiosis: The Case of Anopheles gambiae and Asaia. Microb Ecol 60,
644-654.

Darbro, J., Johnson, P., Thomas, M., Ritchie, S., Kay, B., Ryan, P., 2012. Effects of Beauveria
bassiana on Survival, Blood-Feeding Success, and Fecundity of Aedes aegypti in Laboratory
and Semi-Field Conditions. American Journal of Tropical Medicine and Hygiene 86, 656-
664.

De Freece, C., Damiani, C., Valzano, M., D'amelio, S., Cappelli, A., Ricci, ., Favia, G., 2013.
Detection and isolation of the a-proteobacterium Asaia in Culex mosquitoes. Medical and
Veterinary Entomology 28, 438-442.

De Gregorio, E., Spellman, P., Tzou, P., Rubin, G., Lemaitre, B., 2002. The Toll and Imd
pathways are the major regulators of the immune response in Drosophila. The EMBO
Journal 21, 2568-2579.

Demaio, J., Pumpuni, C., Kent, M., Beier, J., 1996. The midgut bacterial flora of wild Aedes
triseriatus, Culex pipiens, and Psorophora columbiae mosquitoes. American Journal of
Tropical Medicine and Hygiene 54, 219-223.

81



Dennison, N., BenMarzouk-Hidalgo, O., Dimopoulos, G., 2015. MicroRNA-regulation of
Anopheles gambiae immunity to Plasmodium falciparum infection and midgut microbiota.
Developmental & Comparative Immunology 49, 170-178.

Desai, M., Jellyman, J., Ross, M., 2015. Epigenomics, gestational programming and risk of
metabolic syndrome. Int J Obes Relat Metab Disord 39, 633-641.

Dimopoulos, G., Casavant, T., Chang, S., Scheetz, T., Roberts, C., Donohue, M., Schultz, J.,
Benes, V., Bork, P., Ansorge, W., Soares, M., Kafatos, F., 2000. Anopheles gambiae pilot
gene discovery project: Identification of mosquito innate immunity genes from expressed
sequence tags generated from immune-competent cell lines. Proceedings of the National
Academy of Sciences 97, 6619-6624.

Dimopoulos, G., Christophides, G., Meister, S., Schultz, J., White, K., Barillas-Mury, C.,
Kafatos, F., 2002. Genome expression analysis of Anopheles gambiae: Responses to injury,
bacterial challenge, and malaria infection. Proceedings of the National Academy of
Sciences 99, 8814-8819.

Dimopoulos, G., Richman, A., Muller, H., Kafatos, F., 1997. Molecular immune responses of the
mosquito Anopheles gambiae to bacteria and malaria parasites. Proceedings of the National
Academy of Sciences 94, 11508-11513.

Dinparast Djadid, N., Jazayeri, H., Raz, A., Favia, G., Ricci, 1., Zakeri, S., 2011. Identification of
the Midgut Microbiota of An. stephensi and An. maculipennis for Their Application as a
Paratransgenic Tool against Malaria. PLoS ONE 6, €28484.

Dinparast Djadid, N., Jazayeri, H., Raz, A., Favia, G., Ricci, 1., Zakeri, S., 2011. Identification of
the Midgut Microbiota of An. stephensi and An. maculipennis for Their Application as a
Paratransgenic Tool against Malaria. PLoS ONE 6, e28484.

Dobson, S., Fox, C., lJiggins, F., 2002. The effect of Wolbachia-induced cytoplasmic
incompatibility on host population size in natural and manipulated systems. Proceedings of
the Royal Society B: Biological Sciences 269, 437-445.

82



Dodson, B., Hughes, G., Paul, O., Matacchiero, A., Kramer, L., Rasgon, J., 2014. Wolbachia
Enhances West Nile Virus (WNV) Infection in the Mosquito Culex tarsalis. PLoS Negl
Trop Dis 8, €2965.

Dong, Y., Aguilar, R., Xi, Z., Warr, E., Mongin, E., Dimopoulos, G., 2006a. Anopheles gambiae
Immune Responses to Human and Rodent Plasmodium Parasite Species. PLoS Pathog 2,
e52.

Dong, Y., Cirimotich, C., Pike, A., Chandra, R., Dimopoulos, G., 2012b. Anopheles NF-kB-
Regulated Splicing Factors Direct Pathogen-Specific Repertoires of the Hypervariable
Pattern Recognition Receptor AgDscam. Cell Host & Microbe 12, 521-530.

Dong, Y., Dimopoulos, G., 2009. Anopheles Fibrinogen-related Proteins Provide Expanded
Pattern Recognition Capacity against Bacteria and Malaria Parasites. Journal of Biological
Chemistry 284, 9835-9844.

Dong, Y., Manfredini, F., Dimopoulos, G., 2009. Implication of the Mosquito Midgut Microbiota
in the Defense against Malaria Parasites. PLoS Pathog 5, e1000423.

Dong, Y., Morton, J., Ramirez, J., Souza-Neto, J., Dimopoulos, G., 2012a. The entomopathogenic
fungus Beauveria bassiana activate toll and JAK-STAT pathway-controlled effector genes
and anti-dengue activity in Aedes aegypti. Insect Biochemistry and Molecular Biology 42,
126-132.

Dong, Y., Taylor, H., Dimopoulos, G., 2006b. AgDscam, a Hypervariable Immunoglobulin
Domain-Containing Receptor of the Anopheles gambiae Innate Immune System. PLoS
Biology 4, €229.

Dostert, C., Jouanguy, E., Irving, P., Troxler, L., Galiana-Arnoux, D., Hetru, C., Hoffmann, J.,
Imler, J., 2005. The Jak-STAT signaling pathway is required but not sufficient for the
antiviral response of Drosophila. Nature Immunology 6, 946-953.

Duguma, D., Hall, M., Rugman-Jones, P., Stouthamer, R., Terenius, O., Neufeld, J., Walton, W.,
2015. Developmental succession of the microbiome of Culex mosquitoes. BMC

&3



Microbiology 15, 140.

Dupuis, S., Jouanguy, E., Al-Hajjar, S., Fieschi, C., Al-Mohsen, 1., Al-Jumaah, S., Yang, K.,
Chapgier, A., Eidenschenk, C., Eid, P., Ghonaium, A., Tufenkeji, H., Frayha, H., Al-
Gazlan, S., Al-Rayes, H., Schreiber, R., Gresser, L., Casanova, J., 2003. Impaired response
to interferon-alpha/beta and lethal viral disease in human STATI deficiency. Nature
Genetics 33, 388-391.

Eappen, A., Smith, R., Jacobs-Lorena, M., 2013. Enterobacter-Activated Mosquito Immune
Responses to Plasmodium Involve Activation of SRPN6 in Anopheles stephensi. PLoS
ONE 8, €62937.

Farnesi, L., Brito, J., Linss, J., Pelajo-Machado, M., Valle, D., Rezende, G., 2012. Physiological
and Morphological Aspects of Aedes aegypti Developing Larvae: Effects of the Chitin
Synthesis Inhibitor Novaluron. PLoS ONE 7, €30363.

Favia, G., Ricci, 1., Damiani, C., Raddadi, N., Crotti, E., Marzorati, M., Rizzi, A., Urso, R.,
Brusetti, L., Borin, S., Mora, D., Scuppa, P., Pasqualini, L., Clementi, E., Genchi, M.,
Corona, S., Negri, 1., Grandi, G., Alma, A., Kramer, L., Esposito, F., Bandi, C., Sacchi, L.,
Daffonchio, D., 2007. Bacteria of the genus Asaia stably associate with Anopheles
stephensi, an Asian malarial mosquito vector. Proceedings of the National Academy of
Sciences 104, 9047-9051.

Fernandez-Luna, M., Tabashnik, B., Lanz-Mendoza, H., Bravo, A., Soberon, M., Miranda-Rios,
J., 2010. Single concentration tests show synergism among Bacillus thuringiensis subsp.
israelensis toxins against the malaria vector mosquito Anopheles albimanus. Journal of
Invertebrate Pathology 104, 231-233.

Fillinger, U., Knols, B., Becker, N., 2003. Efficacy and efficiency of new Bacillus thuringiensis
var. israelensis and Bacillus sphaericus formulations against Afrotropical anophelines in
Western Kenya. Trop Med Int Health 8, 37-47.

Fragkoudis, R., Attarzadeh-Yazdi, G., Nash, A., Fazakerley, J., Kohl, A., 2009. Advances in

84



dissecting mosquito innate immune responses to arbovirus infection. Journal of General
Virology 90, 2061-2072.

Fragkoudis, R., Chi, Y., Siu, R., Barry, G., Attarzadeh-Yazdi, G., Merits, A., Nash, A.,
Fazakerley, J., Kohl, A., 2008. Semliki Forest virus strongly reduces mosquito host defence
signaling. Insect Molecular Biology 17, 647-656.

Fraiture, M., Baxter, R., Steinert, S., Chelliah, Y., Frolet, C., Quispe-Tintaya, W., Hoffmann, J.,
Blandin, S., Levashina, E., 2009. Two Mosquito LRR Proteins Function as Complement
Control Factors in the TEP1-Mediated Killing of Plasmodium. Cell Host & Microbe 5, 273-
284.

Frants, T., Mertvetsova, O., 1986. [Yeast associations with mosquitoes of the genus Adedes Mg.
(Diptera, Culicidae) in the Tom-Ob river region]. Nauchnye Doki Vyss Shkoly Biol Nauki
4,94-8.

Franz, A., Sanchez-Vargas, 1., Adelman, Z., Blair, C., Beaty, B., James, A., Olson, K., 2006.
Engineering RNA interference-based resistance to dengue virus type 2 in genetically
modified Aedes aegypti. Proceedings of the National Academy of Sciences 103, 4198-4203.

Frolet, C., Thoma, M., Blandin, S., Hoffmann, J., Levashina, E., 2006. Boosting NF-kB-
Dependent Basal Immunity of Anopheles gambiae Aborts Development of Plasmodium
berghei. Immunity 25, 677-685.

Fu, X., Schindler, C., Improta, T., Aebersold, R., Darnell, J., 1992. The proteins of ISGF-3, the
interferon alpha-induced transcriptional activator, define a gene family involved in signal
transduction. Proceedings of the National Academy of Sciences 89, 7840-7843.

Futami, K., Kongere, J., Mwania, M., Lutiali, P., Njenga, S., Minakawa, N., 2011. Effects of
Bacillus thuringiensis israelensis on Anopheles arabiensis. Journal of the American
Mosquito Control Association 27, 81-83.

Gaio, A., Gusmao, D., Santos, A., Berbert-Molina, M., Pimenta, P., Lemos, F., 2011.
Contribution of midgut bacteria to blood digestion and egg production in Aedes aegypti

85



(diptera: culicidae) (L.). Parasites Vectors 4, 105.

Gaio, A., Gusmdo, D., Santos, A., Berbert-Molina, M., Pimenta, P., Lemos, F., 2011.
Contribution of midgut bacteria to blood digestion and egg production in Aedes aegypti
(diptera: culicidae) (L.). Parasites Vectors 4, 105.

Garver, L., Bahia, A., Das, S., Souza-Neto, J., Shiao, J., Dong, Y., Dimopoulos, G., 2012.
Anopheles Imd Pathway Factors and Effectors in Infection Intensity-Dependent Anti-
Plasmodium Action. PLoS Pathog 8, e1002737.

Garver, L., de Almeida Oliveira, G., Barillas-Mury, C., 2013. The JNK Pathway Is a Key
Mediator of Anopheles gambiae Antiplasmodial Immunity. PLoS Pathog 9, €1003622.
Garver, L., Dong, Y., Dimopoulos, G., 2009. Caspar Controls Resistance to Plasmodium

falciparum in Diverse Anopheline Species. PLoS Pathog 5, e1000335.

Garver, L., Xi, Z., Dimopoulos, G., 2008. Immunoglobulin superfamily members play an
important role in the mosquito immune system. Developmental & Comparative
Immunology 32, 519-531.

Garza-Hernandez, J., Rodriguez-Perez, M., Salazar, M., Russell, T., Adeleke, M., de Luna-
Santillana, E., Reyes-Villanueva, F., 2013. Vectorial Capacity of Aedes aegypti for Dengue
Virus Type 2 Is Reduced with Co-infection of Metarhizium anisopliae. PLoS Negl Trop Dis
7,¢2013.

Geetha, 1., Manonmani, A., 2010. Surfactin: a novel mosquitocidal biosurfactant produced by
Bacillus subtilis ssp. subtilis (VCRC B471) and influence of abiotic factors on its pupicidal
efficacy. Letters in Applied Microbiology 51, 406-412.

Geetha, 1., Manonmani, A., Paily, K., 2010. Identification and characterization of a mosquito
pupicidal metabolite of a Bacillus subtilis subsp. subtilis strain. Appl Microbiol Biotechnol
86, 1737-1744.

Geetha, 1., Manonmani, A., Prabakaran, G., 2011. Bacillus amyloliquefaciens: A mosquitocidal
bacterium from mangrove forests of Andaman & Nicobar islands, India. Acta Tropica 120,

86



155-159.

Geissbuhler, Y., Kannady, K., Chaki, P., Emidi, B., Govella, N., Mayagaya, V., Kiama, M.,
Mtasiwa, D., Mshinda, H., Lindsay, S., Tanner, M., Fillinger, U., de Castro, M., Killeen, G.,
2009. Microbial Larvicide Application by a Large-Scale, Community-Based Program
Reduces Malaria Infection Prevalence in Urban Dar Es Salaam, Tanzania. PLoS ONE 4,
e5107.

Gendrin, M., Rodgers, F., Yerbanga, R., Ouedraogo, J., Basanez, M., Cohuet, A., Christophides,
G., 2015. Antibiotics in ingested human blood affect the mosquito microbiota and capacity
to transmit malaria. Nature Communications 6, 5921.

Georgel, P., Naitza, S., Kappler, C., Ferrandon, D., Zachary, D., Swimmer, C., Kopczynski, C.,
Duyk, G., Reichhart, J., Hoffmann, J., 2001. Drosophila Immune Deficiency (IMD) Is a
Death Domain Protein that Activates Antibacterial Defense and Can Promote Apoptosis.
Developmental Cell 1, 503-514.

Gimonneau, G., Tchioffo, M., Abate, L., Boissiere, A., Awono-Ambene, P., Nsango, S., Christen,
R., Morlais, 1., 2014. Composition of Anopheles coluzzii and Anopheles gambiae microbiota
from larval to adult stages. Infection, Genetics and Evolution 28, 715-724.

Gnanguenon, V., Agossa, F., Badirou, K., Govoetchan, R., Anagonou, R., Oke-Agbo, F.,
Azondekon, R., AgbanrinYoussouf, R., Attolou, R., Tokponnon, F., Aikpon, R., Oss¢, R.,
Akogbeto, M., 2015. Malaria vectors resistance to insecticides in Benin: current trends and
mechanisms involved. Parasites Vectors 8, 223.

Goldman, L., Arnold, J., Carlton, B., 1986. Selection for resistance to Bacillus thuringiensis
subspecies israelensis in field and laboratory populations of the mosquito Aedes aegypti.
Journal of Invertebrate Pathology 47, 317-324.

Gonzalez-Ceron, L., Santillan, F., Rodriguez, M., Mendez, D., Hernandez-Avila, J., 2003.
Bacteria in midguts of field-collected Anopheles albimanus block Plasmodium vivax
sporogonic development. Journal of Medical Entomology 40, 371-374.

87



Gulland, A., 2012. Death toll from malaria is double the WHO estimate, study finds. BMJ 344,
e895.

Gupta, L., Molina-Cruz, A., Kumar, S., Rodrigues, J., Dixit, R., Zamora, R., Barillas-Mury, C.,
2009. The STAT Pathway Mediates Late-Phase Immunity against Plasmodium in the
Mosquito Anopheles gambiae. Cell Host & Microbe 5, 498-507.

Gusmao, D., Santos, A., Marini, D., Bacci, M., Berbert-Molina, M., Lemos, F., 2010. Culture-
dependent and culture-independent characterization of microorganisms associated with
Aedes aegypti (Diptera: Culicidae) (L.) and dynamics of bacterial colonization in the
midgut. Acta Tropica 115, 275-281.

Ha, E., Lee, K., Seo, Y., Kim, S., Lim, J., Oh, B., Kim, J., Lee, W., 2009. Coordination of
multiple dual oxidase-regulatory pathways in responses to commensal and infectious
microbes in Drosophila gut. Nature Immunology 10, 949-957.

Habtewold, T., Povelones, M., Blagborough, A., Christophides, G., 2008. Transmission Blocking
Immunity in the Malaria Non-Vector Mosquito Anopheles quadriannulatus Species A.
PLoS Pathogens 4, €1000070.

Haji, K., Khatib, B., Smith, S., Ali, A., Devine, G., Coetzee, M., Majambere, S., 2013.
Challenges for malaria elimination in Zanzibar: pyrethroid resistance in malaria vectors and
poor performance of long-lasting insecticide nets. Parasites & Vectors 6, 82.

Han, Y., 2000. Molecular interactions between Anopheles stephensi midgut cells and Plasmodium
berghei: the time bomb theory of ookinete invasion of mosquitoes. The EMBO Journal 19,
6030-6040.

Hansen, 1., Attardo, G., Rodriguez, S., Drake, L., 2014. Four-way regulation of mosquito yolk
protein precursor genes by juvenile hormone-, ecdysone-, nutrient-, and insulin-like peptide
signaling pathways. Frontiers in Physiology 5, 103.

Hay, S., Okiro, E., Gething, P., Patil, A., Tatem, A., Guerra, C., Snow, R., 2010. Estimating the
Global Clinical Burden of Plasmodium falciparum Malaria in 2007. PLoS Med 7,

88



€1000290.

Hoa, N., Zheng, L., 2007. Functional characterization of the NF-kB transcription factor gene
REL2 from Anopheles gambiae. Insect Science 14, 175-184.

Hughes, G., Dodson, B., Johnson, R., Murdock, C., Tsujimoto, H., Suzuki, Y., Patt, A., Cui, L.,
Nossa, C., Barry, R., Sakamoto, J., Hornett, E., Rasgon, J., 2014. Native microbiome
impedes vertical transmission of Wolbachia in Anopheles mosquitoes. Proceedings of the
National Academy of Sciences 111, 12498-12503.

Hughes, G., Ren, X., Ramirez, J., Sakamoto, J., Bailey, J., Jedlicka, A., Rasgon, J., 2011.
Wolbachia Infections in Anopheles gambiae Cells: Transcriptomic Characterization of a
Novel Host-Symbiont Interaction. PLoS Pathog 7, €¢1001296.

Hussain, M., Frentiu, F., Moreira, L., O'Neill, S., Asgari, S., 2011. Wolbachia uses host
microRNAs to manipulate host gene expression and facilitate colonization of the dengue
vector Aedes aegypti. Proceedings of the National Academy of Sciences 108, 9250-9255.

Ignatova, E., Nagornaia, S., Povazhnaia, T., lanishevskaia, G., 1996. The yeast flora of blood-
sucking mosquitoes. Microbiol. Z. 58, 12—15.

Jenkins, A., Muskavitch, M., 2015. Evolution of an Epigenetic Gene Ensemble within the Genus
Anopheles. Genome Biology and Evolution 7, 901-915.

Joshi, D., McFadden, M., Bevins, D., Zhang, F., Xi, Z., 2014. Wolbachia strain wAlbB confers
both fitness costs and benefit on Anopheles stephensi. Parasites & Vectors 7, 336.

Kallio, E., Helle, H., Koskela, E., Mappes, T., Vapalahti, O., 2015. Age-related effects of chronic
hantavirus infection on female host fecundity. Journal of Animal Ecology 84, 1264-1272.

Kallio, J., Leinonen, A., Ulvila, J., Valanne, S., Ezekowitz, R., Ramet, M., 2005. Functional
analysis of immune response genes in Drosophila identifies JNK pathway as a regulator of
antimicrobial peptide gene expression in S2 cells. Microbes and Infection 7, 811-819.

Kambris, Z., Blagborough, A., Pinto, S., Blagrove, M., Godfray, H., Sinden, R., Sinkins, S.,
2010. Wolbachia Stimulates Immune Gene Expression and Inhibits Plasmodium

89



Development in Anopheles gambiae. PLoS Pathog 6, e1001143.

Karch, S., Manzambi, Z., Salaun, J., 1991. Field trials with VectolexTM (Bacillus sphaericus)
and VectobacTM (Bacillus thuringiensis H-14) against Anopheles gambiae and Culex
quinquefasciatus breeding in Zaire. J. Am. Mosq. Control Assoc. 7, 176—179.

Keene, K., Foy, B., Sanchez-Vargas, 1., Beaty, B., Blair, C., Olson, K., 2004. RNA interference
acts as a natural antiviral response to O'nyong-nyong virus (Alphavirus; Togaviridae)
infection of Anopheles gambiae. Proceedings of the National Academy of Sciences 101,
17240-17245.

Kim, T., Kim, Y., 2005. Overview of Innate Immunity in Drosophila. Journal of Biochemistry
and Molecular Biology 38, 121-127.

Kingsolver, M., Huang, Z., Hardy, R., 2013. Insect Antiviral Innate Immunity: Pathways,
Effectors, and Connections. Journal of Molecular Biology 425, 4921-4936.

Kleino, A., Valanne, S., Ulvila, J., Kallio, J., Myllymaki, H., Enwald, H., Stoven, S., Poidevin,
M., Ueda, R., Hultmark, D., Lemaitre, B., Ramet, M., 2005. Inhibitor of apoptosis 2 and
TAK1-binding protein are components of the Drosophila Imd pathway. EMBO J 24, 3423-
3434.

Knowles, S., Palinauskas, V., Sheldon, B., 2010. Chronic malaria infections increase family
inequalities and reduce parental fitness: experimental evidence from a wild bird population.
Journal of Evolutionary Biology 23, 557-569.

Koyama, T., Mendes, C., Mirth, C., 2013. Mechanisms regulating nutrition-dependent
developmental plasticity through organ-specific effects in insects. Frontiers in Physiology 4.

Kroeger, A., Horstick, O., Riedl, C., Kaiser, A., Becker, N., 1995. The potential for malaria
control with the biological larvicide Bacillus thuringiensis israelensis (Bti) in Peru and

Ecuador. Acta Tropica 60, 47-57.

90



Kumar, A., Sharma, V., Sumodan, P., Thavaselvam, D., Kamat, R., 1994. Malaria control
utilizing Bacillus sphaericus against Anopheles stephensi in Panaji, Goa. J. Am. Mosq.
Control Assoc. 10, 534-539.

Kumar, S., Molina-Cruz, A., Gupta, L., Rodrigues, J., Barillas-Mury, C., 2010. A
Peroxidase/Dual Oxidase System Modulates Midgut Epithelial Immunity in Anopheles
gambiae. Science 327, 1644-1648.

Lara da Costa, G., Cunha de Oliveira, P., 1998. Penicillium species in mosquitoes from two
Brazilian regions. Journal of Basic Microbiology 38, 343-347.

Layalle, S., Arquier, N., Léopold, P., 2008. The TOR Pathway Couples Nutrition and
Developmental Timing in Drosophila. Developmental Cell 15, 568-577.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J., Hoffmann, J., 1996. The Dorsoventral
Regulatory Gene Cassette spatzle/Toll/cactus Controls the Potent Antifungal Response in
Drosophila Adults. Cell 86, 973-983.

Leulier, F., Rodriguez, A., Khush, R., Abrams, J., Lemaitre, B., 2000. The Drosophila caspase
Dredd is required to resist Gram-negative bacterial infection. EMBO reports 1, 353-358.

Levashina, E., 2004. Immune responses in Anopheles gambiae. Insect Biochemistry and
Molecular Biology 34, 673-678.

Leyria, J., Fruttero, L., Aguirre, S., Canavoso, L., 2014. Ovarian Nutritional Resources During
the Reproductive Cycle of the Hematophagous Dipetalogaster maxima (Hemiptera:
Reduviidae): Focus on Lipid Metabolism. Archives of Insect Biochemistry and Physiology
87, 148-163.

Ligoxygakis, P., Pelte, N., Ji, C., Duvic, B., Belvin, M., Jiang, H., Hoffmann, J., Reichhart, J.,
2002. A serpin mutant links Toll activation to melanization in the host defence of
Drosophila. The EMBO Journal 21, 6330-6337.

Lim, J., Gowda, D., Krishnegowda, G., Luckhart, S., 2005. Induction of Nitric Oxide Synthase in
Anopheles stephensi by Plasmodium falciparum: Mechanism of Signaling and the Role of

91



Parasite Glycosylphosphatidylinositols. Infection and Immunity 73, 2778-2789.

Lin, H., Zhang, L., Luna, C., Hoa, N., Zheng, L., 2007. A splice variant of PGRP-LC required for
expression of antimicrobial peptides in Anopheles gambiae. Insect Science 14, 185-192.
Linder, J., Promislow, D., 2009. Cross-generational fitness effects of infection in Drosophila

melanogaster. Fly 3, 143-150.

Lindh, J., Borg-Karlson, A., Faye, 1., 2008. Transstadial and horizontal transfer of bacteria within
a colony of Anopheles gambiae (Diptera: Culicidae) and oviposition response to bacteria-
containing water. Acta Tropica 107, 242-250.

Luna, C., Hoa, N., Lin, H., Zhang, L., Nguyen, H., Kanzok, S., Zheng, L., 2006. Expression of
immune responsive genes in cell lines from two different Anopheline species. Insect
Molecular Biology 15, 721-729.

Majambere, S., Lindsay, S., Green, C., Kandeh, B., Fillinger, U., 2007. Microbial larvicides for
malaria control in The Gambia. Malar J 6, 76.

Manfruelli, P., 1999. A mosaic analysis in Drosophila fat body cells of the control of
antimicrobial peptide genes by the Rel proteins Dorsal and DIF. The EMBO Journal 18,
3380-3391.

Mayoral, J., Etebari, K., Hussain, M., Khromykh, A., Asgari, S., 2014. Wolbachia Infection
Modifies the Profile, Shuttling and Structure of MicroRNAs in a Mosquito Cell Line. PLoS
ONE 9, €96107.

McFarlane, M., Arias-Goeta, C., Martin, E., O'Hara, Z., Lulla, A., Mousson, L., Rainey, S.,
Misbah, S., Schnettler, E., Donald, C., Merits, A., Kohl, A., Failloux, A., 2014.
Characterization of Aedes aegypti Innate-Immune Pathways that Limit Chikungunya Virus
Replication. PLoS Negl Trop Dis 8§, €2994.

McMeniman, C., Lane, R., Cass, B., Fong, A., Sidhu, M., Wang, Y., O'Neill, S., 2009. Stable
Introduction of a Life-Shortening Wolbachia Infection into the Mosquito Aedes aegypti.

Science 323, 141-144.

92



Meister, S., Agianian, B., Turlure, F., Relogio, A., Morlais, 1., Kafatos, F., Christophides, G.,
2009. Anopheles gambiae PGRPLC-Mediated Defense against Bacteria Modulates
Infections with Malaria Parasites. PLoS Pathog 5, €1000542.

Meister, S., Kanzok, S., Zheng, X., Luna, C., Li, T., Hoa, N., Clayton, J., White, K., Kafatos, F.,
Christophides, G., Zheng, L., 2005. Immune signaling pathways regulating bacterial and
malaria parasite infection of the mosquito Anopheles gambiae. Proceedings of the National
Academy of Sciences 102, 11420-11425.

Michel, T., Reichhart, J., Hoffmann, J., Royet, J., 2001. Drosophila Toll is activated by Gram-
positive bacteria through a circulating peptidoglycan recognition protein. Nature 414, 756-
759.

Minard, G., Mavingui, P., Moro, C., 2013. Diversity and function of bacterial microbiota in the
mosquito holobiont. Parasites & Vectors 6, 146.

Minard, G., Tran, F., Dubost, A., Tran-Van, V., Mavingui, P., Valiente Moro, C., 2014.
Pyrosequencing 16S rRNA genes of bacteria associated with wild tiger mosquito Aedes
albopictus: a pilot study. Front. Cell. Infect. Microbiol. 4, 59.

Mitraka, E., Stathopoulos, S., Siden-Kiamos, 1., Christophides, G., Louis, C., 2013. Asaia
accelerates larval development of Anopheles gambiae. Pathogens and Global Health 107,
305-311.

Mitri, C., Jacques, J., Thiery, 1., Riehle, M., Xu, J., Bischoff, E., Morlais, 1., Nsango, S., Vernick,
K., Bourgouin, C., 2009. Fine Pathogen Discrimination within the APL1 Gene Family
Protects Anopheles gambiae against Human and Rodent Malaria Species. PLoS Pathog 5,
€1000576.

Mittal, P., Adak, T., Sharma, V., 1998. Variations in the response to Bacillus sphaericus toxins in

different strains of Anopheles stephensi Liston. Indian J. Malariol. 35, 178—184.

93



Mohanty, S., Prakash, S., 2000. Laboratory evaluation of Trichophyton ajelloi, a fungal pathogen
of Anopheles stephensi and Culex quinquefasciatus. J. Am. Mosq. Control Assoc. 16, 254—
257.

Molina-Cruz, A., DeJong, R., Charles, B., Gupta, L., Kumar, S., Jaramillo-Gutierrez, G., Barillas-
Mury, C., 2007. Reactive Oxygen Species Modulate Anopheles gambiae Immunity against
Bacteria and Plasmodium. Journal of Biological Chemistry 283, 3217-3223.

Molina-Cruz, A., Garver, L., Alabaster, A., Bangiolo, L., Haile, A., Winikor, J., Ortega, C., van
Schaijk, B., Sauerwein, R., Taylor-Salmon, E., Barillas-Mury, C., 2013. The Human
Malaria Parasite Pfs47 Gene Mediates Evasion of the Mosquito Immune System. Science
340, 984-987.

Moll, R., Romoser, W., Modrakowski, M., Moncayo, A., Lerdthusnee, K., 2001. Meconial
Peritrophic Membranes and the Fate of Midgut Bacteria During Mosquito (Diptera:
Culicidae) Metamorphosis. Journal of Medical Entomology 38, 29-32.

Moncayo, A., Lerdthusnee, K., Leon, R., Robich, R., Romoser, W., 2005. Meconial Peritrophic
Matrix Structure, Formation, and Meconial Degeneration in Mosquito Pupae/Pharate
Adults: Histological and Ultrastructural Aspects. Journal of Medical Entomology 42, 939-
944.

Montes de Oca-Mejia, M., Castillo-Juarez, 1., Martinez-Vazquez, M., Soto-Hernandez, M.,
Garcia-Contreras, R., 2014. Influence of quorum sensing in multiple phenotypes of the
bacterial pathogen Chromobacterium violaceum. Pathogens and Disease 73, 1-4.

Moreira, L., Iturbe-Ormaetxe, 1., Jeffery, J., Lu, G., Pyke, A., Hedges, L., Rocha, B., Hall-
Mendelin, S., Day, A., Riegler, M., Hugo, L., Johnson, K., Kay, B., McGraw, E., van den
Hurk, A., Ryan, P., O'Neill, S., 2009. A Wolbachia Symbiont in Aedes aegypti Limits
Infection with Dengue, Chikungunya, and Plasmodium. Cell 139, 1268-1278.

Muller, G., Beier, J., Traore, S., Toure, M., Traore, M., Bah, S., Doumbia, S., Schlein, Y., 2010a.
Successful field trial of attractive toxic sugar bait (ATSB) plant-spraying methods against

94



malaria vectors in the Anopheles gambiae complex in Mali, West Africa. Malar J 9, 210.

Muller, G., Junnila, A., Schlein, Y., 2010b. Effective Control of Adult Culex pipiens by Spraying
an Attractive Toxic Sugar Bait Solution in the Vegetation Near Larval Habitats. Journal of
Medical Entomology 47, 63-66.

Muspratt J. 1963. Destruction of the larvae of Anopheles gambiae Giles by a Coelomomyces
fungus. Bull. World Health Organ. 29, 81-86.

Muturi, E., Blackshear, M., Montgomery, A., 2012. Temperature and density-dependent effects
of larval environment on Aedes aegypti competence for an alphavirus. Journal of Vector
Ecology 37, 154-161.

Muturi, E., Costanzo, K., Kesavaraju, B., Alto, B., 2011. Can Pesticides and Larval Competition
Alter Susceptibility of Aedes Mosquitoes (Diptera: Culicidae) to Arbovirus Infection?.
Journal of Medical Entomology 48, 429-436.

Myles, K., Wiley, M., Morazzani, E., Adelman, Z., 2008. Alphavirus-derived small RNAs
modulate pathogenesis in disease vector mosquitoes. Proceedings of the National Academy
of Sciences 105, 19938-19943.

Naot, Y., Sharf, M., Klein, A., 1978. Mycoplasma Infection in Pregnant Rats: Low Viability of
Foetuses and Newborn Offspring. Journal of Medical Microbiology 11, 261-267.

Ngwa, C., Glockner, V., Abdelmoshen, U., Scheuermayer, M., Fischer, R., Hentschel, U., Pradel,
G., 2013. 16S rRNA gene-based identification of Elizabethkingia meningoseptica
(Flavobacteriales:Flavobacteriacease) as a dominant midgut bacterium of the Asain malaria
vector Anopheles stephensi (Diptera: Culicidae) with antimicrobial activities. Journal of
Medical Entomology 50, 404-14.

Nicolas, E., Reichhart, J., Hoffmann, J., Lemaitre, B., 1998. In Vivo Regulation of the IkB
Homologue cactus during the Immune Response of Drosophila. Journal of Biological

Chemistry 273, 10463-10469.

95



Nishiura, J., Burgos, C., Aya, S., Goryacheva, Y., Lo, W., 2007. Modulation of larval nutrition
affects midgut neutral lipid storage and temporal pattern of transcription factor expression
during mosquito metamorphosis. Journal of Insect Physiology 53, 47-58.

Niwa YS, Niwa R. 2014. Neural control of steroid hormone biosynthesis during development in

the fruit fly Drosophila melanogaster. Genes Genet Syst 89(1): 27-34.

Nnakumusana, E., 1986. The effect of Coelomomyces indicus on the fecundity and longevity of
Anopheles gambiae, Culex fatigans and Aedes aegypti exposed to infection at each larval
instar. Int. J. Trop. Insect Sci. 7, 139-142.

Noden, B., Vaughan, J., Pumpuni, C., Beier, J., 2011. Mosquito ingestion of antibodies against
mosquito midgut microbiota improves conversion of ookinetes to oocysts for Plasmodium
falciparum, but not P. yoelii. Parasitology International 60, 440-446.

Oliveira, G., Lieberman, J., Barillas-Mury, C., 2012. Epithelial Nitration by a Peroxidase/NOX5
System Mediates Mosquito Antiplasmodial Immunity. Science 335, 856-859.

Oliveira, J., Goncalves, R., Lara, F., Dias, F., Gandara, A., Menna-Barreto, R., Edwards, M.,
Laurindo, F., Silva-Neto, M., Sorgine, M., Oliveira, P., 2011a. Blood Meal-Derived Heme
Decreases ROS Levels in the Midgut of Aedes aegypti and Allows Proliferation of Intestinal
Microbiota. PLoS Pathog 7, €1001320.

Oliveira, J., Gongalves, R., Oliveira, G., Oliveira, P., Oliveira, M., Barillas-Mury, C., 2011b.
Energy metabolism affects susceptibility of Anopheles gambiae mosquitoes to Plasmodium
infection. Insect Biochemistry and Molecular Biology 41, 349-355.

Ondiaka, S., Masinde, E., Koenraadt, C., Takken, W., Mukabana, W., 2015. Effects of fungal
infection on feeding and survival of Anopheles gambiae (Diptera: Culicidae) on plant
sugars. Parasites & Vectors 8, 35.

Osei-Amo, S., Hussain, M., O’Neill, S., Asgari, S., 2012. Wolbachia-Induced aae-miR-12
miRNA Negatively Regulates the Expression of MCT1 and MCM6 Genes in Wolbachia-
Infected Mosquito Cell Line. PLoS ONE 7, e50049.

96



Osei-Poku, J., Mbogo, C., Palmer, W., Jiggins, F., 2012. Deep sequencing reveals extensive
variation in the gut microbiota of wild mosquitoes from Kenya. Molecular Ecology 21,
5138-5150.

Osta, M., Christophides G., Kafatos, F., 2004. Effects of Mosquito Genes on Plasmodium
Development. Science 303, 2030-2032.

Paradkar, P., Duchemin, J., Voysey, R., Walker, P., 2014. Dicer-2-Dependent Activation of Culex
Vago Occurs via the TRAF-Rel2 Signaling Pathway. PLoS Negl Trop Dis 8, €2823.

Paradkar, P., Trinidad, L., Voysey, R., Duchemin, J., Walker, P., 2012. Secreted Vago restricts
West Nile virus infection in Culex mosquito cells by activating the Jak-STAT pathway.
Proceedings of the National Academy of Sciences 109, 18915-18920.

Paris, M., David, J., Despres, L., 2011. Fitness costs of resistance to Bti toxins in the dengue
vector Aedes aegypti. Ecotoxicology 20, 1184-1194.

Paris, M., Tetreau, G., Laurent, F., Lelu, M., Despres, L., David, J., 2010. Persistence of Bacillus
thuringiensis israelensis (Bti) in the environment induces resistance to multiple Bti toxins in
mosquitoes. Pest. Manag. Sci. 67, 122-128.

Pei, D., Jiang, J., Yu, W., Kukutla, P., Uentillie, A., Xu, J., 2015. The waal gene mutation
compromised the inhabitation of Enterobacter sp. Agl in the mosquito gut environment.
Parasites Vectors 8, 437.

Pereira, E., Sarquis, M., Ferreira-Keppler, R., Hamada, N., Alencar, Y., 2009. Filamentous fungi
associated with mosquito larvae (Diptera: Culicidae) in municipalities of the Brazilian
Amazon. Neotropical Entomology 38, 352-359.

Pidiyar, V., Jangid, K., Patole, M., Shouche, Y., 2004. Studies on cultured and uncultured
microbiota of wild Culex quinquefasciatus mosquito midgut based on 16s ribosomal RNA
gene analysis. Am J Trop Med Hyg 70, 597-603.

Povelones, M., Bhagavatula, L., Yassine, H., Tan, L., Upton, L., Osta, M., Christophides, G.,
2013. The CLIP-Domain Serine Protease Homolog SPCLIP1 Regulates Complement

97



Recruitment to Microbial Surfaces in the Malaria Mosquito Anopheles gambiae. PLoS
Pathog 9, €1003623.

Povelones, M., Waterhouse, R., Kafatos, F., Christophides, G., 2009. Leucine-Rich Repeat
Protein Complex Activates Mosquito Complement in Defense Against Plasmodium
Parasites. Science 324, 258-261.

Prabakaran, G., Paily, K., Padmanabhan, V., Hoti, S., Balaraman, K., 2002. Isolation of a
Pseudomonas fluorescens metabolite/exotoxin active against both larvae and pupae of
vector mosquitoes. Pest. Manag. Sci. 59, 21-24.

Prakash, S., Singh, G., Soni, N., Sharma, S., 2010. Pathogenicity of Fusarium oxysporum against
the larvae of Culex quinquefasciatus (Say) and Anopheles stephensi (Liston) in laboratory.
Parasitology Research 107, 651-655.

Priyanka, Srivastava, J., Prakash, S., 2001. Chrysosporium tropicum efficacy against Anopheles
stephensi larvae in the laboratory. J. Am. Mosq. Control Assoc. 17, 127-130.

Pumpuni, C., Demaio, J., Kent, M., Davis, J., Beier, J., 1996. Bacterial population dynamics in
three anopheline species: the impact on Plasmodium sporogonic development. The
American Journal of Tropical Medicine and Hygiene 54, 214-218.

Qualls, W., Muller, G., Revay, E., Allan, S., Arheart, K., Beier, J., Smith, M., Scott, J.,
Kravchenko, V., Hausmann, A., Yefremova, Z., Xue, R., 2014. Evaluation of attractive
toxic sugar bait (ATSB)-Barrier for control of vector and nuisance mosquitoes and its effect
on non-target organisms in sub-tropical environments in Florida. Acta Tropica 131, 104-
110.

Ramirez, J. and Short, S., Bahia, A., Saraiva, R., Dong, Y., Kang, S., Tripathi, A., Mlambo, G.,
Dimopoulos, G., 2014. Chromobacterium Csp_P Reduces Malaria and Dengue Infection in
Vector Mosquitoes and Has Entomopathogenic and In Vitro Anti-pathogen Activities. PLoS
Pathog 10, e1004398.

Ramirez, J., de Almeida Oliveira, G., Calvo, E., Dalli, J., Colas, R., Serhan, C., Ribeiro, J.,

98



Barillas-Mury, C., 2015. A mosquito lipoxin/lipocalin complex mediates innate immune
priming in Anopheles gambiae. Nature Communications 6, 7403.

Ramirez, J., Garver, L., Brayner, F., Alves, L., Rodrigues, J., Molina-Cruz, A., Barillas-Mury, C.,
2014. The Role of Hemocytes in Anopheles gambiae Antiplasmodial Immunity. J Innate
Immun 6, 119-128.

Ramirez, J., Souza-Neto, J., Torres Cosme, R., Rovira, J., Ortiz, A., Pascale, J., Dimopoulos, G.,
2012. Reciprocal Tripartite Interactions between the Aedes aegypti Midgut Microbiota,
Innate Immune System and Dengue Virus Influences Vector Competence. PLoS Negl Trop
Dis 6, e1561.

Ramphul, U., Garver, L., Molina-Cruz, A., Canepa, G., Barillas-Mury, C., 2014. Plasmodium
falciparum evades mosquito immunity by disrupting JNK-mediated apoptosis of invaded
midgut cells. Proceedings of the National Academy of Sciences 112, 1273-1280.

Rani, A., Sharma, A., Rajagopal, R., Adak, T., Bhatnagar, R., 2009. Bacterial diversity analysis
of larvae and adult midgut micro-flora using culture-dependent and culture-independent
methods in lab-reared and field-collected Anopheles stephensi-an Asian malarial vector.
BMC Microbiology 9, 96.

Reaney, L., Knell, R., 2010. Immune activation but not male quality affects female current
reproductive investment in a dung beetle. Behavioral Ecology 21, 1367-1372.

Rechavi, O., Houri-Ze’evi, L., Anava, S., Goh, W., Kerk, S., Hannon, G., Hobert, O., 2014.
Starvation-Induced Transgenerational Inheritance of Small RNAs in C. elegans. Cell 158,

277-287.

Regan, J., Brandao, A., Leitao, A., Mantas Dias, A., Sucena, A., Jacinto, A., Zaidman-Remy, A.,
2013. Steroid Hormone Signaling Is Essential to Regulate Innate Immune Cells and Fight
Bacterial Infection in Drosophila. PLoS Pathog 9, €1003720.

Reisen, W., Fang, Y., Martinez, V., 2006. Effects of Temperature on the Transmission of West
Nile Virus by Culex tarsalis (Diptera: Culicidae). Journal of Medical Entomology 43, 309-

99



317.

Rhen, T., Crews, D., Fivizzani, A., Elf, P., 2006. Reproductive tradeoffs and yolk steroids in
female leopard geckos, Eublepharis macularius. Journal of Evolutionary Biology 19, 1819-
1829.

Ricci, 1., Damiani, C., Scuppa, P., Mosca, M., Crotti, E., Rossi, P., Rizzi, A., Capone, A.,
Gonella, E., Ballarini, P., Chouaia, B., Sagnon, N., Esposito, F., Alma, A., Mandrioli, M.,
Sacchi, L., Bandi, C., Daffonchio, D., Favia, G., 2011. The yeast Wickerhamomyces
anomalus (Pichia anomala) inhabits the midgut and reproductive system of the Asian
malaria vector Anopheles stephensi. Environmental Microbiology 13, 911-921.

Ricci, 1., Mosca, M., Valzano, M., Damiani, C., Scuppa, P., Rossi, P., Crotti, E., Cappelli, A.,
Ulissi, U., Capone, A., Esposito, F., Alma, A., Mandrioli, M., Sacchi, L., Bandi, C.,
Daffonchio, D., Favia, G., 2010. Different mosquito species host Wickerhamomyces
anomalus (Pichia anomala): perspectives on vector-borne diseases symbiotic control.
Antonie van Leeuwenhoek 99, 43-50.

Riehle, M., Xu, J., Lazzaro, B., Rottschaefer, S., Coulibaly, B., Sacko, M., Niare, O., Morlais, I.,
Traore, S., Vernick, K., 2008. Anopheles gambiae APL1 Is a Family of Variable LRR
Proteins Required for Rell-Mediated Protection from the Malaria Parasite, Plasmodium
berghei. PLoS ONE 3, e3672.

Rivero, A., Agnew, P., Bedhomme, S., Sidobre, C., Michalakis, Y., 2007. Resource depletion in
Aedes aegypti mosquitoes infected by the microsporidia Vavraia culicis. Parasitology 134,
1355.

Rodrigues, J., Brayner, F., Alves, L., Dixit, R., Barillas-Mury, C., 2010. Hemocyte
Differentiation Mediates Innate Immune Memory in Anopheles gambiae Mosquitoes.
Science 329, 1353-1355.

Romi, R., Ravoniharimelina, B., Ramiakajato, M., Majori, G., 1993. Field trials of Bacillus

thuringiensis H-14 and Bacillus sphaericus (strain 2362) formulations against Anopheles

100



arabiensis in the central highlands of Madagascar. J. Am. Mosq. Control Assoc. 9, 325—
329.

Rus, F., Flatt, T., Tong, M., Aggarwal, K., Okuda, K., Kleino, A., Yates, E., Tatar, M.,
Silverman, N., 2013. Ecdysone triggered PGRP-LC expression controls Drosophila innate
immunity. EMBO J 32, 1626-1638.

Sanchez-Vargas, 1., Scott, J., Poole-Smith, B., Franz, A., Barbosa-Solomieu, V., Wilusz, J.,
Olson, K., Blair, C., 2009. Dengue Virus Type 2 Infections of Aedes aegypti Are Modulated
by the Mosquito's RNA Interference Pathway. PLoS Pathog 5, €1000299.

Sanders, H., Foy, B., Evans, A., Ross, L., Beaty, B., Olson, K., Gill, S., 2005. Sindbis virus
induces transport processes and alters expression of innate immunity pathway genes in the
midgut of the disease vector, Aedes aegypti. Insect Biochemistry and Molecular Biology 35,
1293-1307.

Sardelis, M., 2001. Vector Competence of Selected North American Culex and Cogquillettidia
Mosquitoes for West Nile Virus. Emerg. Infect. Dis. 7, 1018-1022.

Schnitger, A., Yassine, H., Kafatos, F., Osta, M., 2009. Two C-type Lectins Cooperate to Defend
Anopheles gambiae against Gram-negative Bacteria. Journal of Biological Chemistry 284,
17616-17624.

Scholte, E., Knols, B., Takken, W., 2006. Infection of the malaria mosquito Anopheles gambiae
with the entomopathogenic fungus Metarhizium anisopliae reduces blood feeding and
fecundity. Journal of Invertebrate Pathology 91, 43-49.

Seye, F., Faye, O., Ndiaye, M., Njie, E., Marie Afoutou, J., 2009. Pathogenicity of the Fungus,
Aspergillus clavatus, Isolated from the Locust, Oedaleus senegalensis, Against Larvae of
the Mosquitoes Aedes aegypti, Anopheles gambiae and Culex quinquefasciatus. Journal of
Insect Science 9, 1-7.

Sharma, A., Dhayal, D., Singh, O., Adak, T., Bhatnagar, R., 2013. Gut microbes influence fitness
and malaria transmission potential of Asian malaria vector Anopheles stephensi. Acta

101



Tropica 128, 41-47.

Sharma, P., Sharma, S., Maurya, R., De, T., Thomas, T., Lata, S., Singh, N., Pandey, K., Valecha,
N., Dixit, R., 2014. Salivary glands harbor more diverse microbial communities than gut in
Anopheles culicifacies. Parasites & Vectors 7, 235.

Shin, S., Kokoza, V., Bian, G., Cheon, H., Kim, Y., Raikhel, A., 2005. REL1, a Homologue of
Drosophila Dorsal, Regulates Toll Antifungal Immune Pathway in the Female Mosquito
Aedes aegypti. Journal of Biological Chemistry 280, 16499-16507.

Shoemaker, K., Adamo, S., 2007. Adult female crickets, Gryllus texensis, maintain reproductive
output after repeated immune challenges. Physiological Entomology 32, 113-120.

Silverman, N., Zhou, R., Erlich, R., Hunter, M., Bernstein, E., Schneider, D., Maniatis, T., 2003.
Immune Activation of NF-kB and JNK Requires Drosophila TAK1. Journal of Biological
Chemistry 278, 48928-48934.

Sim, S., Jupatanakul, N., Ramirez, J., Kang, S., Romero-Vivas, C., Mohammed, H., Dimopoulos,
G., 2013. Transcriptomic Profiling of Diverse Aedes aegypti Strains Reveals Increased
Basal-level Immune Activation in Dengue Virus-refractory Populations and Identifies
Novel Virus-vector Molecular Interactions. PLoS Negl Trop Dis 7, €2295.

Sinclair, K., Allegrucci, C., Singh, R., Gardner, D., Sebastian, S., Bispham, J., Thurston, A.,
Huntley, J., Rees, W., Maloney, C., Lea, R., Craigon, J., McEvoy, T., Young, L., 2007.
DNA methylation, insulin resistance, and blood pressure in offspring determined by
maternal periconceptional B vitamin and methionine status. Proceedings of the National
Academy of Sciences 104, 19351-19356.

Singer, S., 1973. Insecticidal Activity of Recent Bacterial Isolates and their Toxins against
Mosquito Larvae. Nature 244, 110-111.

Sinka, M., Bangs, M., Manguin, S., Rubio-Palis, Y., Chareonviriyaphap, T., Coetzee, M., Mbogo,
C., Hemingway, J., Patil, A., Temperley, W., Gething, P., Kabaria, C., Burkot, T., Harbach,
R., Hay, S., 2012. A global map of dominant malaria vectors. Parasites & Vectors 5, 69.

102



Sluss, H., Han, Z., Barrett, T., Davis, R., Ip, Y., 1996. A JNK signal transduction pathway that
mediates morphogenesis and an immune response in Drosophila. Genes & Development
10, 2745-2758.

Smith, R., Eappen, A., Radtke, A., Jacobs-Lorena, M., 2012. Regulation of Anti-Plasmodium
Immunity by a LITAF-like Transcription Factor in the Malaria Vector Anopheles gambiae.
PLoS Pathog 8, €1002965.

Smith, R., Vega-Rodriguez, J., Jacobs-Lorena, M., 2014. The Plasmodium bottleneck: malaria
parasite losses in the mosquito vector. Mem. Inst. Oswaldo Cruz 109, 644-661.

Souza-Neto, J., Sim, S., Dimopoulos, G., 2009. An evolutionary conserved function of the JAK-
STAT pathway in anti-dengue defense. Proceedings of the National Academy of Sciences
106, 17841-17846.

Stathopoulos, S., Neafsey, D., Lawniczak, M., Muskavitch, M., Christophides, G., 2014. Genetic
Dissection of Anopheles gambiae Gut Epithelial Responses to Serratia marcescens. PLoS
Pathog 10, e1003897.

Stewart, Z., Oxborough, R., Tungu, P., Kirby, M., Rowland, M., Irish, S., 2013. Indoor
Application of Attractive Toxic Sugar Bait (ATSB) in Combination with Mosquito Nets for
Control of Pyrethroid-Resistant Mosquitoes. PLoS ONE §, ¢84168.

Steyn, A., Roets, F., Botha, A., 2015. Yeasts Associated with Culex pipiens and Culex theileri
Mosquito Larvae and the Effect of Selected Yeast Strains on the Ontogeny of Culex pipiens.
Microb Ecol 71, 747-760.

Straif, S., Mbogo, C., Toure, A., Walker, E., Kaufman, M., Toure, Y., Beier, J., 1998. Midgut
Bacteria in Anopheles gambiae and An. funestus (Diptera: Culicidae) from Kenya and Mali.
Journal of Medical Entomology 35, 222-226.

Suwanchaichinda, C., Paskewitz, S., 1998. Effects of Larval Nutrition, Adult Body Size, and
Adult Temperature on the Ability of Anopheles gambiae (Diptera: Culicidae) to Melanize
Sephadex Beads. Journal of Medical Entomology 35, 157-161.

103



Tajedin, L., Hashemi, J., Abaei, M., Hosseinpour, L., Rafei, F., Basseri, H., 2009. Study on
fungal flora in the midgut of the larva and adult of the different populations of the malaria
vector Anopheles stephensi. Iran J Arthropod Borne Dis 3, 36-40.

Telang, A., Frame, L., Brown, M., 2007. Larval feeding duration affects ecdysteroid levels and
nutritional reserves regulating pupal commitment in the yellow fever mosquito Aedes
aegypti (Diptera: Culicidae). Journal of Experimental Biology 210, 854-864.

Telang, A., Peterson, B., Frame, L., Baker, E., Brown, M., 2010. Analysis of molecular markers
for metamorphic competency and their response to starvation or feeding in the mosquito,
Aedes aegypti (Diptera: Culicidae). Journal of Insect Physiology 56, 1925-1934,

Telang, A., Qayum, A., Parker, A., Sacchetta, B., Byrnes, G., 2011. Larval nutritional stress
affects vector immune traits in adult yellow fever mosquito Aedes aegypti (Stegomyia
aegypti). Medical and Veterinary Entomology 26, 271-281.

Terenius, O., de Oliveira, C., Pinheiro, W., Tadei, W., James, A., Marinotti, O., 2008. 16S rRNA
gene sequences from bacteria associated with adult Anopheles darlingi (Diptera: Culicidae)
mosquitoes. J. Med. Entomol. 45, 172-175.

Terenius, O., Lindh, J., Eriksson-Gonzales, K., Bussiere, L., Laugen, A., Bergquist, H., Titanji,
K., Faye, 1., 2012. Midgut bacterial dynamics in Aedes aegypti. FEMS Microbiol Ecol 80,
556-565.

Valiente Moro, C., Tran, F., Nantenaina Raharimalala, F., Ravelonandro, P., Mavingui, P., 2013.
Diversity of culturable bacteria including Pantoea in wild mosquito Aedes albopictus. BMC
Microbiology 13, 70.

Valzano, M., Cecarini, V., Cappelli, A., Capone, A., Bozic, J., Cuccioloni, M., Epis, S., Petrelli,
D., Angeletti, M., Eleuteri, A., Favia, G., Ricci, 1., 2016. A yeast strain associated to

Anopheles mosquitoes produces a toxin able to kill malaria parasites. Malar J 15, 21.

104



Vangeel, E., 1zzi, B., Hompes, T., Vansteelandt, K., Lambrechts, D., Freson, K., Claes, S., 2015.
DNA methylation in imprinted genes IGF2 and GNASXL is associated with prenatal
maternal stress. Psychoneuroendocrinology 61, 16.

Vlachou, D., Schlegelmilch, T., Christophides, G., Kafatos, F., 2005. Functional Genomic
Analysis of Midgut Epithelial Responses in Anopheles during Plasmodium Invasion.
Current Biology 15, 1185-1195.

Walker, T., Johnson, P., Moreira, L., Iturbe-Ormaetxe, 1., Frentiu, F., McMeniman, C., Leong, Y.,
Dong, Y., Axford, J., Kriesner, P., Lloyd, A., Ritchie, S., O4€™Neill, S., Hoffmann, A.,
2011. The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti
populations. Nature 476, 450-453.

Wang, S., Jacobs-Lorena, M., 2013. Genetic approaches to interfere with malaria transmission by
vector mosquitoes. Trends in Biotechnology 31, 185-193.

Wang, Y., Gilbreath, T., Kukutla, P., Yan, G., Xu, J., 2011. Dynamic Gut Microbiome across
Life History of the Malaria Mosquito Anopheles gambiae in Kenya. PLoS ONE 6, €24767.

Wang, Y., Hu, Y., Xing, L., Jiang, H., Hu, S., Raikhel, A., Zou, Z., 2015. A Critical Role for
CLSP2 in the Modulation of Antifungal Immune Response in Mosquitoes. PLoS Pathog 11,
€1004931.

Wang, Y., Wang, Y., Zhang, J., Xu, W., Zhang, J., Huang, F., 2013. Ability of TEP1 in intestinal
flora to modulate natural resistance of Anopheles dirus. Experimental Parasitology 134,
460-465.

Warr, E., Das, S., Dong, Y., Dimopoulos, G., 2008. The Gram-Negative Bacteria-Binding Protein
gene family: Its role in the innate immune system of Anopheles gambiae and in anti-
Plasmodium defence. Insect Molecular Biology 17, 39-51.

Werren, J., 1997. Biology of Wolbachia. Annual Review of Entomology 42, 587-609.

105



Wirth, M., Georghiou, G., Malik, J., Abro, G., 2000. Laboratory Selection for Resistance to
Bacillus sphaericus in Culex quinquefasciatus (Diptera: Culicidae) from California, USA.
Journal of Medical Entomology 37, 534-540.

Wotton, R., Chaloner, D., Yardley, C., Merritt, R., 1997. Growth of Anopheles mosquito larvae
on dietary microbiota in aquatic surface microlayers. Medical and Veterinary Entomology
11, 65-70.

Xi, Z., Das, S., Garver., Dimopoulos, G., 2007. Protocol for Plasmodium falciparum Infections in
Mosquitoes and Infection Phenotype Determination. J Vis Exp 5, 222.

Xi, Z., Ramirez, J., Dimopoulos, G., 2008. The Aedes aegypti Toll Pathway Controls Dengue
Virus Infection. PLoS Pathogens 4, ¢1000098.

Yan, W., 2014. Potential roles of noncoding RNAs in environmental epigenetic transgenerational
inheritance. Molecular and Cellular Endocrinology 398, 24-30.

Yassine, H., Kamareddine, L., Chamat, S., Christophides, G., Osta, M., 2014. A Serine Protease
Homolog Negatively Regulates TEP1 Consumption in Systemic Infections of the Malaria
Vector Anopheles gambiae. J Innate Immun 6, 806-818.

Yassine, H., Kamareddine, L., Osta, M., 2012. The Mosquito Melanization Response Is
Implicated in Defense against the Entomopathogenic Fungus Beauveria bassiana. PLoS
Pathog 8, €1003029.

Yuan, S., Oliver, D., Schuster, A., Zheng, H., Yan, W., 2015. Breeding scheme and maternal
small RNAs affect the efficiency of transgenerational inheritance of a paramutation in mice.
Sci. Rep. 5, 9266.

Zambon, R., Nandakumar, M., Vakharia, V., Wu, L., 2005. The Toll pathway is important for an
antiviral response in Drosophila. Proceedings of the National Academy of Sciences 102,

7257-7262.

106



Zhang, G., Hussain, M., O'Neill, S., Asgari, S., 2013. Wolbachia uses a host microRNA to
regulate transcripts of a methyltransferase, contributing to dengue virus inhibition in Aedes
aegypti. Proceedings of the National Academy of Sciences 110, 10276-10281.

Zhang, G., Hussain, M., O'Neill, S., Asgari, S., 2013. Wolbachia uses a host microRNA to
regulate transcripts of a methyltransferase, contributing to dengue virus inhibition in Aedes
aegypti. Proceedings of the National Academy of Sciences 110, 10276-10281.

Zhou, D., Zhang, D., Ding, G., Shi, L., Hou, Q., Ye, Y., Xu, Y., Zhou, H., Xiong, C., Li, S., Yu,
J., Hong, S., Yu, X., Zou, P., Chen, C., Chang, X., Wang, W., Lv, Y., Sun, Y., Ma, L.,
Shen, B., Zhu, C., 2014. Genome sequence of Anopheles sinensis provides insight into
genetics basis of mosquito competence for malaria parasites. BMC Genomics 15, 42.

Zou, Z., Shin, S., Alvarez, K., Bian, G., Kokoza, V., Raikhel, A., 2008. Mosquito RUNX4 in the
immune regulation of PPO gene expression and its effect on avian malaria parasite
infection. Proceedings of the National Academy of Sciences 105, 18454-18459.

Zouache, K., Raharimalala, F., Raquin, V., Tran-Van, V., Raveloson, L., Ravelonandro, P.,
Mavingui, P., 2010. Bacterial diversity of field-caught mosquitoes, Aedes albopictus and
Aedes aegypti, from different geographic regions of Madagascar. FEMS Microbiology

Ecology 75, 377-389.

107



Curriculum Vitae

Sarah Rose van Tol

svantoll @jhu.edu = 618-979-3076
2940 Guilford Avenue Baltimore, MD 21218

Born December 12, 1991 in Belleville, IL

Education

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 2014-2016
ScM in Molecular Microbiology and Immunology, May 2016
lowa State University, Ames, 1A 2010-2014
B.S. in Animal Ecology, with honors, magna cum laude, 2014
Minors in Emerging Global Diseases and Microbiology
B.S. in Biology, magna cum laude, 2014

Research Experience

Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of
Public Health, Baltimore, MD
Masters Research Nov 2014- May 2016
Research Advisor: Dr. George Dimopoulos
= Thesis: Effects of Entomopathogenic Chromobacterium (Csp P) Exposure of the
Microbiota and Fitness of Anopheles gambiae

Department of Animal Science, lowa State University, Ames, [A

Research Associate [ June- Aug 2014
Undergraduate Research Assistant Apr- May 2014
Independent Study Research Jan- May 2014

Research Advisor: Dr. Susan Carpenter
» Construct chimeric infectious clones of porcine reproductive and respiratory syndrome
virus (PRRSV) to interrogate the importance of structural gene mutations in recrudescence

Department of Entomology, lowa State University, Ames, 1A
Undergraduate Research Assistant June 2013- Feb 2014
Research Supervisor: Mr. Eric Clifton, M.S.
» Field study of the impact of insecticide seed treatments on the ecology of agricultural pests
such as soybean aphids and soybean nematodes
= Laboratory study to evaluate how field-isolated entomopathogenic fungi affects waxmoth
larval development

Palm Beach Zoo, West Palm Beach, FL
Conservation and Research Intern May- Aug 2012
Honors Thesis Research
Research Advisors: Dr. Stephanie Allard (Palm Beach Zoo) and Dr. Stephen Dinsmore (Iowa
State)
= Behavioral study on the impact of altered food presentation on the activity levels and
feeding posture repertoire of captive red-ruffed lemurs
» Development of rapid and in-depth animal welfare surveys

International Student Volunteers, Waterberg, South Africa

108



Volunteer Research Assistant June-July 2011
» Ecological assessment of Lapalala Game Reserve

Department of Animal Science, lowa State University, Ames, [A
Honors Research Jan- May 2011

Research Advisor: Dr. Don Beitz
= Investigation of how acid treatment of cattle feed impacts digestibility

Honors and Awards

Gamma Sigma Delta Honor Society of Agriculture, 2013
Beta Beta Beta Biological Honors Society, 2011

Presentations

van Tol, S., S. M. Short, G. Dimopoulos. Impact of Non-lethal Exposure to an
Entomopathogenic Chromobacterium (Csp_P) on Anopheles gambiae Microbiota and Fitness.
American Society of Tropical Medicine and Hygiene, Philadelphia, PA, 26 October, 2015. Poster.
van Tol, S., S. M. Short, G. Dimopoulos. Impact of Non-lethal Exposure to an
Entomopathogenic Chromobacterium (Csp _P) on Anopheles gambiae Microbiota and Fitness.
The Future of Malaria: A Young Scientists' Meeting, Rockville, MD, 23 October, 2015. Poster.
Evans, A.B., S. Van Tol, K.S. Dorman, S. Carpenter. In vivo variation in the envelope proteins of
porcine reproductive and respiratory syndrome virus contributes to immune escape and
recrudescence. American Society for Virology Annual Meeting, London, Ontario Canada, July
2015. Oral.

Evans, A.B., S. Van Tol, K.S. Dorman, S. Carpenter. In vivo variation in the envelope proteins of
porcine reproductive and respiratory syndrome virus contributes to immune escape and
recrudescence. All lowa Virology Symposium, lowa City, IA, March 2015. Oral.

van Tol, S. Improving Animal Welfare: Altering Feeding Presentation Encourages Feeding
Posture Variation and Increase Activity Levels of Captive Lemurs. Honors Program Alumni
Research Forum, Ames, 1A, April 2013. Poster.

Professional Organizations

American Society for Microbiology, 2014-Present
American Society of Tropical Medicine and Hygiene, 2015-present

109



	References

