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Global health and development are limited by the occurrence and spread of infectious 

disease, and many of these diseases are caused by pathogens that require transmission by a 

blood-feeding insect.  The ability of an insect to harbor and transmit a pathogen is dependent on 

the insect and pathogen species.  While genetics largely determine vector competence, other 

factors such as environment, temperature and the presence of other microbial species also 

influence the outcome of infection.  Though hematophagy has independently evolved at least 21 

times across Arthropoda (Black and Kondratieff, 2005), only a small portion of insect species and 

sub-species within a family or genus are vectors of disease (Durden and Mullen, 2009).  To 

decrease or eliminate transmission, vector control strategies target the portion of the disease 

transmission cycle that occurs in the vector by directly interfering with vector populations, vector-

host contact, or vector-pathogen interactions.  Small changes in an influencing factor, such as 

decreasing vector lifespan, can result in large decreases in disease transmission.  Insecticide 

application and behavioral changes such as the use of insecticide treated bed nets and indoor 

residual spraying have successfully decreased disease transmission rates.  However, insecticide 

resistance is a continual problem, as insecticide application can be difficult to regulate and monitor 

in the field, and climates hospitable to vector species can require year-round insecticide 

treatment.  Better application practices and novel modes of insecticides may retard the 

occurrence of resistance; however, insecticides alone will not provide prolonged vector control.  

Novel strategies are being developed to control mosquito vectors of disease (Bian et al., 

2013; Dong et al., 2015; Gantz et al., 2015; Hoffmann et al., 2011; Kistler 2015 et al., 2015; Wang 

et al., 2017).  Malaria is caused by Plasmodium species and is transmitted by Anopheles 

mosquitoes.  Efforts  to control malaria involve modifying the mosquito immune response to 

enhance mosquito anti-Plasmodium immune activities (Dong et al., 2018; Pike et al., 2017).  

Insects have evolved robust innate immune responses comprised of cellular and humoral factors 
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(Beckage, 2008).  Pathogen associated molecular patterns (PAMPs) are recognized by pattern 

recognition receptors (PRRs), which can lead to the activation of intracellular immune signaling 

pathways. In mosquitoes, three main immune signaling pathways have been described; the Toll, 

the Immune Deficiency (IMD) and the Janus kinase signal transducer and activator of transcription 

(JAK-STAT) pathway (Hillyer, 2010), and all three have been implicated in Plasmodium immune 

responses (Clayton et al., 2014).  While specific anti-Plasmodium immune components have been 

identified and characterized in different mosquito tissues, less is understood about the interactions 

between these responses and how they ultimately affect overall vector competence.  In order to 

facilitate and inform on the application of genetically modified mosquitoes, further characterization 

of humoral and cellular immune responses is needed.  

Once a mosquito has ingested blood containing Plasmodium parasites, the parasites must 

escape the mosquito gut to enter the hemocoel (body cavity) and invade the salivary glands.  

Upon blood feeding, mosquitoes salivate, and Plasmodium is transmitted to the mammalian host.  

Before reaching the salivary glands, parasites must escape mosquito-produced cellular and 

humoral immune factors in the hemocoel, all of which are circulated by the heart, the main 

pulsatile organ of the open circulatory system (Glenn et al., 2010).  A population of hemocytes 

(immune cells), called periostial hemocytes, was recently discovered in association with the heart 

of Anopheles gambiae (King and Hillyer, 2012; King and Hillyer, 2013).  During infection, 

hemocytes attach to the heart near the ostia (valves) forming cellular aggregates that 

phagocytose and kill pathogens (King and Hillyer, 2012).  

Infection-induced hemocyte aggregation only occurs on the heart, is specific to the areas 

surrounding the six pairs of ostia, and occurs during Escherichia coli and Plasmodium infection, 

and upon exposure to the immune elicitors peptidoglycan and β-1,3-glucan (King and Hillyer, 

2012; King and Hillyer, 2013).  During anterograde contractions of the heart, all hemolymph enters 

the lumen through the ostia in abdominal segments 2 through 7 (Glenn et al., 2010) - the sites of 

periostial hemocytes aggregation (King and Hillyer, 2013) - and any pathogens circulating in the 
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hemolymph also pass through these regions.  This specific relocation of immune resources 

suggests that periostial hemocytes have an essential role in cellular-mediated immunity; however, 

the mechanisms behind this response and the implications of periostial hemocytes in immunity 

are unknown.  Furthermore, the periostial hemocyte immune response appears to be non-specific 

to pathogen type (King and Hillyer, 2012; Sigle and Hillyer, 2016); therefore, suggesting that this 

is a general immune response.  

To define the specificity of hemocyte aggregation in areas of high hemolymph flow, we 

assessed all other structures involved in hemolymph circulation on the aorta and heart for 

hemocyte aggregation.  Pertinent to characterizing periostial hemocyte aggregation as a general 

immune response, we examined the induction of periostial hemocyte aggregation in response to 

different bacterial infections and quantified immune activity.   We hypothesized that hemocyte 

aggregation is a broad response that is induced by all infections in the hemocoel and simplifies 

pathogen surveillance by fixing hemocytes in positions of high hemolymph flow.  Furthermore, we 

hypothesized that the transition from a circulating hemocyte to a periostial hemocyte involves the 

induction of immune and structural signaling pathways.  This dissertation is comprehensive in 

assessing the entire mosquito dorsal vessel for hemocyte aggregation and presents novel 

findings of a unique transcript profile that differentiates the periostial hemocytes population from 

other circulating and sessile hemocytes.  Regarding novel proposed vector control strategies, it 

is vital that we further our knowledge on insect immunology and aim for a finer understanding of 

the cellular immune response and its roles in defense. 

 

 Circulation  

In insects, the open circulatory system transports essential nutrients, signaling molecules, 

immune molecules, hemocytes, and regulates temperature (Chapman et al., 2013; Clements, 

1992; Klowden, 2013). In the hemocoel, hemolymph flow is powered and directed by the 

contractions of the dorsal vessel, which is a cylindrical muscle anatomically divided into the aorta 



4 

in the head and thorax and the heart in the abdomen (Jones, 1977).  The heart is the main pulsatile 

muscle of the circulatory system, and the muscles of the aorta comparatively have a minor role in 

circulation (Hertel and Pass, 2002).  Smaller accessory pulsatile organs  supplement circulation 

(Pass, 2000), and in mosquitoes are located at the base of the antennae, in the scutellum, and in 

the ventral abdomen (Andereck et al., 2010; Boppana and Hillyer, 2014; Chintapalli and Hillyer, 

2016; Clements, 1956; Glenn et al., 2010).  In A. gambiae adults, the heart alternates contraction 

direction, spending the majority of the time contracting in the anterograde direction (toward the 

head), though also contracting in the retrograde direction (toward the posterior) and alternates at 

regular intervals (Glenn et al., 2010).  Alary muscles attach the heart to the tegument, and the 

pericardial cells associate among them flanking the heart (Glenn et al., 2010).  Pericardial cells 

are similar to Drosophila nephrocytes that characteristically filter toxins from the hemolymph 

(Martins et al., 2011; Weavers et al., 2008).  During anterograde heart contractions, hemolymph 

enters the heart through six pairs of ostia (valves), propagates through the aorta and exits through 

an excurrent opening located in the head (Glenn et al., 2010).  These ostia are located in the 

anterior portion of the abdominal segments 2 through 7 and are found in lateral pairs on the dorsal 

side of the heart; however, during retrograde contractions, these ostia are in a closed 

conformation and do not allow hemolymph to enter the lumen of the heart (Glenn et al., 2010).  

Instead, a single ostial pair located in the first abdominal segment allows incurrent hemolymph 

flow during retrograde contractions.  When the heart contracts retrograde, hemolymph enters the 

heart through the thoraco-abdominal ostia located in the conical chamber, the anteriormost region 

of the heart.  Hemolymph exits the lumen of the vessel through a pair of excurrent openings 

located in the 8th abdominal segment.  It is suggested that hemolymph does not flow through the 

aorta during retrograde contractions, as has been described in Drosophila (Wasserthal, 2007), 

but aortic function and structure in the adult is not well studied.  In A. gambiae larvae, the dorsal 

vessel only contracts in the anterograde direction (League et al., 2015), making retrograde 

contractions unique to the adult stage.   
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 Immunity  

Insects are exposed to pathogens through injury and ingestion, and though they lack 

adaptive immune response, they have evolved robust innate immune responses.  These 

responses are mediated by cellular and humoral immune factors (Hillyer, 2010). Invading 

pathogens are recognized by pattern recognition receptors (PRRs), leading to phagocytosis and 

activation of immune signaling cascades (Hillyer, 2016; Lavine and Strand, 2002).  In mosquitoes, 

the Toll, IMD and JAK-STAT pathways transcriptionally activate immune effector genes (Hillyer, 

2010). All three pathways have been implicated in bacterial and Plasmodium immune responses 

(Clayton et al., 2014).  Furthermore, the RNAi pathway is the principle component of antiviral 

responses (Blair and Olson, 2014; Sim et al., 2014).  

The Toll and IMD pathways regulate immunity by inducing immune gene transcription 

through activation of the transcription factors Relish1 (REL1) and Relish2 (REL2), respectively 

(Zakovic and Levashina, 2017). The Toll pathway is predominately activated by Gram(+) bacteria, 

but also by fungi, viruses, and Plasmodium. The IMD pathway is activated mainly by Gram(–) 

bacteria but also by Gram(+) bacteria and Plasmodium (Clayton et al., 2014; Hillyer, 2010). Both 

the Toll and IMD pathways have negative regulators that when silenced lead to increases in 

immune gene transcription and decreases in infection (Frolet et al., 2006; Garver et al., 2009). 

The JAK-STAT pathway regulates immune gene transcription through two STAT genes in A. 

gambiae (Meister et al., 2004), and is mainly activated by viral (Souza-Neto et al., 2009), but also 

by fungal (Dong et al., 2012) and Plasmodium infections (Gupta et al., 2009).  

The humoral response consists of antimicrobial peptides (AMPs), melanization, and 

reactive nitrogen and oxygen species. Melanization is a humoral immune response resulting from 

the activation of the tightly regulated phenoloxidase cascade, which is influenced by hemocyte 

produced factors (Hillyer, 2010; Hillyer and Strand, 2014). Melanin forms through a multi-step 

enzymatic cascade that converts tyrosine to dopachrome which then is converted to melanin, and 
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this is all dependent on the rate-limiting enzyme phenoloxidase (Christensen, 2005). 

Phenoloxidase is found as a zymogen, known as prophenoloxidase (PPO), and requires cleavage 

by a proteinase to release active phenoloxidase. PPO cleavage is regulated through pattern 

recognition receptor signaling, CLIP-serine proteinases and serine proteinase inhibitors (Hillyer, 

2010; Michel et al., 2005). Once the cascade is activated, melanin forms on the surface of 

pathogens limiting nutrient uptake and leading to death (Clayton et al., 2014).  Bacteria, fungi, 

plasmodium and filarial nematodes are melanized in mosquitoes, but this response varies 

between the pathogen and mosquito species (Beerntsen et al., 1989; Hillyer et al., 2003b; 

Schnitger et al., 2007; Severo and Levashina, 2014; Yassine et al., 2012). In A. gambiae, there 

are 9 PPO genes, 8 which have been identified in hemocytes, and 3 for which expression is 

upregulated in circulating hemocytes during bacterial and Plasmodium infection (Baton et al., 

2009; Choi et al., 2012; Christophides et al., 2002; Pinto et al., 2009). More recently it was 

reported that immune factors from other pathways are required for PPO activation in A. gambiae 

and Drosophila, suggesting that phenoloxidase activation is not completely discrete from other 

elicited immune responses (Binggeli et al., 2014; Povelones et al., 2013; Yassine et al., 2014).  

The mosquito cellular immune response consists of three types of hemocytes; 

oenocytoids, prohemocytes and granulocytes (Castillo et al., 2006). Oenocytoids produce PPO 

and are not typically phagocytic (Castillo et al., 2006; Hillyer and Christensen, 2002; Hillyer et al., 

2003a).  Granulocytes are phagocytic cells and are found freely circulating in the hemolymph and 

as sessile cells attached to tissues (Castillo et al., 2006). Prohemocytes are the smallest 

hemocyte and are only occasionally observed having internalized bacteria (King and Hillyer, 

2013). The origin of prohemocytes is debated, as originally it was suggested that prohemocytes 

are a progenitor cell type (Castillo et al., 2006), but more recently evidence suggests that 

prohemocytes are a product of autonomous cell division in circulating granulocytes (King and 

Hillyer, 2013). In A. gambiae ~90% of hemocytes are granulocytes, and 75% of granulocytes are 
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circulating and 25% are sessile (King and Hillyer, 2013). The following chapters focus on 

granulocytes and will further refer to them simply as hemocytes.  

Phagocytosis is the internalization of an entity that has been recognized as foreign by 

PRRs and occurs within minutes of bacterial infection in the hemocoel (Hillyer et al., 2003b).  One 

of these PRRs is thioester containing protein 1 (TEP1), a hemocyte-specific, complement-like 

protein that is secreted into the hemolymph and opsonizes pathogens. By binding bacteria and 

Plasmodium, TEP1 facilitates phagocytosis, as well as lysis and melanization (Blandin, 2007; 

Levashina et al., 2001; Moita et al., 2005; Povelones et al., 2013).  Other mediators of 

phagocytosis include the integrin family of transmembrane receptors, which facilitate bacterial 

phagocytosis in A. gambiae and Drosophila (Moita et al., 2006; Moita et al., 2005; Moreira et al., 

2013), and the Nimrod family of genes.  In Drosophila, knockdown of the Nimrod genes eater and 

draper decreases bacterial accumulation on the dorsal vessel (Cuttell et al., 2008; Kocks et al., 

2005).  Though the Nimrod genes have not been implicated in phagocytosis in A. gambiae, eater 

and draper are preferentially expressed in hemocytes, expression increases during bacterial 

infection, and silencing combinations of these genes decreases survival during S. epidermidis 

infection (Estévez-Lao and Hillyer, 2014).  Therefore, nimrod, eater, and draper may be involved 

in phagocytosis by periostial hemocytes.  

 

 The Interface of Immunity and Circulation 

Naïve A. gambiae mosquitoes have a resident population of periostial hemocytes, and as 

pathogens invade the hemocoel, resident periostial hemocytes phagocytose bacteria and are 

eventually surrounded by additional aggregating phagocytic hemocytes (King and Hillyer, 2012).  

Periostial hemocyte migration is not completely passive; hemocytes attach to the heart or alary 

muscles then slowly migrate closer to the ostia where they remain sessile.  Upon E. coli infection, 

the number of periostial hemocytes doubles in the first hour, and aggregation continues up to 24 
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h post-injection in a time and dose-dependent manner. By 72 h post-infection, hemocyte numbers 

have decreased but remain elevated for the lifetime of the mosquito (King and Hillyer, 2012).  

In mosquito larvae, hemocytes do not aggregate at the periostial regions of the heart, 

because they are not regions of high hemolymph flow (League and Hillyer, 2016; League et al., 

2015).  In larvae the ostia located in abdominal segments 2-7 are always closed and hemolymph 

does not pass through them (League et al., 2015). Instead, hemolymph enters through the 

posterior openings of the heart located in the 8th abdominal segment, a structure which only has 

excurrent function in adults (League et al., 2015).  In larvae, the posterior openings are 

surrounding by large tracheal tufts and attached to these tracheae are high densities of 

hemocytes (League and Hillyer, 2016).  These differences in hemolymph flow dynamics between 

larvae and adults are directly reflected in the patterns of hemocyte associations with the heart. In 

summary, hemocytes associate with regions of highest hemolymph flow across life stages. 

Furthermore, evidence suggests that this associate occurs across Insecta, as immune activity is 

observed on the heart of fruit flies, silkworms, and stick insects (Akbar et al., 2011; Bao et al., 

2011; Cuttell et al., 2008; da Silva et al., 2012; Elrod-Erickson et al., 2000; Horn et al., 2014; 

Kocks et al., 2005; Shiratsuchi et al., 2012; stone et al., 2012). 

 

 Summary and Preview of Subsequent Chapters 

The hemocoel encompasses a dynamic environment that is in a constant flux of motion, 

which is all directed by the open circulatory system.  In insects, studies of the interactions of the 

immune system with other physiological systems are largely lacking, however there is evidence 

of the immune and nervous systems interacting (Adamo, 2008; Makhijani et al., 2011).  The 

evidence of immune and circulatory interactions in mosquitoes clearly suggests that there are 

adaptive advantages found in these interconnections (King and Hillyer, 2012; King and Hillyer, 

2013).  The mechanisms driving hemocyte aggregation are unknown and understanding how this 

immune process occurs could reveal new mechanisms of innate defense in insects.  We 
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hypothesized that periostial hemocyte aggregation is a result of the co-adaptation of the immune 

and circulatory systems, which simplifies pathogen surveillance by fixing hemocytes in positions 

of high hemolymph flow to increase hemocyte-pathogen encounters.  Furthermore, we 

hypothesized that the relocation of hemocytes to the heart is advantageous in response to all 

infections in the hemocoel.  The following chapters detail the work that was done to look for 

hemocyte associations across the entire dorsal vessel and to characterize periostial hemocyte 

aggregation and activity.  First, we measured the distribution of periostial hemocytes and the 

immune activity across the heart in response to different infections by measuring hemocyte 

aggregation, phagocytosis, and melanization.  In order to look for hemocytes on the aorta, we 

had to resolve the structure of this portion of the dorsal vessel and characterize its physiological 

role in circulation.  We then described the presence of hemocytes on the aorta and showed that 

hemocyte aggregation only occurs among the abdominal ostia of the heart.  Finally, by comparing 

the transcriptome of circulating, sessile and periostial hemocytes, along with the tissues with 

which they associate, we described the periostial hemocyte and heart transcriptome in response 

to infection and identified molecular patterns that are unique to these tissues.  Altogether, this 

work indicates that immune cells associate specifically with the circulatory system and that this 

interaction is a physiological and molecular response.  
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 Preface 

This chapter aimed to characterize the periostial hemocyte response during different 

bacterial infections and described the distribution of hemocytes and immune activity on the heart.  

This work is an adaptation from the publication in the February 2016 issue of Developmental and 

Comparative Immunology. 

 

 Abstract 

When a mosquito acquires an infection in the hemocoel, dedicated immune cells called 

hemocytes aggregate around the valves of the heart.  These sessile hemocytes are called 

periostial hemocytes.  In the present study we scrutinized the immune response mounted by the 

periostial hemocytes of the malaria mosquito, Anopheles gambiae, against bacterial pathogens, 

and tested the relationship between periostial hemocyte aggregation, immune activity, and 

hemolymph flow.  Initially, we quantified the process of periostial hemocyte aggregation and found 

that hemocytes migrate to the periostial regions in response to infection with Escherichia coli, 

Staphylococcus aureus, Staphylococcus epidermidis, and Micrococcus luteus (all infections 

tested).  Then, we investigated whether the periostial hemocytes are evenly distributed along the 

six periostial regions of the heart, and found that they preferentially aggregate in the periostial 

regions of the mid-abdominal segments (4, 5 and 6).  This distribution perfectly correlates with 

the spatial distribution of phagocytic activity along the surface of the heart, and to a lesser extent, 

with the distribution of melanin deposits.  Finally, experiments measuring circulatory physiology 

CHAPTER II - MOSQUITO HEMOCYTES PREFERENTIALLY AGGREGATE AND 

PHAGOCYTOSE PATHOGENS IN THE PERIOSTIAL REGIONS OF THE HEART THAT 

EXPERIENCE THE MOST HEMOLYMPH FLOW 

 



11 

found that the majority of hemolymph enters the heart through the ostia located in the periostial 

regions of abdominal segments 4, 5, and 6.  These data show that periostial hemocytes aggregate 

on the surface of the heart in response to diverse foreign stimuli, and that both hemocytes and 

immune activity preferentially occur in the regions that experience the swiftest hemolymph flow.  

Thus, these data show that two major organ systems – the immune and circulatory systems – 

interact to control infections. 

 

 Introduction 

Mosquitoes have evolved robust innate immune responses that destroy pathogens 

(Bartholomay, 2014; Blair and Olson, 2014; Hillyer, 2010; Severo and Levashina, 2014).  These 

immune responses act via phagocytic, lytic, and melanization pathways, and are driven by 

hemocytes, the fat body, and other tissues.  Hemocytes are immune cells that are present in the 

hemocoel, and can be found both in circulation with the hemolymph as well as attached to tissues 

(Hillyer and Strand, 2014).  Humoral factors that are secreted by hemocytes also circulate in the 

hemolymph, as well as pathogens that have penetrated the cuticle or have crossed the gut 

epithelium (Hillyer et al., 2007; Paulson and Grimstad, 1989; Povelones et al., 2011).  While many 

pathogens succumb to immune responses, others escape or survive these assaults, as is the 

case of malaria parasites in susceptible mosquitoes (Mitri and Vernick, 2012). A further 

understanding of the dynamics of the immune processes that confer the resistance of mosquitoes 

to infection may lead to the development of new strategies to control vector-borne disease (Dong 

et al., 2011; Franz et al., 2006).   

Because hemocytes, humoral immune factors and pathogens are present in the 

hemocoel, their biology is impacted by the circulation of hemolymph.  Mosquitoes have an open 

circulatory system that propels hemolymph via the contractile action of a muscular tube called the 

dorsal vessel (Glenn et al., 2010; League et al., 2015).  This dorsal vessel extends the length of 

the body and is comprised of two contiguous sections: the aorta in the thorax and the heart in the 
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abdomen. Wave-like contractions of the heart propel the hemolymph, and these contractions 

periodically reverse the direction in which they propagate.  When the contractions propagate 

toward the head (anterograde), hemolymph enters the dorsal vessel through 6 pairs of ostia 

(valves) that are sequentially located in the anterior portion of abdominal segments 2 through 7, 

and exits the vessel in the head.  When the contractions propagate toward the posterior of the 

abdomen (retrograde), which occurs a minority of the time, hemolymph enters the dorsal vessel 

through a single pair of ostia located at the thoraco-abdominal junction and exits the vessel in the 

8th abdominal segment (Glenn et al., 2010; League et al., 2015).   

Pathogens in the hemocoel, such as malaria parasites and arboviruses, circulate with the 

hemolymph as they attempt to complete an obligate migration across the mosquito hemocoel 

(Hillyer et al., 2007; Paulson and Grimstad, 1989).  Recently, a novel, anti-malarial and 

antibacterial cellular immune response that occurs on the surface of the heart was described 

(King and Hillyer, 2012).  Specifically, in the absence of infection, mosquitoes possess sessile 

hemocytes that are attached to the heart and heart-associated tissues at the location of the ostia.  

Because of their location at the periostial regions, these sessile hemocytes were named periostial 

hemocytes.  Periostial hemocytes rapidly phagocytose Escherichia coli and Plasmodium berghei 

that are circulating with the hemolymph, and the periostial regions are the only locations where 

sessile hemocytes increase in number in response to infection (King and Hillyer, 2012; King and 

Hillyer, 2013).  This increase in cell number is at least partly due to the directed migration of 

hemocytes to the periostial regions, which is advantageous as it places immune cells in the areas 

of highest hemolymph flow, thus increasing the probability that they will encounter circulating 

pathogens. 

In this study we scrutinized the immune response mounted by the periostial hemocytes of 

the malaria mosquito, Anopheles gambiae, against multiple bacterial pathogens.  We found that 

hemocytes aggregate at the periostial regions of the heart in response to all infections tested, and 

that periostial hemocytes preferentially aggregate in the mid-abdominal segments.  This 
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asymmetric distribution of hemocytes correlates with spatial differences in immune activity on the 

surface of the heart and with spatial differences in the rate of hemolymph flow through the ostia.  

Thus, these data show the correlative activities of the mosquito circulatory and immune systems, 

and support the hypothesis that periostial hemocyte aggregation is a basal immune response 

employed by mosquitoes against foreign invaders. 

 

 Materials and Methods 

 Mosquito rearing and maintenance 

Anopheles gambiae Giles sensu stricto (G3 strain) were reared and maintained at 27ºC 

and 75% relative humidity under a 12 h: 12 h light/dark photoperiod, and adults were fed a 10% 

sucrose solution as previously described (Estévez-Lao et al., 2013).  All experiments were carried 

out using female mosquitoes at 5 or 6 days post-eclosion.    

 

 Mosquito injections and bacterial infections 

For injections, mosquitoes were anesthetized on ice, a finely pulled glass needle was 

inserted through the thoracic anepisternal cleft, and 0.15-0.20 µl of a solution was injected into 

the hemocoel.  For bacterial infections, tetracycline resistant/GFP-expressing Escherichia coli 

(DH5 alpha), Micrococcus luteus, Staphylococcus aureus (RN6390), and Staphylococcus 

epidermidis (HIP 04645) were grown and injected into mosquitoes as previously described 

(Coggins et al., 2012). Across experimental trials, infection doses per mosquito averaged 54,720 

for E. coli, 45,733 for S. epidermidis, and 67,789 for S. aureus.  Because M. luteus does not form 

individual colonies under our growing conditions, the exact dose per mosquito is unknown.  

However, all M. luteus infections were performed with cultures at OD600 = 5.0.  Control mosquitoes 

were injected with sterile LB broth (injured) or were left untreated (naïve). 

 



14 

 Hemocyte labeling and mosquito dissections  

Periostial hemocytes were stained and observed as previously described (King and 

Hillyer, 2012).  Briefly, mosquitoes were anesthetized and injected 75 mM Vybrant CM-DiI Cell-

Labeling Solution (Invitrogen, Carlsbad, CA, USA) and 0.75 mM Hoechst 33342 (Invitrogen) in 

PBS.  Live mosquitoes were incubated at 27ºC for 20 min, which allows the dye to incorporate 

into the hemocytes.  Mosquitoes were anesthetized again, injected 16% formaldehyde, and the 

dorsal abdomens were placed in PBS containing 0.1% Tween-20 before being bisected along the 

coronal plane.  The dorsal abdomens, which contain the heart and the periostial hemocytes, were 

then either mounted between a microscope slide and a coverslip using Aqua Poly/Mount 

(Polysciences; Warrington, PA, USA) or further processed to stain muscle tissue.  For the staining 

of muscle (including the heart), dorsal abdomens were incubated in 4% formaldehyde for 5 min, 

suspended in 0.6 µM phalloidin-Alexa Fluor 488 (Invitrogen) in PBS for 10 hours at 4ºC, washed 

twice in PBS, and mounted on microscope slides. 

 

 Bright field and fluorescence microscopy: acquisition of still images 

 A Nikon 90i compound microscope (Nikon Corp., Tokyo, Japan) equipped with a Nikon 

Intensilight C-HGFI fluorescence illumination unit and a Nikon DS-Qi1Mc CCD camera was used 

for the acquisition of still images.  Samples were visualized under bright field and/or epi-

fluorescence illumination, and Z-stacked images were acquired using a linear encoded Z-motor 

and Nikon Advanced Research NIS-Elements software.  For the rendering of two-dimensional 

images from three-dimensional Z-stacks, all images in a Z-stack were combined to form a single 

focused image using the Extended Depth of Focus tool of NIS-Elements. 

   

 Counting of periostial hemocytes 

Immediately after a dorsal abdomen was mounted on a microscope slide, it was visualized 

at 200-400X magnification and the periostial hemocytes present in the second through seventh 
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abdominal segments were counted.  A cell was considered a periostial hemocyte if it resided in a 

region immediately adjacent to an ostium or was aggregated with hemocytes that were associated 

with an ostium.  Furthermore, for a cell to be considered a periostial hemocyte it had to be 9-18 

µm in diameter, and it had to be labeled with both CM-DiI and Hoechst 33342.  For each treatment 

group (naïve, injured, and infected), a minimum of 20 mosquitoes were analyzed across 11 

independent trials. 

 

 Quantification of phagocytosis and melanization of live E. coli  

 At 4, 9 and 24 h post-treatment, live mosquitoes were anesthetized, and the dorsal 

abdomens were dissected and mounted on microscope slides.  Fluorescence and brightfield Z-

stacked images were acquired sequentially at 40x magnification, using identical microscope and 

camera settings for all samples. 

Phagocytosis of E. coli-GFP was quantified by measuring fluorescence pixel intensity.  

Briefly, extended depth of focus images from naïve, injured and infected mosquitoes were used 

to determine the threshold of background fluorescence, and pixels with values below the threshold 

were assigned a value of zero as they represent noise, whereas pixels above the threshold were 

assigned values based on their brightness.  Then, for each abdomen, the 6 periostial regions of 

the heart (one each in abdominal segments 2-7) were individually delineated by boxes of 

standardized size using the regions of interest (ROI) tool in NIS-Elements software, and the sum 

pixel intensity of GFP fluorescence in each ROI was measured.  To normalize the phagocytosis 

readings, the average value for each periostial region in injured mosquitoes was subtracted from 

the corresponding value in E. coli infected mosquitoes. This final value represents the level of 

phagocytosis of E. coli by periostial hemocytes.   

 Because melanization results in dark deposits, this immune process was quantified by 

measuring the area of pixels with intensities below a threshold.  This was done using the 

brightfield images in the same Z-stacks used to quantify phagocytosis.  Briefly, by visualizing 
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preparations from naïve, injured and infected mosquitoes, a threshold of pixel intensity was 

determined to distinguish melanized areas (below the threshold) from non-melanized areas 

(above the threshold).  Subsequently, pixels with intensities that were below the threshold were 

assigned a value of 1 and pixels with intensities that were above the threshold were assigned a 

value of 0.  The total area of melanization was then measured in each ROI.  To normalize the 

melanization readings, the average value for each periostial region in injured mosquitoes was 

subtracted from the corresponding value in E. coli infected mosquitoes.  This final value 

represents the level of melanized E. coli at each periostial region.  For the phagocytosis and 

melanization experiments, each treatment group contained a minimum of 24 mosquitoes that 

were assayed across 3 independent trials.  

 

 Quantification of phagocytosis of dead E. coli-pHrodo and S. aureus-pHrodo 

 E. coli or S. aureus bacterial bioparticles conjugated to pHrodo-Red (pHrodo; Invitrogen) 

were reconstituted in PBS at 1 mg/ml and injected into mosquitoes.  Mosquitoes were returned to 

27ºC, and at 4, 9 and 24 h post-treatment, the dorsal abdomens were dissected, incubated in 4% 

paraformaldehyde for 5 min, washed in PBS for 5 min, and mounted on microscope slides.  

Images were captured and processed using the sum pixel intensity protocol described above for 

the measurement of phagocytosis.  Injured and naïve mosquitoes served as controls.  For each 

treatment group, a minimum of 37 mosquitoes were analyzed across 4 independent trials.  

  

 Intravital imaging by fluorescence microscopy 

 Hemocyte aggregation, phagocytosis, and hemolymph flow were visualized through the 

dorsal abdominal cuticle of live mosquitoes.  For intravital observations of hemocytes and the 

process of phagocytosis, mosquitoes were injected pHrodo-conjugated bacteria to induce 

phagocytosis.  Then, mosquitoes were restrained on microscope slides using a non-invasive 
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method previously used to measure circulatory physiology (Boppana and Hillyer, 2014), and time-

lapse series were acquired on the Nikon 90i compound microscope.   

 For intravital video imaging of hemolymph flow, naïve mosquitoes and mosquitoes that 

had been infected with E. coli for 24 h were restrained on Sylgard 182 silicone elastomer plates 

using a different non-invasive method also previously used to measure circulatory physiology 

(Andereck et al., 2010; Glenn et al., 2010). Mosquitoes were then injected 0.001% solids 2 µm 

diameter red fluorescent microspheres in PBS, and starting at 10 sec post-injection, a 70 sec real-

time video (8-9 frames s-1) of the entire length of the abdomen was acquired under epi-

fluorescence illumination on a Nikon SMZ1500 stereomicroscope connected to a CoolSNAP HQ2 

digital camera (Photometrics, Tucson, AZ).  The usage of each ostial pair was quantified by 

manually counting the number of microspheres entering the lumen of the heart at each abdominal 

segment (League et al., 2015).  For each mosquito, a minimum of 54 microspheres were counted 

as they entered the heart, and 30 and 25 mosquitoes that were distributed across 3 independent 

trials were analyzed for the naïve and infected groups, respectively. 

 

 Statistical analysis 

Data were tested for normality using the Kolmogorov-Smirnov test and nonparametric data 

were transformed (natural log or square root) before using parametric tests.  ANOVA followed by 

Tukey’s post-hoc test, or repeated measures ANOVA (RM of segments) followed by Sidak’s post-

hoc test, were used to compare data from experiments with one variable, and RM two-way 

ANOVA (RM of segments) followed by Sidak’s post-hoc test was used to compare data from 

experiments with two variables.  Statistical analyses were performed using Prism 6 Software 

(GraphPad, La Jolla, CA, USA), and groups were deemed significantly different at P < 0.05. 
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 Results 

 Periostial hemocytes aggregate in response to different bacterial infections 

Following infection with E. coli, periostial hemocytes aggregate at the periostial regions of 

the heart in abdominal segments 2-7, where they phagocytose and kill pathogens (Figure 1A-D). 

To further characterize the range of foreign stimuli that induce the aggregation of hemocytes at 

the periostial regions, we counted the number of hemocytes on the surface of the heart in naïve 

mosquitoes, injured mosquitoes, and mosquitoes that had been infected with Escherichia coli, 

Staphylococcus epidermidis, Staphylococcus aureus, and Micrococcus luteus for 24 h.  Periostial 

hemocyte aggregation was induced by all infections tested, but not by injury (Figures 1E-J, 2).  

More specifically, the average number of periostial hemocytes in naïve and injured mosquitoes 

was 63 and 79, respectively, and periostial hemocyte numbers increased by 2.3-fold, 1.8-fold, 

1.7-fold, and 1.5-fold following E. coli, S. epidermidis, S. aureus, and M. luteus infection, 

respectively.  Thus, periostial hemocyte aggregation is induced by diverse foreign stimuli. 
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Figure 1.  Periostial hemocytes aggregate on the surface of the mosquito heart.  (A) 
Fluorescence image of a periostial region of an uninfected mosquito, showing the heart (outlined; 
muscle is stained green with phalloidin-Alexa Fluor 488), the location of the ostia (asterisks), the 
diamond shaped alary muscles (e.g., arrows), and the periostial hemocytes (labeled red with CM-
DiI).  (B-C) Fluorescence (B) and bright field (C) images of a periostial region of a mosquito that 
had been infected with E. coli-GFP (green) for 24 h, showing periostial hemocytes (red) that had 
phagocytosed E. coli.  (D) Fluorescence image of the dorsal abdomen of a mosquito that had 
been infected with E. coli-GFP (green) for 24 h, showing the periostial regions of abdominal 
segments 2 through 7 (circled; the abdominal sutures are marked with vertical lines) and the 
phagocytic periostial hemocytes (red).  (E-J) Fluorescence images showing periostial hemocytes 
(red) in a periostial region of a naïve mosquito (E), an injured mosquito (F), and mosquitoes that 
had been infected with E. coli (G), S. epidermidis (H), S. aureus (I), and M. luteus (J) for 24 h.  
For all fluorescence images, Hoechst 33342 (blue) labeled the cell nuclei.  Horizontally oriented 
dashed lines outline the heart (except for D, where the horizontal line marks the lumen of the 
heart), and asterisks denote the locations of the ostia.  Bars: A-C and E-J, 100 µm; D, 200 µm.  
A, anterior; P, posterior; L, lateral. 
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Figure 2. Hemocytes aggregate in the periostial regions following bacterial infection.  
Graph shows the number of periostial hemocytes in naïve mosquitoes, injured mosquitoes, and 
mosquitoes that had been infected with E. coli, S. epidermidis, S. aureus, and M. luteus for 24 h.  
Column heights mark the mean and whiskers denote the standard error of the mean.  P-value 
results from ANOVA, and asterisks denote treatment groups that are significantly different from 
the reference group (R; Tukey’s test). 

 

 Periostial hemocytes preferentially aggregate in the periostial regions of abdominal segments 

4, 5 and 6 

Although hemocytes aggregate in the periostial regions of all abdominal segments, initial 

observations suggested that the mid-abdominal segments contain the largest aggregations of 

periostial hemocytes (Figure 1D).  We investigated this further by counting the number of 

periostial hemocytes in abdominal segments 2-7 of naïve mosquitoes, injured mosquitoes, and 

mosquitoes that had been infected with E. coli, S. epidermidis, S. aureus, and M. luteus for 24 h.  

In response to all infections, hemocyte aggregation was favored in the periostial regions of 

abdominal segments 4, 5 and 6 (Figure 3).  The distribution of hemocytes formed a bell-shaped 

pattern that peaked in abdominal segments 4 or 5, progressively decreased in the adjacent 

abdominal segments, and bottomed in abdominal segments 2 and 7 (on average, segment 5 

contained 2.7 times the number of periostial hemocytes than segment 2).  Furthermore, the same 
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pattern was observed in naïve and injured mosquitoes, indicating that infection induces a change 

in the number of periostial hemocytes but does not change their relative distribution (Figure 3).  

Across all treatments, in 84% of mosquitoes the largest periostial hemocyte aggregates were 

present in abdominal segments 4, 5, or 6, and these 3 abdominal segments contained 64% of the 

periostial hemocytes.  Within an abdominal segment, periostial hemocytes occasionally 

aggregated unevenly among the ostial pair (Figure 4).  In summary, periostial hemocytes are 

preferentially distributed along the mid-abdominal segments. 
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Figure 3.  Regardless of treatment, periostial hemocytes preferentially aggregate in 
abdominal segments 4, 5 and 6.  Graphs show the number of periostial hemocytes in abdominal 
segments 2 through 7 of naïve mosquitoes (A), injured mosquitoes (B) and mosquitoes that had 
been infected with E. coli (C), S. epidermidis (D), S. aureus (E), and M. luteus (F) for 24 h.  In all 
treatment groups, periostial hemocytes were preferentially present in abdominal segments 4, 5, 
and 6.  Column heights mark the mean and whiskers denote the standard error of the mean.  P-
values result from repeated measures ANOVA, and asterisks denote treatment groups that are 
significantly different from the reference group (R; Sidak’s test). 
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Figure 4. Symmetric and asymmetric periostial hemocyte aggregation. Fluorescence 
images of periostial regions, showing the heart (outlined), the location of ostia (asterisks), and 
periostial hemocytes (labeled red with CM-DiI) that have aggregated symmetrically (A) and 
asymmetrically (B-C) within a periostial region at 24 h following infection with E. coli-GFP (green). 
Hoechst 33342 (blue) labeled the cell nuclei. Bar: 100 μm. A, anterior; P, posterior; L, lateral. 

 

 Phagocytosis by periostial hemocytes is highest in abdominal segments 4, 5 and 6 

Because most periostial hemocytes aggregated in the mid-abdominal segments, we 

hypothesized that immune activity on the surface of the heart follows a similar pattern. To spatially 

quantify periostial hemocyte immune activity, we measured the phagocytosis of GFP-expressing 

E. coli at 4, 9 and 24 h following infection.  Similar to the distribution of periostial hemocytes, at 

all timepoints tested the phagocytosis of E. coli along the surface of the heart preferentially 

occurred in abdominal segments 4, 5 and 6 (Figures 5, 6A), with the highest level of phagocytosis 

occurring in abdominal segment 5.  In 76% of mosquitoes the highest level of phagocytosis by 

periostial hemocytes occurred in abdominal segment 4, 5 or 6, and these mid-abdominal 

segments contained 66% of the phagocytic activity that occurs on the surface of the heart. 
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Figure 5.  Phagocytosis by periostial hemocytes is highest in the mid-abdominal 
segments.  Fluorescence images of the dorsal portion of dissected abdomens, showing the 
phagocytosis of E. coli-GFP (left column), E. coli-pHrodo (middle column) and S. aureus-pHrodo 
(right column) at 4 h (top row), 9 h (middle row), and 24 h (bottom row) following treatment.  
Quantitative analyses of these and other images are presented in Figure 5.  Regardless of 
treatment and time, the highest level of phagocytosis was detected in the periostial regions of the 
mid-abdominal segments.  Bar, 500 µm.  A, anterior; P, posterior; L, lateral. 
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Figure 6.  Phagocytosis by periostial hemocytes is highest in abdominal segments 4, 5, 
and 6.  Graphs show quantitative analyses measuring the phagocytosis of E. coli-GFP (A), E. 
coli-pHrodo (B) and S. aureus-pHrodo (C) at 4 h, 9 h, and 24 h following treatment.  Regardless 
of treatment and time, the highest levels of phagocytosis were detected in the periostial regions 
of abdominal segments 4, 5, and 6.  Column heights mark the mean and whiskers denote the 
standard error of the mean.  P-values result from repeated measures two-way ANOVA. 
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To rule out the possibility that bacteria co-aggregate with hemocytes but are not 

phagocytosed, we quantified phagocytosis using E. coli and S. aureus bacterial bioparticles that 

were conjugated to pHrodo, a pH sensitive dye that only fluoresces when inside the acidic 

confines of a phagolysosome.  Similar to the distribution of periostial hemocytes and the 

phagocytosis of live E.coli-GFP, phagocytosis of E. coli-pHrodo and S. aureus-pHrodo along the 

surface of the heart was highest in abdominal segments 4, 5 and 6 (Figures 5, 6B-C).  This spatial 

pattern of phagocytosis was similar at 4, 9, and 24 h post-injection (no interaction between time 

and segment), and the highest level of phagocytosis occurred in abdominal segment 5 (on 

average, segment 5 contained 4 times and 2.8 times the phagocytic activity of segment 2 following 

E. coli-pHrodo and S. aureus-pHrodo injection, respectively).  In 79% of mosquitoes, the highest 

level of phagocytosis occurred in abdominal segment 4, 5 or 6, and these abdominal segments 

contained 64% of the phagocytic activity that occurs on the surface of the heart. 

More detailed analysis of the kinetics of the phagocytosis response at the periostial 

regions revealed the rapid nature and effectiveness of this immune process.  E. coli-GFP and 

pHrodo bioparticles were detected in all abdominal segments and at all timepoints tested.  In the 

experiments using live E. coli-GFP, the highest signal of phagocytosis was observed 4 h after 

infection, and this signal progressively decreased by 9 and 24 h after infection, indicating that the 

bacteria were being killed.  However, pHrodo signal inside of the periostial hemocytes remained 

stable or increased over time, remaining visible at 5 days post-challenge (Figure 7), indicating 

that unlike the bacteria that express GFP, this fluorescent dye is not degraded by the periostial 

hemocytes.  Taken altogether, these data show that the regions of the heart with the greatest 

numbers of periostial hemocytes (Figure 3) are also the regions of the heart with the highest 

capacities for phagocytic activity (Figures 5, 6). 
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Figure 7. Periostial hemocytes retain for multiple days pHrodo dye obtained via 
phagocytosis. Fluorescence images of periostial regions, showing the heart (outlined), the 
location of ostia (asterisks), and periostial hemocytes that have phagocytosed E. coli-pHrodo (red) 
at 4 h (A) and 5 days (B, the last timepoint assayed) following treatment. Hoechst 33342 (blue) 
labeled the cell nuclei. Bar: 100 μm. A, anterior; P, posterior; L, lateral. 

 

 Periostial hemocyte preference for the mid-abdominal segments is observed immediately 

following infection 

To visualize the phagocytic activity of periostial hemocytes in real-time, we performed 

fluorescence-based intravital video imaging through the dorsal cuticle of intact mosquitoes 

immediately following injection of E. coli-pHrodo.  Phagocytosis was observed at all of the 

periostial regions within seconds of injection.  By 1 min post-injection, the mid-abdominal 

segments had measurable quantities of phagocytosis, and the signal increased by 4 min post-

injection (Figure 8).  This continued over time as more pHrodo was internalized by hemocytes 

and more hemocytes aggregated along the heart.  Video analyses also revealed that hemocyte 

aggregation is dynamic; during the course of an infection hemocytes migrate into and out of the 

periostial regions.  That is, periostial hemocytes (individually and as aggregates) can leave the 

periostial regions and reenter circulation, and circulating hemocytes can leave circulation and 

actively aggregate along the surface of the heart.  Circulating hemocytes can also attach to non-

periostial tissues (e.g., the cuticle and the trachea), detach from these tissues, re-enter circulation, 

and then attach to the periostial regions.  This movement of hemocytes appears to be either by 

active migration or adhesive capture (and not passive transport), because, for example, whereas 
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hemolymph moves at approximately 6-8 mm/sec (Estévez-Lao et al., 2013; Glenn et al., 2010; 

League et al., 2015), it can take upwards of 5 min for hemocytes to complete the directed 

movement from a trachea to the periostial regions.  Together with earlier quantitative 

measurements of hemocyte migration to the periostial regions (King and Hillyer, 2012), these 

observations show the dynamic nature of the hemocyte population, and that despite the continual 

transitions from a sessile to a circulating state (and vice versa), the periostial regions retain a 

distinct pattern of hemocyte distribution along the surface of the heart. 
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Figure 8.  Phagocytosis by periostial hemocytes commences immediately following an 
immune challenge.  Still images from intravital imaging experiment.  In the movie, phagocytosis 
of E. coli-pHrodo was visualized through the dorsal abdomen for 30 min, beginning immediately 
following the introduction of the foreign agent.  Still images were extracted at 1, 4, 10, 20 and 30 
min post-treatment, and show that phagocytic activity by periostial hemocytes begins immediately 
following treatment and preferentially takes place in the periostial regions of the mid-abdominal 
segments.  Bar, 500 µm.  A, anterior; P, posterior; L, lateral. 
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 Infection induces the deposition of melanin at the periostial regions 

Another immune process that we observed to be associated with the periostial regions 

was melanization.  Melanization is a humoral immune response that is driven by a tightly regulated 

phenoloxidase cascade, and the enzymes involved in this pathway are produced by hemocytes 

(Christensen et al., 2005; Hillyer, 2010).  To determine if the deposition of melanin on the surface 

of the heart is influenced by the distribution of periostial hemocytes, we quantified the relative 

amount of melanin associated with the heart at 4, 9 and 24 h following infection with E. coli-GFP 

(Figure 9A-B).  At 4 and 9 h after infection, there was a trend for melanin to be primarily present 

in abdominal segment 4.  By 24 h after infection, the amount of melanin increased significantly, 

which was accompanied by a change in the relative distribution of melanin along the periostial 

regions (interaction between time and segment).  This interaction was manifested by a dramatic 

increase in melanin deposition within the periostial regions of abdominal segments 5, 6, and 7.  

Moreover, between 9 and 24 h after infection the levels of melanin increased by at least 16-fold 

in all abdominal segments except for segment 4, where melanin only increased by 3-fold. 
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Figure 9.  Following E. coli infection, melanin accumulates in the periostial regions.  (A) 
Bright field and fluorescence image overlay of the dorsal portion of an abdomen, showing E. coli-
GFP (green) and melanin (black) on the heart at 24 h after infection.  The periostial regions of 
abdominal segments 2 through 7 are circled.  (B) Graph shows the quantitative analysis of 
melanin deposition in the periostial regions of abdominal segments 2 through 7 at 4, 9, and 24 h 
following infection with E. coli.  The pattern of melanin deposition along the surface of the heart 
changed with time, and there was an interaction between time and segment, indicating that as 
time progressed there were changes in the spatial distribution of melanin deposits.  Column 
heights mark the mean and whiskers denote the standard error of the mean.  P-values result from 
repeated measures two-way ANOVA. (C) Bright field images of the dorsal portion of the fifth 
abdominal segment in naïve, injured and E. coli infected mosquitoes at 24 h post-treatment, 
showing natural pigments in uninfected mosquitoes and dark melanization deposits in an infected 
mosquito.  Bars: A, 200 µm; C, 50 µm.  A, anterior; P, posterior; L, lateral. 
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While phagocytosis by periostial hemocytes commenced immediately following infection, 

melanin deposition on the heart took significantly longer to occur, indicating that differences exist 

in the spatial and temporal dynamics of these two immune responses.  Furthermore, although 

dark pigments were often observed within the pericardial cells, these pigments were clearly 

different from melanin deposits as they were lighter in color and did not differ between naïve, 

injured and infected mosquitoes (Figure 9C).  In summary, infection induces the deposition of 

melanin in the periostial regions.  The kinetics of melanization is slower than the kinetics of 

phagocytosis, and the spatial distribution of melanization, while favoring the mid-abdominal 

segments, is variable.  

 

 The distribution of periostial hemocytes correlates with the patterns of hemolymph entry into the 

heart 

Hemolymph flows through the periostial regions immediately prior to entering the heart 

(Glenn et al., 2010; King and Hillyer, 2012; League et al., 2015).  To determine whether the pattern 

of hemolymph entry into the heart correlates with the distribution of periostial hemocytes, neutral-

density fluorescent microspheres were injected into the hemocoel of naïve and E. coli infected 

mosquitoes, and their movement was used to measure the flow of hemolymph (Andereck et al., 

2010; Boppana and Hillyer, 2014; Glenn et al., 2010; League et al., 2015).  Particle tracking 

revealed that the rate of hemolymph entry into the heart through each ostial pair is different 

between abdominal segments (Figure 10).  Specifically, in both naïve and infected mosquitoes a 

larger percentage of hemolymph entered the heart through the ostia located in abdominal 

segments 4, 5 and 6.  Although the trend in both experiments was similar, the asymmetric usage 

of the ostia was less pronounced in infected mosquitoes, suggesting that the large mass of 

periostial hemocytes in the mid-abdominal segments may slightly occlude the ostia, thus 

redirecting some of the hemolymph to the anteriormost and posteriormost abdominal segments.  
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Regardless, these experiments show that the patterns of hemolymph entry into the heart correlate 

with the spatial distribution of hemocytes (and immune processes) on the surface of the heart.   

 

Figure 10.  Hemolymph preferentially enters the heart through the ostia in abdominal 

segments 4, 5 and 6.  Graphs show the percent of hemolymph entering the heart through the 

ostia in abdominal segments 2 through 7, as quantified by measuring the movement of neutrally-

buoyant, 2 µm diameter fluorescent microspheres.  In naïve mosquitoes (A) and mosquitoes 

infected with E. coli for 24 h (B), the majority of hemolymph entered the heart through the ostia 

located in abdominal segments 4, 5 and 6.  Column heights mark the mean and whiskers denote 

the standard error of the mean.  P-values result from repeated measures ANOVA, and asterisks 

denote treatment groups that are significantly different from the reference group (R; Sidak’s test). 
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 Discussion 

 Upon infection, circulating hemocytes migrate to the regions surrounding the heart’s ostia, 

and these are the only locations where sessile hemocytes increase in number as an infection 

progresses (King and Hillyer, 2012; King and Hillyer, 2013).  The periostial regions of the heart 

comprise a very small portion of the entire abdomen, yet hemocytes in these locations sequester 

greater than 40% of the bacteria present on the abdominal wall (King and Hillyer, 2012).  Thus, 

the specific aggregation of hemocytes in the periostial regions, together with the heightened 

immune activity present within these locations, suggests that deploying immune cells to fight an 

infection in regions of high hemolymph flow is advantageous for the survival of the insect.  In the 

present study we expand on these findings and show that (1) periostial hemocyte aggregation is 

a basal immune response that is activated by diverse stimuli; (2) periostial hemocyte aggregation 

is dynamic and occurs in a consistent, asymmetric pattern on the surface of the heart; and (3) the 

spatial pattern of periostial hemocyte aggregation correlates with spatial patterns of immune 

activity and hemolymph flow (Figure 9). 
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Figure 11.  Schematic of hemolymph flow and infection-induced periostial hemocyte 
aggregation in Anopheles gambiae.  Hemocytes exist in two states: in circulation and in sessile 
form.  In naïve mosquitoes (top), some of the sessile hemocytes are aggregated around the ostia 
(valves) of the heart, and are called periostial hemocytes.  Hemolymph flow is swift in the regions 
surrounding the ostia (the periostial regions), and the majority of hemolymph enters the heart 
through the ostia located in abdominal segments 4, 5, and 6.  Upon infection (bottom), circulating 
hemocytes undergo mitosis and increase in number, and many hemocytes migrate to, and 
aggregate in, the periostial regions of the heart where they phagocytose pathogens (King and 
Hillyer, 2012; King and Hillyer, 2013).  The periostial regions are the only location of the body 
where sessile hemocytes increase in number in response to infection (King and Hillyer, 2013b).  
Infection does not significantly alter the proportion of hemolymph that flows through each 
periostial region, and periostial hemocytes – including their immune activity – preferentially 
aggregate around the ostia that experience the most hemolymph flow. 
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 Prior to the initiation of the present project it was known that periostial hemocyte 

aggregation is induced in mosquitoes by infection with E. coli and Plasmodium parasites (King 

and Hillyer, 2012; King and Hillyer, 2013), and subsequent structural analyses observed the 

presence of hemocytes at the periostial regions of the heart (Leódido et al., 2013).  Other papers 

that describe the immune response of mosquitoes also contain images that show the 

accumulation of pathogens and melanin at locations now referred to as the periostial regions 

(Hernández-Martínez et al., 2013; Hillyer et al., 2007; Michel et al., 2005; Schnitger et al., 2007; 

Yassine et al., 2014; Yassine et al., 2012).  Additionally, hemocytes have been observed on or in 

the heart of Drosophila melanogaster, Baculum extradentatum and Galleria mellonella (da Silva 

et al., 2012; Ghosh et al., 2015; Horn et al., 2014; Pereira et al., 2015), and the periostial 

accumulation of pathogens and melanin has been detected in both dipteran and lepidopteran 

insects (Akbar et al., 2011; Bao et al., 2011; Chambers et al., 2012; Cuttell et al., 2008; Elrod-

Erickson et al., 2000; Kocks et al., 2005; Pereira et al., 2015; Shiratsuchi et al., 2012; Stone et 

al., 2012).  Analogous interactions between immune and circulatory processes also occur in 

crustaceans, which like insects are members of the phylum Arthropoda (Hillyer, 2015).  Thus, our 

finding that periostial hemocyte aggregation is induced by all the immune insults tested so far, 

together with the observation that strong immune responses occur at the periostial regions of a 

diverse group of insects, suggests that periostial hemocyte aggregation is a primary and basal 

immune response in this arthropod group. 

Periostial hemocytes are not evenly distributed amongst the periostial regions; regardless 

of the infections status, we observed that the distribution of periostial hemocytes forms a bell-

shaped curve that peaks in abdominal segment 4 or 5 and bottoms in segments 2 and 7.  

Furthermore, our quantitative analyses show that the strength of the phagocytosis response 

mimics the spatial distribution of hemocytes, and images from earlier qualitative studies show a 

pattern of pathogen aggregation along the surface of the mosquito heart that is similar to the one 

we observed here (Hillyer et al., 2007; King and Hillyer, 2012).  Finally, qualitative analyses of 
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images published in papers examining immune responses in D. melanogaster suggest that the 

spatial distribution of hemocytes along the heart of this insect is also asymmetric, but in this case 

it is the anteriormost abdominal segments that contain both the highest number of immune cells 

(Ghosh et al., 2015; Horn et al., 2014) and the largest aggregations of pathogens (Akbar et al., 

2011; Cuttell et al., 2008; Elrod-Erickson et al., 2000; Shiratsuchi et al., 2012).  Thus, although 

periostial immune responses appear to occur in both of these dipterans, the activities are spatially 

dissimilar, which could be due to differences in the overall anatomy and circulatory physiology 

between these two insect families.  For example, mosquitoes have an elongated and slender 

abdomen, whereas the abdomen of fruit flies is more compact.  Additionally, the number of ostia 

are different between mosquitoes and fruit flies, and relative to mosquitoes, fruit flies contain an 

exaggerated conical heart chamber in the anteriormost portion of the abdomen (Glenn et al., 

2010; League et al., 2015; Wasserthal, 2007). 

While infection-induced periostial hemocyte aggregation and phagocytosis were 

consistent and rapid responses, melanin deposition at the periostial regions was more variable 

and took longer to develop.  Phenoloxidase-based melanization is an extracellular, enzymatic 

process used by insects to kill a wide variety of pathogens (Christensen et al., 2005; Nappi and 

Christensen, 2005).  Mosquito hemocytes called oenocytoids produce and secrete the enzymes 

that drive the melanization cascade (Castillo et al., 2006; Hillyer and Christensen, 2002; Hillyer 

and Christensen, 2005; Hillyer et al., 2003a), and melanized bacteria are often phagocytosed by 

hemocytes called granulocytes (Hillyer et al., 2003a; Hillyer et al., 2003b; Hillyer et al., 2004).  

Thus, the differences in the kinetics and spatial organization of melanization versus phagocytosis 

at the periostial regions could be because of the humoral nature of the melanization response.  

Specifically, we hypothesize that pathogens are first melanized in non-periostial regions, are then 

swept by the hemolymph, and are finally phagocytosed by periostial hemocytes.  Alternately, the 

differences observed could be due to the lower resolution of our melanization assay, as this 

response was weak in comparison to phagocytosis.  The difference in the strength of these two 
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pathways was not unexpected, as relative to melanization, phagocytosis is the primary immune 

pathway employed by mosquitoes to kill E. coli (Hillyer et al., 2003a; Hillyer et al., 2003b; Hillyer 

et al., 2004).  Regardless, images published in the only other study that, to our knowledge, has 

shown melanin deposits along the length of the mosquito abdomen qualitatively display a pattern 

of distribution that is similar to the one observed in our study (Michel et al., 2005).  There was 

also a difference in the timing of the phagocytosis response, as E. coli-pHrodo became 

internalized at a faster rate than S. aureus-pHrodo.  This difference, observed in the periostial 

regions, loosely parallels the difference previously reported when examining the lateral abdomen 

of A. gambiae (Moita et al., 2005). 

 By aggregating around the ostia, periostial hemocytes have a higher probability of 

encountering pathogens than non-periostial hemocytes because of the higher flow of hemolymph 

at these locations, and because all hemolymph flows through these areas.  The dorsal vessel, 

and more specifically the heart, is the primary organ responsible for the propulsion of hemolymph 

(Andereck et al., 2010; Glenn et al., 2010; League et al., 2015).  In mosquitoes, the heart spends 

the majority of the time contracting in the anterograde direction, and extracardiac hemolymph 

enters this vessel through ostia located in abdominal segments 2-7.  Given that there are multiple 

locations where hemolymph can enter the dorsal vessel, the bell-shaped spatial distribution of 

periostial hemocytes would be especially advantageous if it placed the majority of hemocytes at 

the ostia that experience the highest levels of hemolymph flow.  Our experiments quantifying the 

entry of hemolymph through the different ostial pairs – the first such experiment performed in any 

insect – show that this is indeed the case; the majority of hemolymph enters the heart via the 

ostial pair located in abdominal segment 5, and the least amount of hemolymph enters via the 

ostial pairs in segments 2 and 7.  This bell-shaped pattern occurs in both naïve and infected 

mosquitoes, although the inflection of the curve is slightly smaller in infected mosquitoes.  This 

minor decrease in inflection could be due to the slight obstruction of hemolymph flow by the 

periostial hemocytes, but regardless of this, the spatial correlation of hemocyte aggregation, 
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immune activity and hemolymph flow demonstrates the advantages of placing immune cells in 

the areas of highest hemolymph flow.  Because the structure of the heart is conserved across 

mosquito genera (Glenn et al., 2010; League et al., 2015; Leódido et al., 2013; Martins et al., 

2011), the mid-abdominal segments are likely areas of high cellular immune activity across 

Culicidae. 

 Relative to naïve and injured mosquitoes, mosquitoes that have suffered an infection 

retain an elevated number of periostial hemocytes for the rest of their life (King and Hillyer, 2012).  

Whether the same hemocytes remain at the periostial regions throughout this time is not 

completely understood, but our data suggest that this is not the case.  Intravital imaging showed 

that periostial hemocytes, and hemocytes in general, are dynamic; hemocytes attach and detach 

from the periostial regions, thus switching from a circulating to a sessile state and vice versa.  

Similar switching from sessile to circulating states has also been observed in Drosophila (Babcock 

et al., 2008; Makhijani et al., 2011; Márkus et al., 2009).  However, a switch in spatial state may 

not be the only mechanism by which periostial hemocytes increase in number in response to 

infection.  In A. gambiae, an infection induces not only an increase in periostial hemocytes, but 

also an increase in circulating hemocytes (Coggins et al., 2012; King and Hillyer, 2013).  A 

hematopoietic gland in mosquitoes has yet to be discovered, but the hemocytes in adult-stage 

insects from both major subfamilies of mosquitoes undergo cell division, and this replication 

occurs at least in part while the cells are in circulation (Bryant and Michel, 2014; Castillo et al., 

2011; King and Hillyer, 2013).  In D. melanogaster, the hematopoietic lymph gland degenerates 

around the time of eclosion, but the hemocytes in adults continue to replicate while positioned 

along the surface of the heart (Ghosh et al., 2015).  Perhaps a similar process occurs in 

mosquitoes. 
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 Preface 

In this chapter we first characterized the structure and function of the aorta in the adult 

mosquito, and then described hemocyte associations with the aorta. I developed the techniques 

to identify and isolate the aorta and used these techniques to look for hemocytes on this tissue.  

The functional characterization was done together with Dr. Hillyer, along with the writing and 

preparation of the manuscript.  This work was published in May 2018 in the Journal of 

Experimental Biology. 

  

 Abstract 

The primary pump of the circulatory system of insects is a dorsal vessel that traverses the 

length of the insect. The anterior portion, located in the head, neck and thorax, is the aorta, and 

the posterior portion, located in the abdomen, is the heart. Here, we characterize the structure 

and function of the aorta and conical chamber of the mosquito, Anopheles gambiae. The aorta 

begins in the head with an excurrent opening located above the dorsal pharyngeal plate and ends 

at the thoraco-abdominal junction where it joins the conical chamber of the heart. The aorta lacks 

ostia and based on the diameter of the vessel as well as the density and helical orientation of 

muscle, is comprised of three regions: the anterior aorta, the bulbous chamber, and the posterior 

aorta. The aorta contracts in the anterograde direction, but these contractions are independent of 

heart contractions and do not play a major role in hemolymph propulsion. Intravital imaging of the 

venous channels, the first abdominal segment and the neck revealed that hemolymph only travels 

through the aorta in the anterograde direction, and does so only during periods of anterograde 

heart flow. Furthermore, hemolymph only enters the thoraco-abdominal ostia of the conical 

CHAPTER III - STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF THE 

CONTRACTILE AORTA AND ASSOCIATED HEMOCYTES OF THE MOSQUITO 

ANOPHELES GAMBIAE 
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chamber when the heart contracts in the retrograde direction, propelling this hemolymph to the 

posterior of the body. Finally, very few hemocytes associate with the aorta, and unlike what is 

seen in the periostial regions of the heart, infection does not induce the aggregation of hemocytes 

on the aorta. 

 
 Introduction 

In insects, the open circulatory system consists of the pulsatile organs, the hemocoel, and 

the hemolymph (Chapman et al., 2013; Jones, 1977; Klowden, 2013). The main pulsatile organ 

– or pump – is the dorsal vessel, which extends from the head to the posterior of the abdomen 

and is positioned along the midline of the organism. The dorsal vessel is divided into an aorta in 

the head and thorax, and a heart in the dorsal abdomen. In Anopheles gambiae adults, the heart 

contracts in both anterograde and retrograde directions (Glenn et al., 2010). During anterograde 

contractions, hemolymph enters the lumen of the heart through six pairs of incurrent ostia that are 

positioned in abdominal segments 2-7 and exits the dorsal vessel through an excurrent opening 

located in the head (Glenn et al., 2010; League et al., 2015). During retrograde contractions, 

hemolymph enters the heart through a pair of venous channels in the thorax and an ostial pair 

positioned at the thoraco-abdominal junction (Glenn et al., 2010), and exits the heart through an 

excurrent opening located in the eighth abdominal segment.  The circulation of hemolymph in 

areas that are distant from the dorsal vessel is aided by accessory pulsatile organs. These 

auxiliary hearts are located at the base of the antennae, in the scutellum, and in the ventral 

abdomen (Andereck et al., 2010; Boppana and Hillyer, 2014; Chintapalli and Hillyer, 2016; 

Clements, 1956).   

Though the structure and function of the adult mosquito heart has been described in detail 

(Glenn et al., 2010; League et al., 2015), the physiology of the aorta is unknown. This is also true 

for other flies – the members of the order Diptera – even though Drosophila melanogaster is often 

used as a model for human cardiac disease (Choma et al., 2011; Ma, 2016; Piazza and Wessells, 
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2011). We speculate that the reason behind this gap in knowledge is that the aorta is not very 

accessible to researchers. That is, whereas the heart is attached to the dorsal midline of the 

cuticle as it traverses the abdomen, the aorta is embedded within the indirect flight muscles. 

Furthermore, the thoracic cuticle is most often more sclerotized than the abdominal cuticle, and 

this prevents the visualization of the aorta through the exoskeleton of intact insects. 

In this study, we used a combination of resection, fluorescence staining, and still and video 

imaging to describe the structure and location of the aorta of adult A. gambiae. Furthermore, we 

characterize the functional mechanics of flow through the aorta and the conical chamber of the 

heart – including the entry of hemolymph through the thoraco-abdominal ostia – and show that 

the aorta has contractile activity.  Finally, we show that hemocytes are present on the outer 

surface of the aorta but that they are few in number and do not aggregate in response to infection. 

 

 Materials and Methods 

 Mosquito rearing and maintenance 

A. gambiae Giles sensu stricto (G3 strain) were reared and maintained at 27ºC and 75% 

relative humidity under a 12 h: 12 h light/dark photoperiod. Adults were fed 10% sucrose solution 

ad libitum and maintained as previously described (Estévez-Lao et al., 2013).  Experiments were 

carried out on adult female mosquitoes at 6 days post-eclosion.  

 

 Mosquito dissections  

Mosquitoes were anesthetized on ice and dissected under a stereo microscope in order 

to isolate (i) the entire aorta, (ii) portions of the aorta, or (iii) the aorta and the heart. To initiate the 

resection procedures, the ventral side of the thorax (including the legs) and a ventral slice of the 

abdomen were removed by bisecting the mosquito along a coronal plane in alignment with the 

ventral side of the neck. Then, a slice of the dorsal thorax was removed along a coronal plane by 
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bisecting the mid-posterior scutum, and the mosquitoes were placed ventral side up on a glass 

slide in PBS containing 0.1% Tween-20 (Fisher Scientific, Pittsburgh, PA, USA).   

To isolate the entire aorta, the alimentary tract was removed, the mosquitoes were 

bisected along a transverse plane at the thoraco-abdominal junction, and the head and aorta were 

pulled away from the thorax. The ventral side of the head was then removed in order to expose 

the pharyngeal plate, and this structure was isolated with the aorta attached.  The portion of the 

aorta containing the anterior aorta and bulbous chamber was isolated as above, except the 

mosquitoes were bisected along a transverse plane at the junction of the meso- and metathorax.  

To isolate the portion of the aorta containing the bulbous chamber and the posterior aorta, the 

head and the alimentary tract were removed, and the aorta was isolated from the thorax. The 

aorta was separated from the heart by cutting with a fine blade at the anterior junction with the 

conical chamber.  To isolate the aorta with the heart, the head and the alimentary tract were 

removed, and the heart was detached from the dorsal cuticle by disrupting all alary muscles with 

an insect pin.  The aorta and heart were then removed from the thorax and dorsal cuticle.  

 

 Fluorescence labeling 

For muscle staining, each mosquito was anesthetized on ice and, with a finely pulled glass 

needle, injected into the hemocoel 0.15-0.20 µl of 16% formaldehyde through the thoracic 

anepisternal cleft. After a 5 min incubation, the aorta was isolated and immersed in 13 µM 

phalloidin-Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA), 0.16 mM Hoechst 33342 (Invitrogen) 

and 0.1% Triton X-100 (Fisher Scientific) in PBS. The immersed aorta was rocked on a depression 

slide for 30 min, washed 3 times in PBS, and mounted in Aqua Poly/Mount (Polysciences, 

Warrington, PA, USA).  

To label hemocytes, Vybrant CM-DiI Cell-Labeling Solution (Invitrogen) – a dye that labels 

hemocytes in live mosquitoes – was used as previously described (King and Hillyer, 2012).  

Briefly, mosquitoes were anesthetized and injected 75 mM Vybrant CM-DiI Cell-Labeling Solution 
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and 0.75 mM Hoechst 33342 in PBS.  Live mosquitoes were incubated at 27ºC for 20 min, which 

allows the dye to incorporate into the hemocytes.  Mosquitoes were anesthetized again and used 

for either live imaging or aorta resection. To label the muscle of aortas with CM-DiI labeled 

hemocytes, muscle was stained with phalloidin-Alexa Fluor 488 as described above, with the 

exception that Triton X-100 was not included in the solution.  

 

 Acquisition of still images 

 Specimens were visualized under bright field and/or epi-fluorescence illumination using a 

Nikon 90i compound microscope (Nikon Corp., Tokyo, Japan) equipped with a Nikon Intensilight 

C-HGFI fluorescence illumination unit. Image Z-stacks were acquired using a Nikon DS-Qi1Mc 

CCD camera, a linear encoded Z-motor and Nikon Advanced Research NIS-Elements software.  

Images were either selected from a layer of the Z-stack or rendered into a two-dimensional image 

using the Extended Depth of Focus tool of NIS-Elements software.  

 

 Video imaging  

For intravital video imaging of hemolymph flow and hemocytes, intact mosquitoes that had 

been injected 1 µm diameter green fluorescent microspheres in PBS (0.001% solids; Invitrogen) 

or CM-DiI were imaged through the cuticle.  For dorsal viewing, mosquitoes were restrained on 

microscope slides using a non-invasive method previously used to measure circulatory physiology 

(Boppana and Hillyer, 2014). For lateral or ventral viewing, mosquitoes were positioned on their 

side or back.  A real-time video was acquired under epi-fluorescence illumination on a Nikon 

SMZ1500 stereomicroscope connected to a Hamamatsu ORCA-Flash 2.8 digital CMOS camera 

(Hamamatsu Photonics, Hamamatsu, Japan) and NIS-Elements software, or the Nikon 90i 

compound microscope system described above.  Microsphere-injected mosquitoes were 

immediately viewed or partially dissected to expose the aorta prior to viewing. 
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For brightfield video imaging of the contracting aorta, mosquitoes were anesthetized on 

ice and the head, wings, a slice of the dorsal thorax, and the ventral side of the thorax and 

abdomen were removed by fine cutting using a blade.  After dissection, mosquitoes were 

immediately placed dorsal side down on a glass slide containing PBS or further dissected to 

completely isolate the aorta.  A real-time video was acquired on the Nikon SMZ1500 

stereomicroscope system described above.  

 

 Bacterial infections 

Tetracycline resistant, GFP-expressing Escherichia coli (DH5 alpha) were grown as 

previously described (Coggins et al., 2012). Mosquitoes were anesthetized on ice, and E. coli was 

injected into the hemocoel as described above.  Infections were performed with cultures at OD600 

= 5.0, and a plating assay revealed that the infection doses averaged 194,100 E. coli per 

mosquito.  Two other groups of mosquitoes were maintained in parallel: one was injected with 

sterile LB broth (injury) and the other was left untreated (naïve). 

 

 Hemocyte quantification 

  Hemocytes were labeled with CM-DiI and the bulbous chamber, posterior aorta and 

conical chamber were isolated.  Specimens were immediately visualized at 200-400X 

magnification, the hemocytes were counted, and still images were acquired using the Nikon 90i 

compound microscope.  For a cell to be considered a hemocyte it had to be 9-18 µm in diameter, 

and it had to be labeled with both CM-DiI and Hoechst 33342. A minimum of 7 mosquitoes were 

analyzed for each treatment group (naïve, injury, and infected). Data were analyzed by ANOVA 

using Prism 6 Software (GraphPad, La Jolla, CA, USA). 
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 Results 

 The location of the aorta 

 In live A. gambiae, the contracting heart can be observed by intravital video imaging of 

the abdomen, as this portion of the dorsal vessel extends along the dorsal midline and is tethered 

to the fairly translucent tergum by the alary muscles (Estévez-Lao et al., 2013; Glenn et al., 2010; 

League et al., 2015).  At the thoraco-abdominal junction the heart connects to the aorta, which 

extends to the head.  Because the thorax of A. gambiae is highly sclerotized, the aorta cannot be 

visualized by intravital imaging of intact mosquitoes.  Furthermore, in dissected mosquitoes, the 

dense flight muscles of the thorax make identification of the aorta – which is also composed of 

muscle – difficult.  To overcome these limitations, we examined the aorta using a combination of 

resection, fluorescence staining techniques, and still and video imaging of dissected and intact 

mosquitoes.  Initially, the aorta was observed in dissected thoraces by tracing its trajectory as it 

extends from its junction with the heart toward the head (Fig 1A, B).  Muscle was stained with 

Alexa Fluor-conjugated phalloidin and the aorta was visualized by fluorescence microscopy in 

resected specimens (Fig. 1C).  
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Figure 1. The aorta and its path through the mosquito. (A) Ventral view of a semi-intact 
mosquito with the head, ventral thorax, wings, legs and alimentary tract removed. The aorta 
(outlined) lies between the indirect flight muscles in the thorax and is anchored by muscle fibers 
(arrow). The aorta joins the heart at the thoraco-abdominal junction (arrowhead). (B) Outline of 
the location of the aorta (red) and the heart (green) diagramed on the exterior of a mosquito. (C) 
Fluorescence image showing the muscle (phalloidin; green) of a resected dorsal vessel – aorta 
and heart – and associated alary muscles.  

 

The aorta originates in the head and extends posteriorly through the neck along the dorsal 

midline (Fig. 1B).  In the head, the aorta associates with the dorsal plate of the pharyngeal pump 

(Fig. 2A-C), which is one of two pumps that facilitate feeding (Ha et al., 2015; Kim et al., 2011).  

Upon entering the prothorax, the aorta bends dorsally and then straightens such that it travels 

near the lateral midline with a slight, ventral slant as it crosses the mesothorax and metathorax 

(Fig. 1B).  At a point near the thoraco-abdominal junction, the aorta bends sharply until it reaches 

the dorsal cuticle, and at the thoraco-abdominal junction it joins a region of the heart called the 

conical chamber. 

In relation to other tissues, the anterior portion of the aorta is dorsal of the pharyngeal 

plate (Fig. 2A-C), which is also where the recurrent nerve passes between the lobes of the brain 

(Christophers, 1960).  Along its path, the aorta lies just dorsal to the alimentary tract: in the head 

and neck it is dorsal to the foregut (pharynx and esophagus), and in the thorax it is dorsal to the 

midgut, the crop and the junction between the gastric caeca and the midgut (Fig 2D-G). The 

gastric caeca are diverticula of the anteriormost portion of the midgut (Okech et al., 2008), and 

although in the prothorax they diverge from the midgut ventral of the aorta, they extend dorsally 

such that the pair laterally straddles the aorta (Fig. 2D-G).  The corpora allata, which are a pair of 

neuroendocrine glands located in the prothorax, lie alongside the aorta (Fig. 2H), and the salivary 

glands are distal, as they lie ventral to the alimentary tract (Fig. 2F). 
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Figure 2. The location of the aorta in the head, neck and prothorax. (A) A mosquito head with 
the ventral side removed, exposing the pharyngeal plate (pp). (B) Resected pharyngeal plate (pp) 
with the aorta and alimentary tract attached. (C) A resected aorta (phalloidin; green) attached to 
the pharyngeal plate (pp). (D) A resected aorta showing its position relative to the proboscis and 
alimentary tract, and its attachment to the pharyngeal plate (pp). (E-G) In the thorax, the aorta 
lies just dorsal of the midgut, the crop, and the location were the gastric caeca (gc) diverge from 
the midgut. The specimen in E is magnified in F (lateral view) and G (dorsal view). (H) The corpora 
allata lie alongside the aorta. Specimens were imaged under brightfield (monochrome) and/or 
fluorescence illumination (phalloidin, green; Hoechst 33342, blue). Maxillary palp (mp). Scale 
bars: A-G, 100 µm; H, 50 µm.  
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Like the heart, the aorta is a muscular tube formed by striated muscle arranged in a helical 

twist (Fig. 3A-E).  The diameter of the aorta varies along its length but on average is narrower 

than the heart (Fig. 1C, 3A). Based on both the diameter of the vessel and the arrangement of 

muscle fibers, the aorta is anatomically formed by three contiguous but distinct regions: the 

anterior aorta, the bulbous chamber and the posterior aorta (Fig. 3). At the anteriormost portion 

of the aorta – in the head – is an excurrent opening from which hemolymph exits the aorta and 

enters the hemocoel (Fig. 3B).  

 

 

 

Figure 3. The aorta is composed of three regions: the anterior aorta, the bulbous chamber 
and the posterior aorta. (A) The entire aorta showing the arrangement of muscle fibers 
(phalloidin, green) and cardiomyocyte nuclei (Hoechst 33342, blue). Four high resolution images 
were stitched to assemble this image, and portions are magnified in B-F. (B-C) The excurrent 
opening (B) and musculature (C) of the anterior aorta (AA). (D-E) The anterior (D) and posterior 
(E) regions of the bulbous chamber (BC), including the cluster of nuclei at the posterior. (F) The 
posterior aorta (PA). Specimens were imaged under fluorescence illumination (phalloidin, green; 
Hoechst 33342, blue). Alary muscle (am). 
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 The anterior aorta and its excurrent opening 

The anterior portion of the aorta originates in the head and extends into the neck. It makes 

up a little less than 1/4 of the total length of the aorta and begins with an excurrent opening located 

above the dorsal pharyngeal plate of the head (Fig. 3B). The area of the excurrent opening 

resembles a prolate spheroid with an opening in the anterior end. Posterior of this structure, the 

aorta narrows significantly and is comprised of muscle fibers arranged in both right- and left-

handed helical twists, with discontinuous longitudinal muscles (Fig. 4A). The cardiomyocyte nuclei 

are paired along the length of the anterior aorta (Fig. 4B, C).  Compared to the heart, the density 

of muscle fibers is higher in the anterior aorta.  The anterior aorta ends where the aorta bends 

dorsally in the prothorax, and the transition between the anterior aorta and the bulbous chamber 

typically contains a cluster of cardiomyocyte nuclei (Fig. 4C). 

 

Figure 4. The anterior aorta. (A) Fluorescence image showing a portion of the anterior aorta 
showing the muscle fibers (phalloidin, green) arranged in both right- and left-handed helical twists 
(arrows), and the discontinuous longitudinal muscles (arrowheads). (B) DIC and fluorescence 
overlay of a portion of the anterior aorta showing the paired cardiomyocyte nuclei (Hoechst 33342, 
blue). (C) Surface intensity plot showing the distribution of nuclei (Hoechst 33342 staining) across 
the entire aorta and the conical chamber. To the right of the dashed vertical line the nuclei of the 
alary muscles overlap with those of the posterior aorta and conical chamber.  Anterior aorta (AA), 
bulbous chamber (BC), posterior aorta (PA), and conical chamber (CC).  
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 The bulbous chamber 

Immediately posterior of the anterior aorta is the bulbous chamber. It makes up just over 

1/4 of the aorta. The bulbous chamber begins at the dorsal bend in the prothorax and extends 

into the mesothorax (Fig. 3A, 5A). The bulbous chamber is the region of the aorta with the densest 

muscle arrangement, and relative to the anterior aorta the cardiomyocytes are closer together 

(Fig. 3A, 4C). Like in the anterior aorta, the muscle arrangement in the bulbous chamber is in both 

right- and left- handed helical twists (Fig. 5B), but the diameter of the aorta gradually widens as it 

transitions from the anterior aorta into the bulbous chamber. Thin muscle fibers attach to the 

bulbous chamber and these fibers extend through the flight muscles and presumably tether the 

aorta to the cuticle (Fig. 1A, 5C). Fat body is often adhered to the bulbous chamber, with most of 

it associated with the sites where the thin muscle fibers adhere to the aorta (Fig. 5C-E). The end 

of the bulbous chamber is formed by a cluster of cardiomyocyte nuclei, and the posterior aorta 

begins where the aorta narrows and the density of muscle decreases (Fig. 3E). 
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Figure 5. The bulbous chamber. (A-B) Fluorescence images (phalloidin, green) showing the 
anterior (A) and central (B) portions of the bulbous chamber, including the bend in the prothorax 
(A), and the double helical orientation of muscle (B, arrows). (C-E) Fluorescence (phalloidin, 
green; Hoechst 33342, blue) and DIC overlays showing thin muscle fibers (arrowheads) and fat 
body (arrows) attached to the posterior region of the bulbous chamber. Scale bars: A-B, 50 µm; 
C-E, 100 µm.  

 

 The posterior aorta 

The posterior aorta constitutes approximately 1/2 of the aorta and extends from the middle 

of the mesothorax to the thoraco-abdominal junction, where it joins the heart.  At the transition 

between the bulbous chamber and the posterior aorta the muscle changes from the densest 

arrangement to the sparsest arrangement, and this is evident by both the intensity of muscle 

staining and the increased spacing between the cardiomyocyte nuclei (Fig. 4C, 6A).  The muscle 

fibers in the posterior aorta are arranged in a left-handed helical twist, which is different from the 

overlapping left- and right-handed twists present in the anterior aorta and the bulbous chamber 
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(Fig. 6B).  As the posterior aorta approaches the heart, the muscle density modestly increases 

and the cardiomyocyte spacing decreases to levels similar to the heart (Fig. 4C).  The posterior 

aorta widens at its end where the conical chamber of the heart begins (Fig. 6C). 

 

Figure 6. The posterior aorta. (A-B) Fluorescence image (phalloidin, green; Hoechst 33342, 
blue) of the posterior aorta showing the decrease in muscle density as the bulbous chamber 
transitions into the posterior aorta (A, arrowheads), the narrowing of the posterior aorta, and the 
single helical arrangement of muscle (B). (C) DIC and fluorescence overlay showing the widening 
of the posterior aorta as it joins the conical chamber (arrowheads) and the alary muscles (arrows). 
Pericardial cell (pc).  

 

 The conical chamber at the thoraco-abdominal junction, and associated ostia  

The aorta terminates at the thoraco-abdominal junction where it joins a diamond-shaped 

region of the heart called the “conical chamber” (Fig. 7A-C).  The conical chamber begins where 

the musculature transitions into overlapping left- and right-handed twists, like in the anterior aorta 

and bulbous chamber (Fig. 7B).  The shape of the conical chamber is present in both intact (Fig. 

7C) and resected specimens (Fig. 6C, 7A), indicating that it is not solely maintained by the tension 

of the alary muscles.  The posterior aorta and the conical chamber are both anchored to the 

cuticle by an incomplete pair of alary muscles that joins the dorsal vessel near where the 

anteriormost portion of the first abdominal tergite meets the postnotum.  About ¼ of the alary 
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muscle bundle associates with the posterior aorta whereas the other ¾ attaches to the conical 

chamber (Fig. 7C, D).  The posterior myofibers of these alary muscles extend along the dorsal 

vessel such that they meet the alary muscles from the second abdominal segment (Fig. 7C).  On 

abdominal segments 2-7, pericardial cells associate with the alary muscles of the heart (Glenn et 

al., 2010; King and Hillyer, 2012; Martins et al., 2011).  We uncovered that pericardial cells also 

associate with the alary muscles that attach to the posterior aorta and conical chamber (Fig. 7D, 

E).  These cells are binucleated and similar in size and arrangement to the pericardial cells 

present in abdominal segments 2-7.  

In the conical chamber is the heart’s first ostial pair, called the thoraco-abdominal ostia 

(Fig. 7F).  Like the ostia in abdominal segments 2-7, this ostial pair is located slightly posterior of 

the anterior suture of the first abdominal segment, but with this being the shortest segment, this 

ostial pair is only slightly anterior of the transverse midline instead of in the anterior portion of the 

segment.  Thus, these ostia are positioned in the posterior half of the conical chamber – near 

where the posterior two bundles of the alary muscle attach to the heart – and the funnel shaped 

lips of the ostia are angled toward the posterior of the body (Fig. 7E, F).  
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Figure 7. The aorta joins the heart at the conical chamber. (A-B) A resected aorta showing 
that the conical chamber is composed of muscle in overlapping left- and right-handed twists 
(arrowheads). Panel B is an individual slice of the region outlined in A. (C-D) Ventral view of the 
thoraco-abdominal junction, showing the aorta, the heart, and the venous channels (vc). The aorta 
joins the heart at the diamond-shaped conical chamber (cc), which associates with an incomplete 
pair of alary muscles (C, arrows). Panel D shows an individual slice of the region outlined in C, 
and shows the pericardial cells (arrowheads) and alary muscles (arrows) attaching to the posterior 
aorta. (E-F) Ventral view showing the nuclei of the thoraco-abdominal ostia in the posterior half 
of the conical chamber (E, white circles), and the angling of the ostia toward the posterior of the 
body (F). Muscle is shown in green (phalloidin) and nuclei are blue (Hoechst 33342).  Scale bars: 
A, B, D-F, 50 µm; C, 100 µm. 

 Hemolymph flow in the conical chamber and the venous channels 

To determine the functional mechanics of hemolymph flow at the thoraco-abdominal 

junction, we conducted intravital video imaging of live mosquitoes and observed the movement 

of CM-DiI-labeled hemocytes and density-neutral fluorescent microspheres in the dorsal portion 

of the posterior thorax and the first abdominal segment.  These regions contain the venous 

channels, the conical chamber and the thoraco-abdominal ostia.  Intravital imaging revealed that 
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during retrograde heart contractions, hemocytes and fluorescent microspheres flowing through 

the venous channels as well as the dorsal portion of the first abdominal segment enter the heart 

through the thoraco-abdominal ostia and are propelled toward the posterior of the body.  When 

the heart switches from contracting retrograde to contracting anterograde, hemolymph flow 

through the venous channels continues momentarily and then pauses or slows.  During the period 

of pause or slowing, this hemolymph oscillates between moving anterograde and retrograde, but 

there is a small, net displacement toward the thoraco-abdominal ostia.  Also, during anterograde 

heart contractions the hemolymph in the dorsal portion of the first abdominal segment flows away 

from the heart whereas during retrograde heart contractions it flows toward the thoraco-abdominal 

ostia.  

Based on these observations we infer that during retrograde heart contractions the 

thoraco-abdominal ostia receive hemolymph from the venous channels and the abdominal 

hemocoel of the first segment, and once in the lumen of the dorsal vessel this hemolymph is 

propelled to the posterior of the body.  During anterograde heart contractions, the thoraco-

abdominal ostia close, and thus, hemolymph does not enter the lumen of the dorsal vessel. 

Instead, the retrograde movement of hemolymph traveling through the venous channels 

significantly slows, and this hemolymph flows past the thoraco-abdominal ostia and into the first 

abdominal segment, causing hemolymph in this segment to slowly flow away from the heart.   

 

 Contractile activity of the aorta 

 To observe the aorta in live specimens, mosquitoes were anesthetized, the ventral side of 

the thorax was removed in a manner that exposed the aorta, and the tissues were visualized by 

intravital video imaging.  Visualization of the aorta while in situ revealed that it pulsates: the 

diameter expands and retracts.  Because of challenges associated with this procedure we were 

only able to measure the aortic contraction rate in a limited number of mosquitoes.  In those 

mosquitoes, where the aorta remained within the indirect flight muscles, the aortic contraction rate 
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was 1.5-2.0 Hz, similar to the 1.3-2.2 Hz contraction rate we typically observe for the heart 

(Estévez-Lao et al., 2013; Glenn et al., 2010; League et al., 2015).  These contractions appear 

different from the contractions of the heart. Whereas the heart contracts in a smooth, wave-like 

manner and alternates between contracting in the anterograde and retrograde directions (Glenn 

et al., 2010; League et al., 2015), the aorta contracts in two phases that result in the shortening 

of distinct regions of the vessel.  Specifically, in the first phase the posterior aorta shortens, and 

this is followed by a second phase where the bulbous chamber shortens.  The contraction of the 

bulbous chamber is significantly more vigorous than the contraction of the posterior aorta, and 

the sequence of these contractions is suggestive of net displacement in the anterograde direction.  

On occasion, one of the pulsations occurred without the other, but we hypothesize that this was 

because of the disruption associated with the dissection of the mosquito.   

 To determine if aortic contractions are dependent on the heart, we isolated the aorta and 

examined its contraction dynamics.  When the aorta was attached to the anterior half of the heart, 

the heart did not contract, yet the aorta contracted.  The majority of contractions originated from 

the bulbous chamber.  When the aorta was isolated from the heart, contractions still occurred.  

Together, these data strongly suggest that contractions of the bulbous chamber are not 

dependent on the wave-like contractions of the heart.    

 

 Hemolymph flow dynamics through the aorta  

Although the aorta cannot be directly visualized in the thorax or head of intact mosquitoes, 

hemolymph released into the head via the anterior excurrent opening of the aorta has to flow in 

the retrograde direction through the hemocoel of the neck as it returns to the thorax and abdomen.  

To determine whether hemolymph flow through the aorta is continuous, we employed intravital 

video imaging to examine flow within the neck of intact mosquitoes.  In the neck, hemolymph only 

flows in the retrograde direction, but this flow periodically pauses for about 5 seconds and does 

so approximately 6 times per minute.  These pauses roughly correspond to the number of 
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heartbeat directional reversals, and the time the heart spends contracting in the retrograde 

direction (Estévez-Lao et al., 2013; Glenn et al., 2010; League et al., 2015).  During periods of 

pause, hemolymph in the neck oscillates back and forth but there is no net displacement.  This 

indicates that hemolymph flows through the aorta only in the anterograde direction, and does so 

only during periods of anterograde heart contractions.  This also indicates that the pulsations of 

the aorta – which are continuous – do not propel hemolymph during periods of retrograde heart 

contractions.  

 

 Hemocytes and the aorta  

 Hemocytes are always present at the periostial regions of the heart, which are the 

locations that flank the incurrent ostia of abdominal segments 2-7 (King and Hillyer, 2012; Sigle 

and Hillyer, 2016).  Upon infection, additional hemocytes aggregate in these regions of high 

hemolymph flow, where they phagocytose and kill pathogens (King and Hillyer, 2012; Sigle and 

Hillyer, 2016).  To determine whether hemocytes are also attached to the aorta, the hemocytes 

of live mosquitoes were labeled with CM-DiI, the aorta was isolated, and fluorescence microscopy 

used to visualize these cells.  In some but not all mosquitoes, hemocytes were indeed present on 

the surface of the aorta.  When present, hemocytes were very rarely seen in the anterior aorta.  

Instead, they were predominantly in the bulbous chamber and occasionally on the posterior aorta, 

but their number was always very low.  For example, uninfected mosquitoes usually had fewer 

than 2 hemocytes (Fig. 8A-C). 

To determine whether infection induces the aggregation of hemocytes on the surface of 

the aorta, mosquitoes were injured, infected with E. coli or left unmanipulated, and the number of 

hemocytes present on the bulbous chamber and posterior aorta counted 24 h later.  Overall, 

injured or E. coli-infected mosquitoes had 2-3 hemocytes on the aorta, which is similar to what 

was observed in naïve mosquitoes (Fig 8A-E, ANOVA P = 0.3756).  Some mosquitoes, regardless 

of treatment, lacked hemocytes on the aorta.  Upon infection, hemocytes on the aorta 
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phagocytosed GFP-expressing E. coli, indicating that they are immunologically active (Fig. 8D, 

E).  Occasionally, melanization was observed on the surface of the bulbous chamber, but melanin 

deposits associated with fat body and not the hemocytes (Fig. 8F).  

 

 

Figure 8. Hemocytes are present on the aorta. (A) Number of hemocytes on the aorta of naïve, 

injured, and E. coli-infected mosquitoes at 24 h post-treatment (columns are the means and 
whiskers represent the SEM; ANOVA P = 0.3756). (B-E) Fluorescence images (B-C; CM-DiI, red; 
phalloidin, green; Hoechst 33342, blue) and DIC overlays (D-E: E. coli, green) of hemocytes on 
the bulbous chamber (B, D, E) and posterior aorta (C). (F) Dark melanin pigments associating 
with the attachment muscles and fat body on the bulbous chamber. Scale bars: 50 µm. 
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Figure 9. Diagrammatic representation of the heart and aorta of mosquitoes. (A) Anatomical 
location of the dorsal vessel, including the location of the aorta, heart, ostia and excurrent 
openings. (B) Hemolymph flow during anterograde heart contractions, including the entry of 
hemolymph into the heart through the abdominal ostia. (C) Hemolymph flow during retrograde 
heart contractions, including hemolymph into the heart through the thoraco-abdominal ostia of the 
conical chamber.  

 Discussion 

In this study we used both ex vivo and in vivo imaging to characterize the structure and 

function of the aorta and conical chamber of adult A. gambiae.  Furthermore, we describe how 

alary muscles, pericardial cells and hemocytes attach to these tissues, and we illustrate how 

hemolymph flows through the aorta and the conical chamber, including how it flows through the 

thoraco-abdominal ostia.  

Holometabolous insects undergo drastic morphological and physiological changes during 

their development, and in some the structure of the dorsal vessel varies greatly between life 

stages whereas in others it stays largely the same (Jones, 1977).  In A. gambiae, the heart of 

larvae and adults is structurally similar (League et al., 2015).  However, the adult heart contracts 
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in both anterograde and retrograde directions whereas the larval heart contracts only 

anterograde.  Furthermore, hemolymph enters the adult heart through ostia located in abdominal 

segments 2-7, but in larvae the abdominal ostia are always closed (Glenn et al., 2010; League et 

al., 2015).  Instead, hemolymph enters the larval heart through a pair of incurrent openings located 

at the posterior of the body – structures that in adults only have excurrent function (League et al., 

2015).  Comparison of the aorta of larvae and adults reveals that they are structurally similar, but 

that there are minor differences in the path the aorta takes.  In A. gambiae larvae and adults, the 

aorta extends from the head to the thorax in a similar fashion, with the anterior portion of the 

bulbous chamber slanting dorsally as it expands in diameter (League et al., 2015).  In larvae, 

hemolymph flowing anterograde through the aorta exits into the hemocoel in the posterior region 

of the head (League et al., 2015), which is the same location where hemolymph exits the aorta of 

adults.  However, the path of the posterior aorta differs between larvae and adults; in larvae it 

extends along a linear plane, whereas in adults it bends dorsally to reach the heart.  These 

differences reflect differences in the adult and larval body plans: the larval thorax and abdomen 

are more streamlined when compared to the adult. 

The aorta has been cursorily described in other mosquito species (Christophers, 1960; 

Jones, 1952; Jones, 1954).  These studies did not publish micrographs – making it difficult or 

impossible to assess and compare structures – and did not visualize the flow of hemolymph. 

Comparing the structure of the aorta of A. gambiae to what has been described of the aorta of 

larvae, pupa and adults of Aedes aegypti and Anopheles quadrimaculatus reveals similarities in 

structure and general location (Christophers, 1960; Jones, 1952; Jones, 1954).  These include a 

smaller lumen compared to the lumen of the heart, a bulbous-like sinus in the prothorax, an 

excurrent opening in the head, and a lack of ostia.  The excurrent opening of the aorta of A. 

quadrimaculatus and A. aegypti larvae and adults has been described as being located between 

the brain and the pharynx (Christophers, 1960; Jones, 1954).  Furthermore, in A. aegypti adults 

the excurrent opening is described as “semicircular in section with a flat floor where it lies upon 
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the narrow anterior portion of the dorsal plate of the oesophageal pump” (Christophers, 1960), 

similar to our observations in resected specimens.  Altogether these data suggest that the aorta 

terminates above the dorsal pharyngeal plate.  However, earlier studies provided conflicting 

statements on whether the aorta extends beyond the anterior of the pharynx (Christophers, 1960; 

Clements, 1956).  In the present study, we observed the aorta terminating as a prolate spheroid 

immediately above the dorsal pharyngeal plate.  Although we did not observe additional 

musculature extending anterior of this region, if such muscle were to be present it would serve as 

attachment muscle to the anterior of the head and as a means of supporting the antennal hearts 

(Boppana and Hillyer, 2014; Clements, 1956; Sun and Schmidt, 1997).  In summary, comparison 

of our data to earlier cursory descriptions of the aorta of other mosquito species suggests that the 

function of this region of the dorsal vessel is conserved across the mosquito lineage (Jones, 1952; 

Jones, 1954).  Comparison to the aorta of adult Drosophila is difficult because the only description 

does not include micrographs (Miller, 1950); however, the general location of the aorta appears 

to be conserved.  

 While the aorta has often been described as a vessel that does not contract and merely 

transports hemolymph propelled by the heart (Klowden, 2013), contraction of the aorta has been 

reported in a some insects, including the adult blowfly Phormia regina, the mealworm beetle 

Tenebrio molitor, the Vietnamese stick insect Baculum extradentatum, the larval fruit fly 

Drosophila melanogaster, the locust Locusta migratoria and multiple Lepidopteran species 

(Angioy and Pietra, 1995; da Silva et al., 2011; Dasari and Cooper, 2006; Ejaz and Lange, 2008; 

Hertel and Pass, 2002; Hessel, 1969; Markou and Theophilidis, 2000).  In some of these insects 

the contractions are intrinsic, as contractions continue after the aorta has been separated from 

the heart (da Silva et al., 2011; Dasari and Cooper, 2006; Ejaz and Lange, 2008).  This is similar 

to what we observed in A. gambiae.  Furthermore, the insect heart contracts myogenically, but 

the contraction rate and the proportional directionality is influenced by neurotransmitters and 

neurohormones (Hillyer, 2015).  Though nerve processes have been described along the wall of 
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the aorta in Baculum extradentatum and Drosophila larvae (Ejaz and Lange, 2008; Johnstone 

and Cooper, 2006), innervation of the mosquito heart has only been cursorily described (Estévez-

Lao et al., 2013).  We hypothesize that, like the heart, aortic contractions are myogenic.  

Furthermore, although the aorta indeed contracts continuously, these contractions appear to play 

a minor role in propelling hemolymph to the head during anterograde heart contractions and 

prevent backflow during retrograde heart contractions.   

A lack of alary muscles is often used as a defining feature differentiating the aorta in the 

thorax from the heart in the abdomen (Clements, 1992; Nation, 2008), however, we show that 

there is an incomplete alary muscle pair that originates in the thorax and supports the posterior 

of the aorta as it bends sharply as it approaches the thoraco-abdominal junction and joins the 

conical chamber.  Also, thin muscle fibers anchor the bulbous chamber in the prothorax, which 

could be an additional, delicate alary muscle pair.  This, and previous reports of alary muscle 

associating with the aorta of an insect (Ejaz and Lange, 2008), suggests that varying body plans 

require different types of aortic muscle support, and these muscles may be necessary for the 

maintenance of shape during contractions.  Broadly, the aorta and heart differ significantly in 

muscle structure and contractility, and while variations in the presence or absence of muscles 

supporting the aorta exist, when present these muscles are less robust in comparison to those of 

the heart.  As with the alary muscles of the heart, the alary muscles of the posterior aorta contain 

pericardial cells.  Pericardial cells at this location have also been observed in Culex fatigans 

adults, and Aedes aegypti larvae and adults (Leódido et al., 2013; Pal, 1944).  

 The heart of adult mosquitoes periodically alternates between contracting in the 

anterograde and retrograde directions (Glenn et al., 2010; League et al., 2015).  Early in adulthood 

the majority of heart contractions propagate in the anterograde direction whereas later in life the 

proportion of contractions is evenly split between anterograde and retrograde (Doran et al., 2017).  

In this study we report that during retrograde heart contractions, hemolymph in the venous 

channels and first abdominal segment enters the conical chamber through the thoraco-abdominal 
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ostia, and flows retrograde via the lumen of the heart.  During anterograde heart contractions, 

however, the thoraco-abdominal ostia close and do not allow the passage of hemolymph. This is 

opposite from the incurrent ostia of abdominal segments 2-7, which in mosquitoes are only open 

during anterograde heart contractions.  This is also different from Drosophila sp., where the 

thoraco-abdominal ostia have been described as either accepting hemolymph into the dorsal 

vessel during both anterograde and retrograde heart contractions (Wasserthal, 2007), or allowing 

inflow of hemolymph during retrograde heart contractions and outflow during the latter periods of 

anterograde heart contractions (Sláma, 2010).  Furthermore, in adult Drosophila sp. and 

Calliphora vicina, two ostial pairs are present within the conical chamber: one in the first 

abdominal segment and one in the second (Wasserthal, 1999; Wasserthal, 2007).  In comparison, 

the conical chamber in A. gambiae does not extend into the second abdominal segment and only 

contains 1 pair of ostia: the thoraco-abdominal ostia.  Finally, we did not detect any ostia on the 

aorta.  In Drosophila larvae, cells expressing seven up (svp) give rise to the ostia of the heart; 

however, svp-expressing cells in the aorta do not differentiate into functional ostia (Ponzielli et al., 

2002).  The muscle formations that associate with these svp-expressing cells are reminiscent of 

what we observe in the bulbous chamber and anterior aorta of adult A. gambiae.      

Hemocytes are immune cells that circulate with the hemocoel or are attached to tissues 

(sessile). In adult mosquitoes, an infection induces the aggregation of hemocytes at the periostial 

regions of the heart (King and Hillyer, 2012; King and Hillyer, 2013).  This is advantageous 

because it places immune cells in the areas of the hemocoel with the highest hemolymph flow, 

thus allowing for the sequestration and killing of pathogens (Glenn et al., 2010; King and Hillyer, 

2012; Sigle and Hillyer, 2016).  In mosquito larvae, however, hemocytes do not aggregate at the 

periostial regions of the heart and instead aggregate in the tracheal tufts (League and Hillyer, 

2016).  This occurs because of differences in hemolymph flow dynamics between larvae and 

adults; in larvae the abdominal ostia are always closed, and thus, the periostial regions are not 

locations of high hemolymph flow (League et al., 2015). Instead, hemolymph enters the heart via 
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a posterior excurrent opening that is enveloped by the tracheal tufts, and thus, in larvae there is 

also a high density of hemocytes in the areas of the heart that experience the most flow. Here we 

assessed whether hemocytes attach to the exterior of the aorta.  We observed that although 

hemocytes are present on the aorta of adult mosquitoes, there are usually fewer than 5 hemocytes 

even in an infected mosquito, which is significantly fewer than the greater than 100 hemocytes 

that adhere to the periostial regions of the heart.  The lack of hemocyte aggregation on the aorta 

following an infection is not surprising.  Ostia are lacking in this portion of the dorsal vessel.  Thus, 

the external regions of the aorta do not experience high hemolymph flow.  

 Across Insecta there are significant differences in the structure of the aorta.  This includes 

the presence or absence of chambers, diverticula, loops, folds and ostia (Jones, 1977).   In the 

present study we characterize the structural mechanics and functional role of the aorta of adult A. 

gambiae, a mosquito of epidemiological relevance because of its ability to transmit malaria.  This 

research expands our understanding of how hemolymph is circulated throughout the body, and 

how the circulatory and immune systems interact during the course of an infection.   
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 Preface 

This chapter was a continuation of the work in Chapter III and looked for cellular immunity 

in other regions of the dorsal vessel.  Specifically, regions that support intracardiac retrograde 

hemolymph flow.  This work will be submitted for publication. 

 

 Abstract 

The dorsal vessel of mosquitoes consists of the aorta in the head and thorax, and the 

heart in the abdomen. In adults of the African malaria mosquito, Anopheles gambiae, the heart 

periodically alternates contraction direction, resulting in intracardiac hemolymph flowing toward 

the head (anterograde) and toward the posterior of the abdomen (retrograde).  During 

anterograde heart contractions, hemolymph enters the heart through valves called ostia located 

in abdominal segments 2-7, and exits into the hemocoel through an excurrent opening located in 

the head.  During retrograde heart contractions, hemolymph enters the heart through a single pair 

of ostia located at the thoraco-abdominal junction, and exits into the hemocoel through a pair of 

posterior openings located in the eighth abdominal segment.  The ostia in abdominal segments 

2-7 – which function in anterograde intracardiac flow – are sites of intense immune activity, as a 

subset of hemocytes, called periostial hemocytes, respond to infection by aggregating, 

phagocytosing, and killing pathogens.  Here, we assessed whether hemocytes are present and 

active at two sites important for retrograde intracardiac hemolymph flow: the thoraco-abdominal 

ostia and the posterior excurrent openings.  We detected sessile hemocytes around the thoraco-

abdominal ostia and the posterior excurrent openings of the heart, and these hemocytes readily 

engaged in phagocytosis.  However, they are few in number and, unlike what is seen in the 

CHAPTER IV – MOSQUITO HEMOCYTES ASSOCIATE WITH CIRCULATORY 

STRUCTURES THAT SUPPORT INTRACARDIAC RETROGRADE HEMOLYMPH FLOW 
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periostial regions of abdominal segments 2-7, infection with Escherichia coli does not induce the 

aggregation of additional hemocytes at these locations.  

 

 Introduction 

In insects, the dorsal vessel is the main pulsatile organ that drives hemolymph circulation 

throughout the hemocoel (Chapman et al., 2013; Hillyer, 2015; Jones, 1977; Klowden, 2013; 

Wirkner et al., 2013).  It is a long, contractile tube that traverses the length of the body and is 

comprised of the aorta in the head and thorax, and the heart in the abdomen.  Hemolymph enters 

the dorsal vessel through valves called ostia and is propelled by the wave-like contractions of 

cardiac muscle.  The direction in which hemolymph is propelled through the dorsal vessel can be 

unidirectional or can vary; in the latter case, intracardiac hemolymph flow periodically alternates 

between being propelled toward the head (anterograde) and toward the posterior (retrograde) of 

the insect. 

The heart of the adult malaria mosquito Anopheles gambiae alternates between 

contracting in the anterograde and retrograde directions (Glenn et al., 2010).  When the heart 

contracts anterograde, hemolymph enters the lumen of the dorsal vessel through 6 pairs of 

incurrent ostia located in the anterior portion of abdominal segments 2-7, is propelled through the 

heart and aorta, and exits the vessel through an excurrent opening located in the head (Glenn et 

al., 2010).  When the heart contracts retrograde, hemolymph in the venous channels of the thorax 

and the hemocoel of the first abdominal segment flows through the thoraco-abdominal ostia, 

entering the heart, and is propelled toward the posterior of the body until it exits the vessel through 

a pair of excurrent openings located in the 8th abdominal segment (Glenn et al., 2010; Sigle and 

Hillyer, 2018a).  The thoraco-abdominal ostia are in a region of the heart called the conical 

chamber, which is adjacent to the location where the heart, aorta and venous channels converge.  

Though the heart is the primary circulatory pump, the aorta persistently contracts in the 
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anterograde direction (Sigle and Hillyer, 2018a).  However, hemolymph does not flow through the 

aorta during periods of retrograde heart contractions. 

The circulatory and immune systems of insects are functionally integrated, and this 

integration has been described in detail in A. gambiae (Hillyer, 2015; League and Hillyer, 2016).  

In adult mosquitoes, a population of sessile hemocytes – called periostial hemocytes – are always 

present in the regions surrounding the abdominal ostia, where they phagocytose pathogens in 

regions of high hemolymph flow (King and Hillyer, 2012; Sigle and Hillyer, 2016).  Upon infection, 

additional hemocytes actively migrate to the periostial regions, where they aggregate and 

continue the phagocytosis and killing of pathogens. The aorta lacks ostia, and hence, even though 

a few hemocytes are distributed across its surface, infection does not induce the aggregation of 

hemocytes in that portion of the dorsal vessel (Sigle and Hillyer, 2018a). 

Whereas the presence and aggregation of hemocytes at the periostial regions of 

abdominal segments 2-7 has been clearly established, it is unclear whether hemocytes are 

present at the thoraco-abdominal ostia.  This distinction is important because the abdominal ostia 

function in anterograde heart flow whereas the thoraco-abdominal ostia function in retrograde 

heart flow (Glenn et al., 2010; Sigle and Hillyer, 2018a).  Furthermore, whereas few or no 

hemocytes are present in the anterior excurrent opening of the aorta – a structure that functions 

during anterograde heart flow – it remains unknown whether hemocytes are present at the 

posterior excurrent openings of the heart – a structure that functions during retrograde heart flow 

(Glenn et al., 2010; Sigle and Hillyer, 2018a).  In this study we assessed the presence and function 

of hemocytes at sites of the dorsal vessel that are important during periods of intracardiac 

retrograde hemolymph flow.  We uncovered hemocytes around the thoraco-abdominal ostia and 

the posterior excurrent openings of the heart, but they are few in number, and infection does not 

increase the number of hemocytes at these locations.  Finally, by means of intravital video imaging 

we revealed that hemocyte associations with the posterior excurrent openings are dynamic. 
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 Materials and Methods 

 Mosquito rearing and maintenance 

A. gambiae Giles sensu stricto (G3 strain) were reared and maintained at 27ºC and 75% 

relative humidity under a 12 h: 12 h light:dark photoperiod as previously described (Estévez-Lao 

et al., 2013).  Larvae were fed a mixture of koi food and yeast and adults were fed 10% sucrose 

solution ad libitum.  Experiments were carried out on adult female mosquitoes at 6 days post-

eclosion. 

 

 Mosquito injections and bacterial infection 

For all injections, mosquitoes were anesthetized on ice and then injected into the 

hemocoel a volume of 0.15-0.20 µl using a glass needle that had been inserted through the 

thoracic anepisternal cleft.  For infections, tetracycline resistant/GFP-expressing Escherichia coli 

(DH5 alpha) were grown in Luria-Bertani media (LB) and injected as previously described 

(Coggins et al., 2012).  The infectious dose averaged 72,560 E. coli per mosquito.  To control for 

the effect of injection, a subset of mosquitoes was injected sterile LB (injury control).  

 

 Mosquito dissections  

Mosquitoes were anesthetized on ice, injected 16% formaldehyde (Electron Microscopy 

Sciences, Hatfield, PA, USA), and the head, legs and wings were removed by cutting with a fine 

blade.  To isolate the dorsal thoraco-abdominal junction and abdomen, a mosquito was placed in 

PBS containing 0.1% Tween-20 (Fisher Scientific, Pittsburgh, PA, USA), the abdomen and thorax 

were bisected along the coronal plane, and the thorax was bisected at the anterior-posterior 

midline of the transverse plane.  The internal organs were removed to expose the dorsal vessel, 

and the specimen was placed in Aqua Poly/Mount (Polysciences, Warrington, PA, USA) on a 

glass microscope slide.  
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 Fluorescence labeling  

To label muscle, mosquitoes were anesthetized, injected 16% formaldehyde, and 

incubated for 5 min.  Mosquitoes were dissected to expose the relevant structures and then 

incubated in a solution of 0.6 µM phalloidin-Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA), 0.75 

mM Hoechst 33342 (to label nuclei; Invitrogen) and 0.1% Triton X-100 (Fisher Scientific) in PBS 

for 30 min. Afterwards, specimens were washed 3 times in PBS. 

The hemocytes of live mosquitoes were stained with CM-DiI, a dye that when injected into 

the hemocoel becomes incorporated in hemocytes and no other cells (King and Hillyer, 2012).  

Briefly, mosquitoes were anesthetized, injected a solution of 75 mM Vybrant CM-DiI Cell-Labeling 

Solution (Invitrogen) and 0.75 mM Hoechst 33342 (Invitrogen) in PBS, and incubated at 27°C for 

20 min.  Mosquitoes were then either imaged intravitally through the dorsal cuticle, further 

processed to label muscle, or dissected to either visualize structures or count hemocytes.  In 

specimens where muscle and hemocytes were both labeled, following CM-DiI labeling, muscle 

was stained as described above or by intrathoracic injection of phalloidin-Alexa Fluor 488 as 

previously described (Glenn et al., 2010), with the exception that Triton X-100 was not included 

in the solution (Sigle and Hillyer, 2018a).   

Hemocytes were also labeled by means of their phagocytosis of E. coli bacterial 

bioparticles conjugated to pHrodo (Sigle and Hillyer, 2016).  For these experiments, E. coli-

pHrodo-Red bioparticles (Invitrogen) were reconstituted in PBS at 1 mg/ml, injected into live 

mosquitoes, and mosquitoes were maintained at 27ºC for 24 h.  Mosquitoes were then 

anesthetized, injected 16% formaldehyde, and either imaged through the dorsal cuticle or tissues 

were dissected and washed 3 times in PBS.  These specimens were either mounted for imaging 

or further processed for muscle staining.   
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 Acquisition of still images 

Images were acquired on a Nikon 90i compound microscope (Nikon Corp, Tokyo, Japan) 

equipped with a linear encoded Z-motor, a Nikon Intensilight C-HGFI fluorescence illumination 

unit, a Nikon DS-Qi1Mc CCD camera, and Nikon Advanced Research NIS-Elements software.  

Three-dimensional Z-stack images were acquired and rendered into focused two-dimensional 

images using the Extended Depth of Focus tool in NIS-Elements.  

 

 Counting of hemocytes 

CM-DiI-labeled hemocytes were observed and counted at 24 h post-treatment in naïve, 

injured (LB injected) and E. coli infected mosquitoes.  At the thoraco-abdominal junction, 

hemocytes were imaged through the dorsal cuticle of intact mosquitoes.  This approach was taken 

because disruption of the thoracic flight muscles during dissection causes the non-specific 

incorporation of CM-DiI into the myofibers, and this interferes with hemocyte visualization in the 

thorax and the first abdominal segment.  This technique was validated by comparing hemocyte 

counts in intact mosquitoes and then the same mosquitoes after dissection, which revealed that 

more hemocytes could be identified in the first abdominal segment of intact mosquitoes.  In the 

8th abdominal segment, hemocyte counts were similar regardless of whether specimens were 

visualized before or after dissection, so hemocytes were counted in intact specimens. 

Following CM-DiI labeling and incubation at 27ºC, mosquitoes were anesthetized on ice, 

injected 16% formaldehyde, and the head, legs and wings were removed by cutting with a fine 

blade.  Specimens were placed dorsal-side-up for visualization under epi-fluorescence 

illumination at 200-400X magnification and the number of hemocytes at the thoraco-abdominal 

ostia and the posterior excurrent openings were counted.  For a cell to be considered a hemocyte 

it had to be 9-18 µm in diameter, and it had to be labeled with both CM-DiI and Hoechst 33342.  

A minimum of 25 mosquitoes across 7 independent trials were analyzed for each treatment group.  
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Data was analyzed with the nonparametric Kruskal-Wallis test using Prism 6 Software (GraphPad, 

La Jolla, CA, USA).  

 

 Intravital video imaging 

Live mosquitoes were visualized in real-time through the dorsal abdominal cuticle.  

Hemocytes were labeled with CM-DiI, and mosquitoes were restrained dorsal-side-up using a 

non-invasive method previously described (Boppana and Hillyer, 2014).  Mosquitoes were imaged 

on the Nikon 90i compound microscope, and real-time videos were acquired under low-level epi-

fluorescence illumination (using an ND 2 filter) at a magnification of 100X.  

 

 Results 

 Hemocytes attach to the regions surrounding the thoraco-abdominal ostia and the posterior 

excurrent openings  

When the heart contracts in the retrograde direction, hemolymph enters the lumen of the 

dorsal vessel through a single pair of ostia located at the thoraco-abdominal junction, and exits 

the heart via the posterior excurrent openings (Fig. 1A, B).  To determine whether hemocytes 

associate with structures involved in intracardiac retrograde hemolymph flow, we examined 

whether – similar to what we see in the periostial regions of abdominal segments 2 through 7 – 

hemocytes are present at the thoraco-abdominal junction.  In addition, we examined whether 

hemocytes are present at the excurrent openings of the 8th abdominal segment.  In naïve 

mosquitoes, hemocytes labeled with CM-DiI were often observed in the areas surrounding the 

thoraco-abdominal ostia as well as near the posterior excurrent openings of the heart (Fig. 1C).  

However, not all mosquitoes had hemocytes at these locations – at the thoraco-abdominal ostia 

and excurrent openings they were present in 79% and 46% of mosquitoes, respectively – and 

presence at the thoraco-abdominal ostia was not always a predictor of presence at the posterior 
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excurrent openings (and vice versa).  Regardless, these findings show that hemocytes often 

surround circulatory structures involved in intracardiac retrograde hemolymph flow. 

 

Figure 1. Hemocytes are present at sites of incurrent and excurrent intracardiac retrograde 
hemolymph flow. (A-B) Dissected specimens showing the muscles (phalloidin; green) of the 
conical chamber (dotted lines) at the thoraco-abdominal junction (A) and the posterior excurrent 
openings (arrows) of the heart (dotted lines) located in the 8th abdominal segment (B). (C) 
Dissected specimen where muscle (green) and hemocytes (CM-DiI; red) have been labeled, 
showing the presence of hemocytes at the thoraco-abdominal junction (dotted square), the 
periostial regions of abdominal segments 2-7, and the posterior excurrent openings of the heart 
(dotted circle). (D-F) Intact specimen showing hemocytes (red) and E. coli-GFP (green) around 
the ostia of the thoraco-abdominal junction (D, E; dotted squares) and the posterior excurrent 
openings of the heart (D, F; dotted circles). (G-H) Hemocytes are not always present at the 
thoraco-abdominal junction (G; dotted square) and the posterior excurrent openings (H; dotted 
circle), even during an infection. Nuclei were labeled blue with Hoechst 33342. Scale bar: 100 
µm.  
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 Infection does not increase the number of hemocytes on the thoraco-abdominal ostia and the 

posterior excurrent openings  

Because infection induces the aggregation of hemocytes at the periostial regions (King 

and Hillyer, 2012; Sigle and Hillyer, 2016), we hypothesized that infection increases the number 

of hemocytes at the thoraco-abdominal ostia, and perhaps the posterior excurrent openings.  To 

test this hypothesis, we visualized and counted the hemocytes present at these locations in naïve, 

injured and E. coli infected mosquitoes at 24 h post-treatment.  Similar to naïve mosquitoes, some 

infected mosquitoes had hemocytes at these structures whereas others did not (Fig. 1D-H).  

Specifically, mosquitoes had a median of 2.5 and 2 hemocytes at the thoraco-abdominal ostia of 

naïve and injured mosquitoes, respectively (Fig. 2).  At 24 h following E. coli infection, the median 

number of hemocytes was also 2, indicating that infection does not cause aggregation at this 

location (Kruskal-Wallis P = 0.4582).  A similar trend was observed at the posterior excurrent 

openings.  Naïve, injured and E. coli-infected mosquitoes had a median number of 0, 0.5, and 0 

hemocytes at the posterior excurrent openings, respectively (Fig. 2; Kruskal-Wallis P = 0.9657), 

and never more than 5.  Even though few hemocytes were present at the structures involved in 

intracardiac retrograde hemolymph flow, examination of intact, dissected or resected specimens 

consistently confirmed the presence of numerous periostial hemocytes in abdominal segments 2-

7, and that their number increases following infection (Fig. 1C, 1D, 2B).     
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Figure 2. Hemocytes are few in number at sites of incurrent and excurrent intracardiac 
retrograde hemolymph flow and do not increase in response to infection. (A) Number of 
hemocytes at the thoraco-abdominal ostia and the posterior excurrent openings of the heart of 
naïve, injured and E. coli infected mosquitoes at 24 h following treatment. Each point represents 
the number of hemocytes in an individual mosquito, and P-values result from a Kruskal-Wallis 
test. (B) A resected heart (phalloidin; green) showing hemocytes (CM-DiI; red) at the periostial 
regions of abdominal segments 2-7 and at the posterior excurrent openings (dotted circle). In this 
specimen there are no hemocytes at the thoraco-abdominal ostia (dotted square). Nuclei are 
labeled blue with Hoechst 33342. Scale bar: 100 µm 

 

 Hemocytes at the thoraco-abdominal ostia and the posterior excurrent openings are phagocytic 

 To determine whether the hemocytes present at the thoraco-abdominal junction and the 

posterior excurrent openings are immunologically active, we tested their phagocytic activity.  After 

infection, hemocytes at the thoraco-abdominal ostia and the posterior excurrent openings co-

localized with E. coli-GFP, suggesting that pathogens are actively phagocytosed and killed by 

hemocytes at these locations (Fig. 3A-B).  To confirm phagocytosis, mosquitoes were injected 

with pHrodo-conjugated E. coli bacterial bioparticles. These dead bacteria are conjugated to a 

pH-sensitive dye that only fluoresces in acidic environments, such as the phagolysosome.  As 

expected, many hemocytes – including those present at the thoraco-abdominal ostia, the 

posterior excurrent openings, and the periostial regions – readily phagocytosed E. coli-pHrodo 

(Fig. 3C-G).   
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Figure 3. Hemocytes at the thoraco-abdominal ostia and the posterior excurrent openings 
are phagocytic. (A-D) Phagocytic hemocytes were imaged through the dorsal cuticle. (A-B) Intact 
specimens showing that E. coli-GFP (green) co-localizes with hemocytes (CM-DiI; red) around 
the thoraco-abdominal ostia (A; inset) and the posterior excurrent openings of the heart (B). (C-
D) Intact specimens showing that hemocytes phagocytose E. coli-pHrodo (red) around the 
thoraco-abdominal ostia (C) and the posterior excurrent openings of the heart (D). (E-F) 
Phagocytic hemocytes (E. coli-pHrodo; red) on the muscle surrounding the thoraco-abdominal 
ostia in intact (E) and dissected (F) specimens. (G) Phagocytic hemocytes are not always present 
at the thoraco-abdominal ostia. The regions surrounding the thoraco-abdominal ostia are outlined 
by dotted squares and surrounding the posterior excurrent openings are outlined by dotted circles. 

 

 Hemocyte interactions with structures involved in intracardiac retrograde flow are dynamic  

During retrograde heart contractions, hemolymph flowing through the venous channels of 

the thorax or the dorsal hemocoel of the first abdominal segment enters the conical chamber of 

the heart via the thoraco-abdominal ostia (Sigle and Hillyer, 2018a).  Intravital imaging of the 

thoraco-abdominal ostia revealed that most hemocytes enter the conical chamber of the heart by 

first flowing through the venous channels of the thorax, and a smaller proportion of hemocytes 

enters the heart by first flowing in the hemocoel of the first abdominal segment.  Hemocytes move 

through the venous channels at high speeds, which may hinder their ability to attach to the 
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thoraco-abdominal ostia.  Imaging of the 8th abdominal segment revealed that there is significant 

movement of hemocytes at the posterior excurrent openings of the heart.  Hemocytes exiting the 

heart swiftly flowed through the excurrent openings, and sessile hemocytes on the surface of the 

heart periodically released back into circulation.  Thus, these data show the dynamic movement 

of hemocytes at locations of intracardiac retrograde hemolymph flow, and their association and 

dissociation with circulatory structures.  

 

 Discussion 

In this study we show that hemocytes are found in the surrounding regions of structures 

that support intracardiac retrograde hemolymph flow.  Though not always present, a small number 

of hemocytes are located at the thoraco-abdominal ostia and the posterior excurrent openings of 

the heart.  Hemocytes do not increase in number in response to infection at circulatory structures 

involved in intracardiac retrograde flow; however, the hemocytes present at the thoraco-

abdominal ostia and the posterior excurrent openings are phagocytic and immunologically active.  

Prior studies had shown that mosquito hemocytes aggregate near circulatory structures 

involved in intracardiac anterograde flow (King and Hillyer, 2012; Sigle and Hillyer, 2016).  

Specifically, a population of hemocytes, called periostial hemocytes, surround the ostia of 

abdominal segments 2-7, where they phagocytose pathogens in regions of high hemolymph flow.  

Because these locations are only functional when the heart contracts anterograde (Glenn et al., 

2010), we hypothesized that hemocytes are also present in circulatory structures involved in 

intracardiac retrograde hemolymph flow, such as the thoraco-abdominal ostia.  We found that 

hemocytes are present at the thoraco-abdominal ostia of most but not all mosquitoes, but that 

they are few in number.  The average naïve mosquito has two hemocytes at this location, which 

is fewer than the fifty or so hemocytes present at the periostial regions (King and Hillyer, 2012; 

Sigle and Hillyer, 2016).  Furthermore, infection does not recruit additional hemocytes to the 

thoraco-abdominal ostia, which is different from the more than doubling of hemocytes that occurs 
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at the periostial regions.  Thus, although all hemocytes, regardless of location, are 

immunologically active, the thoraco-abdominal ostia are not a location of intense immune activity, 

and infection-induced hemocyte aggregation is restricted to the abdominal periostial regions.  This 

is surprising given that previous studies have shown that the heart of A. gambiae mosquitoes 

spends one third of the time contracting retrograde (Estévez-Lao et al., 2013; Glenn et al., 2010), 

and the proportion of retrograde contractions increases further with age (Doran et al., 2017).  We 

speculate that the absence of infection-induced hemocyte aggregation at the thoraco-abdominal 

ostia may be due to differences in the sheer forces of flow at this region, relative to the periostial 

regions of the abdomen.  An alternative explanation is that hemocyte aggregation at the thoraco-

abdominal ostia would restrict flow in the only entry-point for hemolymph during retrograde heart 

contractions.  The cost of possibly obstructing hemolymph flow at the thoraco-abdominal ostia is 

likely higher compared to the 6 pairs of abdominal ostia in which hemolymph enters during 

anterograde heart contractions.  Additionally, the asymmetric distribution of periostial hemocytes 

across the 6 abdominal ostial pairs is less pronounced at 24 h post-infection, suggesting that 

hemolymph flow is redirected (Sigle and Hillyer, 2016). 

On the surface, it appears that our finding that few hemocytes are present at the thoraco-

abdominal ostia are in contrast to findings made in Drosophila melanogaster, where hemocytes 

and pathogens are aggregated – in high numbers – at the conical chamber (Elrod-Erickson et al., 

2000; Ghosh et al., 2015; Horn et al., 2014).  However, there are two clear distinctions between 

mosquitoes and fruit flies.  The first distinction is that the conical chamber of mosquitoes has only 

one ostial pair – the thoraco-abdominal ostia – whereas the conical chamber of fruit flies has two 

ostial pairs – the thoraco-abdominal ostia and the first abdominal ostial pair (Glenn et al., 2010; 

Sigle and Hillyer, 2018a; Wasserthal, 2007).  That latter pair is functionally similar to the ostial 

pair of the second abdominal segment of mosquitoes – which is a location where periostial 

hemocytes aggregate.  The second distinction is that a region surrounding the conical chamber 

of fruit flies serves as a hematopoietic hub (Ghosh et al., 2015).  Such a hub has not been found 
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in mosquitoes.  Instead, hemocytes divide while in circulation (Bryant and Michel, 2014; King and 

Hillyer, 2013). 

We also found that hemocytes are present at the posterior openings of the heart, but 

again, they are few in number and they do not aggregate at this location in response to infection.  

This is in contrast to the what occurs in mosquito larvae, where the numerous hemocytes are 

always present in the posterior of the heart, and this is a location of intense immune activity 

(League and Hillyer, 2016).  The reason for this difference pertains to developmental changes in 

circulatory physiology (League et al., 2015).  That is, in adults the posterior of the adult heart has 

excurrent function whereas the posterior of the larval heart has incurrent function.  In that sense, 

the posterior of the larval heart is functionally analogous to the abdominal ostia of adults.  Our 

findings at the posterior of the heart were not surprising.  Hemocytes do not aggregate at the 

anterior end of the mosquito aorta (Sigle and Hillyer, 2018a), and experiments in fruit flies have 

not detected the aggregation of hemocytes or pathogens on the posterior of the heart (Ghosh et 

al., 2015; Horn et al., 2014).  

Intravital video imaging of hemocytes revealed that their movement near the excurrent 

opening is dynamic.  Hemocytes can bind and detach from these locations, indicating hemocytes 

can readily change from circulating to sessile states and vice versa.  We have previously detected 

similar movement of hemocytes in the periostial regions of adult mosquitoes (Sigle and Hillyer, 

2016).  Furthermore, in addition to immunity, hemocytes are critical in development and wound 

healing (Krautz et al., 2014; Wood and Martin, 2017).  In these instances, cells actively migrate 

to their sites of action (Babcock et al., 2008; Wood et al., 2006), and this migration is not visually 

dissimilar to the migration of mosquito hemocytes.  Although the molecular basis of hemocyte 

migration has received significant attention in the Drosophila system (Evans and Wood, 2014), 

such information is unknown for mosquitoes.  We recently revealed a role for Nimrod family genes 

in periostial hemocyte aggregation, but their relative role in hemocyte migration requires further 

study (Sigle and Hillyer, 2018b; T. and F., 2018). Mosquitoes transmit disease-causing 
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pathogens.  Many of these pathogens, such as Plasmodium sp., circulate with the hemolymph 

prior to invading their target organ – the salivary glands (Douglas et al., 2015; Hillyer et al., 2007).  

Hemocytes and hemocyte-derived factors attack these parasites while in the hemocoel, including 

at the periostial regions.  In this study we assessed hemocyte activity at two structures important 

for intracardiac retrograde hemolymph flow and found that hemocytes do not respond to infection 

at thoraco-abdominal ostia or the posterior excurrent openings of the heart.  Together with data 

assessing immunity at the periostial regions of the heart and the aorta (King and Hillyer, 2012; 

Sigle and Hillyer, 2016; Sigle and Hillyer, 2018a), these data show that the primary sites of 

immune activity on the dorsal vessel of adult mosquitoes are the incurrent structures involved in 

anterograde hemolymph flow. 
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 Preface 

The research presented in this chapter aimed to characterize the transcriptome of the 

heart and periostial hemocytes, and to identify genes that are involved in this immune response.  

I conceived and implemented the project with Dr. Julián Hillyer, and I did the majority of the 

experimental procedures.  Tania Estévez-Lao helped with experimental design and procedures.  

Data processing and analysis was done in collaboration with Dr. Tony Capra and Dr. David 

Rinker.  Dr. Rinker performed the differential expression and gene ontology analyses and helped 

with data interpretation. Current collaborations with Yan Yan are underway to further analyze 

differential expression in the hemolymph and abdomen and to functionally characterize the genes 

we identified as potential candidates in the periostial hemocyte immune response. The research 

in this chapter will be submitted for publication along with these additional studies. 

 

 Abstract 

When pathogens invade the hemocoel of Anopheles gambiae, innate immune pathways 

are activated. This involves the activation of hemocytes, which are found in both circulating and 

sessile states. Upon infection, a subset of hemocytes leave circulation and attach to the surface 

of the heart, where they then migrate to the regions surrounding the ostia and remain sessile. The 

ostia are the locations where hemolymph circulates into the heart, making them a prime location 

for immune surveillance. Here, these large aggregates of periostial hemocytes phagocytose and 

kill pathogens.  This specific relocation of immune resources suggests that periostial hemocytes 

play an essential role in cellular-mediated immunity and that they differ from hemocytes that are 

in circulation. To identify how, at the molecular level, periostial hemocytes differ, RNA-sequencing 

was carried out on tissues that were isolated from naïve mosquitoes, injured mosquitoes, and 

CHAPTER V - INFECTION-INDUCES TISSUE SPECIFIC UPREGULATION OF IMMUNE 

GENES IN THE PERIOSTIAL HEMOCYTES AND THE HEART  
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mosquitoes that had been infected with E. coli and S. aureus. We compared transcripts across 

treatment groups and tissues using differential expression analyses. Our studies show that genes 

are differentially regulated 4 h post-infection and that 15 genes are specifically upregulated in the 

periostial hemocytes and heart tissues. Furthermore, this includes immune genes associated with 

the IMD pathway and implicates the IMD pathway in the periostial hemocyte immune response.  

Overall these gene expression profiles provide insights into tissue-specific cellular immune 

responses and provide insights on the integration of the immune and circulatory systems. 

 
 Introduction 

Insects have innate immune responses and combat the pathogens they encounter by 

recognizing and killing invading pathogens. As pathogens invade the hemocoel, cellular and 

humoral factors are elicited, and this results in pathogen phagocytosis, melanization and lysis.  

The insect immune cell is the hemocyte, and hemocytes are found circulating in the hemolymph 

and as sessile cells attached to tissues (Hillyer, 2016).  In the hemocoel of An. gambiae, a subset 

of hemocytes, known as periostial hemocytes, attach to the surface of the heart, migrate near the 

ostia, and phagocytose and kill pathogens (King and Hillyer, 2012).  Hemocytes leave circulation 

and attach to the heart to form these large hemocyte aggregates and do so in a time- and dose-

dependent manner.  Infection-induced hemocyte aggregation does not occur on other tissues, 

and this aggregation on the heart is specific to the periostial regions (King and Hillyer, 2013; Sigle 

and Hillyer, 2018a).  Furthermore, higher hemocyte numbers correlate to regions with the highest 

hemolymph flow (Sigle and Hillyer, 2016). This specific relocation of immune resources suggests 

that periostial hemocytes have an essential role in cellular-mediated immunity and that sites of 

high hemolymph flow are good locations for pathogen sequestration.  

Hemocyte transcriptional studies in A. gambiae and other mosquito species have 

identified many key immune genes that are regulated in hemocytes during bacterial and 

Plasmodium infections (Bartholomay et al., 2004; Baton et al., 2009; Choi et al., 2012; Lombardo 
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et al., 2013; Pinto et al., 2009). These studies are limited to circulating hemocytes, as hemocytes 

were collected from the hemolymph.  The majority of hemocytes are found in circulation and this 

has biased studies towards this population of hemocytes.  The recent discovery of periostial 

hemocytes and their pathogen-killing activities, suggests that we should closely examine the role 

that sessile hemocytes have during infection.  Some mosquito immune studies have silenced 

immune genes and published images showing changes in the melanization activity near the heart 

(An et al., 2011; Michel et al., 2005; Schnitger et al., 2007; Yassine et al., 2014), indicating that 

known immune factors are involved in the immune process on the heart. Periostial hemocytes 

aggregate during all experimentally tested infections, suggesting this response is fundamental 

and advantageous to the mosquito, but the mechanisms signaling and facilitating aggregation are 

unknown.   

We hypothesize that the periostial hemocytes are functionally distinct in their role in 

immunity. To assess for differences between the periostial hemocytes and other hemocytes, we 

took an RNA-sequencing (RNA-seq) approach to characterize the molecular activity of the 

different hemocyte populations.  Comparisons of infection-induced expression were made 

between the periostial hemocytes and the heart, the circulating hemocytes and the hemolymph, 

and the abdomen.  We show that the periostial hemocytes and the heart have a unique transcript 

profile, different from other hemocyte containing tissues.  Infection specifically regulates genes in 

the hemocytes on the heart, and we identified immune genes implicated in this immune process.  

 

 Materials and Methods 

 Mosquito rearing 

Anopheles gambiae Giles sensu stricto (G3 strain) were reared at 27ºC and 75% relative 

humidity under a 12 h: 12 h light/dark photoperiod.  Adults were maintained on 10% sucrose 

solution ad libitum as previously described (Estévez-Lao et al., 2013).  Female mosquitoes were 

collected at 6 days post-eclosion for experimental procedures. 
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 Bacterial infections, hemocyte counts and tissue collection  

For infections, tetracycline resistant, GFP-expressing Escherichia coli (DH5 alpha) and 

Staphylococcus aureus were cultured overnight as previously described (Coggins et al., 2012). 

Mosquitoes were anesthetized on ice, and 69 nl of bacteria was injected into the hemocoel by a 

finely pulled glass needle inserted through the thoracic anepisternal cleft.  Infections were 

performed with cultures of E. coli at OD600 = 6.0 and of S. aureus at OD600 = 1.5, and a plating 

assay revealed that the infection doses averaged 75,779 E. coli and 39,451 S. aureus per 

mosquito.  Alongside infections, injection of sterile LB broth (injury) or no treatment (naïve) was 

administered to mosquitoes.  All mosquitoes were placed at 27ºC and 75% relative humidity with 

10% sucrose solution following treatment.  Mosquitoes were either used for periostial hemocyte 

counts or tissue collection as described below. 

 For hemocyte counts at 4 h post-infection, the hemocytes of live mosquitoes were stained 

by anesthetizing mosquitoes and injecting a solution of 75 mM Vybrant CM-DiI Cell-Labeling 

Solution (Invitrogen) and 0.75 mM Hoechst 33342 (to label nuclei; Invitrogen) in PBS.  CM-DiI 

labeling in the hemocoel is specific to hemocytes, as it becomes incorporated in hemocytes and 

not in other cells (King and Hillyer, 2012).  Following injection, mosquitoes were incubated at 27°C 

for 20 min.  Hemocytes were observed and counted in naïve, injured (LB injected), E.  coli infected 

and S. aureus infected mosquitoes using a Nikon 90i compound microscope (Nikon Corp, Tokyo, 

Japan) equipped with a Nikon Intensilight C-HGFI fluorescence illumination unit and Nikon 

Advanced Research NIS-Elements software.   

At 4 h post-treatment, 3 tissues were isolated from each group; the heart and periostial 

hemocytes, the hemolymph (containing the circulating hemocytes), and entire abdomens.  To 

isolate the heart, mosquitoes were anesthetized, bisected along the coronal plane, and the dorsal 

abdomen containing the heart was separated from the thorax and placed in RNase-free PBS 

(Fisher Scientific, Pittsburgh, PA).  Using fine insect pins, the alary muscles were detached from 
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the cuticle and the heart containing the periostial hemocytes was resected.  Hemolymph was 

perfused by injecting RNase-free PBS in the cervical membrane and 2 drops were collected from 

the tip of the abdomen, as previously described (Hillyer and Christensen, 2002). The abdomen 

was isolated by bisecting mosquitoes on the transverse plane along the thoraco-abdominal 

junction.  

 

 RNA isolation and library construction  

Hearts and abdomens were immediately placed in 200 µl of TRIzol reagent (Invitrogen, 

Carlsbad, CA), homogenized with a pestle and stored at -80ºC until processed for total RNA 

isolation.  Following RNA extraction, samples were further purified and DNase treated using the 

RNeasy Micro Kit (Qiagen, Hilden, Germany) and eluted in 17 µl of RNase-free water.  For 

hemolymph collection, perfused hemolymph was directly collected in a microcentrifuge tube for 

lysis in 500 µl Buffer RLT (Qiagen) and 2% 2-Mercaptoethanol (Fisher) and RNA was immediately 

isolated using the RNeasy Micro Kit.  

From 6 independent biological trials, we pooled tissues from 2 trials, which resulted in 3 

biological replicates per tissue.  Each heart sample contained at least 72 hearts, each hemolymph 

sample contained hemolymph perfused from 108 mosquitoes, and each abdominal sample 

contained 36 abdomens.  The integrity and quantity of RNA was assessed using a RNA 6000 

Series II Nano or Pico Kit on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and 

samples averaged RIN > 7.5.  The library was prepared using the NEBNext Ultra kit (New England 

BioLabs, Ipswich, MA) and assessed using a DNA 1000 Series II on the 2100 Bioanalyzer.  

 

 Illumina sequencing, assembly and annotation of transcriptomes 

All 36 samples were run multiplexed across 3 lanes on an Illumina HiSeq 3000 (paired-

end, 75 base pair reads) at Vantage, the genomics core facility at Vanderbilt University (Nashville, 
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TN).  Adapters and barcodes were trimmed from the raw sequence reads, and reads were 

mapped to the AgamP4.7 assembly (Vectorbase).  

 

 Differential expression analysis 

Differential expression was calculated using DEseq (v1.16.1) and was adjusted for 

shrinkage estimations.  Genes were considered significantly different at log2 fold change ≥ 2 and 

adjusted P < 0.01.  We performed gene ontology (GO) analyses on all the genes that were 

differentially regulated in the heart and periostial hemocytes in response to infection (as compared 

to the naïve and injury control hearts).  We used Blast2GO (BioBam Bioinformatics, Valencia, 

Spain) to assign GO terms to each transcript. In Revigo (Rudjer Boskovic Institute, Zagreb, 

Croatia), the GO “Biological component” was visualized and summarized based on the significant 

association of GO terms.  

 

 Results 

 Periostial hemocyte aggregation at 4 h post-infection 

For transcript analysis, we wanted to isolate the heart and periostial hemocytes at a 

timepoint when periostial hemocyte aggregation had largely occurred but was still in process.  So, 

we chose to isolate tissues at 4 h post-infection, based on previous temporal studies of periostial 

hemocyte aggregation during E. coli infection (King and Hillyer, 2012).  To verify this timepoint, 

periostial hemocytes were counted in naïve, injured, E. coli-infected, and S. aureus-infected 

mosquitoes.  The number of periostial hemocytes in naïve and injured mosquitoes averaged 63 

and 61, respectively, and periostial hemocyte numbers significantly increased by 1.8-fold (111 

hemocytes) and 1.5-fold (97 hemocytes) at 4 h post-infection during E. coli and S. aureus 

infection, respectively (Fig. 1).  Altogether, several hemocytes have aggregated at 4 h post-

infection.  
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Figure 1. A significant number of hemocytes aggregate at the periostial regions by 4 h 
post-infection.  The graph shows the number of periostial hemocytes at 4 h post-treatment in 
response to no treatment (naïve), injury, E. coli infection, and S. aureus infection.  Columns mark 
the mean, and whiskers denote the standard error of the means. (ANOVA: p < 0.0001) Asterisks 
denote significant differences compared to the naïve treatment (Tukey’s test; p < 0.05).  N=14 per 
treatment group.  

 

 Illumina sequencing and annotation  

RNA-seq was carried out on tissues from A. gambiae isolated from naïve mosquitoes, 

injured mosquitoes, and mosquitoes that had been infected with E. coli or S. aureus. For each 

treatment group 3 tissues were sampled; the heart and periostial hemocytes, the hemolymph and 

circulating hemocytes, and the entire abdomen.  Across all 36 samples, the numbers of uniquely 

mapped reads averaged 23,698,077 and ranged from 18,487,153 to 31,487,002. On average this 

represented 94.03% of the total reads in a sample. 

 

 Differential expression in the periostial hemocytes and the heart 

 To identify infection-induced expression in the heart and periostial hemocytes, E. coli and 

S. aureus tissues were individually compared to both the naïve and injury control treatments. With 

all three replicates combined for each tissue, differential expression analyses were carried out, 

and genes with a log2 foldchange greater than 2 or less than -2 and with a P-value > 0.05 were 

selected for further analyses.  Comparisons of treatment groups revealed that infection with E. 
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coli or S. aureus induces differential gene regulation in the heart and periostial hemocyte tissues 

at 4 h post-infection (Table 1).   

 

Table 1. Differential gene regulation in the heart and periostial hemocyte tissues 

 

To eliminate any genes that may be regulated due to injury we compared infected tissues 

to both the naïve and injury controls.  In response to E. coli, 71 genes were significantly 

upregulated in the heart and periostial hemocytes in comparison to naïve and injury controls.  In 

response to S. aureus, 132 genes were significantly upregulated in the heart and periostial 

hemocytes in comparison to naïve and injury controls.   As periostial hemocyte aggregation is a 

general response that occurs during both E. coli and S. aureus infection, we eliminated any genes 

from our study that were not differentially regulated in the same direction during both infections.  

In total, this resulted in 54 genes that were upregulated and 27 genes that were downregulated 

in the heart and periostial hemocytes in response to both infections (Fig. 2).   
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Figure 2. Infection-induced regulation of genes in the heart and periostial hemocyte 
tissues. (A) During E. coli and S. aureus infection 71 and 132 genes, respectively, were 
upregulated compared to naïve and injury controls. Of these, 54 were upregulated during both 
infections.  (B) During E. coli and S. aureus infection 52 and 74 genes, respectively, were 
downregulated compared to naïve and injury controls. Of these, 27 were downregulated during 
both infections.    
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 Infection induced differential regulation of immune genes in the periostial hemocytes and the 

heart 

Gene Ontology (GO) analyses were performed to provide a functional perspective of the 

genes regulated in the periostial hemocytes and the heart during infection.  Infection induces the 

downregulation of genes associated with metabolism, migration, actin filament severing, cellular 

processes and regulation of mitochondrial fission (Fig. 3A).  Immune associated terms were 

largely lacking from this analysis, except for an overrepresentation of responses to oxidative 

stress.  In the upregulated genes there were several immune terms overrepresented including; 

regulation of cytokine production, nitric oxide biosynthesis and responses, Toll signaling, and 

innate immune responses (Fig. 3B), suggesting that there is a larger representation of immune 

genes in the upregulated genes compared to the downregulated genes.  Hereafter, we will only 

discuss the genes upregulated in the heart and periostial hemocyte tissues, and a 

comprehensive list of the downregulated genes is found in Table 2.
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Figure 3. GO enrichment of genes regulated in the heart and periostial hemocytes in 
response to infection. Visualization of the summarized GO terms in (A) downregulated and (B) 
upregulated genes. Size represents the overall frequency of the GO term, with larger circles 
representing general terms and smaller circles representing specific terms. Log10 p-values are 
measures of enrichment for each GO term in the gene set.  
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Table 2. Genes downregulated in the periostial hemocytes and the heart in response to 
both E. coli and S. aureus infection.  

 

 Infection-induced tissue specific upregulation in the periostial hemocytes and the heart  

Having identified 54 genes that are upregulated in the periostial hemocytes and the heart, 

we next asked if these patterns of regulation are specific only to the periostial hemocytes.  We 

compared the infection-induced expression of these genes to the hemolymph containing the 

circulating hemocytes, and the abdomen containing all aforementioned tissues and the sessile 

hemocytes.  Of the 54 genes upregulated during infection in the periostial hemocytes and the 

AGAP Gene name/Description

1 AGAP000313 alanine-glyoxylate aminotransferase 2-like

2 AGAP001009 ?

3 AGAP001098 D-amino-acid oxidase activity

4 AGAP002429 cytochrome P450

5 AGAP003494 sugar transporter ERD6-like 7

6 AGAP004248 glutathione peroxidase 3

7 AGAP004954 rhythmically expressed gene 2 protein

8 AGAP005498 phospholipid scramblase 2

9 AGAP005499 dehydrogenase/reductase SDR family member 11 precursor

10 AGAP005752 glucosyl/glucuronosyl transferases

11 AGAP005753 glucosyl/glucuronosyl transferases

12 AGAP006576 malate/L-lactate dehydrogenase

13 AGAP008207 cytochrome P450

14 AGAP008467 solute carrier family 6 (neurotransmitter transporter, amino acid) member 5/7/

15 AGAP009194 glutathione S-transferase epsilon class 2

16 AGAP010004 ?

17 AGAP010367 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 20

18 AGAP010794 ?

19 AGAP012391 ?

20 AGAP012399 maltase

21 AGAP012644 ?

22 AGAP013094 Elongation of very long chain fatty acids protein

23 AGAP013211 ?

24 AGAP013526 ?

25 AGAP028049 ?

26 AGAP028128 ?

27 AGAP028586 ?
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heart, 15 of these genes are specifically upregulated in the periostial hemocytes and the heart 

(Fig. 4). The remaining 39 genes were also upregulated during at least one of the infected 

treatment groups in the hemolymph, abdomen, or both, and therefore, are not specific to the 

periostial hemocytes and the heart.   

 

Figure 4. Tissue comparisons of the genes upregulated during infection in the periostial 
hemocytes and the heart.  The expression (indicated by color) of 56 genes - selected because 
they are upregulated in the periostial hemocytes and the heart in response to infection - in the 
periostial hemocytes and the heart (Po Hc/heart), the hemolymph, and the abdomen. Each tissue 
contains two columns; expression in response to E. coli infection and expression in response to 
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S. aureus (S. aur.) infection. Infection induces the upregulation of 15 genes only in the periostial 
hemocytes and heart tissues (yellow box). AGAP numbers (Vectorbase).   

 

These 15 potential candidates in the periostial hemocyte immune response are largely 

uncharacterized (Table 3).  Interestingly, 3 of the genes have known functions in immunity; the 

peptidoglycan recognition protein PGRPLA (AGAP005205), the anti-microbial peptide Cecropin3 

(CEC3; AGAP000694) and the NF-kappaB transcription factor REL2 (AGAP006747).  

Furthermore, all 3 of these genes are associated with IMD pathway (Gendrin et al., 2017; Meister 

et al., 2005), implicating this signaling pathway in the periostial hemocyte immune response (Fig. 

5).  Other interesting genes with putative functions include a fibroblast growth factor protein, a 

glycerol kinase, a lysosomal acid lipase, and proteins associated with transportation and protein 

binding.  

 
 
Table 3. Genes upregulated specifically in the periostial hemocytes and the heart in 
response to both E. coli and S. aureus infection. 

AGAP Gene Name GO term

1 AGAP000694 CEC3 (cecropin3) anti-microbial peptide

2 AGAP001563 ? glycerol kinase 

3 AGAP001634 ? transmembrane transport

4 AGAP001828 ? ?

5 AGAP002064 ? metal ion binding

6 AGAP002065 ? alpha-tocopherol transfer protein

7 AGAP002536 ? calcium ion binding

8 AGAP004181 ? fibroblast growth factor 

9 AGAP004826 ? ?

10 AGAP005205 PGRPLA (peptidoglycan recognition protein-LA) peptidoglycan catabolic process

11 AGAP006747 REL2 (Relish2) transcription factor

12 AGAP010197 ? SPRY domain-containing SOCS box protein

13 AGAP011764 ? ?

14 AGAP011992 ? lysosomal acid lipase

15 AGAP012166 ? ?
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Figure 5. IMD pathway. The IMD pathway regulates immunity by inducing effector gene 
transcription through the activation of the transcription factor REL2. The IMD pathway is activated 
through the peptidoglycan recognition protein PGRPLC and the caspase CaspL1 (dredd) is 
proposed to cleave REL2.  CEC3 and many other genes are regulated by REL2 and Caspar 
negatively regulates REL2 activation.  The current study implicates PGRPLA, REL2 and the 
REL2-activated anti-microbial peptide CEC3 in the periostial hemocyte immune response. 

 

 Discussion 

 Cellular factors are critical mediators of insect responses to injury and infection and are 

also involved in development (Hillyer and Strand, 2014; Vlisidou and Wood, 2015).  Some of the 

mechanisms of hemocyte migration during development and hemocyte responses to wounding 

have been elucidated (Babcock et al., 2008; Sampson et al., 2013), but not much is known about 

the mechanism of infection-induced cellular migration.  In Lepidopteran insects, a protein known 

as Plasmatocyte Spreading Peptide is involved in hemocyte spreading and aggregation (Clark et 

al., 1997; Clark et al., 1998).  However, there is not a Dipteran ortholog of this protein, and for 

periostial hemocyte aggregation, we expect a conserved mechanism across insects, as there is 

also evidence of hemocyte aggregation on the heart of Lepidopterans (Bao et al., 2011).   With 

no direct evidence of mechanisms of hemocyte aggregation on the heart of other insects, we 

chose to take a transcriptomics approach to identify candidates in this process. First, we asked if 

the periostial hemocytes and heart have a different transcription profile from other hemocytes. 
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Secondly, we identified genes that are only upregulated in the periostial hemocytes and heart 

tissues. The findings in this study provide candidates that may be involved in the transition from 

circulating to sessile states. 

Though periostial hemocyte transcripts were not distinguished from other tissues of the 

heart, REL2 and other PGRPs have been identified in hemocyte-enriched transcriptomes, and 

hemocytes express genes regulated by REL2 (Baton et al., 2009; Levashina et al., 2001).  

Furthermore, proteins on the surface of the heart could be involved in this process, and our 

approach allows for the identification of both hemocyte and heart factors.  In mosquitoes, 

comprehensive studies have assessed the circulating population of hemocytes (Bartholomay et 

al., 2004; Baton et al., 2009; Choi et al., 2012; Lombardo et al., 2013; Pinto et al., 2009; Thomas 

et al., 2016), but not sessile hemocytes.  Therefore, this study contains the first description of a 

sessile-hemocyte enriched transcriptome.  

 We hypothesized that immune genes would be regulated in the periostial hemocytes but 

were surprised to find such specificity for the IMD pathway.  This suggests that the periostial 

hemocyte immune response is IMD regulated; however, since we identified a number of genes 

with unknown functions, it is possible that other novel or undefined signaling pathways are also 

involved.  Additionally, other factors could be involved at different timepoints of infection.  

A. gambiae have 7 PGRPs; PGRPLA, PGRPLB, PGRPLC, PGRPLD, PGRPS1, 

PGRPS2, PGRPS3 (Christophides et al., 2002).  The canonical IMD pathway activates REL2 in 

a PGRPLC-dependent manner. Recently, PGRPLA has been shown to positively regulate the 

IMD pathway during Plasmodium infection (Gendrin et al., 2017), and is predicted to be a 

transmembrane protein. PGRPLA and REL2 were specifically upregulated in the periostial 

hemocytes and heart tissues, suggesting that REL2 activation may be PGRPLA-dependent in the 

periostial hemocytes.  In Drosophila, PGRPLA has also been shown to positively regulate the 

IMD pathway in barrier epithelia (Gendrin et al., 2013), and has also been suggested to be a 

hemocyte transmembrane protein (Werner et al., 2000).  Along with the upregulation of PGRPLA 
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and REL2, CEC3 was significantly expressed in the periostial hemocyte tissues.  CEC3 

upregulation in response to infection has previously been characterized as REL2 mediated 

(Meister et al., 2005). Altogether, this suggests that PGRPLA serves as a receptor on periostial 

hemocytes and may also signal the activation of REL2, which would then regulate transcription 

of CEC3.  Malaria is ingested when a mosquito imbibes on an infected blood source, and ingestion 

of blood has been shown to regulate hemocyte biology (Bryant and Michel, 2014; Castillo et al., 

2011).  Blood feeding may have similar effects on the periostial hemocytes, and PGRPLA has 

been shown to positively regulate the IMD pathway in the gut following a blood feeding (Zakovic 

and Levashina, 2017).   

While the function of the other genes that are upregulated in the periostial hemocytes and 

on the heart are unknown, it is interesting to note that a fibroblast growth factor protein was 

upregulated.  In Drosophila larvae, the fibroblast growth factor receptor, Heartless, regulates 

hemocyte differentiation in the lymph gland, which is located on the heart (Dragojlovic-Munther 

and Martinez-Agosto, 2013).  Further annotation of these unknown genes may reveal genes that 

are directly and indirectly involved in the structural regulation of periostial hemocyte aggregation. 

In insects, phagocytic hemocytes are located throughout the hemocoel.  We have shown 

that infection specifically upregulates immune genes in the periostial hemocytes - a population of 

hemocytes that have functionally integrated with the circulatory system.  The periostial hemocytes 

are located at regions of high hemolymph flow and are likely some of the first hemocytes to 

encounter an infection in the hemocoel.  Furthermore, effector and signaling molecules released 

by the periostial hemocytes would be swiftly distributed across the body through the heart, 

providing rapid transduction of alarm signals throughout the hemocoel.   
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 Preface 

The research presented in this chapter was carried out simultaneously with the work in 

Chapter V.  Here, we took a candidate gene approach in order to identify genes with roles in the 

periostial hemocyte immune response.  The work in this chapter was published March 2018 in 

Insect Molecular Biology. 

 

 Abstract 

Hemocytes respond to infection by phagocytosing pathogens, producing the enzymes that 

drive the phenoloxidase-based melanization cascade, secreting lytic factors, and producing other 

humoral proteins. A subset of hemocytes, called periostial hemocytes, aggregate on the surface 

of the heart of mosquitoes and kill pathogens in areas of high hemolymph flow. Periostial 

hemocytes are always present, but an infection induces the recruitment of additional hemocytes 

to these regions. Here, we tested whether members of the Nimrod gene family are involved in the 

periostial immune response of the African malaria mosquito, Anopheles gambiae. Using 

organismal manipulations, RNA interference and microscopy, we show that, following an infection 

with E. coli, nimrod – the ortholog of Drosophila NimB2 – is not involved in periostial responses. 

At 4 h post-infection, however, RNAi-based knockdown of draper results in a marginal increase 

in the number of periostial hemocytes and a doubling of E. coli accumulation at the periostial 

regions. Finally, at 24 h post-infection, knockdown of eater decreases the number of periostial 

hemocytes and decreases the phagocytosis of E. coli on the surface of the heart. Phagocytosis 

of bacteria is more prevalent in the periostial regions of the mid abdominal segments, and 

knockdown of draper, nimrod or eater does not alter this distribution. Finally, knockdown of 

Nimrod family genes did not have a meaningful effect on the accumulation of melanin at the 

CHAPTER VI - EATER AND DRAPER ARE INVOLVED IN THE PERIOSTIAL HEMOCYTE 

IMMUNE RESPONSE IN THE MOSQUITO, ANOPHELES GAMBIAE 
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periostial regions. This study identifies roles for eater and draper on the functional integration of 

the mosquito immune and circulatory systems. 

 

 Introduction 

In mosquitoes and other insects, hemocytes are the first responders to an infection in the 

hemocoel (Hillyer, 2016; Hillyer and Strand, 2014; Strand, 2008). Hemocytes occur in two spatial 

states: circulating with the hemolymph – called circulating hemocytes – and attached to tissues – 

called sessile hemocytes. Both the circulating and sessile hemocytes kill pathogens by 

phagocytosis and by secreting factors with lytic and melanizing activity. Recently, we described 

a novel population of hemocytes, called periostial hemocytes, that are present in the dorsal 

portion of the abdomen along the surface of the heart (King and Hillyer, 2012). These sessile 

hemocytes exist in the extracardiac areas that surround the heart’s ostia (valves). The ostia are 

the sole entry points for hemolymph into the heart (Glenn et al., 2010; Hillyer, 2015), are located 

as pairs in the dorsal-anterior portion of abdominal segments 2-7 and at the thoraco-abdominal 

junction (Glenn et al., 2010; Hillyer, 2015), and the areas around them – called the periostial 

regions – are the only locations in the body where hemocytes and pathogens aggregate following 

a hemocoelic infection (King and Hillyer, 2012; King and Hillyer, 2013; Sigle and Hillyer, 2016). 

The ostia are the extracardiac locations of highest hemolymph flow (Andereck et al., 2010; Glenn 

et al., 2010), which makes hemocyte aggregation at these locations advantageous because it 

places immune cells where they are most likely to encounter circulating pathogens (Hillyer, 2015). 

Hemocytes migrate to the periostial regions in response to infection with Escherichia coli, 

Micrococcus luteus, Staphylococcus aureus, Staphylococcus epidermidis and Plasmodium 

berghei, and immune challenge with peptidoglycan, -1,3-glucan and latex microspheres (King 

and Hillyer, 2012; Sigle and Hillyer, 2016). Although periostial hemocyte aggregation occurs in 

response to a broad array of pathogens, the molecular mechanisms behind this immune response 

remain unknown. 
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Periostial hemocyte aggregation has most comprehensively been described in 

mosquitoes, but hemocytes also aggregate on the heart of fruit flies, the Vietnamese stick insect, 

and the greater wax moth (da Silva et al., 2012; Ghosh et al., 2015; Horn et al., 2014; Pereira et 

al., 2015). In mosquitoes, the majority of hemocytes and pathogens aggregate on the middle 

portion of the heart (Sigle and Hillyer, 2016). In Drosophila melanogaster the phenotype is slightly 

different, as the majority of hemocytes and pathogens aggregate near ostia of the anterior portion 

of the heart (Akbar et al., 2011; Elrod-Erickson et al., 2000; Horn et al., 2014; Kocks et al., 2005), 

a location called the conical chamber (Wasserthal, 2007). Genetic manipulation of several 

Drosophila genes influences immune activity at the conical chamber. Notably, gene knockdown 

of Nimrod family members nimrod C1 (nimC1) or eater reduces the number of phagocytic events 

in this region (Akbar et al., 2011; Horn et al., 2014; Kocks et al., 2005). Furthermore, knockdown 

of eater disrupts the attachment of hemocytes to the sessile compartment of larvae (Bretscher et 

al., 2015). If hemocyte attachment to the sessile compartment were compromised in adults, this 

would likely negatively impact how hemocytes aggregate on the surface of the heart. Nimrod 

family genes – characterized by having a series of EGF-like NIM domains – function in hemocyte 

adhesion, and as regulators of phagocytosis by either directly binding pathogens or by serving as 

indirect regulators of this immune process (Kocks et al., 2005; Kurucz et al., 2007; Zsámboki et 

al., 2013). 

The Nimrod gene family has been characterized in the African malaria mosquito, 

Anopheles gambiae. One study identified three members: draper, nimrod and eater (Estévez-Lao 

and Hillyer, 2014). Another study identified two members: NimB2 (nimrod in the first study) and a 

fourth gene that was also named eater (Midega et al., 2013). In A. gambiae and Anopheles 

stephensi, Nimrod family genes are expressed in hemocytes (Baton et al., 2009; Estévez-Lao 

and Hillyer, 2014; Pinto et al., 2009; Thomas et al., 2016), and are positive regulators of the 

antibacterial immune response (Estévez-Lao and Hillyer, 2014; Lombardo et al., 2013; Midega et 

al., 2013). Here, we investigated whether draper, nimrod and eater – as described by Estévez-
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Lao and Hillyer (Estévez-Lao and Hillyer, 2014) – are involved in the hemocyte-mediated 

responses that occur on the surface of the heart. Using organismal manipulations, RNAi and 

microscopy, we describe roles for eater and draper in the periostial immune response. 

 Materials and Methods 

 Mosquito rearing and maintenance 

A. gambiae Giles sensu stricto (G3 strain) were reared and maintained at 27 °C and 75% 

relative humidity under a 12 h: 12 h light/dark photoperiod, as previously described (Estévez-Lao 

et al., 2013). Adults were fed a 10% sucrose solution, and all experiments were initiated using 

female mosquitoes at 2 days post-eclosion. 

 

 Gene silencing and bacterial infections 

RNAi-based gene silencing was carried out by injecting double stranded RNA (dsRNA) 

targeting draper (Genbank KF584996 and KF584997; VectorBase AgamP4 AGAP007256), 

nimrod (KF584998; AGAP029054, formerly AGAP009762 in AgamP3), and eater (KF584999; 

AGAP012386) as previously described (Estévez-Lao and Hillyer, 2014). As a control, a dsRNA 

fragment specific to the bla(ApR) ampicillin resistance gene encoded in Novagen’s pET-46 Ek/LIC 

vector (EMD Chemicals, Gibbstown, NJ) was used (Estévez-Lao et al., 2013; Estévez-Lao and 

Hillyer, 2014). Briefly, dsRNA synthesis was carried out by amplifying gene-specific cDNA 

fragments using PCR and primers with T7 promoter tags (Table 1). Amplicons were separated on 

an agarose gel by electrophoresis and the bands excised and purified using the QIAquick Gel 

Extraction kit (Qiagen, Valencia, CA). Purified amplicons were amplified again by PCR and the 

amplicons were purified using the PureLink PCR Purification Kit (Invitrogen, Carlsbad, CA). The 

amplicons were then used as template for dsRNA synthesis using the MEGAscriptT7 Kit (Applied 

Biosystems, Foster City, CA), and this was followed by an ethanol precipitation, resuspension in 

RNAse-free water, and construct size verification by gel electrophoresis. To initiate RNAi, 2-day-

old mosquitoes were anesthetized on ice, a finely pulled glass needle was inserted through the 
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thoracic anepisternal cleft, and 300 ng of dsRNA was injected. Four days later – which allows 

sufficient time for RNAi-based gene silencing – mosquitoes were infected with E. coli. 

Infections were initiated in 6-day-old mosquitoes (4 days after initiating RNAi) by 

intrathoracically injecting tetracycline resistant/GFP-expressing E. coli (DH5 alpha) that had been 

grown overnight at 37°C in Luria-Bertani’s medium (LB). Bacterial doses were estimated 

spectrophotometrically (OD600 = 2) and then confirmed by plating the culture on LB plates and 

counting the colony forming units (CFUs) as previously described (Coggins et al., 2012). The 

average infection dose per mosquito was 86,100.  

 

 RNA extraction, cDNA synthesis, and real-time quantitative PCR 

At 24 h post-infection, total RNA was extracted and purified from the triturated whole 

bodies of adult mosquitoes using TRIzol Reagent (Invitrogen), and purified again using the 

RNeasy Mini Kit (Qiagen). The purified RNA was treated with DNAse (Promega, Madison, WI) to 

eliminate any potential residual genomic DNA, ethanol precipitated, and resuspended in water. 

First strand cDNA was synthesized using an oligo dT primer and the SuperScript III First-Strand 

Synthesis System for RT-PCR (Invitrogen), as previously described (Estévez-Lao and Hillyer, 

2014).  

Real-Time quantitative PCR (qPCR) was carried out using cDNA as template, gene 

specific primers (Table 1) and Power SYBR Green Master Mix (Applied Biosystems) on a Bio-

Rad CFX Connect Real-Time PCR Detection System (Hercules, CA, USA). Reactions were 

carried out in duplicate for 40 cycles, and a melting curve was conducted to ensure that only the 

target gene was amplified. Relative quantification was performed using the 2 -∆∆C
T method (Livak 

and Schmittgen, 2001), using RPS7 (AGAP010592) as the reference gene. RPS7 has been 

validated as a reference in reports using similar methodologies (Coggins et al., 2012; League et 

al., 2017), and for a subset of the experiments presented here we examined RPS17 

(AGAP004887) alongside RPS7 and this yielded similar results (data not shown). The efficiency 
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of RNAi-based gene knockdown is reported as the percent reduction of mRNA relative to the 

bla(ApR) dsRNA control group. Three biological trials were conducted, and for each trial 5-10 

adult mosquitoes were pooled per treatment group. 

 

Table 1. Primers used in this study 

 

 Quantification of periostial hemocytes, E. coli phagocytosis, and melanization 

Quantification of periostial hemocytes was conducted by counting periostial hemocytes 

that were stained with CM-DiI, as previously described (King and Hillyer, 2012). Briefly, 

mosquitoes were injected 75 mM Vybrant CM-DiI Cell-Labeling Solution (Invitrogen) and 0.75 mM 

Hoechst 33342 (Invitrogen) in PBS and incubated at 27°C for 20 min, which allows for the label 

to incorporate into the hemocytes. Mosquitoes were then fixed by injecting 16% formaldehyde, 

and 5 min later were dissected along a coronal plane in PBS containing 0.1% Tween-20. The 

dorsal portion of each abdomen – which contains the heart and the periostial hemocytes – was 
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isolated and mounted on a microscope slide using Aqua-Poly/Mount (Polysciences Inc., 

Warrington, PA). Mosquito dorsal abdomens were immediately visualized at 200-400x 

magnification on a Nikon 90i compound microscope (Nikon Corp., Tokyo, Japan) equipped with 

a Nikon Intensilight C-HGFI fluorescence illumination unit, and the periostial hemocytes present 

in the second through seventh abdominal segments were identified and manually counted as 

previously described (Sigle and Hillyer, 2016). Data were analyzed by ANOVA, followed by 

Dunnett’s post-hoc test using GraphPad Prism Software (GraphPad, La Jolla, CA, USA). 

Phagocytosis of E. coli-GFP was quantified by measuring fluorescence pixel intensity from 

extended depth of focus images that were created from Z-stacks acquired using the Nikon 90i 

microscope, a Nikon DS-Qi1Mc CCD camera and Nikon’s Advanced Research NIS-Elements 

software, as previously described (Sigle and Hillyer, 2016). Briefly, the threshold of pixel 

brightness due to background fluorescence was determined, and pixels with values below the 

threshold were excluded from the analysis (given a value of zero) as they represent noise. Then, 

using the regions of interest (ROI) tool in NIS-Elements software, the periostial regions of the 

heart in abdominal segments 2-7 were individually delineated by boxes of standardized size and 

the sum pixel intensity of GFP fluorescence inside each ROI was measured. The relative E. coli 

level was calculated as a ratio of the sum pixel intensity in all periostial regions of an individual 

mosquito compared to the average sum pixel intensity of bla(ApR) dsRNA mosquitoes (for each 

trial: sum pixel intensity of a mosquito ÷ average sum pixel intensity of bla(ApR) dsRNA 

mosquitoes). Data were analyzed by ANOVA, followed by Dunnett’s post-hoc test. 

The sum pixel intensity data was also used to determine the spatial distribution of 

phagocytosis among the six periostial regions of the heart. The percentage of E. coli phagocytosis 

for each periostial region of an individual mosquito was calculated as a ratio of the sum pixel 

intensity for a periostial region compared to the total sum pixel intensity in all the periostial regions 

of the mosquito (e.g., sum pixel intensity of a mosquito’s segment 6 ÷ sum of the sum pixel 
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intensities of a mosquito’s segments 2-7). A two-way ANOVA was used to compare the spatial 

distribution of E. coli phagocytosis in the periostial regions across all treatment groups.  

Melanization of E. coli was quantified by measuring the area of pixels with intensities below 

a threshold, as previously described (Sigle and Hillyer, 2016). Brightfield extended depth of focus 

images were acquired as described for the phagocytosis assay. A threshold of pixel intensity was 

determined to select for melanized areas. The total area of melanization was measured in the 

ROI for each periostial region, and the sum was totaled and reported as the area below the 

threshold. Data were analyzed by ANOVA. 

For all statistical tests, values were considered significantly different at P < 0.05. Periostial 

hemocyte numbers and E. coli phagocytosis were measured in the same mosquitoes. Because 

of a technical issue, melanization was measured in a subset of those mosquitoes. That is, images 

were obtained at 40X magnification to collect GFP pixel intensity and melanization data and the 

specimens were then observed at 200-400x magnification to count the periostial hemocytes. For 

hemocyte and phagocytosis analyses, a minimum of 16 mosquitoes per treatment group were 

analyzed across 3 independent trials. 

 

 Results 

 Involvement of Nimrod family genes in periostial hemocyte aggregation 

In preparation for testing whether Nimrod genes are involved in periostial hemocyte 

aggregation, we injected 2-day-old female mosquitoes with dsRNA, infected them with E. coli at 

6 days of age, and determined gene silencing 24 h later. On average, mRNA levels of draper, 

nimrod, and eater were reduced by 77%, 86% and 75%, respectively, relative to the bla(ApR) 

controls (Fig. 1). 
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Figure 1. Efficiency of RNAi-mediated gene silencing of draper, nimrod and eater. 
Mosquitoes were injected dsRNA, infected with E. coli 4 days later, and gene expression 
measured 24 h later. Graph displays the mean percentage difference ± S.E.M. in mRNA levels 
relative to the bla(ApR) dsRNA group. 

 

Having established a robust knockdown of these three genes, we repeated the 

experimental set-up but instead labeled the hemocytes with CM-DiI and counted the periostial 

hemocytes (Fig. 2, 3). At 4 h and 24 h post-infection, the bla(ApR) dsRNA mosquitoes – the control 

group where no mosquito gene was knocked down – had 110 and 145 periostial hemocytes, 

respectively – a 32% increase between 4 h and 24 h (Fig. 3). When draper was knocked down 

by RNA interference (RNAi), the number of periostial hemocytes was 136 at 4 h and 147 at 24 h 

– an 8% increase between the time points. Statistically, the number of periostial hemocytes in 

draper knockdown mosquitoes was similar to bla(ApR) dsRNA mosquitoes (Dunnett’s P= 0.0815 

and P = 0.9991 for 4h and 24 h, respectively). For nimrod knockdown mosquitoes, the number of 

periostial hemocytes at 4h and 24 h was 87 and 116, which represents a 33% increase between 
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the time points. Similar to draper, the number of periostial hemocytes in the nimrod and bla(ApR) 

dsRNA mosquitoes was similar (Dunnett’s P= 0.1563 and P= 0.1430 for 4h and 24 h, 

respectively). Finally, when eater was knocked down, the number of periostial hemocytes was 95 

at 4 h and 101 at 24 h – a 6% increase. At 4 h, the number of periostial hemocytes was statistically 

similar between the eater dsRNA and the bla(ApR) dsRNA mosquitoes (Dunnett’s P = 0.4699), 

but at 24 h the number of periostial hemocytes was 31% lower in the mosquitoes where eater had 

been knocked down (Dunnett’s P = 0.0130). In summary, knockdown of draper and eater results 

in smaller percent increases in the number of periostial hemocytes between 4 h and 24 h post-

infection, and knockdown of eater decreases the number of periostial hemocytes at 24 h post-

infection. Thus, these data implicate eater, and possibly draper, in the process of periostial 

hemocyte aggregation. 

 

Figure 2. Effect of RNAi-mediated gene silencing of draper, nimrod and eater on periostial 
hemocyte aggregation and the phagocytosis of E. coli. Mosquitoes were injected bla(ApR) (A, 
E), draper (B, F), nimrod (C, G) or eater (D, H) dsRNA, infected with E. coli 4 days later, and 
fluorescence images of abdominal segment 5 were acquired at 4 h (A-D) and 24 h (E-H) post-
infection. The images show the presence of hemocytes (red, stained with CM-DiI) and 
phagocytosed GFP-E. coli (green). Boxes contain the periostial regions, and the asterisks denote 
the locations of the ostia. 
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Figure 3. Effect of RNAi-mediated gene silencing of draper, nimrod and eater on the 
number of periostial hemocytes. Mosquitoes were injected dsRNA, infected with E. coli 4 days 
later, and the number of periostial hemocytes were counted at 4 h (A) and 24 h (B) post-infection 
(P.I.). The relationship between the values obtained at 4h and 24 h is displayed in panel C. Graphs 
display the mean number of periostial hemocytes ± S.E.M. Asterisks denote differences 
(Dunnett’s P < 0.05) between an experimental group and the bla(ApR) dsRNA group.  

 

 Involvement of Nimrod family genes in phagocytosis at the periostial regions 

We have previously shown that phagocytosis by periostial hemocytes commences 

immediately upon infection and that the amount of phagocytosis positively correlates with the 

number of periostial hemocytes (King and Hillyer, 2012; Sigle and Hillyer, 2016). So, if there are 

fewer periostial hemocytes, as was observed at 24 h post-infection in mosquitoes where eater 

was knocked down, there should be a similar decrease in the amount of E. coli phagocytosis in 

the periostial regions. To assess the effect that gene knockdown has on phagocytosis by the 

periostial hemocytes, we used a fluorescence assay that measures the accumulation of E. coli at 

the periostial regions. Our prior work using GFP-E. coli and pHrodo-E. coli has shown that this 

assay is an accurate measure of phagocytosis by periostial hemocytes (Sigle and Hillyer, 2016). 

For this assay, we measured the total sum of GFP pixel intensity in Nimrod gene family 

knockdown mosquitoes and compared it to the average pixel intensity in the bla(ApR) dsRNA 

mosquitoes. These measurements were made on the same abdomens used for counting 

periostial hemocytes. 
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Relative to bla(ApR) mosquitoes, at 4 h post infection draper knockdown resulted in a 2-

fold increase in the amount of E. coli phagocytosis at the periostial regions (Fig. 2, 4; Dunnett’s P 

= 0.0002). By 24 h post-infection, levels were similar to the bla(ApR) controls (Dunnetts’ P = 

0.6378). The general trend for phagocytosis, but not the magnitude difference, is similar to the 

trend observed for periostial hemocyte numbers. In nimrod knockdown mosquitoes, E. coli 

phagocytosis was statistically similar to bla(ApR) dsRNA mosquitoes regardless of the time post-

infection (Dunnett’s P > 0.9999 and P = 0.1309 for 4h and 24 h, respectively), but trended to be 

lower at 24 h post-infection. In eater knockdown mosquitoes, E. coli phagocytosis at 4 h post-

infection was similar to the bla(ApR) dsRNA mosquitoes (Dunnett’s P = 0.5293), but by 24 h post-

infection the amount of E. coli phagocytosis was 38% lower than in the bla(ApR) dsRNA 

mosquitoes (Dunnett’s P = 0.0237). This decrease at 24 h post-infection is mirrored in the 

decrease in periostial hemocytes in mosquitoes where eater was knocked down (Fig. 3). In 

summary, our data suggest that both draper and eater are involved in the immune response by 

periostial hemocytes, as silencing draper results in an increase in E. coli phagocytosis at 4 h post-

infection and silencing eater results in a decrease in E. coli phagocytosis at 24 h post-infection.  
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Figure 4. Effect of RNAi-mediated gene silencing of draper, nimrod and eater on the 
phagocytosis of E. coli at the periostial regions. Mosquitoes were injected dsRNA, infected 
with E. coli 4 days later, and the amount of phagocytosis at the periostial regions quantified by 
measuring GFP-E. coli fluorescence at 4 h (A) and 24 h (B) post-infection (P.I.). Graphs display 
the relative GFP mean pixel intensity ± S.E.M. Asterisks denote differences (Dunnett’s P < 0.05) 
between an experimental group and the bla(ApR) dsRNA group. 

 

 Nimrod family genes and the spatial distribution of E. coli phagocytosis  

We have shown that the periostial hemocytes are asymmetrically distributed along the 

periostial regions, with the majority of hemocytes present in the periostial regions of abdominal 

segments 4, 5 and 6 (Sigle and Hillyer, 2016). Furthermore, we have shown that the spatial 

pattern of periostial hemocytes is mirrored in the spatial patterns of both immune activity and 

hemolymph flow (Sigle and Hillyer, 2016). Because draper knockdown increases the total quantity 

of E. coli phagocytosis by periostial hemocytes at 4 h post-infection, and eater knockdown results 

in the opposite at 24 h post-infection, we examined whether gene knockdown is accompanied by 

changes in the spatial distribution of phagocytosis in the periostial regions. The sum pixel intensity 

in each periostial region was used to calculate the percentage of E. coli phagocytosis that takes 

place in each periostial region of an individual mosquito (Fig. 5). In bla(ApR) dsRNA mosquitoes, 

the distribution of E. coli phagocytosis at 4 h post-infection was highest in abdominal segments 

4, 5 and 6, which is in agreement with what has been observed in mosquitoes that were not 
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treated with dsRNA (Sigle and Hillyer, 2016). This indicates that injection of dsRNA does not alter 

the distribution of phagocytic events. The asymmetric distribution of E. coli phagocytosis at 4 h 

post-infection was similar when draper, nimrod, or eater were knocked down (Fig. 5A, Two-way 

ANOVA: abdominal segments P < 0.0001; dsRNA treatment P = 0.4227). At 24 h post-infection, 

the bell-curve pattern of E. coli phagocytosis in the bla(ApR) dsRNA mosquitoes was less 

pronounced (Fig. 5B), which is an outcome that we also observed in mosquitoes where no 

knockdown was performed (Sigle and Hillyer, 2016). Furthermore, at 24 h post-infection the 

spatial distribution of phagocytic events in mosquitoes where draper, nimrod, or eater were 

knocked down was similar to bla(ApR) dsRNA mosquitoes (Fig. 5B, Two-way ANOVA: abdominal 

segments P < 0.0001; dsRNA treatment: P = 0.0877). Overall, while draper and eater knockdown 

changes the total sum of E. coli phagocytosis, the asymmetric distribution of E. coli phagocytosis 

across the periostial regions of the heart is unaffected.  
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Figure 5. Effect of RNAi-mediated gene silencing of draper, nimrod and eater on the 
distribution of E. coli phagocytosis in the periostial regions of abdominal segments 2-7. 
Mosquitoes were injected dsRNA, infected with E. coli 4 days later, and the distribution of E. coli 
phagocytosis in the six periostial regions was quantified by measuring GFP-E. coli fluorescence 
at 4 h (A) and 24 h (B) post-infection (P.I.). The numbers underneath the x-axes denote the 
periostial regions being measured. Graphs display the percent GFP mean pixel intensity ± S.E.M 
in each periostial region. 

 

 Nimrod family genes and melanization at the periostial regions 

Periostial hemocyte aggregation is accompanied by the deposition of melanin within the 

periostial regions of the heart (King and Hillyer, 2012; Sigle and Hillyer, 2016). To determine 

whether knocking down Nimrod family genes impacts the deposition of melanin on the surface of 

the heart we used a bright field-based assay that measures the areas of dark deposits within the 
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periostial regions. As we have observed in the past (Sigle and Hillyer, 2016), melanization of E. 

coli at the periostial regions was negligible at 4 h post-infection. Furthermore, when compared to 

bla(ApR) dsRNA mosquitoes, knockdown of Nimrod family genes had no effect on melanization 

at this time (Fig. 6A; One-way ANOVA P = 0.3286). By 24 h post-infection, melanization at the 

periostial regions was approximately eight times higher than at 4 h. However, at this time 

melanization levels in the bla(ApR) dsRNA mosquitoes were no different than in the Nimrod family 

gene dsRNA mosquitoes. Specifically, even though melanization in draper dsRNA mosquitoes 

was 38% higher and in eater dsRNA mosquitoes was 44% lower, as compared to bla(ApR) dsRNA 

mosquitoes, variance was very high and the differences were not significant (Fig. 6B; One-way 

ANOVA P = 0.1858). 

 

Figure 6. Effect of RNAi-mediated gene silencing of draper, nimrod and eater on the 
melanization of E. coli at the periostial regions. Mosquitoes were injected dsRNA, infected 
with E. coli 4 days later, and the amount of melanization at the periostial regions quantified by 
measuring the areas containing dark, melanin deposits at 4 h (A) and 24 h (B) post-infection (P.I.). 
Graphs display the mean area of melanin deposits ± S.E.M. 
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 Discussion 

Periostial hemocyte aggregation is an immune response used by mosquitoes against a 

broad array of pathogens (King and Hillyer, 2012; King and Hillyer, 2013; Sigle and Hillyer, 2016). 

The aggregation of hemocytes and pathogens on the hearts of other insects suggests that this 

response occurs in a broad array of insects (da Silva et al., 2012; Ghosh et al., 2015; Horn et al., 

2014; Pereira et al., 2015). Despite the strength of this immune response, the molecular 

mechanisms that drive hemocyte aggregation and immune activity at the periostial regions remain 

unknown. In this study, we queried whether members of the Nimrod gene family are involved in 

hemocyte-mediated activities on the surface of the heart. By employing RNA interference, 

organismal manipulations and microscopy, we uncovered roles for eater and draper in the 

periostial hemocyte response. 

In fruit flies, draper was initially discovered because of its role in the phagocytosis of 

apoptotic cell bodies (Manaka et al., 2004). Since then, draper has been implicated in the 

phagocytosis of bacteria, including E. coli (Hashimoto et al., 2009; Shiratsuchi et al., 2012). In 

mosquitoes, draper is expressed in hemocytes and is transcriptionally upregulated in response to 

infection, including infection with E. coli (Estévez-Lao and Hillyer, 2014). Furthermore, knockdown 

of draper decreases a mosquito’s ability to overcome an infection with S. epidermidis (Estévez-

Lao and Hillyer, 2014). Here, we found that at 4 h post-infection draper knockdown results in a 

two-fold increase in the phagocytosis of E. coli on the surface of the heart. The percent increase 

in E. coli phagocytosis (100%) is markedly higher than the increase in periostial hemocytes (24%), 

suggesting that E. coli accumulation per periostial hemocyte increases. This phenotype is either 

a result of an increase in the phagocytic activity of each hemocyte – which would indicate that 

draper is a negative regulator of the immune response – or a result of a decrease in the rate of 

clearance of phagocytosed bacteria – which would indicate that draper is a positive regulator of 

the immune response. We hypothesize that the latter is more likely for two reasons. First, previous 

studies have shown that draper plays a positive role in immunity at the organismal level in both 
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Drosophila and mosquitoes (Estévez-Lao and Hillyer, 2014; Hashimoto et al., 2009; Shiratsuchi 

et al., 2012). Second, Drosophila draper is required for the efficient processing of engulfed 

apoptotic cells by hemocytes, and for hemocyte motility in response to wounding (Evans et al., 

2015; Manaka et al., 2004). This is exemplified in the high number of apoptotic corpses that are 

present in the hemocytes of late-stage embryos where draper has been disrupted (Evans et al., 

2015), a phenotype that is similar to the accumulation of E. coli that we see in the periostial 

hemocytes of mosquitoes. That is, if draper plays a similar role in the hemocytes of adult 

mosquitoes as it does in Drosophila embryos, it is possible that both bacterial degradation within 

the phagolysosome and cell motility in the hemocoel are negatively affected by draper silencing. 

This would support the increase of GFP signal that we observed at 4 h post-infection. The activity 

of draper may be similar in other populations of sessile hemocytes and in the circulating 

hemocytes. In the circulating hemocytes, a decrease in the rate of clearance of phagocytosed 

bacteria might contribute to differences in periostial hemocyte activities, as some hemocytes 

aggregating on the heart already contain phagocytosed bacteria (King and Hillyer, 2012). 

A. gambiae nimrod is transcriptionally upregulated in response to infection and is primarily 

expressed in hemocytes (Estévez-Lao and Hillyer, 2014). This gene also plays an indirect role in 

the phagocytosis of S. aureus, but is not involved in the phagocytosis of E. coli (Midega et al., 

2013). The D. melanogaster ortholog of A. gambiae nimrod is nimB2 (Estévez-Lao and Hillyer, 

2014; Midega et al., 2013), and Drosophila nimB2 binds E. coli (Zsámboki et al., 2013). In the 

present study, silencing nimrod did not affect periostial hemocyte numbers or phagocytosis in the 

periostial regions. This suggests that this gene may function differently between fruit flies – where 

it binds E. coli – and mosquitoes – where it does not (Midega et al., 2013; Zsámboki et al., 2013). 

Furthermore, unlike draper and eater, which encode transmembrane proteins, the nimrod gene 

does not encode a transmembrane domain and the protein is presumably secreted (Estévez-Lao 

and Hillyer, 2014). Thus, it is likely that the lack of an effect at the periostial regions is due to low 
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activity against E. coli, and because it is secreted, it is likely not present at a high concentration 

at the periostial regions. 

In A. gambiae, eater is a positive regulator of the antibacterial response: RNAi-mediated 

knockdown of eater increases infection intensity after a challenge with E. coli and decreases 

mosquito survival following an S. epidermidis infection (Estévez-Lao and Hillyer, 2014). Our data 

implicate eater as a positive regulator of the periostial hemocyte immune response; silencing 

eater decreases the number of periostial hemocytes between 4 and 24 h post-infection and 

decreases the total number of periostial hemocytes at 24 h post-infection. While a study 

employing an in vitro RNAi screen in the A. gambiae hemocyte-like Sua5.1* cell line concluded 

that eater does not affect phagocytosis (Lombardo et al., 2013), our data showing that disruption 

of this gene decreases periostial hemocyte numbers and phagocytosis at the periostial regions 

suggest that it is a positive, in vivo, regulator of phagocytosis. In Drosophila, eater is a positive 

regulator of the phagocytosis of E. coli, S. aureus and Enterococcus faecalis, and renders flies 

more susceptible to succumbing to a bacterial infection (Kocks et al., 2005; Nehme et al., 2011). 

Furthermore, eater is required for hemocyte attachment to the sessile compartment of fruit flies 

(Bretscher et al., 2015). That eater knockdown decreases sessile hemocyte populations in both 

Drosophila and Anopheles supports the hypothesis that eater functions as a transmembrane cell 

adhesion receptor, and is necessary for efficient phagocytosis and hemocyte motility. As a cell 

adhesion receptor (Bretscher et al., 2015), eater may facilitate the adherence of circulating 

hemocytes to the heart and the transition into the sessile state. In support of this, eater silencing 

resulted in only a 6% increase in periostial hemocyte numbers between 4 to 24 h post-infection, 

compared to 32% increase in the control. Therefore, eater may be required for cell adhesion in 

both circulating and sessile hemocytes. 

Both draper and eater are involved in periostial hemocyte activities, but differences in the 

observed phenotypes and effects over time suggest that these two Nimrod genes have different 

roles. The effects of draper silencing were specific to 4 h post-infection and did not largely impact 
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hemocyte aggregation, while silencing eater had the largest impact on hemocyte aggregation and 

phagocytosis at 24 h post-infection. This suggests that draper and eater are involved in different 

immune mechanisms, and that draper is involved in the early response while the effect of eater 

takes longer to manifest.  

The mosquito circulatory and immune systems are functionally integrated (Hillyer, 2015). 

In adults, this is reflected in the aggregation of hemocytes at the periostial regions, which surround 

the locations where hemolymph enters the heart (King and Hillyer, 2012; Sigle and Hillyer, 2016). 

Hemolymph circulation in larvae is different, which is reflected by the aggregation of hemocytes 

at the tracheal tufts that surround the sole entry point for hemolymph into the larval heart (League 

and Hillyer, 2016; League et al., 2015). Here, we expanded our understanding of the biology of 

periostial hemocytes, and implicate two Nimrod family genes – eater and draper – in periostial 

immune responses. The identity of other genes involved in the periostial immune response 

remains unknown, as is whether they are involved in immune responses at the larval tracheal 

tufts. Furthermore, it is possible, or even likely, that the molecular mechanisms that drive periostial 

hemocyte aggregation depend on the nature of the infectious agent. This may even be true for 

Nimrod family genes given that there are differences in their response to different bacteria in both 

mosquitoes and fruit flies (Estévez-Lao and Hillyer, 2014; Kurucz et al., 2007; Midega et al., 2013; 

Zsámboki et al., 2013). Regardless, this study begins to elucidate the molecular mechanisms 

behind the functional integration of the mosquito immune and circulatory systems. 
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Prior to King and Hillyer (2012), hemocytes were mainly studied by collecting perfused 

hemolymph, therefore making our knowledge of hemocytes largely based on the circulating 

populations, and excluding sessile hemocytes from analyses.  Though sessile hemocytes are an 

understudied tissue in mosquitoes, in Drosophila, studies have assessed sessile hemocyte 

migration and response to wounding (Babcock et al., 2008; Regan et al., 2013; Sampson et al., 

2013; Vlisidou and Wood, 2015).  The work within this dissertation aimed to characterize 

hemocyte aggregation and sessile hemocyte activities in regions of high hemolymph flow, and to 

identify genes that are regulated in the periostial hemocytes in response to infection.   

 

 Circulation 

In Chapters II and III, we used a combination of in vivo and ex vivo techniques to assess 

for the presence and aggregation of hemocytes on the aorta and on structures involved in 

retrograde hemolymph flow.  This is also the first complete description of the adult mosquito aorta, 

as its location among the thoracic flight muscles and tenuous structure have proven to make 

isolation of the structure very difficult.  While hemocytes are present on the aorta, thoraco-

abdominal ostia, and surrounding the posterior excurrent openings of the heart, we report an 

absence of infection-induced hemocyte aggregation in these locations.  This means for 

mosquitoes that hemocyte aggregation only occurs on the surface of the heart in the abdomen.  

While the cellular effects of this response are limited to these locations, any factors secreted by 

these hemocytes would rapidly circulate to other regions of the body.  The low number of 

hemocytes at sites of excurrent hemolymph flow is not surprising.  As hemolymph flows through 

these regions at a swift rate (Glenn et al., 2010), this may make long-term hemocyte adhesion 

difficult.  The recent characterization of the larval circulatory system of A. gambiae indirectly 

suggest that the direction of hemolymph flow through the posterior excurrent openings is an 

CHAPTER VII - CONCLUSIONS 
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indicator of the presence of hemocytes.  Specifically, in larvae the posterior openings allow 

incurrent hemolymph flow and a large number of hemocytes are attached to the trachea tufts 

surrounding the posterior openings (League and Hillyer, 2016; League et al., 2015).  In the adult, 

these same posterior openings only allow excurrent hemolymph flow and hemocytes are not 

found aggregating in these regions.  Altogether, this suggests that hemocytes are only found in 

higher numbers in regions of incurrent flow, however, adults lack trachea tufts which confounds 

the conclusions drawn from life stage comparisons. 

 

 Periostial Hemocyte Aggregation 

Previously it had been shown that exposure to peptidoglycan, -1,3-glucan or latex 

microspheres alone can induce periostial hemocyte aggregation. Therefore, we hypothesized that 

all bacterial infections would result in periostial hemocyte aggregation and showed in Chapter IV 

that both Gram(-) and Gram(+) bacteria induce this response.  Since exposure to -1,3-glucan 

induces periostial hemocyte aggregation, this suggests that fungal pathogens also elicit this 

response, and  published images show melanized fungi in the periostial regions during infection 

(Yassine et al., 2012).  Furthermore, we hypothesize that viral infections would also induce this 

response, but this remains to be elucidated.  In A. gambiae, hemocytes preferentially aggregate 

in the mid-abdominal segments, which are the ostia through which the majority of hemolymph 

enter.  The defining characteristic of the spatial patterns of hemocyte aggregation is that the 

highest numbers of hemocytes aggregate in the regions of the highest incurrent hemolymph flow. 

We hypothesize that across Insecta, occurrences of hemocyte aggregation will be functionally 

analogous but that differences in insect body plans and the structure of circulatory systems will 

results in spatial differences in the locations of hemocyte aggregation.  For example, qualitative 

analyses of Drosophila studies with published images of the dorsal abdomen suggest that the 

highest numbers of hemocytes occur in the anteriormost portion of the heart - the conical chamber 
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(Ghosh et al., 2015; Horn et al., 2014).  This observed difference in spatial distribution likely 

correlates to differences in circulation between these two species.  In fact, A. gambiae have one 

pair of ostia in the conical chamber, and Drosophila have two pairs of incurrent ostia in the conical 

chamber (Wasserthal, 2007), suggesting that this region incurs high amounts of hemolymph flow.  

 In Chapter V the Nimrod genes eater and draper are implicated in the periostial hemocyte 

immune response.  Importantly, these studies directly associate genes involved in the mosquito 

immune response with the periostial hemocytes.  These findings are not at all surprising, however 

they are important in providing a proof of concept that systemic knockdown of immune genes can 

result in disturbances to the periostial hemocyte response.  The ease of RNAi-induced gene 

knockdown in A. gambiae provides an ideal means of testing many candidate genes for roles in 

periostial hemocyte activities.  However, the disadvantage is the lack of tissue specificity.  Genes 

involved in the adhesion of periostial hemocytes may also have similar roles in other sessile 

hemocytes, so it will be important to assess knockdown effects on all populations of hemocytes.  

Pursuits of novel methods of RNAi delivery are necessary to attain tissue specific knockdown and 

will be crucial for furthering our understandings of mosquito biology (Scott et al., 2013).    

 

 The Infection-Induced Periostial Hemocyte and Heart Transcriptome 

Leading to the study in Chapter VI, periostial hemocyte aggregation had been described 

in terms of temporal and spatial activation, dose-dependency, immune activity and specific 

integration with the circulatory system.  In comparison to circulating and other sessile hemocytes, 

the only clear defining distinction of periostial hemocytes was the physical relocation and 

aggregation on the heart.  We hypothesized that periostial hemocytes would have different 

molecular profiles, and that immune genes would be differential regulated in these hemocytes on 

the heart.  Taking a transcriptome approach, we were able to describe specific infection-induced 

gene expression in the periostial hemocytes and heart and identified the upregulation of genes 

with known immune function in these tissues.  With all three upregulated immune genes 
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associating with the IMD pathway, we find it crucial to investigate the potential role of this immune 

pathway in periostial hemocyte aggregation.  Most interesting is the upregulation of the 

peptidoglycan recognition protein PGRP-LA and transcription factor REL2, suggesting that REL2 

upregulation in the periostial hemocytes may occur through PGRP-LA.  Regulation of REL2 in 

other tissues occurs in a PGRP-LC-dependent manner.  This supports the idea that a separate 

“hemocyte-aggregation pathway” may exist and be regulated in the periostial hemocytes in 

addition to regulation through PGRP-LC.   

Biological pathways and their positive and negative regulators must communicate across 

tissues to maintain homeostasis.  Costly immune responses must be mobilized with regard to 

other physiological systems and in turn these physiological systems may support enhanced 

immune activity.  On the subject of vector control, it is pertinent that we understand the workings 

of the immune system within all organismal systems as a whole.  The works presented herein, 

and similar approaches in the lab aiming to decipher the effects of blood feeding, temperature, 

and larval exposure on adult immunity and circulation, are significant advancements towards a 

holistic understanding of mosquito immunity (Brown et al., 2018; King and Hillyer, 2012; King and 

Hillyer, 2013; League et al., 2017; League and Hillyer, 2016; League et al., 2015). 

 

 Summary  

Evidence of hemocytes and/or immune activity on the heart is apparent in Diptera, 

Lepidoptera, and Orthoptera (Akbar et al., 2011; Bao et al., 2011; Cuttell et al., 2008; da Silva et 

al., 2012; Elrod-Erickson et al., 2000; Ghosh et al., 2015; Hillyer et al., 2007; Horn et al., 2014; 

King and Hillyer, 2012; King and Hillyer, 2013; Kocks et al., 2005; League et al., 2017; League 

and Hillyer, 2016; Pereira et al., 2015; Shiratsuchi et al., 2012).  This dissertation encompasses 

work that altogether show that the immune and circulatory systems have co-adapted, forming an 

immune tissue with unique molecular profiles.  The implications of these studies go beyond 

insects, as there is evidence of the co-adaptation of the immune and circulatory systems within 
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Pancrustacea (Hillyer, 2015).  Importantly, these findings can provide insights on the transmission 

cycles of vector-borne pathogenic diseases that burden and devastate global populations.     
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