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 17 
ABSTRACT: Mosquitoes transmit a wide variety of devastating pathogens when they bite 18 

vertebrate hosts and feed on their blood. However, three entire mosquito genera and many 19 
individual species in other genera have evolved a non-biting life history in which blood is not 20 
required to produce eggs. Our long-term goal is to develop novel interventions that reduce or 21 

eliminate the biting behavior in vector mosquitoes. A previous study used biting and non-biting 22 
populations of a non-vector mosquito, Wyeomyia smithii, as a model to uncover the 23 

transcriptional basis of the evolutionary transition from a biting to a non-biting life history. 24 

Herein, we ask whether the molecular pathways that were differentially expressed due to 25 

differences in biting behavior in W. smithii are also differentially expressed between subspecies 26 
of Culex pipiens that are obligate biting (Culex pipiens pipiens) and facultatively non-biting 27 

(Culex pipiens molestus). Results from RNAseq of adult heads show dramatic upregulation of 28 
transcripts in the ribosomal protein pathway in biting Culex pipiens, recapitulating the results in 29 
Wyeomyia smithii, and implicating the ancient and highly conserved ribosome as the intersection 30 

to understanding the evolutionary and physiological basis of blood feeding in mosquitoes. Biting 31 
Culex also strongly upregulate energy production pathways, including oxidative phosphorylation 32 

and the citric acid (TCA) cycle relative to non-biters, a distinction that was not observed in W. 33 
smithii. Amino acid metabolism pathways were enriched for differentially expressed genes in 34 

biting vs. non-biting Culex. Relative to biters, non-biting Culex upregulated sugar metabolism 35 
and transcripts contributing to reproductive allocation (vitellogenin and cathepsins). These 36 

results provide a foundation for developing strategies to determine the natural evolutionary 37 
transition between a biting and non-biting life history in vector mosquitoes.  38 
 39 
KEYWORDS: mosquito-borne disease, blood feeding, vector control, Culex pipiens, Wyeomyia 40 
smithii, life-history evolution. 41 
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INTRODUCTION 43 

Mosquitoes transmit a wide variety of vector-borne diseases, including malaria, dengue, 44 

and filariasis (Roberts, 2002). Furthermore, the rapid emergence and global spread of additional 45 

mosquito-borne viruses such as chikungunya and Zika are of increasing public health concern 46 

(Bradshaw et al. 2018, Fauci et al. 2016, Kilpatrick and Randolph 2012). Effective vaccines and 47 

drug treatments are not available for the majority of mosquito-borne pathogens. Consequently, 48 

efforts to reduce disease transmission have traditionally focused on reducing mosquito 49 

abundance, usually by reducing larval habitats (a.k.a. source reduction) or applying insecticides. 50 

However, the effectiveness of these traditional approaches is limited by the proliferation of man-51 

made habitats (e.g., discarded tires and cisterns) and the evolution of insecticide resistance. 52 

Hence, novel approaches to control the transmission of mosquito-borne pathogens are 53 

desperately needed (McGraw and O’Neil 2013).  54 

Over the last two decades, a variety of new and promising strategies have been developed 55 

to either reduce mosquito abundance or inhibit pathogen transmission (McGraw and O’Neil 56 

2013, Crawford et al. 2020, Wang et al. 2021). However, all of these emerging approaches 57 

assume that a bite will occur. We are pursuing an alternative strategy to identify existing genetic 58 

variation in natural populations that enables a proportion of females to produce eggs without 59 

imbibing blood. Our long-term goal is to develop genetic or chemical interventions that turn 60 

blood-feeding mosquitoes into non-biters based on the simple but powerful logic that if no bite 61 

occurs, transmission of blood-borne pathogens is not possible (Armbruster, 2018). 62 

The evolutionary transition from a biting to a non-biting life-history has occurred 63 

multiple times in mosquitoes. In fact, three complete genera of mosquitoes never bite (Malaya, 64 

Topomyia, Toxorhynchites), and several non-biting species occur in genera comprised mostly of 65 

species that do bite (Downes 1958, Foster 1995, Miyagi et al. 2012, Rattanarithikul et al. 2007, 66 

Wahid et al. 2007, Zhou et al. 2014). Furthermore, many species are able to produce a single 67 

clutch of eggs without biting, but then require a blood meal for all subsequent egg clutches 68 

(Rioux et al. 1975, Spielman 1971; O’Meara 1985). The selective pressures driving the repeated, 69 

independent evolution of a non-biting life history in mosquitoes are likely related to the costs of 70 

blood feeding, which are not widely appreciated. These costs include allocating energetic 71 

resources to locating vertebrate hosts, preparing to digest a blood meal (Bradshaw et al. 2018), 72 

surviving on a host (Edman & Scott, 1987), mitigating the thermal stress of imbibing a hot blood 73 



 3 

meal (Benoit et al. 2011), as well as detoxifying heme and iron as the blood is digested (Graca-74 

Souza et al. 2006). Bearing these myriad costs in mind, it is perhaps not surprising that northern, 75 

obligate non-biting populations of the pitcher-plant mosquito, Wyeomyia smithii, achieve higher 76 

lifetime reproductive success than southern populations of ancestrally biting mosquitoes, 77 

regardless of the presence or absence of a host (Bradshaw 1980, 1986; Borowczak 2017).  78 

Bradshaw et al. (2018) used the pitcher-plant mosquito, Wyeomyia smithii, as a model 79 

system to determine the molecular physiology underlying the evolutionary transition from a 80 

biting to a non-biting life history by artificially selecting a genetically variable population of W. 81 

smithii from Florida to generate two populations: avid biters and disinterested biters. The 82 

transcriptional response in the presence of a vertebrate host of these artificially selected 83 

populations were then compared to a naturally evolved, obligate non-biting population from 84 

Maine. When all three populations were provided with the opportunity to blood-feed, 1,459 85 

genes (<6% of the W. smithii genome) exhibited parallel differential gene expression between 86 

both the artificially selected avid biters and the unselected, disinterested biters from within the 87 

same Florida population and between avid biters from Florida and naturally evolved obligate 88 

non-biters from Maine (Bradshaw et al. 2018). Results based on KEGG pathway analyses found 89 

that relative to non-biting females, biting females of W. smithii transcriptionally up-regulate 90 

several physiological processes with clear functional significance to blood feeding before blood 91 

is actually ingested. These artificially selected and naturally evolved populations of W. smithii 92 

that differed in biting behavior demonstrated an extraordinarily high level of genetic parallelism. 93 

We now seek to answer the question: Do the genes and pathways that distinguish blood-feeding 94 

from obligate non-biting populations of W. smithii (Bradshaw et al. 2018) predict pathways and 95 

genes that distinguish blood-feeding from facultatively non-biting individuals in two subspecies 96 

of the vector mosquito Culex pipiens? 97 

To answer this question, we conducted similar experiments to those with W. smithii 98 

(Bradshaw et al. 2018), utilizing Culex pipiens L., a primary vector of West Nile virus and 99 

filarial worms (Hamer et al. 2008; Lewandowski et al. 1980; Rajagopalan et al. 1977). The Culex 100 

pipiens L. complex includes two interfertile subspecies, Cx. p. pipiens (hereafter, Pipiens) and 101 

Cx. p. molestus (hereafter, Molestus). The Pipiens and Molestus subspecies differ in a suite of 102 

ecophysiological traits, including above- vs. below-ground habitat utilization, mating behavior, 103 

host preference, and the ability to reproduce without biting (Spielman 1971, O’Meara 1985; 104 
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Strickman and Fonseca 2012, Noreuil and Fritz 2021, Haba and McBride 2022). Thus, similar to 105 

the comparison of W. smithii populations described above (Bradshaw et al. 2018), the challenge 106 

of our experimental design is that even when tissue samples are collected in the context of a 107 

behavioral biting assay, transcriptional differences between the Pipiens and Molestus subspecies 108 

could be due to differences unrelated to biting behavior. We address this challenge by 109 

specifically identifying transcriptional differences between biting Pipiens and non-biting 110 

Molestus that were also associated with differences in biting behavior between populations of W. 111 

smithii. The simplest interpretation of these shared differences between biting and non-biting 112 

mosquitoes from two genera separated by ~200 Mya of evolutionary divergence (Reidenbach et 113 

al. 2009) is that the differences represent a conserved molecular physiological response to 114 

differences in biting behavior. Additionally, we focus on transcriptional differences between 115 

biting Pipiens and non-biting Molestus that have a clear functional relevance to metabolism and 116 

reproductive physiology when producing eggs with or without ingesting blood.  117 

Herein, we compare transcriptional differences in heads of biting Pipiens and non-biting 118 

Molestus, utilizing previously characterized populations of these two subspecies with established 119 

differences in biting behavior and the capacity to reproduce without biting (Noreuil and Fritz 120 

2021). We identify KEGG pathways enriched for differentially expressed genes (DEGs) to 121 

elucidate the molecular physiology underlying the divergence between a biting vs. non-biting life 122 

history. We also determine transcriptional similarities and distinctions between biters vs. non-123 

biters of Cx. pipiens with biters vs. non-biters of W. smithii predicted a priori from direct 124 

selection on biting in W. smithii. Our results present novel insights that provide a foundation for 125 

our long-term goal of developing pharmacological or genetic strategies to reduce global 126 

transmission of pathogens by disease vectors. 127 

     128 

MATERIALS AND METHODS 129 

Insect colony maintenance 130 

Colonies of Molestus and Pipiens utilized in this study correspond to BG1 (Molestus) and 131 

AG2 (Pipiens), respectively of Noreuil & Fritz (2021). The Molestus population was established 132 

from the drainage sump in the Calumet Water Reclamation Plant in Chicago, Illinois (USA) in 133 

January of 2009 (Mutebi & Savage 2009). The Pipiens population was collected from above 134 

ground field sites in Evanston, Illinois (USA) in August of 2016, and the 51st and 52nd lab 135 



 5 

generation were used in these experiments. Consistent with Noreuil & Fritz (2021), our 136 

preliminary experiments confirmed that >90% of Molestus females produced eggs without a 137 

blood meal within the first ~100 hours of eclosion. Hence most females from this population 138 

were disinterested in biting on the third day of adult life when tissue collections occurred (see 139 

below). Females from the Pipiens population required a bloodmeal to complete every 140 

gonotrophic cycle.  141 

All mosquito life-stages were reared in an environmental chamber at 26°C with ~70% 142 

relative humidity and a photoperiod consisting of 16 hours of light and 8 hours of dark (L:D 143 

16:8). One-hundred and fifty first instar larvae of Pipiens or Molestus were placed in pans with 144 

600 mL of reverse osmosis (RO) water. Larvae were initially fed a slurry of beef liver powder (3 145 

mL of 2.53% weight/volume solution) and subsequently fed 650 mg of ground Tetramin fish 146 

food over a period of 6 days. For both strains, one hundred pupae were placed into circular 147 

plastic containers (4.61 cm in diameter) containing ~200 ml of RO water, which previous 148 

experiments showed resulted in a high rate of emergence and low pupal mortality. The pupae in 149 

these containers were then placed inside 12" x 12" x 12" mesh cages (BioQuip) provisioned with 150 

10% sucrose solution, organic raisins, and honey-soaked sponges, which served as food sources 151 

for male and female mosquitoes. To ensure that the adults in each cage were the same age, cups 152 

containing pupae were moved every 24 hrs to new cages each day at Circadian Time (CT) 8.5 153 

(i.e., 8.5 hrs after lights had turned on).  154 

 155 

Head tissue collections 156 

 Non-biting females of Molestus and biting females of Pipiens were collected using 157 

methods that were as close as possible to a previous study of transcriptional changes associated 158 

with differences in biting behavior in the pitcher-plant mosquito, W. smithii (Bradshaw et al. 159 

2018). All females were collected three days post-adult emergence during an approximately one-160 

hour period between CT12 and CT15, corresponding to between 4 to 1 hour(s) respectively 161 

before the lights turned off. This narrow collection window was used to minimize any 162 

differences in gene expression that might arise due to the timing of collections. All food sources 163 

were removed on Day 2 (CT12; 24 hours before collections) to encourage females to bite. Both 164 

the Molestus and Pipiens were reared in the same incubator at the same time, and whenever 165 

possible, samples of both strains were collected on the same day. 166 



 6 

Non-biting females of Molestus were collected by discarding any females that attempted 167 

to bite the human blood source during the one-hour trial period (0-5 females/cage; <1.7% of total 168 

females attempted to bite). After the one-hour period, 35 of the remaining, non-biting Molestus 169 

were removed from the cage, snap frozen in ethanol on dry ice, and decapitated. These 35 170 

collected heads were pooled into a single biological replicate sample for RNAseq analysis. An 171 

additional sample containing 10 heads was collected for qRT-PCR analyses. One biological 172 

replicate sample for RNAseq and one biological replicate sample for qRT-PCR were collected 173 

from a single cage containing 3 day-old female mosquitoes each day over a four-day period (n = 174 

3 replicate samples for RNAseq; n = 5 replicate samples for qRT-PCR; see Table S1).  175 

Biting female Pipiens were collected by aspirating any females that landed on the human 176 

blood source, probed their mouthparts into the source and inserted their proboscis until the 177 

labium was bent and the fascicle was exposed. Importantly, these biting females were collected 178 

before they had to the opportunity to imbibe any blood. Females were snap frozen in EtOH on 179 

dry ice and decapitated. Two biological replicate samples containing 35 heads and one biological 180 

replicate sample containing 31 heads of 3 day-old biting Pipiens were collected over 3 days for 181 

RNAseq experiments (See Table S1). Any additional females who bit were also collected for 182 

subsequent qRT-PCR analyses (9-15 heads/sample; n = 5 samples; Table S1).  183 

 184 

RNA extraction, library preparation, and sequencing  185 

All samples for RNAseq analysis were homogenized in 500 ul of TRIzol (Invitrogen) and 186 

shipped to the University of Oregon Genomics and Cell Characterization Core Facility (GC3F) 187 

where RNA extraction, cDNA library preparation, and sequencing were performed. Briefly, head 188 

tissue of each sample was disrupted by beating with Silica grinding beads in a Spex Genogrinder 189 

2100 (2 x 1500 RPM for 2 minutes). RNA was extracted using a Zymo Direct-Zol kit (Zymo 190 

Research) and mRNA was isolated using Oligo dT beads according to manufacturer’s 191 

instructions. Integrity assessment was performed on an RNA chip (Bioanalyzer 2100) and all 192 

samples that were sequenced had a RNA Quality Number between 6.7 – 10.0. Six RNA samples 193 

(three biting, three non-biting) were utilized for paired-end, barcoded, and stranded library 194 

construction with the Universal Plus mRNA-Seq protocol (Tecan Genomics). All six libraries 195 

were combined in equimolar ratios and 150 bp reads were sequenced on single lane of an 196 
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Illumina HiSeq 4000 instrument. The raw reads are available in NCBI’s sequence read archive 197 

(SRA) under accession number [dataset] PRJNA787258. 198 

 199 

Bioinformatics Analyses  200 

Details of the bioinformatics workflow can be found on the GitHub repository here: [dataset] 201 

https://github.com/srmarzec/Culex_Biting_RNAseq/blob/main/MasterNotes.md. Briefly, reads 202 

were cleaned with Trimmomatic (version 0.39) using default settings with the exception of a flag 203 

for HEADCROP:15 to remove the first 15 bases from each read. Reads were then mapped using 204 

a two-pass method in STAR (version 2.7.1a) to the most recent available Culex quinquefasciatus 205 

JHB strain reference genome sequence (GCF_015732765.1). Read counts were obtained from 206 

the resulting bam files with HTSeq (version 0.13.5). We included genes that had at least 10 reads 207 

across all six samples. To determine if biological replicate samples within treatments (biting, 208 

non-biting) exhibited similar overall transcriptional profiles, read counts were transformed to a 209 

log2 scale using rlog and then a principle components analysis (PCA) was performed using 210 

plotPCA in DESeq2 (version 1.30.1). Next, differential expression analysis was performed using 211 

DESeq2 on normalized read counts in an R environment (version 4.0.2). Differentially expressed 212 

genes (DEGs) were identified as genes with a Benjamini-Hochberg false discovery rate adjusted 213 

p-value less than 0.05 and a log2 fold change >|1|.  214 

  Because the most recent Cx. quinquefasciatus genome sequence (GCF_015732765.1) 215 

does not have available KEGG pathway annotations, locus tags (CpipJ_CPIJ IDs) were retrieved 216 

from the previous Cx. quinquefasciatus genome sequence (GCA_000209185.1) using the NCBI 217 

efetch utility (Entrez Direct E-utility). Locus tags corresponding to GCF_015732765.1 gene IDs 218 

were used to identify KEGG pathways that were enriched for DEGs. All Cx. quinquefasciatus 219 

KEGG pathways and genes within those pathways were downloaded from KEGG using 220 

KEGGREST (version 1.30.1) in R. A custom script was used to identify the number of DEGs 221 

relative to the total number of genes in each pathway. Significant enrichment was tested using a 222 

Wilcoxon Rank Sum test. Only KEGG pathways that had and 5 or more DEGs and a p-value less 223 

than 0.05 were considered to be enriched for DEGs. 224 

 Finally, common DEGs between biting vs. non-biting mosquitoes were identified for Cx. 225 

pipiens and W. smithii. To do so, for each differentially expressed gene between biting Pipiens 226 

and non-biting Molestus that was present in the significantly enriched KEGG pathways, putative 227 

https://github.com/srmarzec/Culex_Biting_RNAseq/blob/main/MasterNotes.md
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orthologues between W. smithii and Cx. pipiens were identified based on matching CpipJ_CPIJ 228 

IDs (locus tags). The Cx. pipiens CpipJ_CPIJ IDs were obtained as described above for KEGG 229 

pathway analysis. For W. smithii transcripts, the orthologous Cx. pipiens transcript (CpipJ_CPIJ 230 

ID) was obtained as previously described in Bradshaw et al. (2018). As some W. smithii 231 

transcripts were assigned matching CpipJ_CPIJ IDs and thus are duplicated, there are some 232 

duplicate occurrences of Cx. pipiens transcripts as orthologs from our work. 233 

 234 

Confirming differential gene expression using qPCR 235 

 Quantitative Real-Time PCR (qPCR) of independent tissue samples was used to confirm 236 

the differential gene expression results from RNAseq analysis. Heads of 3 day-old, non-biting 237 

Molestus and 3 day-old, biting Pipiens (n = 9-15 heads/biological replicate; 5 biological 238 

replicates/subspecies; Table S1) were collected as described above and RNA was isolated from 239 

the samples using TRIzol according to the manufacturer’s protocol, using 1/2 of the reaction 240 

volumes. The amount and quality of the RNA were measured using a Nanodrop 241 

spectrophotometer. cDNAs for each sample were synthesized using 0.1 mg of total RNA and the 242 

Maxima First Strand cDNA Synthesis Kit (Thermo Fisher) according to the manufacturer’s 243 

instructions. Primers for six genes that were upregulated in non-biting Molestus and five genes 244 

that were upregulated in biting Pipiens were designed using Primer3 (Untergasser et al. 2012; 245 

Table S2). Prior to qPCR analyses, melt and standard curves were run to ensure that each primer 246 

set met MIQE specificity and efficiency guidelines (Bustin et al. 2009; Table S2). qRT-PCR was 247 

performed in a 96-well plate using an CFX Connect qPCR detection system (Bio-Rad). All 248 

reactions were performed in triplicate in a total volume of 10 μL containing 5 μL iTaq Universal 249 

SYBR green PCR Master Mix (Bio-Rad), 400 nmol of each primer, and 1 μL sample cDNA. 250 

 The qPCR data were analyzed by first averaging the relative cycle threshold (CT) of three 251 

technical replicates. The resulting CT value for each gene of interest within each biological 252 

replicate was normalized to the geometric average of the CT values of three reference genes 253 

(Rp49, RpL19, and 28S) by subtracting the average CT of reference genes from the CT value for 254 

the gene of interest (2−ΔCT method). A Student’s T-test was then used to compare the average 255 

relative expression of a gene of interest between the five biological replicates in biting Pipiens 256 

and non-biting Molestus samples (α = 0.05). 257 

 258 
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RESULTS 259 

RNA sequencing of three biological replicate samples of non-biting Molestus head tissue and 260 

three biological replicate samples of biting Pipiens head tissue produced a total of 369,193,543 261 

raw read pairs (range = 66,888,763 to 53,998,743 read pairs per sample). Of these, between 262 

86.3% and 78.5% of read pairs per replicate sample remained after filtering with Trimmomatic. 263 

The STAR two-pass alignment produced alignment rates between 72.5% and 62.0% per sample. 264 

Finally, HTseq identified between 19,932,197 and 31,239,605 reads pairs per sample that aligned 265 

to gene models (Table S3). 13,601 gene models had at least ten mapped read pairs across the six 266 

samples, corresponding to 90% of the 15,094 annotated protein coding genes in the Culex 267 

quinquefasciatus reference genome sequence (GCF_015732765.1). Principal components 268 

analysis showed that transcriptional profiles of biting vs. non-biting samples were clustered 269 

within treatments and strongly separated on the first principal components axis, which explained 270 

75% of the variance in gene expression (Figure S1). Biting samples were also strongly clustered 271 

on the second principal components axis (15% of variance), while one non-biting sample was 272 

distinct from the other two replicate samples (Figure S1). Overall, a total of 1,444 genes were 273 

significantly differentially expressed (p<0.05, log2FC>1) between non-biting Molestus and 274 

biting Pipiens samples (Fig. 1, Table S4). A list of the top 15 upregulated and downregulated 275 

genes in Pipiens relative to Molestus is presented in Table 1. 276 

KEGG pathway enrichment analysis resulted in 17 pathways significantly enriched for 277 

DEGs (Table 2). Below, we focus on the specific results for KEGG pathways and related 278 

individual genes of particular biological interest. We begin by discussing pathways upregulated 279 

in Pipiens relative to Molestus. For example, pathways related to transcription, translation and 280 

energy metabolism were upregulated in biting relative to non-biting mosquitoes. Concerning 281 

translation, the KEGG pathway for “Ribosome” contained 123 annotated Cx. quiquefasciatus 282 

genes, of which 85 were differentially expressed; all of these 85 DEGs were up-regulated in 283 

Pipiens relative to Molestus. Additionally, the ribosome pathway contained 18 inferred orthologs 284 

between Cx. pipiens and W. smithii, all of which were up-regulated in avid- vs. reluctant-biting 285 

W. smithii. Furthermore, the transcript for SUMO, which encodes a protein involved in post-286 

translational modification, was also upregulated in both biting Pipiens and biting W. smithii 287 

relative to their non-biting counterparts (Table 1, Table S4). Relevant to transcription, the “RNA 288 

polymerase” KEGG pathway contained 27 annotated Cx. pipiens genes. Seven genes were DEG, 289 
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of which six were significantly upregulated in biting relative to non-biting mosquitoes. The two 290 

KEGG pathways related to energy metabolism that were significantly enriched for DEGs were 291 

“Citrate cycle (TCA cycle)” and “Oxidative phosphorylation.” In the oxidative phosphorylation 292 

pathway, the 80 annotated genes included 50 DEGs, all of which were upregulated in biting 293 

Pipiens. The citrate cycle included 27 annotated genes, of which nine were DEG and seven were 294 

upregulated in biting Pipiens.  295 

Two KEGG pathways involved in amino acid degradation were upregulated in biting 296 

Pipiens. The “Valine, Leucine, and Isoleucine degradation” pathway included 35 annotated 297 

Culex genes, of which eight were DEG with seven upregulated in biters. The “Lysine 298 

degradation” KEGG pathway included 28 annotated Culex genes, of which eight were DEG, 299 

with six upregulated in biters.  300 

 Compared to the results above describing KEGG pathways upregulated in biting Pipiens 301 

relative to non-biting Molestus, fewer KEGG pathways were enriched for upregulated DEGs in 302 

non-biting mosquitoes. The “Fructose and mannose metabolism” KEGG pathway contained 28 303 

annotated Culex genes of which six were DEG. Five of these six DEGs were upregulated in non-304 

biting Molestus relative to biting Pipiens. The “Tyrosine metabolism” KEGG pathway was also 305 

upregulated in non-biters relative to biters, with 20 annotated genes, of which 8 were DEG and 6 306 

were upregulated in non-biters. 307 

 A previous study in W. smithii (Bradshaw et al. 2018) identified 1,459 transcripts that 308 

were consistently differentially expressed in two comparisons between biting and non-biting 309 

mosquitoes of this species. As noted above, all of these W. smithii transcripts were assigned 310 

putative Culex orthologues (CpipJ_CPIJ IDs) as described in Bradshaw et al. (2018). In the 311 

current study, we identified 1,444 transcripts that were differentially expressed between biting 312 

Pipiens and non-biting Molestus, of which 1,089 could be assigned CpipJ_CPIJ IDs using the 313 

efetch utility in Entrez Direct E-utility (see above). Of these 1,459 W. smithii transcripts and 314 

1,089 Cx. pipiens transcripts that were differentially expressed between biters and non-biters, 315 

172 transcripts in W. smithii are homologous to 156 transcripts in Cx. pipiens. Of the transcripts 316 

that were unique to Cx. pipiens, 84 were upregulated in biting Pipiens and avid-biting W. smithii 317 

relative to their non-biting and reluctant-biting counterparts. In contrast, only 11 transcripts were 318 

upregulated in non-biting Molestus and reluctant-biting W. smithii relative to biters (Table S5).  319 
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 qRT-PCR results support the results of the RNAseq analysis by finding that DEGs 320 

identified by RNAseq are differentially expressed in independent samples of biting and non-321 

biting Cx. pipiens. Specifically, qRT-PCR results demonstrate that angiopoietin-related protein 6 322 

(LOC6052987), probable cytochrome P450 6a14 (LOC6037495), and ficolin-3 (LOC6046433) 323 

were upregulated in Pipiens head-tissue samples, similar to the RNAseq results (Table S6). The 324 

remaining 3 genes that RNAseq analyses indicate were upregulated in biting Pipiens relative to 325 

non-biting Molestus (hexamerin 1.1, larval cuticle protein A3A and cuticle protein 38) were not 326 

found to be differentially expressed in our qRT-PCR analyses (Table S6). However, vitellogenin-327 

A1 (LOC6043252), fumarylacetoacetase (LOC6052229), esteraseB1 (LOC6030831), cathepsinB 328 

(LOC6049222) and L-galactose dehydrogenase (LOC6037771) were over-expressed in Molestus 329 

when measured with both RNAseq (Table 1) and qRT-PCR (Fig. S2), representing all five 330 

Molestus-upregulated genes that we selected for qRT-PCR analysis. Moreover, the differences in 331 

fold change were similar in our qRT-PCR analyses and in our RNAseq results (Table S6).  332 

 333 

DISCUSSION: 334 

The evolutionary transition from a biting to non-biting life-history has occurred multiple 335 

times in mosquitoes, including three entire genera of mosquitoes that never bite (Malaya, 336 

Topomyia, Toxorhynchites), and several non-biting species that occur in genera comprised 337 

mostly of species that do bite (Downes 1958, Foster 1995, Miyagi et al. 2012, Rattanarithikul et 338 

al. 2007, Wahid et al. 2007, Zhou et al. 2014, Rioux et al. 1975, Spielman 1971). Additionally, 339 

several mosquito species make a transition from a biting to a non-biting life history when they 340 

enter adult, reproductive diapause in response to short days (reviewed in Denlinger and 341 

Armbruster 2014, 2016). Differences in gene expression between non-diapausing (biting) and 342 

diapausing (non-biting) Cx. pipiens pipiens have previously been measured using suppression 343 

subtractive hybridization (Robich and Denlinger 2005; Robich et al. 2007). Our long-term goal is 344 

to identify common molecular and physiological differences between biting and non-biting 345 

mosquitoes so that we may develop novel strategies to prevent biting in vector species. A 346 

previous study used W. smithii as a model system to determine the molecular underpinnings of 347 

the evolutionary transition from a biting to a non-biting life history between populations within a 348 

single species (Bradshaw et al. 2018). Herein, we extend the range of evolutionary divergence 349 

from that study to determine whether molecular pathways involved in the evolutionary 350 
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divergence of a blood-feeding vs. non-blood-feeding life history in W. smithii are also 351 

differentially regulated between two previously characterized subspecies of Culex pipiens that 352 

are obligate blood feeding (Pipiens) and facultatively non-biting (Molestus) (Noreuil and Fritz 353 

2021). This comparison establishes the unprecedented opportunity to identify conserved 354 

transcriptional responses related to biting vs. non-biting across a broad evolutionary timescale 355 

between different genera of mosquitoes estimated to have diverged in nature ~200 Mya 356 

(Reidenbach et al. 2009). 357 

We first briefly review the transcriptional changes associated with the transition from an 358 

ancestral blood-feeding life history to an evolutionarily derived non-blood-feeding life history in 359 

W. smithii. We then discuss our current experimental results on transcriptional differences in 360 

head tissues between populations of biting Pipiens and non-biting Molestus. We focus on 361 

pathways and gene clusters relevant to unifying concepts such as anticipatory costs and 362 

metabolic flexibility, in preference to discussing distinctions on a gene-by-gene basis. 363 

Throughout, we highlight similarities and distinctions between biting and non-biting Culex and 364 

Wyeomyia. Finally, we discuss directions for future research. 365 

Transcriptional differences between biting vs. non-biting Wyeomyia smithii.  366 

As described above (see Introduction), the previous study of Bradshaw et al. (2018) 367 

utilized a comparison of both naturally evolved and artificially selected populations of W. smithii 368 

to identify transcriptional differences that contribute to the evolution of a non-biting life history. 369 

Bradshaw et al. (2018) concluded that the evolution of a non-biting life history resulted in 370 

reduced anticipatory costs of biting and increased opportunistic metabolic flexibility. The 371 

reduced anticipatory costs include reduced pre-biting investment in proteasomal, spliceosomal, 372 

ribosomal, and odorant receptor proteins. The opportunistic metabolic flexibility includes 373 

increased expression of enzymes that produce metabolic intermediates in the pyruvate metabolic 374 

pathway (Acetyl-CoA) and the purine metabolic pathway (Inosine monophosphate), providing 375 

non-biters with the opportunity to exploit diverse downstream metabolic pathways in response to 376 

varied environmental conditions. As we show below, differential gene expression between 377 

obligate biting Pipiens and non-biting Molestus both overlap with and differ from W. smithii.  378 

Anticipatory upregulation of translational machinery in biting Pipiens 379 
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Biting Pipiens exhibit dramatic upregulation of the translational machinery, starting with 380 

three of the six genes encoding components of RNA polymerase I, which specifically transcribes 381 

ribosomal RNAs and two components of RNA polymerase III, which, in turn, transcribes 382 

transfer RNAs (Khatter et al. 2017). Furthermore, the KEGG pathway associated with ribosomes 383 

is highly enriched for DEGs, with 69% of genes encoding ribosomal proteins upregulated in 384 

biting female mosquitoes (Table 2, Fig. 2A). Specific genes upregulated in Pipiens relative to 385 

Molestus include two eukaryotic translation initiation factors (eIF5A, LOC6032328 and eIF6, 386 

LOC6045183) and the post-translational protein modifier SUMO (small, ubiquitin-related 387 

modifier 3; LOC604408) (Table S4). The upregulation of SUMO is particularly interesting as 388 

this protein can post-translationally modify hundreds of different proteins (Hay, 2005; Hannoun 389 

et al. 2010) and is involved in a diverse range of pathways (Mauri et al. 2008), including 390 

suppressing arboviruses (Stokes et al. 2020).  391 

Upregulation of transcripts encoding ribosomal proteins and SUMO in biting Pipiens closely 392 

parallels the transcriptional response of blood-feeding Wyeomyia, with remarkable overlap in the 393 

two genera in both the large and small ribosomal subunits (Fig. S3). These results represent a 394 

clear affirmative answer to our original question: Are homologous genes associated with blood-395 

feeding in the same functional pathway similarly differentially expressed between selected lines 396 

within a population of W. smithii, between populations of W. smithii, and between genera of 397 

mosquitoes (Wyeomyia vs. Culex)?  Because this upregulation of the translational machinery and 398 

SUMO occurs before blood is actually imbibed, and because translation is energetically costly 399 

(Lynch and Miranov, 2015; Kafri et al. 2016), we conclude that this response represents an 400 

anticipatory cost of blood feeding in blood-feeding Pipiens as well as W. smithii (Bradshaw et al. 401 

2018). 402 

Differential energy production and reproductive allocation in biters vs. non-biters. 403 

The energetically demanding investment in translation by biting Pipiens coincides with a strong 404 

upregulation of energy production pathways. Both the oxidative phosphorylation and citric acid 405 

(TCA) KEGG pathways are strongly enriched for DEGs that are upregulated in Pipiens relative 406 

to Molestus (Table 2). Upregulation of the citric acid (TCA) cycle in Pipiens relative to Molestus 407 

includes not only many TCA enzymes, but involvement of the by- or end-products of at least six 408 

other KEGG pathways enriched for DEGs that are primarily upregulated in Pipiens vs. Molestus 409 
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(Fig. 3, Table 2). These inputs include contributions from pathways involved in glycolysis and 410 

gluconeogenesis, pyruvate metabolism, metabolism of five amino acid metabolic pathways, and 411 

oxidative phosphorylation, including proteins involved in the terminal electron transfer of all five 412 

complexes (Fig. S4). Additionally, biting Pipiens strongly upregulate hexamerin 1.1 413 

(LOC6041441), a key storage protein (Table S4). This finding is consistent with a previous study 414 

comparing gene expression in whole bodies of Pipiens and Molestus (Kang et al. 2021). Thus, 415 

biting Pipiens exhibit an anticipatory and coordinated response in which they initiate translation 416 

and upregulate enzymes involved in energy production pathways before the blood meal is 417 

actually consumed. 418 

Non-biting Molestus invest in sugar metabolism and reproductive allocation pathways 419 

that represent a commitment to ovary maturation without blood. First, the fructose and mannose 420 

metabolism KEGG pathway is enriched for DEGs, with five of six transcripts upregulated in 421 

Molestus relative to Pipiens (Table 2). Adult sugar metabolism supports the synthesis of 422 

glycogen and triacylglycerols; the latter are the primary constituent of lipid droplets in the 423 

ooplasm (Clements, 1992, p. 363). Additionally, upregulation four genes in non-biting Molestus 424 

imply that these females have initiated the deposition of yolk protein into their eggs or 425 

vitellogenesis; these genes include two isoforms of vitellogenin-A1 [LOC6043252; 426 

LOC6043250] as well as two Cathepsin B transcripts (LOC6031544, LOC6031556) and two 427 

Cathepsin B-like protein transcripts (LOC119766533, LOC119770564; Table 1). While 428 

Cathepsin-family proteases can have diverse physiological functions (Mort and Buttle, 1997), 429 

Cathepsin B proteins are known to be involved in degrading vitellogenin during embryogenesis 430 

in Ae. aegypti (Cho et al. 1999). Additionally, Moura et al. (2015) demonstrate that two 431 

cathepsin B transcripts are highly expressed in vitellogenic females of Cx. quinquefasciatus, and 432 

their associated proteins are subsequently active within the ovaries of females. Moreover, Kang 433 

et al. (2021) found that Cathepsin C (CIPJ000566) is also upregulated in whole bodies of non-434 

biting Molestus relative to biting Pipiens. Taken together, these results illustrate that non-biting 435 

Molestus constitutively produce the transcripts necessary to provision their embryos with energy. 436 

In non-biting W. smithii, cathepsin B mRNAs were also upregulated in reluctant-biting relative 437 

to biting females (Bradshaw et al. 2018), highlighting cathepsin B as a critical gene involved in 438 

the evolution of a nonbiting life history across mosquito genera. 439 
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 Metabolism of excess amino acids from acquired or stored resources 440 

Two different amino acid metabolism pathways offset contrasting excesses of specific 441 

amino acids in biting Pipiens and non-biting Molestus. These differences reflect a metabolic 442 

response to acquired resources in adult Pipiens (i.e., blood) vs. stored larval resources in 443 

Molestus (i.e., hexamerin storage proteins). Interestingly, neither of these pathways was 444 

detected in the comparison of biting vs. non-biting W. smithii.  445 

In biting Pipiens, the principal environmental source of protein is hemoglobin acquired in 446 

vertebrate blood. In particular, Valine and Leucine comprise over 20% of the amino acids in 447 

hemoglobin and Lysine another 7.6% (UniProtKB, 2021). Up-regulating the Valine-Leucine-448 

Isoleucine and Lysine metabolic pathway not only results in end products that can enter the TCA 449 

cycle (Fig. 3), but also serves to deplete an upstream excess of Valine, Leucine and Lysine that 450 

released when hemoglobin is catabolized.  451 

In non-biting Molestus, reproduction must be fueled from proteins accumulated and 452 

stored as larvae. The main storage proteins in the fat body and hemolymph of larvae are 453 

hexamerins (Beintema et al. 1994; Burmester 1999), which in addition to their role as a source of 454 

amino acids during metamorphosis, have been implicated as a source of amino acids that support 455 

vitellogenesis in non-blood feeding mosquitoes (Zakharkin et al. 2001, Wheeler and Buck 1996). 456 

Hexamerins are particularly rich in Tyrosine and Phenylalanine (Burmester 1999; Korochkina, et 457 

al. 1997; Crampton et al. 1999, Table 1; UniProtKB 2021), the latter being catalyzed to the 458 

former by phenyalanine-4-hydroxylase (Fig. 4) (Li & Christensen 1993). This enzyme is not a 459 

DEG; nonetheless, depletion of Tyrosine should enhance the Phenylalanine to Tyrosine reaction 460 

through mass action. Upregulation of Tyrosine metabolism in Molestus (Table 2, Fig. 4) is then 461 

consistent with metabolism of stored hexamarins and compensatory degradation of excess of 462 

Tyrosine and Phenylalanine (Fig. 4).  463 

In addition to the benefit of metabolizing excess Tyrosine and Phenylalanine, Tyrosine 464 

metabolism in Molestus also generates fumarate that enters directly into the TCA cycle and 465 

generates dopamine that acts as a substrate for eumelanin synthesis. Generation of both products 466 

is consistent with ongoing embryogenesis: Fumarylacetoacetase (Fig. 4) enhances late-stage 467 

embryogenesis and successful hatching in Rhodnius prolixis (Sterkel & Oliveira 2017). A 468 

transcriptional commitment to melanization in non-biting Molestus is also indicated by up-469 
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regulation of serine protease Hayan (Table S4), which is responsible for eventual hardening of 470 

egg chorions (Li, 1994, Dudzic et al. 2019). Additionally, chitin synthase (ch-2) and 471 

endochitinase (Table S4) are upregulated in Molestus and are important for recycling old to new 472 

chitin (Hamid et al. 2013; Muthukrishnan et al. 2019). In sum, Tyrosine metabolism in non-473 

biting Molestus females supports energy production, embryonic viability, and the eventual 474 

development and hardening of egg chorions, as well as serving to maintain amino acid balance 475 

generated by metabolizing stored larval protein (Fig 4).  476 

 477 

Conclusions and Future Directions  478 

 Anticipatory upregulation of transcripts in the ribosomal protein pathway in biting mosquitoes 479 

relative to their non-biting counterparts exhibits remarkably strong overlap in both the mosquito 480 

genera Wyeomyia and Culex. All 18 upregulated ribosomal proteins in biting W. smithii 481 

overlapped with the upregulated ribosomal proteins in biting Cx. pipiens (Fig. 2), making the 482 

ancient and highly conserved ribosome the intersection to understanding the evolutionary and 483 

physiological basis of the anticipation of blood-feeding in mosquitoes. In blood-feeding Pipiens, 484 

this anticipatory commitment to the energetically costly process of translation coincides with 485 

increased energy production by oxidative phosphorylation, the TCA cycle, and multiple diverse 486 

pathways feeding into the TCA cycle. In contrast, sugar metabolism is upregulated in non-biting 487 

Molestus, as well as constitutively provisioning the maturing ovaries with energy in the absence 488 

of a blood meal by upregulating vitellogenin and cathepsin B transcripts. Finally, contrasting 489 

patterns of amino acid metabolism in biting Pipiens and non-biting Molestus are both 490 

mechanisms that maintain amino acid homeostasis in response to the utilization of acquired 491 

resources (blood for Pipiens) or stored resources (hexamerins for Molestus).  492 

In sum, blood-feeding in both W. smithii and Cx. pipiens was associated with anticipation 493 

of acquired resources and ribosomal protein synthesis was strikingly upregulated in blood-494 

feeders of both species. Non-biting in W. smithii was associated with an opportunistic life 495 

history, characterized by sensory input and by metabolic pathways ending at “gateway” branch 496 

points; non-biting in Cx. pipiens was associated with alternative pathways including 497 

metabolizing sugar and stored larval resources to support ongoing ovarian maturation. 498 

Uncovering a conserved, highly overlapping transcriptional response in biters of both species, 499 
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and more diverse, non-overlapping transcriptional responses in non-biters, reflects biting as the 500 

ancestral character state in the Culicidae and the independent evolution of non-biting in W. 501 

smithii and Cx. pipiens molestus (Mans 2011; Grimaldi & Engel, 2005). An immediate next step 502 

will be to confirm the broad generality of anticipatory upregulation of the ribosome pathway by 503 

performing similar experiments in additional vector mosquito species. The commonality of this 504 

highly conserved response may provide a novel opportunity to interrupt or inhibit pathways 505 

necessary for the transmission of blood-borne disease due to biting. Because the biting rate has a 506 

large impact on disease transmission as estimated by vectorial capacity, even relatively modest 507 

decreases in the biting rates of vector species are expected to have a large impact on reducing 508 

disease transmission (Black and Moore, 2005). An additional goal will be to perform 509 

mechanistic studies to determine whether enhanced sugar metabolism and constitutively 510 

provisioning maturing ovaries with both lipids and yolk proteins in non-biting mosquitoes is 511 

necessary for reproduction without a blood meal. Ultimately, understanding the costs of biting 512 

and the molecular pathways underlying the evolution of a non-biting life history will provide a 513 

foundation to develop pharmacological or genetic strategies to recapitulate this evolutionary 514 

transition, which has already occurred multiple times in nature. 515 
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TABLES: 716 

Table 1: Top 30 differentially expressed genes by log2 fold change (FC) for Pipiens relative to 717 

Molestus. p-values are adjusted for multiple comparisons using a Benjamini-Hochberg false 718 

discovery rate correction. 719 

 720 

    721 
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Table 2: KEGG pathways that were significantly enriched (Total DEGs > 5 and p-value < 0.05) 722 

for differentially expressed genes of biting Pipiens or non-biting Molestus mosquitoes.  723 

 724 

 725 

  726 
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FIGURE LEGENDS: 727 

Figure 1. Differential gene expression of 13, 601 genes in Pipiens and Molestus. Each point 728 

represents differential expression for a single gene. Gray points indicate no significant 729 

differences, green points show log2 fold change values that are not statistically significant, blue 730 

points show statistical significance but low log2 fold change values, and red points indicate genes 731 

that show both statistical significance and an absolute fold change value greater than 2.  732 

 733 

Figure 2. Differentially expressed genes in each significantly enriched KEGG pathway. A) 734 

Proportion of total annotated Culex genes that are differentially expressed genes (upregulated) in 735 

either biting Pipiens (red) or nonbiting Molestus (blue). B) Number of significantly differentially 736 

expressed orthologs in each KEGG pathway for either biting (Pipiens and W. Smithii – avid 737 

biting; red) or nonbiting (Molestus and W. Smithii – disinterested; blue). Numerical labels on the 738 

x-axis of each panel correspond to KEGG pathway labels in Table 2. 739 

 740 

Figure 3. Citric Acid (TCA) cycle. Dashed outlines, significantly enriched KEGG pathways in 741 

Cx. pipiens: red, upregulated in Pipiens; blue, upregulated in Molestus; arrows indicate tracks 742 

from/to/within pathways. Pathway numeric labels correspond to those in Table 2 and Figure 2. 743 

Red dots and circle, upregulated in Pipiens; blue dot, upregulated in Molestus. 744 

 745 

Figure 4. Tyrosine metabolism in Cx. pipiens. Relevant enzymes are indicated by arrows: Red, 746 

upregulated in Pipiens; Blue, upregulated in Molestus; Black solid, non-DEG steps; Black 747 

dashed, inferred. Specific enzymes are indicated by numbers or letters associated with arrows.  748 


