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Abstract 7 

Mosquito immune cells, or hemocytes, are integral components of the innate immune 8 

responses that define vector competence. However, the lack of genetic resources has limited 9 

their characterization and our understanding of their functional roles in immune signaling. To 10 

overcome these challenges, we engineered transgenic Anopheles gambiae that express 11 

fluorescent proteins under the control of candidate hemocyte promoters. Following the 12 

characterization of five transgenic constructs through gene expression and microscopy-13 

based approaches, we examine mosquito immune cell populations by leveraging advanced 14 

spectral imaging flow cytometry. Our results comprehensively map the composition of 15 

mosquito hemocytes, classifying them into twelve distinct populations based on size, 16 

granularity, ploidy, phagocytic capacity, and the expression of PPO6, SPARC, and LRIM15 17 

genetic markers. Together, our novel use of morphological properties and genetic markers 18 

provides increased resolution into our understanding of mosquito hemocytes, highlighting the 19 

complexity and plasticity of these immune cell populations, while providing the foundation for 20 

deeper investigations into their roles in immunity and pathogen transmission.  21 
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Introduction 22 

Immune cells are crucial components of the immune system in all Metazoa1, playing key roles 23 

in limiting infection, pathogen clearance, developmental regulation, and maintaining tissue 24 

homeostasis2,3. While vertebrate immune cells contribute to both innate and adaptive immune 25 

responses, invertebrates solely rely on innate immune mechanisms, where immune cells are 26 

essential to combat pathogen infections, maintain homeostasis, and ensure host survival1,4. 27 

Much of our understanding of insect cellular immunity has relied on studies in Drosophila5,6, 28 

where the genetically tractable system and extensive genetic resources have provided an 29 

important foundation for our understanding of cellular immune function and hematopoiesis in 30 

other insect systems. This includes mosquitoes, where comparable immune cell (hemocyte) 31 

subtypes have been described by morphological properties7. 32 

This has led to the traditional classification of mosquito hemocytes into three major cell 33 

subtypes: granulocytes, oenocytoids, and prohemocytes8,9. Granulocytes, analogous to 34 

mammalian macrophages, are phagocytic cells with primary roles as immune sentinels to 35 

regulate immune homeostasis and pathogen elimination. Oenocytoids are most often 36 

implicated for their role in the production of prophenoloxidases (PPOs)10, while prohemocytes 37 

are presumed precursor cells thought to differentiate into the granulocyte and oenocytoid 38 

lineages7,11. However, our understanding of mosquito immune cell populations has primarily 39 

been limited to morphological observations which have led to discrepancies in cell 40 

classifications12 and numbers8. Previous studies using lectin-conjugated stains7,13–15 or 41 

lipophilic dyes16–18 have enhanced the visualization of mosquito immune cells, however 42 

evidence suggests that these methods provide general hemocyte staining and do not 43 

adequately resolve mosquito hemocyte subtypes7,16. Additionally, while the recent application 44 

of clodronate liposomes in mosquitoes has enabled techniques to examine the functional 45 

contributions of phagocytic granulocyte populations11,19,20, we still lack tools to evaluate the 46 

function of non-phagocytic cell types. 47 

Immunophenotyping via flow cytometry has proven invaluable for studying the dynamics and 48 

heterogeneity of vertebrate immune cell populations21,22. In mosquitoes, flow cytometry has 49 

been used to identify phagocytic cell populations23,24 or in identifying changes in cell 50 

morphology and ploidy in response to blood-feeding14,25. However, further applications of flow 51 

cytometry in mosquitoes have been constrained by the lack of specific cell markers or 52 

antibodies needed to define mosquito immune cell subpopulations. Towards this goal, recent 53 
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proteomic and single-cell studies have begun to address this limitation by identifying 54 

candidate hemocyte markers11,26–28, while expanding on the complexity of mosquito immune 55 

cell populations11,28.  56 

The development of genetic resources in Drosophila has significantly advanced our 57 

understanding of insect immune cells and hematopoiesis, enabling precise labeling, 58 

manipulation of gene expression, and genetic ablation29–33. However, the development of 59 

similar tools in Anopheles has thus far been limited. Attempts to utilize the Drosophila 60 

hemocyte-specific hemolectin promoter in Anopheles gambiae have been met with mixed 61 

success, where a subset of hemocytes were fluorescently labeled only after blood-feeding34. 62 

An additional study using the Anopheles PPO6 promoter demonstrates the ability to label 63 

mosquito hemocyte populations35, which were later profiled in an initial scRNA study36, yet 64 

have not been thoroughly examined by their morphological characteristics to define their 65 

abundance and expression in hemocyte subtypes. Still, given the integral role of hemocytes 66 

in the immune responses and in modulating vector competence to virus37,38 and malaria 67 

parasite infection13,15,19,39–41, there remains a significant need to develop genetic tools to 68 

enhance our understanding of mosquito hemocyte function.  69 

Here we examine an extended list of candidate hemocyte-specific promoters in Anopheles 70 

gambiae, identifying both pan-hemocyte and granulocyte-specific promoters that enhance 71 

our ability to visualize and characterize mosquito immune cells. Using these newly developed 72 

genetic resources, we performed imaging spectral flow cytometry to gain further insights into 73 

the mosquito hemocyte landscape. With these experiments enabling immune cell sorting 74 

based on physical and morphological properties, enhanced by the expression patterns of 75 

three genetic markers, we are able to classify mosquito immune cells with high-resolution. 76 

Additional experiments incorporating phagocytosis help to further resolve the phagocytic 77 

capacity of each cell population. In summary, our study provides a strong foundation for 78 

genetic immunophenotyping in mosquitoes, which offers significant potential to enhance our 79 

understanding of mosquito immune cell biology and mosquito-borne disease transmission.  80 

Results 81 

Establishment of pan-hemocyte and granulocyte-specific transgenic mosquitoes 82 

With the aim of establishing transgenic An. gambiae that specifically express fluorescent 83 

markers in hemocytes, we used previously published single-cell11 and proteomic26 datasets 84 

for hemocytes to identify genes enriched across all hemocyte subtypes or specifically in 85 
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granulocytes. As a result, we selected the promoter regions of NimB2 (AGAP029054), PPO6 86 

(AGAP004977), and SPARC (AGAP000305) as putative panhemocyte promoters (Fig. S1) 87 

and the promoters of LRIM15 (AGAP007045) and SCRASP1 (AGAP005625) as putative 88 

granulocyte-specific promoters (Fig. S1). For each gene, genomic fragments including the 5’ 89 

UTR and ~2000bp upstream of the putative transcription start site were used to incorporate 90 

the putative regulatory regions of each candidate gene promoter (Additional File 1). Five 91 

different piggyBac transposon constructs were generated containing the panhemocyte or 92 

granulocyte-specific promoters fused with CFP or GFP, respectively (Fig. S1). Each 93 

construct was successfully integrated into the Anopheles genome, as confirmed by 94 

splinkerette PCR, with at least two transgenic lines generated for each promoter construct 95 

(Fig. S2).  96 

To determine potential position effects on promoter activity as a result from the random 97 

integration of piggyBac, we examined the expression levels of each gene marker across the 98 

different transgenic lines for each construct. We found significant differences in the three 99 

different lines generated with the PPO6-CFP construct, where the AP line displayed the 100 

highest expression. In contrast, the F1 line exhibited minimal CFP expression, and therefore, 101 

was not further evaluated (Fig. S3). While no significant differences were observed between 102 

lines for the SPARC-CFP, NimB2-CFP, or LRIM15-GFP constructs (Fig. S3), similar to 103 

PPO6-CFP, comparisons between the two SCRASP1-GFP lines displayed significantly 104 

higher transgene expression in the LGAP line relative to F2B line (Fig. S3). Of note, although 105 

NimB2 was found to be significantly enriched in previous transcriptomic and proteomic 106 

datasets11,26,42, NimB2-CFP transgene expression was ~10-30 times lower than that of the 107 

PPO6-CFP or SPARC-CFP constructs suggesting that the regulatory regions used for the 108 

construct may not be adequate to drive expression (Fig. S3). 109 

Molecular characterization of putative panhemocyte markers 110 

Similar to previous studies with the PPO6 promoter35, we observed PPO6-driven CFP 111 

fluorescence in circulating hemocytes of whole mount mosquito larvae and pupae (Fig. 1A). 112 

While we observe similar patterns of SPARC-driven CFP expression to that of PPO6 in larval 113 

and pupal hemocytes, the SPARC promoter also displayed visible activity in the fat body of 114 

both developmental stages (Fig. 1B). Additional qPCR analysis demonstrates that there are 115 

comparable levels of expression of the CFP marker in larvae and adults for both the PPO6 116 

(Fig. 1C) and SPARC (Fig. 1D) promoters, with PPO6 promoter driving slightly higher levels 117 

of CFP expression in adults (Fig. 1C). 118 
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To further validate these findings, we perfused individual mosquitoes from each transgenic 119 

line to examine the fluorescence activity in adult hemocytes. Microscopic observations of 120 

hemocytes from PPO6-CFP adult transgenic mosquitoes revealed the existence of two 121 

distinct immune cell populations (Fig. 1E), referred to as PPO6low and PPO6high, as previously 122 

described19,35,36. While most of the PPO6+ cells were classified as granulocytes, given their 123 

phagocytic capacity, none could be morphologically classified as other hemocyte subtypes 124 

(Fig. 1E). Similar observations were made for hemocytes perfused from SPARC-CFP 125 

mosquitoes, with varying CFP expression patterns detected among individual immune cells 126 

(Fig. 1F). Although the prevalence of SPARC+ cells (Fig. 1F) consisted primarily of 127 

phagocytic granulocytes with unique elongated projections extending outward from the 128 

cellular body, a limited number of cells displayed different morphological features, that were 129 

smaller in size and circular shaped with concentric nuclei potentially representative of 130 

oenocytoids or prohemocytes (Fig. 1F). Unfortunately, NimB2-CFP mosquitoes failed to 131 

display CFP fluorescence in perfused hemocytes (Fig. S4), consistent with the low 132 

expression levels of CFP in two different transgenic lines (Fig. S3). Additional experiments 133 

examining the potential that NimB2-CFP expression could be influenced by blood-feeding, 134 

as with previous hemocyte promoters in mosquitoes34, confirm the minimal levels of CFP 135 

expression under both naïve and blood-fed conditions (Fig. S4). Together, this confirms that 136 

the regulatory regions used for the NimB2 promoter are inadequate to drive heterologous 137 

expression with the promoter and was therefore not included in further analysis.  138 

To examine the hemocyte-specificity of each promoter, we examined CFP expression in 139 

perfused hemolymph and carcass tissues for the PPO6-CFP and SPARC-CFP transgenic 140 

lines. Similar to the endogenous expression of the hemocyte-specific gene NimB211,19,36, CFP 141 

expression was significantly enriched in hemocytes compared to carcass tissues for both the 142 

PPO6-CFP (Fig. 1G) and SPARC-CFP (Fig. 1H) transgenic constructs, with similar patterns 143 

of expression among different transgenic lines. However, the enrichment of CFP expression 144 

in hemocytes was less pronounced in SPARC-CFP mosquitoes when compared to PPO6-145 

CFP transgenics (SPARC-CFP: ~7X, PPO-CFP:25X, p= 0.0022), suggesting that CFP may 146 

be expressed in other mosquito tissues such as the fat body (Fig. 1B). Additional experiments 147 

using clodronate-liposomes to deplete phagocytic granulocyte populations11,19,20 further 148 

support the enrichment of PPO6-CFP, but not of SPARC-CFP, in granulocyte populations 149 

(Fig. S5). This lack of reduction in hemocyte-specific transgene expression could result from 150 

the activity of the promoter in non-phagocytic hemocytes that would be resistant to clodronate 151 
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treatment or from leaky expression in other tissues beyond that of the immune cells, similar 152 

to what has been observed for the larval and pupal stages of SPARC-CFP mosquitoes (Fig. 153 

1B). 154 

Molecular characterization of putative granulocyte markers 155 

Granulocytes are central components of the mosquito innate immune responses that 156 

contribute to pathogen recognition and killing19,40. With previous studies featuring LRIM15 157 

SCRASP1 prominently as granulocyte markers based on gene and protein expression 158 

analyses11,26, we opted to examine these gene promoters for their ability to drive granulocyte-159 

specific expression. Unlike PPO6-CFP and SPARC-CFP transgenic lines, GFP fluorescence 160 

was not visibly detected in transgenic larvae of the LRIM15-GFP and SCRASP1-GFP lines 161 

(Fig. 2A and 2B). Additional experiments using qPCR to compare the levels of GFP between 162 

larvae and adults for each transgenic line verified these observations and highlighted the 163 

specificity of these promoters to the adult stages (Fig. 2C and 2D). Perfusion of LRIM15-GFP 164 

transgenic mosquitoes followed by immunostaining confirmed GFP expression in phagocytic 165 

granulocyte populations, consisting of cells with high and low patterns of GFP fluorescence 166 

that were observed in both native and fixed conditions (Fig. 2E and Fig. S6). In contrast with 167 

the LRIM15-GFP construct, SCRASP1-GFP hemocyte populations had much lower 168 

proportions of GFP-positive cells, with sizes ranging from approximately 3 to 10 microns (Fig. 169 

2F and Fig. S6).  170 

The specificity of granulocyte-specific promoters was further evaluated by comparing GFP 171 

expression in perfused hemolymph with carcass tissues. While LRIM15 promoter activity was 172 

~3 times higher in hemocytes than in carcass tissues, there was no difference in GFP 173 

expression between tissues for the SCRASP1-GFP construct (Fig. 2G-I). To further confirm 174 

these observations, we again employed the use of clodronate liposomes to determine the 175 

effects of granulocyte depletion on GFP for each granulocyte promoter construct. While 176 

injections with clodronate-liposomes decreased NimB2 expression by ~60% in each strain, 177 

suggestive of phagocytic granulocyte depletion, clodronate treatment significantly reduced 178 

GFP expression in the LRIM15-GFP lines but not in the SCRASP1-GFP line (Fig. S5). We 179 

view this limited effect of clodronate treatment on GFP expression in the SCRASP1-GFP line 180 

as the result of low activity levels of the transgene, combined with the leaky expression in 181 

other tissues as indicated by qPCR (Fig. 2I). While we cannot exclude that there are low 182 

levels of expression in non-target tissues under the LRIM15 promoter, our results support 183 

that LRIM15 serves as a valuable granulocyte-specific marker.   184 
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Hemocyte fluorescent markers reveal dynamic shifts in response to blood feeding      185 

Previous studies have suggested that mosquito hemocytes are dynamic and undergo 186 

significant changes in response to blood-feeding14,25,26,43. For this reason, we examined the 187 

influence of blood-feeding on marker expression for each of our PPO6, SPARC, and LRIM15 188 

hemocyte promoter constructs using microscopy and gene expression methods. Based on 189 

the low abundance of GFP+ cells and weak patterns of GFP expression (Fig. 2 and Fig. S5), 190 

the SCRASP1 construct was not included in further analysis.  191 

The abundance of PPO6-CFP+ hemocytes remained stable between sugar-fed and 24 hours 192 

post-blood feeding, representing ~10% of total immune cells (Fig. 3A) and consistent with 193 

patterns of PPO6-driven CFP gene expression analysis (Fig. S7). However, at 48hrs post-194 

feeding, PPO6+ cells displayed a small but significant increase in abundance (Fig. 3A), which 195 

can be attributed to an expansion in the proportions of PPO6low populations (Fig. S8). In 196 

contrast, to the patterns observed in PPO6 immune cell populations, SPARC-CFP+ cells were 197 

more prevalent and displayed temporal oscillations in their abundance. We observed a 198 

significant increase in the proportions of CFP+ hemocytes from naive sugar-fed to 24hrs post-199 

blood meal (~45% to ~63%), yet by 48hrs post-feeding, SPARC+ cell proportions significantly 200 

declined to ~33% (Fig. 3B). Despite this variation in cell populations, no changes in SPARC-201 

driven CFP expression were measured (Fig. S7). Of note, LRIM15-GFP+ cells displayed an 202 

inverse phenotype in response to blood-feeding, with a significant reduction of GFP+ cell 203 

proportions at 24hrs post-blood feeding, before reverting back to baseline levels (~30% of 204 

cells) at 48hrs post-feeding (Fig. 3C). This is further supported by a corresponding decrease 205 

in GFP expression at 24hrs post-blood feeding (Fig. S7). Together, these data suggest that 206 

An. gambiae hemocyte populations are heterogeneous in nature and plasticity as they 207 

respond to physiological signals such as blood-feeding.  208 

Mosquito immune cells comprise multiple subtypes based on ploidy and morphology  209 

While conventional flow cytometry has been previously used to demonstrate differences in 210 

the DNA content of mosquito immune cells11,14,25, these studies have been limited by the lack 211 

of well-defined genetic markers and an inability to visualize cell heterogeneity in high 212 

resolution. With the advent of new technologies that combine spectral and imaging flow 213 

cytometry (IFC), and the development of the aforementioned genetic markers for PPO6+, 214 

SPARC+, and LRIM15+ immune cells, we now have the ability to examine mosquito immune 215 

cell populations at high resolution by combining analysis of cellular properties (DNA content, 216 

size, granularity) with morphological phenotypes (cell imaging). 217 
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To examine mosquito hemocyte populations by IFC, we first applied the use of this 218 

technology to characterize immune cells in wild-type An. gambiae. Using nuclear staining 219 

(DRAQ5) and real-time imaging, we gated An. gambiae hemocytes to select only for cells 220 

with clear morphology, whereas positive events for nuclear staining but without discernible 221 

cellular morphology, were gated out as debris (Fig. S9). Through this approach, mosquito 222 

hemocytes were most notably distinguished by DNA content or ploidy as previously11,14,25, 223 

resulting in the identification of five distinct subpopulations based on DNA content and 224 

designated as P1-5 (Fig. 4A, Fig. S9). Further examination of these P1-5 subpopulations 225 

using light loss (an indicator of cell size and granularity) enabled the separation of cells with 226 

similar ploidy into additional subgroups, ultimately resulting in the characterization of 12 227 

immune cell subtypes displaying distinct cell properties of size and ploidy (Fig. 4A, S10). To 228 

better display the relationships between these immune cell subtypes, cells were visualized 229 

using UMAP and t-SNE (Fig. 4B). These results reveal clearly delineated cell clusters with 230 

minimal overlap, corroborating the efficiency of our gating strategy. Moreover, the clear 231 

separation of certain cell groups, including the P2.1, P4.1, P4.2, P5.1, and P5.2 groups (Fig. 232 

4B), indicates the possibility of specialized functions for each of these immune cell subtypes. 233 

In contrast, the close spatial relationships observed for the remaining clusters potentially 234 

reflect their similar function and the possibility of phenotypic plasticity. 235 

Granularity is one of the most prominent features of phagocytic immune cells across metazoa 236 

and has served as a defining feature of mosquito granulocytes. Side scatter analysis, a 237 

measurement of granularity, establish P3.1 and P4.1 clusters as the least granular cells, while 238 

the remaining clusters exhibited medium (clusters: P1.1, P2.1, P3.2, P4.2, and P5.1) or high 239 

(clusters: P1.2, P2.2, P3.3, P4.3, and P5.2) granularity (Fig. 4C). Forward scatter analysis, 240 

which allows for discrimination of cells by size, revealed a proportional relationship between 241 

granularity and cellular size, where those cells displaying the least granularity were the 242 

smallest in size, while clusters with medium or high granularity ranged from medium to large 243 

size (Fig. 4D). Among these, the P3.1 and P4.1 groups displayed the smallest size with 244 

minimal variation, while P1.2, P2.2, P3.3, P4.3 and P5.2 groups exhibited the largest variation 245 

in size (Fig. 4D).  Real-time imaging corroborated these observations regarding the ploidy, 246 

size, and granularity of each cell cluster, providing additional insights into the morphological 247 

features and capturing the highly structured immune cell landscape of An. gambiae (Fig. 4E). 248 

Flow cytometry analysis of transgenic immune cell markers 249 
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Using our analysis of wild-type immune cell populations as a reference (Fig. 4), we next 250 

explored the properties of our SPARC+, PPO6+, and LRIM15+ immune cell populations to 251 

better understand the properties of the immune cell populations labeled by each genetic 252 

marker. Consistent with our microscopy analysis (Fig. 3), we see similar patterns of 253 

abundance for each transgenic construct, albeit at lower percentages of cells in our IFC 254 

analysis. Mosquitoes of the LRIM15-GFP line exhibited 15.2 ±2.5% of GFP+ cells (Fig. 5A), 255 

SPARC-CFP displayed the highest proportion with 27 ±1.02% of cells (Fig. 5B), and PPO6 256 

labeled 8.7 ±1.02% of cells (Fig. 5C). Further analysis of fluorescent hemocytes in each 257 

transgenic line revealed their cellular composition (Fig. 5D-I). Hemocytes labeled by LRIM15-258 

GFP were primarily composed of cells with medium to high granularity, with the P5.1 cluster 259 

accounting for 58.3% of the population (Fig. 5D and 5E). SPARC-CFP hemocyte populations 260 

displayed strong similarity to LRIM15+ cells, with 61% of cells also belonging to the P5.1 261 

cluster (Fig. 5F and 5G). While PPO6-CFP fluorescent hemocytes were predominantly 262 

localized to cluster P5.1, they comprised a larger proportion of P2.2, P3.3, and P4.3 cells 263 

(Fig. 5H and 5I). Together, these results indicate that while there are differences in the 264 

abundance of LRIM15+, SPARC+, and PPO6+ cells, their cellular properties (i.e. granularity) 265 

suggest that each of these cell subtypes are most likely granulocytes.  266 

Based on these similarities in the types of cells that are labeled with our respective LRIM15, 267 

SPARC, and PPO6 constructs, we wanted to examine the potential overlap between 268 

transgenic constructs. To address this, we outcrossed either SPARC-CFP or PPO6-CFP 269 

mosquitoes with LRIM15-GFP. Following the selection and establishment of mosquitoes with 270 

both fluorescent markers, we examined the presence/absence of CFP+ and GFP+ cells in 271 

these mixed genetic backgrounds. While there is some overlap between the PPO6 and 272 

LRIM15 markers (~10% of total fluorescent cells), the two groups were clearly separated 273 

(Fig. 5J and 5K), highlighting the distinct phenotypic properties and functions that distinguish 274 

between PPO6+ and LRIM15+ cells. In contrast, SPARC-CFP and LRIM15+ hemocytes 275 

displayed a higher degree of overlap with ~30% of total fluorescent cells expressing both 276 

markers (Fig. 5L), with most CFP+/GFP+ cells belonging to the P4 cluster (Fig. 5M). In 277 

addition, while the P5 cluster individually represented >50% of the SPARC-CFP+ or LRIM15-278 

GFP+ populations, it was underrepresented in cells co-expressing both genetic markers (Fig. 279 

5M). Therefore, these data underscore the existence of distinct phenotypic features within 280 

morphologically similar immune cells and the further complexity of mosquito immune cell 281 

populations.  282 
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Analysis of the phagocytic capacity of mosquito immune cell subtypes 283 

In mosquitoes, granulocytes are the primary mediators of phagocytosis44, yet recent efforts 284 

have defined additional complexity in mosquito granulocyte populations11,28 and potential 285 

differences in the their phagocytic capacity19. To more closely examine mosquito immune 286 

cells involved in phagocytosis, we again employed IFC using fluorescent beads to examine 287 

the phagocytic capacity of cells.  288 

Given the high fluorescence intensity of beads used in our experiments, we slightly adjusted 289 

our initial gating strategy to eliminate the potential spillover of red fluorescence into the 290 

DRAQ5+ channel (Fig. S11). The instrument’s high resolution, coupled with imaging, allowed 291 

us to exclude cell debris or bead singlets from the analysis to focus exclusively on phagocytic 292 

cells with stained nuclei (Fig. S11). When examined, phagocytic cells displayed high levels 293 

of light loss, suggesting that mosquito immune cells with greater density are more likely to 294 

engage in phagocytosis (Fig. 6A). Consistent with previous studies19, hemocytes displayed 295 

varying levels of phagocytic capacity indicative of the number of beads taken up by the cell, 296 

allowing us to classify them into three subpopulations: low, medium, and high (Fig. 6B). When 297 

our immune cell classifications are distinguished as either non-phagocytic or phagocytic cells, 298 

we see that some cell populations (P3.1 and P4.1) lack the ability to undergo phagocytosis, 299 

while others vary in their phagocytic capacity (Fig. 6C and 6D). Those cells undergoing 300 

phagocytosis were primarily represented by P1.2, P2.2, P3.3, P4.3, P5.1, and P5.2 cell 301 

clusters (Fig. 6C), which exhibit larger size and greater light loss suggestive of granulocytes 302 

(Fig. 6D).  303 

To gain further insight into the observed differences in phagocytosis between immune cell 304 

clusters, we examined the composition of immune cells displaying low, medium, and high 305 

phagocytic capacity (Fig. 6E). Cells displaying “low” phagocytic capacity showed the highest 306 

representation of immune cell subtypes, while fewer immune cell clusters were represented 307 

in the “medium” and “high” phenotypes (Fig. 6E), suggesting that there is specialization of 308 

some immune cells to be more phagocytic. This is supported by the P5.1 cluster, which was 309 

enriched in cells with low and medium phagocytic capacity yet was underrepresented among 310 

cells displaying the highest bead uptake (Fig. 6E). Alternatively, these observations could 311 

also be partially justified by cell size, assuming a proportional relationship between cell size 312 

and phagocytic capacity. Consistent with this hypothesis, cells with the highest phagocytic 313 

capacity (P1.2, P2.2, P3.3, P4.3, and P5.2 clusters) (Fig. 6E) also were of the largest cell 314 

size and granularity among our immune cell subtypes (Fig. 4C and 4D).  315 
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When we performed similar analysis with our LRIM15, SPARC, and PPO6 transgenic lines, 316 

>90% of fluorescent hemocytes displayed phagocytic capacity (Fig. 6F), providing further 317 

support for our observations that these transgenic constructs predominantly labeled 318 

populations of granulocytes (Fig. 5). However, only a subset of phagocytic cells was labeled 319 

in each of our transgenic lines, with LRIM15 and SPARC labeling up to 36% of phagocytes, 320 

while PPO6+ cells representing only ~10% of phagocytic cells (Fig. 6G). When further 321 

examined for potential differences in phagocytosis, each of the transgenic markers labeled 322 

cell populations primarily comprised of cells with medium phagocytic capacity (Fig. 6H). This 323 

is consistent with the phagocytic abilities of P4.3 and P5.1 (Fig. 6E) which are predominantly 324 

labeled with each of the transgenic constructs (Fig. 5).   325 

Discussion 326 

Hemocytes are integral components of mosquito innate immunity, with essential roles in 327 

defining vector competence and disease transmission. While mosquito hemocyte populations 328 

have traditionally been subdivided into three subtypes based on their morphological 329 

properties, recent studies have suggested a more complex and dynamic composition of 330 

immune cell subtypes11,28. However, the lack of genetic tools for mosquito hemocytes has 331 

been a significant hurdle for further studies to unravel their complexity, therefore causing a 332 

reliance on morphological properties that have only confounded their function45. Herein, we 333 

describe the development of multiple hemocyte markers and their utility to provide an 334 

unbiased classification of A. gambiae immune cells using genetic immunophenotyping.  335 

With an initial goal to identify promoters that would comprehensively label all mosquito 336 

hemocyte populations or specifically target granulocytes, we identified three functional 337 

promoters (PPO6, SPARC, and LRIM15) able to successfully drive the robust expression of 338 

fluorescent markers in A. gambiae hemocytes. Additional promoter constructs using putative 339 

regulatory regions for SCRASP1 and NimB2 respectively displayed limited or no marker 340 

expression despite the prominence of both genes in previous studies of mosquito 341 

hemocytes11,24,26,42. This suggests that additional regulatory regions are likely required for 342 

both promoters to drive high levels of heterologous expression in mosquito immune cell 343 

populations. This may be addressed in the future through similar transposon-based 344 

experiments using extended regulatory regions or through a knock-in approach to drive 345 

expression using the endogenous gene46.  346 
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Based on previous single-cell studies11,42 and immunofluorescence experiments24,25, we had 347 

expected that the PPO6 and SPARC constructs could potentially be used to drive expression 348 

across hemocyte subtypes and serve as pan-hemocyte markers. This was supported by the 349 

previously established use of the PPO6 promoter to drive expression in Anopheles 350 

hemocytes35,42, although the abundance and cell distribution of PPO6+ cells has not 351 

previously been examined. Consistent with previous observations35,42, the PPO6 promoter 352 

drove hemocyte expression in both larval and adult stages at comparable levels. However, 353 

we found that the activity of the promoter was limited to a small subset of immune cells, 354 

accounting for only ~10% hemocytes. This is in agreement with previous studies where the 355 

PPO6 promoter was active in only a subset of granulocytes34. Similar patterns of expression 356 

were observed for the SPARC-CFP construct in larvae and adults, although the proportions 357 

of SPARC+ hemocytes were significantly higher, reaching ~50% in microscopy experiments 358 

and ~25% of the total population via flow cytometry. However, these numbers fall short of 359 

achieving a “universal” promoter that would match the previous descriptions of PPO6 and 360 

SPARC expression. This may be attributed to increased mRNA stability of the transgene, 361 

which is negatively correlated with transcriptional rate47,48. Similar results have been 362 

observed in promoter characterization studies in lepidopteran species49,50, and may partially 363 

explain the limited activity of the promoters at levels below the limits of detection in non-364 

labeled immune cell subtypes.  365 

While SPARC expression is enriched in hemocytes, we also detected CFP expression in the 366 

fat body, which aligns with the tissue specificity of the Drosophila SPARC ortholog. Previous 367 

studies have shown that SPARC is localized in Drosophila hemocytes51 and fat body cells 368 

with a unique role in regulating the polymerization and deposition of collagen IV to sustain 369 

basal membrane integrity and fat body homeostasis52–54. Based on these similar expression 370 

patterns, this suggests that SPARC+ hemocytes may be involved in maintaining tissue 371 

homeostasis and production of the basal lamina, expanding the utility of the promoter beyond 372 

hemocyte function to other aspects of mosquito physiology.  373 

With previous studies implicating the expression of LRIM15 with phagocytic immune cell 374 

populations11,26, the LRIM15 promoter construct performed as expected, driving strong 375 

fluorescent marker expression in mosquito granulocytes. However, we observed GFP 376 

expression and LRIM15+ cells only in adult mosquitoes, therefore suggesting that mosquito 377 

hemocytes undergo additional maturation or changes shortly after adult eclosion. Previous 378 

studies have highlighted differences between larval and adult immune responses, which 379 
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includes an increase in phagocytic activity in adult mosquitoes55. While speculative, this 380 

suggests that the adult expression of LRIM15, and potentially other granulocyte-specific 381 

markers, may account for these immunological differences between mosquito life stages. 382 

Moreover, with only a limited understanding of larval hemocytes, these observations highlight 383 

the need for future studies to compare mosquito immune cell populations across 384 

development to better understand hematopoiesis and the stimuli that could influence immune 385 

maturation.  386 

With evidence that mosquito hemocyte populations display plasticity and undergo significant 387 

alterations in response to physiological signals such as blood-feeding14,25, we provide initial 388 

proof-of-principle experiments that support that PPO6+, SPARC+, and LRIM15+ cells are 389 

dynamic in their abundance. For PPO6, we observe an increase in circulating PPO6+ cells at 390 

48hrs post-blood feeding, with this change specifically attributed to the increased abundance 391 

of PPO6low immune cell populations. We also observe an increase in SPARC+ cells at 24hrs 392 

post-blood meal, yet by 48hrs post-feeding there is a significant reduction in their abundance. 393 

In contrast, the abundance of LRIM15+ cells decreased at 24hrs post-blood meal and 394 

returned to normal levels by 48hrs post-feeding. While this is generally in agreement with 395 

previous observations that mosquito hemocytes undergo transient activation25, at present we 396 

still lack information as to how the physiological effects of blood-feeding or potentially other 397 

stimuli modify these mosquito immune cell populations. With each of the PPO6+, SPARC+, 398 

and LRIM15+ cells displaying properties of granulocytes, and only partial co-localization 399 

between these cell markers in our flow cytometry experiments, these data suggest that there 400 

is additional complexity in mosquito granulocyte populations that may reflect different levels 401 

of maturation, activation, or immune function. 402 

While single-cell technologies have provided substantial resolution into the complexity of 403 

arthropod immune cells11,28,51,56–58, the further study of these immune cell populations in 404 

emerging model systems (such as mosquitoes and ticks) has been limited by the lack of 405 

cellular markers and genetic tools. Aided by the development of our PPO6+, SPARC+, and 406 

LRIM15+ transgenic lines and new advances in imaging flow cytometry, we used a 407 

multipronged approach to identify An. gambiae hemocyte populations and characterize their 408 

ploidy, size, granularity, morphology, and their phagocytic capacity. Consistent with previous 409 

studies11,14,25, our data demonstrate that mosquito hemocytes are readily distinguished by 410 

differences in DNA content or ploidy. While this may encompass some cells undergoing 411 

normal mitosis and cell division, the large proportion of immune cells displaying polyploidy is 412 
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suggestive that endocycling (endomitosis or endoreplication) is an integral aspect of 413 

mosquito hemocyte biology. Cell polyploidy is common in insects and has been implicated in 414 

a variety of biological functions to increase transcriptional activity and protein secretion59,60. 415 

With previous studies in mosquito cell lines suggesting that endoreplication occurs in 416 

response to pathogen infection and is essential for immune priming61,62, polyploidy could 417 

represent a unique methodology used by mosquito immune cells for specialized immune 418 

functions or to enhance the response time to pathogen challenge.   419 

When these aspects of ploidy are paired with traditional measurements of size and granularity 420 

which have been routinely used as a proxy of determining cell function63,64, we identify a total 421 

of twelve immune cell subpopulations in An. gambiae. Among these cell types, we see a clear 422 

delineation of non-phagocytic and phagocytic cells, which are readily distinguished by 423 

differences in size and granularity. With the advantage of our IFC methodology and the ability 424 

to visualize these cell types in addition to other physical measurements, we believe that the 425 

non-phagocytic cell types represent prohemocyte (clusters P3.1 and P4.1) and oenocytoid 426 

(P1.1 and P2.1) cell populations. In contrast, the phagocytic populations of immune cell are 427 

reminiscent of granulocytes (such as P3.3, P4.3, P5.1, and P5.2) and cells that likely 428 

correspond to the megacyte lineage (P1.2)28,41. Yet, given the observed differences in the 429 

phagocytic capacity of these cells, there appears to be significant complexity in these 430 

phagocytic cell populations. This is supported by the distinct patterns of PPO6+, SPARC+, 431 

and LRIM15+ cells within granulocyte populations that imply differences in immune 432 

maturation or specialized cell functions as previously suggested11,28. With the identification 433 

of additional immune cell markers and the expansion of our current genetic tools, we believe 434 

that future studies will be able to further delineate these mosquito immune cell subtypes and 435 

their contributions to mosquito innate immune function.  436 

In summary, we believe that our study provides an essential foundation for future studies of 437 

mosquito immune cell biology where technical limitations have previously hindered progress. 438 

This includes the development of new genetic resources to enhance the visualization of 439 

hemocyte subtypes and the first demonstrated application of IFC technologies in an insect 440 

system that offer an increased resolution of mosquito immune cells. We believe that these 441 

important advancements now enable opportunities to address fundamental questions in 442 

mosquito hemocyte biology regarding hematopoiesis, cell differentiation, immune plasticity, 443 

and the cellular responses to a variety of physiological stimuli (blood-feeding, infection, etc.) 444 

using reproducible methodologies. Therefore, we believe these findings provide a critical 445 
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resource for further investigations of mosquito hemocytes that will increase our knowledge 446 

and understanding of the integral roles of immune cell populations in mosquito vector 447 

competence.  448 

Materials and Methods  449 

Mosquito Rearing 450 

Transgenic and wild-type Anopheles gambiae mosquitoes (Keele strain66) were reared at 451 

27oC and 80% relative humidity, with a 14:10 hr light: dark photoperiod cycle. Larvae were 452 

fed on commercialized fish flakes (Tetramin, Tetra), while adults were maintained on a 10% 453 

sucrose solution and fed on commercial sheep blood (Hemostat) for egg production.  454 

Mosquito embryo transformation 455 

Transgenic mosquitoes were generated using the piggyBac transposon system. Anopheles 456 

gambiae (Keele) preblastoderm embryos were injected by the Insect Transformation Facility 457 

at the University of Maryland Institute for Bioscience & Biotechnology Research. All injections 458 

were performed using an injection solution containing 150 ng/µL of piggyBac vector and 175 459 

ng/µL of hyperactive piggyBac transposase mRNA67–69 under halocarbon oil as previously 460 

described70. After injections, the hatched insects that survived to adulthood were pooled 461 

based on sex and crossed with the wild-type strain An. gambiae (Keele). Progenies were 462 

screened for the expression of ECFP or DsRed integration markers at late larval stages. 463 

Individual transgenic lines were identified by distinct expression patterns of the ECFP or 464 

DsRed integration markers which were used to establish unique colonies. 465 

Hemocyte-specific transgenic mosquitoes 466 

Hemocyte-specific An. gambiae reporter lines were generated by fusing the promoter 467 

sequences that drive universal hemocyte or granulocyte-specific gene expression to the 468 

fluorescent markers CFP and GFP, respectively. Using previous transcriptomic, proteomic, 469 

and functional data11,71, the genes NimB2 (AGAP029054), SPARC (AGAP000305) and 470 

PPO6 (AGAP004977) were selected as universal hemocyte markers, while LRIM15 471 

(AGAP007045) and SCRASP1 (AGAP005625) were chosen as specific to granulocytes. 472 

Promoter sequences encompassing the 5’ untranslated regions and up to ~2kb upstream of 473 

the Transcription Start Site (TSS) of each gene, were downloaded from Vectorbase and were 474 

either PCR amplified or underwent de novo synthesis (Integrated DNA Technologies, IDT) 475 

(Additional File 1). All primer pairs used for PCR amplification of the putative promoters are 476 

listed in Table S1. Following amplification, PCR products were initially subcloned in 477 
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pJET1.2/blunt (Thermo Fisher) for sequence verification by Sanger sequencing (DNA 478 

Facility, Iowa State University) prior to cloning into the respective piggyBac constructs.  479 

Genomic DNA extraction 480 

Genomic DNA was extracted from pools of ten adult mosquitoes as previously72,73 by 481 

homogenizing in Bender buffer (0.1M NaCl, 0.2M Sucrose, 0.1M Tris-HCl, 0.05M EDTA pH 482 

9.1 and 0.5% SDS), followed by incubation at 65oC for 1 hr. After adding 15ul of 8M potassium 483 

acetate, samples were incubated for 45 min on ice and centrifuged for 10 min at maximum 484 

speed. Genomic DNA was ethanol-precipitated and resuspended in nuclease-free water. 485 

Plasmid construction 486 

The open reading frame (ORF) of DsRed was excised from piggyBac-3xP3-DsRed74 with 487 

NcoI-NotI and replaced with either the ECFP ORF from piggyBac-ECFP-15xQUAS_TATA-488 

mcd8-GFP-SV4075 (addgene: 104878) or GFP ORF amplified from an existing pJET1.2-T7-489 

GFP plasmid76 with primers GFP-F-NcoI and GFP-R-NotI. Candidate hemocyte promoters 490 

were amplified with Phusion polymerase (ThermoFisher) using primers with AscI or FseI-491 

AsiSI restriction sites respectively attached to the 5’-end of the forward or reverse primers 492 

(Table S1) and cloned into the AscI and FseI restriction sites of the desired piggyBac plasmid. 493 

The ORFs of CFP and GFP followed by SV40 termination sequence were inserted at the 3’ 494 

end of each candidate promoter using the restriction sites AsiSI and FseI. All plasmid 495 

sequences were confirmed by Sanger sequencing prior to microinjection, with sequences of 496 

each construct provided in Additional File 1.  497 

Mapping hemocyte-specific transgene insertion in Anopheles genome 498 

To identify the integration sites of each hemocyte-specific transgene, we performed 499 

splinkerette PCR (spPCR) on the genomic DNA of each transgenic line as previously 500 

described77,78. Genomic DNA was extracted from pooled adult mosquitoes and digested with 501 

BglII or MspI for four hours. Splinkerette double-stranded oligos were synthesized to 502 

complement the sticky ends generated by BglII or MspI. Digested genomic DNA was ligated 503 

to the respective annealed splinkerette oligos with T4 DNA ligase (ThermoFisher) at 4oC 504 

overnight. PCR reactions were performed using Phusion polymerase (NEB) as previously 505 

described78. A list of all primers used for spPCR is summarized in Table S2. PCR fragments 506 

were gel purified using Gel DNA Recovery Kit (ZymoResearch) and cloned to pJET1.2/Blunt 507 

vector for Sanger sequencing. The recovered DNA sequences were mapped to the An. 508 

gambiae PEST reference genome using the blastn function in VectorBase.  509 
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RNA extraction and gene expression analyses 510 

Total RNA was extracted from whole mosquito samples using Trizol (Invitrogen, Carlsbad, 511 

CA). RNA samples prepared from perfused hemolymph samples were isolated using the 512 

Direct-Zol RNA miniprep kit (Zymo Research). Two micrograms of whole mosquito-derived 513 

or 200ng of hemolymph-derived total RNA were used for first-strand synthesis with the 514 

LunaScript RT SuperScript Kit (NEB). Gene expression analysis was performed with 515 

quantitative real-time PCR (qPCR) using PowerUp SYBRGreen Master Mix (Thermo Fisher 516 

Scientific). qPCR results were calculated using the 2-ΔCt formula and normalized by 517 

subtracting the Ct values of the target genes from the Ct values of the internal reference, 518 

rpS7. All primers used for gene expression analyses are listed in Table S3. 519 

Transgene expression in response to blood-feeding 520 

To determine the effects of blood-feeding on transgenic lines, adult transgenic mosquitoes 521 

(3-5 days old) were allowed to feed on defibrinated sheep blood for 5 min using an artificial 522 

membrane feeder. At 24 hrs post-blood feeding, engorged female mosquitoes were 523 

separated from unfed and used for RNA extraction and gene expression analysis. All blood-524 

feeding experiments were repeated at least three times.  525 

Hemolymph perfusion  526 

Mosquito adult hemolymph was collected by perfusion using an anticoagulant buffer of 60% 527 

v/v Schneider’s Insect medium, 10% v/v Fetal Bovine Serum, and 30% v/v citrate buffer (98 528 

mM NaOH, 186 mM NaCl, 1.7 mM EDTA, and 41 mM citric acid; buffer pH 4.5) as previously 529 

described15,18,19. For perfusions, mosquitoes were perforated on the posterior abdomen and 530 

injected with anticoagulant buffer (~10μl) into the thorax. Hemolymph samples were placed 531 

on multi-test microscopic slides (MP Biomedicals) and observed under a fluorescent 532 

microscope (Zeiss Axio Imager).  533 

Mosquito injections with clodronate liposomes  534 

To determine the effects of phagocyte depletion on the activity of our promoter constructs, 3-535 

5 days old transgenic mosquitoes were intrathoracically injected with control or clodronate 536 

liposomes as previously described19,79. At 24hrs post-injection, total RNA was isolated from 537 

whole mosquitoes and used for gene expression analysis by qPCR. 538 

Immunostaining of mosquito hemocytes 539 

Hemolymph was perfused from blood- or sugar-fed female mosquitoes at 24hrs or 48hrs 540 

post-blood meal and placed on multi-test microscopic slides. Hemocytes were allowed to 541 
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adhere for 20 min and fixed with 4% PFA for 15 min at room temperature. Samples were 542 

blocked with 2% BSA and 0.1% TritonX-100 in 1X PBS at 4oC overnight. The next day, 543 

samples were incubated overnight at 4oC with mouse anti-GFP (DHSB-GFP-12A6), diluted 544 

by 1:50 in a blocking medium. The following day, cells were washed three times with 1X PBS 545 

and incubated with goat anti-mouse 488 diluted by 1:500 in blocking medium for 1hr at room 546 

temperature. After five washing steps, samples were mounted with DAPI antifade medium 547 

and immediately examined under a fluorescent microscope (Zeiss Axio Imager).  548 

Flow cytometry 549 

To analyze wild-type and transgenic mosquito hemocyte populations, we performed imaging 550 

flow cytometry using the BD FACSDiscover S8 Cell sorter (BD Biosciences). To visualize the 551 

proportions of phagocytic immune cells, mosquitoes were injected with red fluorescent 552 

carboxylate-modified microspheres (Thermo) at a final concentration of 2% (v/v) and allowed 553 

to recover for 30 minutes at 27°C. Hemolymph was perfused from ~40 individual mosquitoes 554 

with an anticoagulant buffer in microcentrifuge tubes kept on ice, as previously described19. 555 

Samples were centrifuged at 2000g at 4oC for 5min, the supernatant was discarded, and 556 

pellets were resuspended in 1ml of 1XPBS. Immune cell nuclei were counterstained with 557 

DRAQ5 (1:1,000, BD Biosciences) for 1hr on ice. After incubation, cells were washed once 558 

with 1XPBS to remove the excess stain and cell suspensions were transferred to 5ml flow 559 

cytometry tubes. Gating was performed using strict threshold parameters as determined by 560 

the use of DRAQ5-free (unstained) and bead-free wild-type cells to remove background 561 

autofluorescence. For bead-uptake assays, a modified gating strategy was implemented to 562 

exclude free beads (based on the signal from a fluorescent bead-only sample) and to 563 

distinguish bead signal from the (cell) DRAQ5+ gate. A similar experimental setup was used 564 

for the analysis of transgenic mosquitoes injected with fluorescent beads. Flow cytometry 565 

analysis of wild-type or transgenic hemocytes with or without fluorescent beads was 566 

performed in three independent biological replicates. Data were analyzed with FlowJo 567 

v10.10.0 software.  568 

Conflicts of Interest 569 

The authors declare that there is no conflict of interest. 570 

Acknowledgements 571 

The authors would like to thank Emma Howell and David Hall for their assistance with 572 

mosquito maintenance, as well as Robert Harrell of the University of Maryland Insect 573 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


20 

 

Transformation Facility for his assistance with An. gambiae transgenesis. The piggyBac-574 

3xP3-DsRed plasmid was kindly provided by Peter Atkinson. This work was supported by 575 

R21AI166857 to RCS from the National Institutes of Health, National Institute of Allergy and 576 

Infectious Diseases.  577 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


21 

 

References 578 

1. Buchmann, K. Evolution of innate immunity: Clues from invertebrates via fish to 579 
mammals. Front. Immunol. 5, 1–8 (2014). 580 

2. Evans, I. R. & Wood, W. Drosophila blood cell chemotaxis. Curr. Opin. Cell Biol. 30, 1–581 
8 (2014). 582 

3. Wood, W. & Martin, P. Macrophage Functions in Tissue Patterning and Disease – New 583 
Insights from the Fly. Development 40, 221–233 (2017). 584 

4. League, G. P. & Hillyer, J. F. Functional integration of the circulatory, immune, and 585 
respiratory systems in mosquito larvae: Pathogen killing in the hemocyte-rich tracheal 586 
tufts. BMC Biol. 14, (2016). 587 

5. Evans, C. J., Liu, T. & Banerjee, U. Drosophila hematopoiesis: Markers and methods 588 
for molecular genetic analysis. Methods 68, 242–251 (2014). 589 

6. Banerjee, U., Girard, J. R., Goins, L. M. & Spratford, C. M. Drosophila as a genetic 590 
model for hematopoiesis. Genetics 211, 367–417 (2019). 591 

7. Castillo, J. . C., Strand, M. R., Robertson, A. . E. & Strand, M. R. Characterization of 592 
hemocytes from the mosquitoes Anopheles gambiae and Aedes aegypti. Insect 593 
Biochem. Mol. Biol. 36, 891–903 (2006). 594 

8. Hillyer, J. F. & Strand, M. R. Mosquito hemocyte-mediated immune responses. Curr. 595 
Opin. Insect Sci. 3, 14–21 (2014). 596 

9. Hillyer, J. F. Insect immunology and hematopoiesis. Dev. Comp. Immunol. 58, 102–597 
118 (2016). 598 

10. Lu, A. et al. Insect prophenoloxidase: The view beyond immunity. Front. Physiol. 5 JUL, 599 
1–15 (2014). 600 

11. Kwon, H., Mohammed, M., Franzén, O., Ankarklev, J. & Smith, R. C. Single-cell 601 
analysis of mosquito hemocytes identifies signatures of immune cell sub-types and cell 602 
differentiation. Elife 10, e66192 (2021). 603 

12. Ribeiro, C. & Brehélin, M. Insect haemocytes: What type of cell is that? J. Insect 604 
Physiol. 52, 417–429 (2006). 605 

13. Rodrigues, J., Brayner, F. A., Alves, L. C., Dixit, R. & Barillas-Mury, C. Hemocyte 606 
Differentiation mediates innate immune memory in Anopheles gambiae mosquitoes. 607 
Science (80-. ). 329, 1353–1356 (2010). 608 

14. Bryant, W. B. & Michel, K. Blood feeding induces hemocyte proliferation and activation 609 
in the African malaria mosquito, Anopheles gambiae Giles. J. Exp. Biol. 217, 1238–45 610 
(2014). 611 

15. Smith, R. C., Barillas-Mury, C. & Jacobs-Lorena, M. Hemocyte differentiation mediates 612 
the mosquito late-phase immune response against Plasmodium in Anopheles 613 
gambiae. Proc. Natl. Acad. Sci. 112, E3412-20 (2015). 614 

16. King, J. G. & Hillyer, J. F. Spatial and temporal in vivo analysis of circulating and sessile 615 
immune cells in mosquitoes: hemocyte mitosis following infection. BMC Biol. 11, 55 616 
(2013). 617 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


22 

 

17. Barletta, A. B. F., Trisnadi, N., Ramirez, J. L. & Barillas-Mury, C. Mosquito Midgut 618 
Prostaglandin Release Establishes Systemic Immune Priming. iScience 19, 54–62 619 
(2019). 620 

18. Samantsidis, G.-R., Kwon, H., Wendland, M., Fonder, C. & Smith, R. C. TNF signaling 621 
mediates cellular immune function and promotes malaria parasite killing in the 622 
mosquito Anopheles gambiae. bioRxiv (2024). 623 

19. Kwon, H. & Smith, R. C. Chemical depletion of phagocytic immune cells in Anopheles 624 
gambiae reveals dual roles of mosquito hemocytes in anti- Plasmodium immunity. 625 
Proc. Natl. Acad. Sci. 116, 14119–14128 (2019). 626 

20. Ramesh Kumar, J., Smith, J. P., Kwon, H. & Smith, R. C. Use of Clodronate Liposomes 627 
to Deplete Phagocytic Immune Cells in Drosophila melanogaster and Aedes aegypti. 628 
Front. Cell Dev. Biol. 9, 627976 (2021). 629 

21. Robinson, J. P., Ostafe, R., Iyengar, S. N., Rajwa, B. & Fischer, R. Flow Cytometry: 630 
The Next Revolution. Cells 12, (2023). 631 

22. Papalexi, E. & Satija, R. Single-cell RNA sequencing to explore immune cell 632 
heterogeneity. Nat. Rev. Immunol. (2017) doi:10.1038/nri.2017.76. 633 

23. Oliver, J. D., Dusty Loy, J., Parikh, G. & Bartholomay, L. Comparative analysis of 634 
hemocyte phagocytosis between six species of arthropods as measured by flow 635 
cytometry. J. Invertebr. Pathol. 108, 126–130 (2011). 636 

24. Kwon, H. & Smith, R. C. Chemical depletion of phagocytic immune cells in Anopheles 637 
gambiae reveals dual roles of mosquito hemocytes in anti- Plasmodium immunity. 638 
Proc. Natl. Acad. Sci. 116, 201900147 (2019). 639 

25. Bryant, W. B. & Michel, K. Anopheles gambiae hemocytes exhibit transient states of 640 
activation. Dev. Comp. Immunol. 55, 119–129 (2016). 641 

26. Smith, R. C. et al. Molecular profiling of phagocytic immune cells in Anopheles gambiae 642 
reveals integral roles for hemocytes in mosquito innate immunity. Mol. Cell. proteomics 643 
15, 3373–3387 (2016). 644 

27. Severo, M. S. et al. Unbiased classification of mosquito blood cells by single-cell 645 
genomics and high-content imaging. Proc. Natl. Acad. Sci. U. S. A. 201803062 (2018) 646 
doi:https://doi.org/10.1101/234492. 647 

28. Raddi, G. et al. Mosquito cellular immunity at single-cell resolution. Science (80-. ). 648 
369, 1128–1132 (2020). 649 

29. Goto, A., Kadowaki, T. & Kitagawa, Y. Drosophila hemolectin gene is expressed in 650 
embryonic and larval hemocytes and its knock down causes bleeding defects. Dev. 651 
Biol. 264, 582–591 (2003). 652 

30. Zettervall, C.-J. et al. A directed screen for genes involved in Drosophila blood cell 653 
activation. Proc. Natl. Acad. Sci. U. S. A. 101, 14192–14197 (2004). 654 

31. Gyoergy, A. et al. Tools allowing independent visualization and genetic manipulation 655 
of Drosophila melanogaster macrophages and surrounding tissues. G3 Genes, 656 
Genomes, Genet. 8, 845–857 (2018). 657 

32. Defaye, A. et al. Genetic ablation of Drosophila phagocytes reveals their contribution 658 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


23 

 

to both development and resistance to bacterial infection. J. Innate Immun. 1, 322–334 659 
(2009). 660 

33. Charroux, B. & Royet, J. Elimination of plasmatocytes by targeted apoptosis reveals 661 
their role in multiple aspects of the Drosophila immune response. Proc. Natl. Acad. Sci. 662 
U. S. A. 106, 9797–9802 (2009). 663 

34. Pondeville, E. et al. Hemocyte-targeted gene expression in the female malaria 664 
mosquito using the hemolectin promoter from Drosophila. Insect Biochem. Mol. Biol. 665 
120, 103339 (2020). 666 

35. Volohonsky, G. et al. Tools for Anopheles gambiae Transgenesis. G3 Genes, 667 
Genomes, Genet. 5, 1151–1163 (2015). 668 

36. Severo, M. S. et al. Unbiased classification of mosquito blood cells by single-cell 669 
genomics and high-content imaging. Proc. Natl. Acad. Sci. 201803062 (2018) 670 
doi:10.1073/pnas.1803062115. 671 

37. Leite, T. H. J. F., Ferreira, G. A., Imler, J. & Marques, J. T. Distinct Roles of Hemocytes 672 
at Different Stages of Infection by Dengue and Zika Viruses in Aedes aegypti 673 
Mosquitoes. Front. Immunol. 12, 660873 (2021). 674 

38. Hall, D. R. et al. Mosquito immune cells enhance dengue and Zika virus dissemination 675 
in Aedes aegypti. bioRxiv 2024.04.03.587950 (2024). 676 

39. Ramirez, J. L. et al. The role of hemocytes in anopheles gambiae antiplasmodial 677 
immunity. J. Innate Immun. 6, 119–128 (2014). 678 

40. Castillo, J. C., Beatriz, A., Ferreira, B., Trisnadi, N. & Barillas-mury, C. Activation of 679 
mosquito complement antiplasmodial response requires cellular immunity. Sci. 680 
Immunol. 2, eaal1505 (2017). 681 

41. Barletta, A. B. F. et al. Hemocyte differentiation to the megacyte lineage enhances 682 
mosquito immunity against Plasmodium. Elife 11, e81116 (2022). 683 

42. Severo, M. S. et al. Unbiased classification of mosquito blood cells by single-cell 684 
genomics and high-content imaging. Proc. Natl. Acad. Sci. U. S. A. 115, E7568–E7577 685 
(2018). 686 

43. Castillo, J., Brown, M. R. & Strand, M. R. Blood feeding and insulin-like peptide 3 687 
stimulate proliferation of hemocytes in the mosquito Aedes aegypti. PLoS Pathog. 7, 688 
e1002274 (2011). 689 

44. Blandin, S. A. & Levashina, E. A. Phagocytosis in mosquito immune responses. 690 
Immunol. Rev. 219, 8–16 (2007). 691 

45. Ribeiro, C. & Brehélin, M. Insect haemocytes: What type of cell is that? J. Insect 692 
Physiol. 52, 417–429 (2006). 693 

46. Konopka, J. K., Task, D., Poinapen, D. & Potter, C. J. Neurogenetic identification of 694 
mosquito sensory neurons. iScience 26, 106690 (2023). 695 

47. Bernstein, J. A., Khodursky, A. B., Lin, P. H., Lin-Chao, S. & Cohen, S. N. Global 696 
analysis of mRNA decay and abundance in Escherichia coli at single-gene resolution 697 
using two-color fluorescent DNA microarrays. Proc. Natl. Acad. Sci. U. S. A. 99, 9697–698 
9702 (2002). 699 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


24 

 

48. Nouaille, S. et al. The stability of an mRNA is influenced by its concentration: A potential 700 
physical mechanism to regulate gene expression. Nucleic Acids Res. 45, 11711–11724 701 
(2017). 702 

49. Samantsidis, G. R. et al. Identification of Helicoverpa armigera promoters for 703 
biotechnological applications. Insect Biochem. Mol. Biol. 142, (2022). 704 

50. Bleckmann, M. et al. Genomic analysis and isolation of RNA polymerase II dependent 705 
promoters from Spodoptera frugiperda. PLoS One 10, 1–16 (2015). 706 

51. Cho, B. et al. Single-cell transcriptome maps of myeloid blood cell lineages in 707 
Drosophila. Nat. Commun. 11, (2020). 708 

52. Shahab, J. et al. Loss of SPARC dysregulates basal lamina assembly to disrupt larval 709 
fat body homeostasis in Drosophila melanogaster. Dev. Dyn. 244, 540–552 (2015). 710 

53. Duncan, S. et al. The predicted collagen-binding domains of Drosophila SPARC are 711 
essential for survival and for collagen IV distribution and assembly into basement 712 
membranes. Dev. Biol. 461, 197–209 (2020). 713 

54. Martinek, N., Shahab, J., Saathoff, M. & Ringuette, M. Haemocyte-derived SPARC is 714 
required for collagen-IV-dependent stability of basal laminae in Drosophilaembryos 715 
(Journal of Cell Science 121, 1671-1680). J. Cell Sci. 124, 670 (2011). 716 

55. League, G. P., Estévez-Lao, T. Y., Yan, Y., Garcia-Lopez, V. A. & Hillyer, J. F. 717 
Anopheles gambiae larvae mount stronger immune responses against bacterial 718 
infection than adults: evidence of adaptive decoupling in mosquitoes. Parasit. Vectors 719 
10, 367 (2017). 720 

56. Tattikota, S. G. et al. A single-cell survey of Drosophila blood. Elife 9, e54818 (2020). 721 

57. Adegoke, A., Ribeiro, J. M. C., Smith, R. C. & Karim, S. Tick Innate Immune Responses 722 
to Hematophagy and Ehrlichia Infection at Single-Cell Resolution. Front. Immunol. 14, 723 
1305976 (2024). 724 

58. Rolandelli, A. et al. Tick hemocytes have a pleiotropic role in microbial infection and 725 
arthropod fitness. Nat. Commun. 15, (2024). 726 

59. Shu, Z., Row, S. & Deng, W. M. Endoreplication: The Good, the Bad, and the Ugly. 727 
Trends Cell Biol. 28, 465–474 (2018). 728 

60. Ren, D., Song, J., Ni, M., Kang, L. & Guo, W. Regulatory Mechanisms of Cell Polyploidy 729 
in Insects. Front. Cell Dev. Biol. 8, 1–10 (2020). 730 

61. Cime-Castillo, J. et al. DNA synthesis is activated in mosquitoes and human monocytes 731 
during the induction of innate immune memory. Front. Immunol. 9, 1–10 (2018). 732 

62. Domínguez-Benítez, C., Serrato-Salas, J., Condé, R. & Lanz-Mendoza, H. Aedes 733 
aegypti Aag-2 culture cells enter endoreplication process upon pathogen challenge. 734 
bioRxiv (2021) doi:10.1101/2021.01.13.425146. 735 

63. Fung, H. F. & Bergmann, D. C. Function follows form: How cell size is harnessed for 736 
developmental decisions. Eur. J. Cell Biol. 102, 151312 (2023). 737 

64. Wu, T. et al. Cell Granularity Reflects Immune Cell Function and Enables Selection of 738 
Lymphocytes with Superior Attributes for Immunotherapy. Adv. Sci. 10, 1–15 (2023). 739 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


25 

 

65. Raddi, G. et al. Mosquito cellular immunity at single-cell resolution. bioRxiv 740 
2020.04.08.032508 (2020) doi:10.1101/2020.04.08.032508. 741 

66. Ranford-Cartwright, L. C. et al. Characterisation of Species and Diversity of Anopheles 742 
gambiae Keele Colony. PLoS One 11, e0168999 (2016). 743 

67. Wright, J. A., Smith, R. C., Xianghong, L., Craig, N. L. & Atkinson, P. W. IPB7 744 
transposase behavior in Drosophila melanogaster and and Aedes aegypti. Insect 745 
Biochem. Mol. Biol. 43, 899–906 (2013). 746 

68. Eckermann, K. N. et al. Hyperactive piggyBac transposase improves transformation 747 
efficiency in diverse insect species. Insect Biochem. Mol. Biol. 98, 16–24 (2018). 748 

69. Häcker, I. et al. Improved piggyBac Transformation with Capped Transposase mRNA 749 
in Pest Insects. Int. J. Mol. Sci. 24, (2023). 750 

70. Harrell, R. A. Mosquito Embryo Microinjection under Halocarbon Oil or in Aqueous 751 
Solution. Cold Spring Harb. Protoc. 2024, 1–11 (2024). 752 

71. Smith, R. C. & Barillas-Mury, C. Plasmodium Oocysts: Overlooked Targets of Mosquito 753 
Immunity. Trends Parasitol. 32, 979–990 (2016). 754 

72. Post, R. J., Flook, P. K. & Millest, A. L. Methods for the preservation of insects for DNA 755 
studies. Biochem. Syst. Ecol. 21, 85–92 (1993). 756 

73. Kwon, H., Arends, B. R. & Smith, R. C. Late-phase immune responses limiting oocyst 757 
survival are independent of TEP1 function yet display strain specific differences in 758 
Anopheles gambiae. Parasit. Vectors 10, 369 (2017). 759 

74. Horn, C. & Wimmer, E. A. A versatile vector set for animal transgenesis. Dev. Genes 760 
Evol. 210, 630–637 (2000). 761 

75. Riabinina, O. et al. Organization of olfactory centres in the malaria mosquito Anopheles 762 
gambiae. Nat. Commun. 7, (2016). 763 

76. Smith, R. C., Eappen, A. G., Radtke, A. J. & Jacobs-Lorena, M. Regulation of Anti-764 
Plasmodium Immunity by a LITAF-like Transcription Factor in the Malaria Vector 765 
Anopheles gambiae. PLoS Pathog. 8, e1002965 (2012). 766 

77. Potter, C. J. & Luo, L. Splinkerette PCR for mapping transposable elements in 767 
Drosophila. PLoS One 5, 1–9 (2010). 768 

78. Smith, R. C., Kizito, C., Rasgon, J. L. & Jacobs-Lorena, M. Transgenic Mosquitoes 769 
Expressing a Phospholipase A2 Gene Have a Fitness Advantage When Fed 770 
Plasmodium falciparum-Infected Blood. PLoS One 8, e76097 (2013). 771 

79. Mameli, E., Samantsidis, G., Viswanatha, R. & Kwon, H. A genome-wide CRISPR 772 
screen in Anopheles mosquito cells identifies essential genes and required 773 
components of clodronate liposome function. bioRxiv (2024). 774 

 775 
  776 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


26 

 

Figures 777 

 778 

Figure 1. Molecular characterization of the putative panhemocyte markers PPO6 and SPARC. 779 
CFP fluorescence was examined in whole mount fourth-instar larvae and pupae from PPO6 (A) or 780 
SPARC (B) transgenic lines. Scale bars: 1mm. Potential differences in CFP expression between 781 
larvae and adult mosquitoes were examined by qPCR for both PPO6 (C) or SPARC (D) transgenic 782 
lines. Ex vivo analysis of mosquito hemocytes treated with beads indicates that PPO6+ (E) and 783 
SPARC+ (F) immune cell populations are comprised of phagocytic and non-phagocytic cells. Scale 784 
bars: 10μm. CFP expression is enriched in hemocytes compared to carcass as indicated by gene 785 
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expression analysis in (G) PPO6 and (H) SPARC lines. The hemocyte-specific expression of NimB2 786 
was used as a positive control for gene expression analysis. Expression data are displayed relative 787 
to rpS7 expression, and bars represent the mean ± SE of three or four independent biological 788 
replicates. Significance was determined using multiple unpaired Student’s t-tests. Asterisks indicate 789 
significance (* P < 0.05, **P < 0.01, **** P < 0.0001). ns, not significant.  790 
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 791 

Figure 2. Molecular characterization of the putative granulocyte markers, LRIM15 and 792 
SCRASP1. GFP fluorescence was examined in whole mount fourth-instar larvae from LRIM15 (A) or 793 
SCRASP1 (B) transgenic lines. Scale bars: 1mm. Potential differences in GFP expression between 794 
larvae and adult mosquitoes were examined by qPCR for both LRIM15 (C) or SCRASP1 (D) 795 
transgenic lines. Immunostaining of adult hemocytes using an antibody specific to GFP (a-GFP) 796 
reveals various GFP+ populations with respect to fluorescence intensity and phagocytic capacity for 797 
(E) LRIM15-GFP and (F) SCRASP1-GFP transgenics. Hemocytes from the SCRASP1 line are 798 
comprised of cells with low GFP expression and size varying between 3-7μm (F). Scale bar: 10μm. 799 
GFP expression was enriched in hemocyte populations as compared to carcass tissue in both LRIM15 800 
lines (G and H), although no difference was observed in the SCRASP1 mosquitoes (I). The hemocyte-801 
specific expression of NimB2 was used as a positive control for gene expression analysis. Expression 802 
data are displayed relative to rpS7 expression, and bars represent the mean ± SE of three to four 803 
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independent biological replicates. Significance was determined using multiple unpaired Student’s t-804 
tests. Asterisks indicate significance (* P < 0.05, **P < 0.01, **** P < 0.0001). ns, not significant.  805 

  806 
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 807 

Figure 3. Blood-feeding influences PPO6+, LRIM15+, and SPARC+ immune cell populations. The 808 
percentage of PPO6+ (A), SPARC+ (B), and LRIM15+ (C) hemocytes were evaluated under sugar-fed 809 
(SF), at 24hrs post-feeding (24h PBF), and at 48hrs post-feeding. For each experimental condition, 810 
data from individual mosquitoes are displayed as dots, with no difference observed at 24hrs hemocyte 811 
populations increased at 24hrs post-blood meal and decreased at 48hrs. Conversely, hemocyte 812 
proportions displayed a significant decrease at 24hrs, which was recovered at 48hrs. For both A and 813 
B, the percentage of CFP+ or GFP+ cells of the total hemocytes are displayed as individuals (dots) 814 
and represented as the mean ± SE of three independent biological replicates. For each transgenic 815 
construct, representative images are displayed at right for each experimental condition. Statistical 816 
significance was determined by Mann-Whitney to compare the effects of blood-feeding at different 817 
time points. Asterisks indicate significance (*P < 0.05, **P < 0.01). ns, not significant; n numbers of 818 
individual mosquitoes examined. Scale bars represent 10μm.  819 
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 820 

Figure 4. Imaging flow cytometry reveals multiple hemocyte subpopulations. The 821 
characterization of hemocytes from naïve, wild-type adult females enables the primary classification   822 
of hemocytes based on DRAQ5 signal (vertical y-axis) that revealed five cell clusters (A). When light 823 
loss measurements were accounted for (horizontal x-axis), additional subgroups were defined within 824 
each cell cluster (shaded by different colors). (B) Immune cell subtypes were analyzed by Uniform 825 
Manifold Approximation and Projection (UMAP) or t-Distributed Stochastic Neighbor Embedding (t-826 
SNE) based on DRAQ5 signal, Maximum Intensity Forward Scatter (FSC), Maximum Intensity Side 827 
Scatter (SSC), and Maximum Intensity Light Loss characteristics, allowing for the clustering of 828 
hemocyte subpopulations according to relatedness. For each defined subtype, immune cell 829 
distributions are displayed for granularity (SSC; C) and size (FSC; D). (E)  Representative images of 830 
each immune cell subcluster (P1.1-P5.2) are displayed, highlighting differences in size (outlined by 831 
dotted line), light loss, and DNA content (DRAQ5; magenta). UMAP analysis was performed using 832 
the Euclidean distance metric, and t-SNE was performed with opt-SNE learning configuration using 833 
FlowJo V10.10.0, including the following parameters: DRAQ5 signal, Maximum Intensity Forward 834 
Scatter (FSC), Maximum Intensity Side Scatter (SSC), and Maximum Intensity Light Loss. Each graph 835 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2024. ; https://doi.org/10.1101/2024.10.22.619690doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619690
http://creativecommons.org/licenses/by-nd/4.0/


32 

 

represents a single replicate of three independent biological experiments, with all data available in 836 
Additional File 2.   837 
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 838 

Figure 5. Flow cytometry analysis of LRIM15+, SPARC+, and PPO6+ hemocyte markers. 839 
Representative scatter plots of fluorescent hemocyte distribution in (A) LRIM15-GFP, (B) SPARC-840 
CFP, and (C) PPO6-CFP mosquito lines. Cluster analysis using the UMAP dimensionality reduction 841 
technique was used to display fluorescent cell populations and to determine their composition using 842 
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gating for each of the 12 hemocyte subpopulations identified in wild-type mosquitoes for LRIM15-GFP 843 
(D, E), SPARC-CFP (F, G), and PPO6-CFP constructs (H, I). To determine potential overlap between 844 
transgenic markers, crosses were performed to establish either LRIM15+/PPO6+ (J, K) or 845 
LRIM15+/SPARC+ (L, M) genetic backgrounds. For each background, the presence/absence of GFP+ 846 
, CFP+, and GFP+/CFP+ cells were examined by overlaying fluorescent cell populations on the UMAP 847 
(J, L) or by hemocyte clusters (K, M). UMAP analysis was performed using the Euclidean distance 848 
metric using FlowJo V10.10.0, including the following parameters: DRAQ5 signal, Maximum Intensity 849 
Forward Scatter (FSC), Maximum Intensity Side Scatter (SSC), and Maximum Intensity Light Loss. 850 
Pie charts and graph bars were constructed using the average cell proportions of three biological 851 
replicates. Dot plots represent single replicates of three independent biological experiments, with all 852 
data available in Additional File 2.   853 
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 854 

Figure 6. Mosquito immune cells vary in their phagocytic capacity. The injection of red 855 
fluorescent beads prior to perfusion enabled flow cytometry analysis of phagocytosis in mosquito 856 
immune cells (A) and the identification of multiple phagocytic immune cell phenotypes based on the 857 
intensity of bead signal (B). This resulted in the identification of non-phagocytic and phagocytic 858 
immune cell subtypes (C) that were confirmed by imaging (D). When phagocytic cells were further 859 
distinguished by bead signal intensity, we identified immune cell subtypes with low, medium, or high 860 
phagocytic capacity (E). Similar experiments with our LRIM15, SPARC, and PPO6 transgenic lines 861 
revealed the phagocytic ability of fluorescent immune cells (F) and the overall proportion of phagocytic 862 
immune cells (G) which are displayed as the mean ± SE of three biological replicates. (H) The 863 
phagocytic capacity of each transgenic line is visualized as the percentage of fluorescent cells 864 
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displaying low, medium, or high bead-positive cells and displayed as the average of three independent 865 
biological replicates. Dot plots represent single replicates of three independent biological 866 
experiments, with all data available in Additional File 3.  867 
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