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ABSTRACT OF THE THESIS 

 

A Comparative Transcriptomic Analysis of the Mosquito Blood Feeding Response 

 

by 

 

Bryant Cao 

 

Master of Science in Biology 

University of California San Diego, 2021 

 

Professor Matthew Daugherty, Chair 

 
 

 
 
 Female mosquitoes are only able to produce eggs upon feeding on blood from their 

vertebrate hosts, but this feeding behavior activates a network of genes to ensure their survival 

following a blood meal. Blood meals are critical to mosquito proliferation despite activating stress 

and defense responses, however the whole transcriptome at the early time point post-blood meal 

has not been fully studied across mosquito genera. To explore the transcriptomic responses under 

environmental thermal stress and early-stage blood feeding, we compared bulk RNA-seq profiles



 x 

across Ae. aegypti, Ae. albopictus, An. gambiae, An. stephensi, and Cx. quinquefasciatus under 

these experimental conditions. In addition, we conducted a functional and orthology inference 

analysis to compare differentially expressed genes across species and condition. We found that 

despite the conservation of the heat shock response, there are deviations in the response across 

species based on heat shock inducibility. We were also able to identify that a blood meal elicits a 

heat shock response in Ae. albopictus and that intersections with the blood feeding response in Ae. 

albopictus highlights the temporal dynamics to survival thermal stress of a blood meal before the 

activation of metabolic processes. Our comparative approach and generated RNA-seq datasets 

illustrates the convergence and divergence in these critical stress responses of mosquitoes that 

would be beneficial for understanding mosquito survival.     
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INTRODUCTION 

1.1 Mosquito-Borne Vectors of Infectious Diseases 

 Female mosquitoes require blood meals from vertebrate host organisms for the maturation 

of their eggs (Klowden & Briegel, 1994). However, this blood feeding behavior is the cause for 

transmission of mosquito-borne human diseases, some of which include malaria, dengue virus, 

and Zika virus (Omodior et al., 2018). Combined with the impacts from climate change, 

urbanization, and international mobility which can further the spread of mosquitoes and their 

disease burdens, mosquitoes are increasing threats to global health through their blood feeding 

behaviors (Kraemer et al., 2019; Wilder-Smith et al., 2017). As such, approaches that can identify 

molecular targets at this critical point of the mosquito’s gonotrophic cycle during a blood meal 

could assist in vector control. 

 

1.2 Transcriptomic Responses During Mosquito Hematophagy  

 Following a blood meal, a mosquito undergoes genome-wide transcriptional changes, most 

notably in functions for metabolism to provide nourishment for itself and its eggs (Attardo et al., 

2005; Santiago et al., 2017). However, other biological processes important for the mosquito’s 

survival are also involved in the blood feeding response and prior work has highlighted that levels 

of transcriptional products for defense mechanisms, catalytic activity, and molecule binding also 

undergo significant changes upon a blood meal (Bryant & Michel, 2014; Dana et al., 2005; Hou 

et al., 2015). These transcriptomic profiles following hematophagy have been recorded over the 

course of a mosquito’s development or of a limited selection of genes from multiple mosquito 

species, but little work has been done to explore these early-stage, post-blood meal (PBM) 

transcriptomic profiles in a whole-genome, comparative approach. Conducting a comparative 
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analysis at a time point earlier than what has been previously explored may elucidate mechanisms 

and molecular targets of blood feeding applicable to multiple species that can be further studied. 

 A particular response that has been studied to be active immediately following a blood 

meal is the heat shock response, a cellular stress response intended to mitigate proteotoxic effects 

that can compromise cellular functions due to increasing temperatures (Shibata & Morimoto, 

2014). While the heat shock response is active in situations of high environmental temperatures, 

prior work has explored that blood meals alone in Ae. aegypti, An. gambiae, and Cx. pipiens elicit 

these heat shock responses and that suppression of heat shock protein 70 (Hsp70) from the 

canonical response can impair egg production (Benoit et al., 2011). Although Hsp70 is the most 

well-studied gene in the heat shock response and has been focused on in prior work, there are likely 

other genes that play a role in this regulatory network that can be detected under blood feeding 

conditions with a whole-genome RNA-seq analysis.  

 

1.3 A Potential Expansion to Mosquito Stress Responses via Transposition 

 The need for a blood meal is a necessary yet potentially deadly component for mosquito 

proliferation – a remarkable case in evolution to need blood while also mitigating all its 

consequences upon feeding. Mosquitoes are not the only organisms that partake in hematophagy, 

but their small bodies make thermal stress more prominent (Freitas & Nery, 2020). Because 

mosquitoes can transmit diseases through feeding, every blood meal is a potential exposure to 

foreign pathogens (Pakpour et al., 2014). Observing the transcriptomics of the innate immune 

response and other defense responses has been done before in mosquitoes, but little has been done 

to specifically explore the evolutionary impacts from these combined stressors of thermal stress 

and foreign pathogens. 
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 Transposable elements (TEs) are mobile genetic elements that can move from one genomic 

locus to another (Melo & Wallau, 2020).  Because of the repetitive pasting mechanisms of TEs, 

DNA transposons are a component of almost all eukaryotic genomes and their pasting of repetitive 

elements has been known to alter gene regulatory networks over the course of evolutionary history 

(Cosby et al., 2021; Feschotte, 2008). Prior work has observed that TEs are prevalent in most 

mosquito genomes, specifically with an abnormally high proportion of TE calls in Ae. albopictus, 

Ae. aegypti, and Cx. quinquefasciatus (Melo & Wallau, 2020). The activity of rampant TEs in 

mosquito genomes to alter gene regulatory networks is a potential cause to the expansion of critical 

transcriptomic responses through co-opting unrelated genes into a regulatory network. This 

evolutionary phenomenon was illustrated with the heat shock response in Caenorhabditis through 

a particular subclass of TE, Helitrons, that could copy and repetitively paste a transcription factor 

binding site upstream of a gene in order to allow a transcription factor to bind and upregulate the 

gene’s function under thermal stress (Garrigues et al., 2019). As it has been studied that TEs have 

a propensity to mobilize under cellular stress, the evolutionary pressures exerted by these stressors 

may have also caused TEs to mobilize in mosquitoes and expand regulatory networks like the heat 

shock response (Horváth et al., 2017). It has not been observed if similar to Caenorhabditis, there 

are cases that the canonical transcription factor binding site of the heat shock response, heat shock 

elements (HSEs), have been carried by Helitrons to their current genomic locations where they can 

affect heat shock inducibility from either environmental thermal stress or a blood meal (Vihervaara 

et al., 2018). 

 

1.4 Comparative Transcriptomic Profiles from Blood Feeding and Heat Shock Responses 
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 Many of the genes and their functions from the early-stage blood feeding response and the 

heat shock response have not been comprehensively highlighted before in a single mosquito 

genome, so generating these profiles would assist in revealing previously undetected 

transcriptional products and interactions. In addition, little work has been done to compare these 

profiles across mosquito species, as blood meals and thermal stress are common exposures in all 

mosquitoes, but it has not been explored if these critical responses have conserved or divergently 

evolved functions across species to adapt to their stressors. Comparing mosquito transcriptomic 

profiles of these two critical responses from an intra- and inter-species perspective can greatly 

augment our understanding of two situations in a mosquito’s lifespan.  

 While these transcriptomic profiles quantify transcript accumulation, they also need to be 

mapped to biological information in order to generate informative insights about relevant genes, 

dynamics, and potential molecular targets. However, retrieving this information is limited to the 

quality of existing genome annotations which is expected to be poorly annotated as it would need 

significant amounts of experimental evidence to identify unknown genes. As recorded 

experimental evidence of gene functions is limited and large portions of mosquito genomes are 

annotated with unknown functions, we conducted homology-based functional analyses using Gene 

Ontology (GO) terms (Ashburner et al., 2000; Mi et al., 2019; The Gene Ontology Consortium et 

al., 2021) and the Clusters of Orthologous Groups of proteins (COG) categories (Galperin et al., 

2021; Tatusov et al., 1997) to infer gene functions based on the homologous sequences from other 

genomes. 

 In this study, we compared transcriptomic profiles across a sampling of five mosquito 

species: Ae. aegypti, Ae. albopictus, An. gambiae, An. stephensi, and Cx. quinquefasciatus. The 

original locations of these five mosquito species span across various habitat ranges (Figure 1A) 
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and genera (Figure 1B) which we expect can capture a diverse early-stage blood feeding and heat 

shock response across orthologs (Lippi et al., 2019; Pock Tsy et al., 2003; Samy et al., 2016; Tikar 

et al., 2011; Vega-Rúa et al., 2020). Intersecting differentially expressed genes under the early-

stage blood feeding and heat shock responses can allow us to capture the early-stage blood feeding 

response that all female mosquitoes encounter but has not been thoroughly studied before, confirm 

previous findings about the overlap between blood meals and the heat shock response, and capture 

convergently evolved gene functions under these stressors. 
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METHODS AND MATERIALS 

2.1 Mosquito Rearing and Sample Collections 

 Ae. albopictus (LA county strain), Ae. aegypti (Liverpool strain), An. gambiae (G3 strain), 

An. stephensi (Indian strain), and Cx. quinquefasciatus (Auburn strain) were maintained under 

standard insectary conditions at a constant 28°C at 70-80% humidity and with a 12:12 light/dark 

cycle. Larvae from each species were reared on dry fish food (Tetramin fish flakes) and adults 

were reared on a 10% sucrose solution. Mosquitoes were aged 3-4 days before collection. 

 Five adult female mosquitoes per replicate were collected into 1.5 mL tubes and three 

replicates were prepared for each species. Control samples were stored in a -80°C freezer following 

collection. Blood fed samples were fed on anesthetized mouse blood for 5-10 minutes and then 

stored in a -80°C freezer following feeding. Environmentally heat shocked samples were placed 

in a cage in an incubator set to 37°C for one hour and then stored in a -80°C freezer following 

treatment. 

 

2.2 RNA Extractions and Sequencing 

 Each sample tube of mosquitoes was lysed with lysis buffer and crushed. Total RNA was 

extracted from each of the lysates with the RNeasy Mini kit (Qiagen). Following RNA extraction, 

samples were subjected to a DNase treatment using the Turbo DNA-free kit (Ambion/Thermo 

Fisher). RNA samples were stored in a -80°C freezer following treatment until prepared for bulk 

RNA sequencing. 

 RNA sequencing libraries were prepared with an Illumina TruSeq Stranded mRNA kit. 

Single-read RNA-seq was performed on Ae. albopictus samples with an Illumina HiSeq 4000 
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platform and paired-end RNA-seq was performed on Ae. aegypti, An. gambiae, An. stephensi, and 

Cx. quinquefasciatus samples with an Illumina NovaSeq 6000 platform. 

 

2.3 Transcript Quantification and Differential Expression Analysis 

 Raw sequencing read content, read quality, GC content, and sequences with ambiguous 

base calls were assessed with FastQC. Raw read counts, the percentage of unique reads, and the 

percentage of reads with a Phred quality score above 30 (Q30) were calculated (Table 1). 

Sequencing reads of each species were quantified with Salmon in a quasi-mapping-based mode to 

their corresponding reference genomes of Ae. albopictus (RefSeq accession: GCF_006496715.1), 

Ae. aegypti (RefSeq accession: GCF_002204515.2), An. gambiae (VectorBase structural 

annotation version: AgamP4.13), An. stephensi (NCBI BioProject accession: PRJNA629843) 

(Chakraborty et al., 2021), and Cx. quinquefasciatus (VectorBase structural annotation version: 

CpipJ2.5). Salmon was run with parameters to enable the mapping validation algorithm and GC 

bias correction for each sequencing sample; the single-read flag was passed for single-read samples 

and the paired-end flag was passed for paired-end samples (Patro et al., 2017). Read quantifications 

were imported and differentially expressed genes across experimental conditions were identified 

using the R package DESeq2 (Love et al., 2014).  

 

2.4 Orthology Inference and Functional Annotation 

 Ortholog groups were detected from reference genome protein sequences using 

OrthoFinder with default parameters (Emms & Kelly, 2015, 2019). The gene with the lowest 

Benjamini-Hochberg adjusted p-value of an ortholog group was selected as the species’ 

representative ortholog, otherwise the gene with the lowest non-adjusted p-value was selected as 
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the species’ representative ortholog. To generate paralog-weighted ortholog groups, each ortholog 

group was multiplied by the number of paralogs from the group.  Individual sets and intersections 

of ortholog groups were visualized using the Python package UpSetPlot to draw UpSet plots (Lex 

et al., 2014). 

 GO term annotations were determined from the reference genome protein sequences using 

OmicsBox/Blast2GO (Götz et al., 2008). The OmicsBox/Blast2GO annotation process consisted 

of a blastp-fast search against the NCBI RefSeq protein database with an E-value cutoff of 10-3 

and a maximum number of allowed hits of 50, a mapping step of BLAST hits to GO terms, and an 

InterPro scan with default parameters against the EMBL-EBI InterPro protein database for GO 

terms (Altschul et al., 1990; Blum et al., 2021). Due to limitations in existing experimental 

evidence to confirm GO terms in sampled mosquito species, the “GO annotation” step of the 

pipeline to validate GO terms was not performed in order to preserve annotations. COG category 

annotations were determined from the reference genome protein sequences using eggNOG-mapper 

against the EMBL eggNOG database with default parameters (Huerta-Cepas et al., 2019). 

 A GO and COG enrichment analysis was conducted using a binomial test between the 

observed term datasets to the whole-genome annotations. P-values were transformed on a -log10 

scale and standardized with the scale function in R, which subtracts each log-transformed value 

by the mean of all log-transformed values and divides by the standard deviation of all log-

transformed values. 

 

2.5 HSE Motif and Helitron Element Identification 

 The 15-bp HSE motif [ATCG]GAA[ATCG][ATCG]TTC[ATCG][ATCG]GAA[ATCG] 

was searched for in genomes via regular expression. RepeatMasker with a custom-built library of 
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species-specific Helitron sequences from VectorBase was used to detect Helitron transposable 

elements from genomes. Internal scripts were used to integrate the coordinates of HSEs and 

Helitron calls to the nearest downstream gene in the genome. 
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RESULTS 

3.1 Assessing RNA-seq Quality and Functional Annotations of Transcriptomes 

 Under standard rearing (CTL), early-stage blood fed (BF), and environmental heat shock 

(HS) conditions, we generated 11 transcriptomic profiles across Ae. aegypti, Ae. albopictus, An. 

gambiae, An. stephensi, and Cx. quinquefasciatus from 33 samples with each sample averaging 

36617825 reads (Table 1). The average Phred quality score of each sample was above 35, 

indicating at least a 99.96% accuracy in sequencing base calls (Ewing et al., 1998; Ewing & Green, 

1998). 

 Using the reference genome sequences, we were able to functionally infer and annotate 

genes as many of these sequences in genomes are poorly annotated and have unknown functions. 

From our analysis, we were able to annotate most of the whole genome with either a GO term or 

a COG category annotation (Table 2). These annotations were then used to infer the functions of 

our observed transcripts and applied in downstream enrichment analyses. 

 

3.2 Assessing Differential Gene Expression Profiles Under Experimental Conditions 

 We were able to confirm that under HS and BF conditions, the transcriptomic profiles 

across conditions were significantly different from each other based on hierarchical clustering and 

a principal component analysis of samples (Figure 2). To identify differentially expressed genes 

(DEGs) in the BF and HS samples, we compared the gene expression profiles between the control 

and each of the experimental conditions. We used a threshold cutoff of a log2 fold change > 1 and 

a Benjamini-Hochberg adjusted p-value < 0.05 to identify significant differences in gene 

expression over the control. Based on these parameters, we were able to identify DEGs between 
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the HS-CTL and BF-CTL conditions from Ae. albopictus, Ae. aegypti, An. gambiae, An. stephensi, 

and Cx. quinquefasciatus (Table 3).  

 From the proportions of upregulated DEGs under HS conditions in the transcriptome, Ae. 

albopictus and Cx. quinquefasciatus exhibit the highest levels of heat shock inducibility of the 

sampled species, with Ae. albopictus having over five times the number of heat shock upregulated 

DEGs over Ae. aegypti.  Within the BF samples of Ae. albopictus, there are almost four times the 

number of downregulated DEGs to the number of upregulated DEGs.  

  

3.3 A Transcriptomic Response to Thermal Stress is Present Following Ae. albopictus Blood Meals 

 From the 9857 unique GO term annotations retrieved across all five genomes, we were 

able to conduct an enrichment analysis to test for genes that might be highly enriched within a GO 

term functional annotation under each experimental condition. The 25 unique GO terms with the 

highest standardized and log-scaled p-values from any genome were visualized and compared to 

each other (Figure 3). Across HS upregulated DEGs, GO terms for “response to heat”, “protein 

folding chaperone”, and “protein refolding” are among the most enriched GO terms and are 

characteristic of the heat shock response (Gidalevitz et al., 2011; Gomez-Pastor et al., 2018; 

Shibata & Morimoto, 2014; Vihervaara & Sistonen, 2014). With our model for comparing 

enriched GO terms, we also conducted an analysis from the HS downregulated DEGs and while 

there are fewer detailed insights into associated biological systems, there are observable molecular 

functions that are visible with HS downregulation, including “oxidoreductase activity”, 

“carboxylic ester hydrolase activity”, and “serine-type peptidase activity”.  

 For a broader understanding of the relevant biological functions, we repeated the 

enrichment analysis using 24 of the general COG categories (Figure 4). Across the HS upregulated 
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DEGs, “posttranslational modification, protein turnover, and chaperones” is a consistently 

enriched COG category, likely expected of the functions of activated genes from the heat shock 

response including chaperoning functions to mitigate protein misfolding and aggregation 

(Gidalevitz et al., 2011; Gomez-Pastor et al., 2018; Shibata & Morimoto, 2014; Vihervaara & 

Sistonen, 2014). Across the HS downregulated DEGs, there are a multitude of enriched categories 

in addition to certain categories being highly enriched in only one species, including “cell 

wall/membrane/envelope biogenesis” in Ae. aegypti, “defense mechanisms” and “secondary 

metabolites biosynthesis, transport and catabolism” in An. gambiae, or “carbohydrate transport 

and metabolism” in An. stephensi.  

 Expectedly, the Ae. albopictus BF samples display a different set of GO term and COG 

category enrichments from the HS samples. However, at the early stages PBM, we do observe a 

moderate enrichment of the associated thermoregulatory GO terms (“response to heat”, “protein 

folding chaperone”, and “protein refolding”) and COG category (“posttranslational modification, 

protein turnover, and chaperones”) highlighted in HS upregulated DEGs. These annotations are 

also consistent with the gene expression profile at the transcript level in which one of the numerous 

Hsp70 transcripts in the Ae. albopictus transcriptome, LOC109423613, exhibits a 2048-fold 

change in expression under HS conditions over the control, but exhibits a 29-fold change in 

expression following a typical blood meal. 

 

3.4 Intersections in the Heat Shock and Early-Stage Blood Feeding Response in Ae. albopictus 

 In addition to comparing the experimental conditions to the control, we also conducted an 

analysis to compare the HS and BF conditions from Ae. albopictus to each other. This would help 

to highlight genes that were differentially expressed in both conditions, suggesting that a blood 
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feeding response can resemble a heat shock response or are exclusively characteristic of one 

condition. We used a threshold of an absolute log2 fold change > 0 and a Benjamini-Hochberg 

adjusted p-value < 0.05 under both experimental conditions to determine significantly expressed 

genes, which resulted in a total of 316 significantly expressed genes from the background of 33823 

total genes (Figure 5A). We used a cutoff of log2 fold change > 0 or log2 fold change < 0 for a high 

or low expression of a condition, respectively, to highlight significantly expressed genes into 

quadrants (Figure 5B). Within each quadrant, we performed both a GO term and COG category 

enrichment analysis to determine highly enriched gene functions under each pair of experimental 

conditions (Figure 5C). 

 In Quadrant 1 of high HS and high BF, we identified significantly enriched gene functions 

in which the two conditions were correlated to each other. The most enriched functions of this 

quadrant were related to thermal stress and thermoregulation, emphasizing the combined impacts 

of blood feeding in a heat shock response in Ae. albopictus. In addition, transcripts corresponding 

to other genes outside of thermoregulation are also significantly expressed in this quadrant, which 

include LOC109414457 (putative ammonium transporter 2), LOC109412094 (beta-galactosidase-

1-like protein), and LOC109403414 (phenoloxidase-activating factor 2-like). While the first two 

genes correspond to metabolic functions and may suggest their role in early-stage metabolism of 

a blood meal that can be impaired under sustained thermal stress (Giri et al., 2017; Nguyen et al., 

1989), the third gene corresponds to a major component of the innate immune system in Ae. 

albopictus which is potentially linked to a thermal component from geographically variable 

environments and seasons (Fedorka et al., 2013; González-Santoyo & Córdoba-Aguilar, 2012). 

 In quadrant 2 of low HS and high BF, we identified genes that were anticorrelated to each 

experimental condition. With a small sample of genes and an inconclusive functional analysis, it 
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is likely that these transcripts, such as those corresponding to LOC115264160 and 

LOC115264698, are relevant to digestion and metabolism of a blood meal but are not linked to 

thermoregulatory functions. 

 In quadrant 3 of low HS and low BF, we identified genes and functions correlated to both 

experimental conditions but are not upregulated in either condition. Highly abundant transcripts 

correspond to downregulated genes of LOC109409431 (neutral and basic amino acid transport 

protein rBAT-like, transcript variant X1), LOC109413895 (heterogeneous nuclear 

ribonucleoprotein F-like), and LOC109426418 (probable cytochrome P450 9f2). While these 

descriptions suggest genes that may be relevant in metabolism and immune functions, it may be 

possible that these isoforms are not involved under these stress situations. Of additional note is 

that the one of the most downregulated transcripts between HS and BF conditions corresponds to 

LOC109422095 (uncharacterized protein K02A2.6-like) which has been noted to be C. elegans 

transposon-related in origin but is significantly downregulated in the Ae. albopictus transcriptome 

(Metzger et al., 2018). 

 In Quadrant 4 of high HS and low BF, we identified the largest intersection of genes of our 

analysis and that were anticorrelated under HS and BF conditions. We hypothesize that gene 

functions of these quadrant could be strictly for non-BF thermal stress responses, such as 

transcripts corresponding to LOC109420715 (larval cuticle protein LCP-30-like) and 

LOC109397727 (spondin-1-like) or could function in later stages for metabolism with transcripts 

corresponding to LOC109406109 (facilitated trehalose transporter Tret1, transcript variant X1) or 

LOC109422852 (serine protease easter). While there are genes with descriptions that would 

suggest being upregulated immediately following a blood meal, these functions may be relevant 
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in later stages, consistent with the changes in transcriptome dynamics for certain metabolic,  stress, 

and immune response categories in the later stages PBM in An. gambiae (Dana et al., 2005). 

 

3.5 Orthologous Gene Groups Following the Heat Shock Response 

 We compared the transcriptomic profiles across the five mosquito species under HS 

conditions to determine the intersection of significantly expressed genes following a heat shock. 

From our orthology inference analysis, we generated a total of 14890 unique ortholog groups, 

accounted for the associative weight from paralogs in these groups, and determined 31 sets of 

ortholog groups unique to each species or in combination of species (Figure 6). While we expect 

the intersection total to be larger within a genus (i.e., between Ae. aegypti and Ae. albopictus or 

between An. gambiae and An. stephensi) compared to other inter-genus intersections of similar 

group size, there are certain groups not within a genus that are larger even from both upregulated 

and downregulated genes, namely with Ae. albopictus and Cx. quinquefasciatus. These groups 

combined with the intersections from larger group sizes, may help to highlight HS-relevant genes 

across species and divergently evolved genes in mosquito genomes under thermal stress. 

 

3.6 The Accumulation of Helitron TEs and HSEs in Mosquito Genomes 

 From our analysis, we were able to call Helitron TEs and HSEs from each mosquito 

genome (Table 4). Consistent with previous findings, we also observe that Helitron content is 

much higher in Ae. albopictus, Ae. aegypti, and Cx. quinquefasciatus than in An. gambiae or An. 

stephensi (Melo & Wallau, 2020). Surprisingly, we also observe a substantially higher amount of 

HSEs in the genomes with higher TE content, most notably with Ae. albopictus having nearly ten 

times the proportion of HSEs in the genome and having a peak HSE count in a 1-kb window 22 
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times higher than in An. gambiae or An. stephensi. It may be possible that this contrast in TE and 

HSE content is genus-specific but would require further analyses from other species.  
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DISCUSSION 

4.1 Insights from the Deviations in Mosquito Transcriptional Responses 

 The heat shock response has been well studied to be a highly conserved stress response and 

we confirm that we do observe similar enrichments of functional descriptions and the same 

canonical genes in the response being upregulated across our sampling of mosquito species under 

these sustained, environmental heat shock conditions (Vihervaara & Sistonen, 2014). However, 

this analysis also highlights that despite this response being conserved within each species, there 

are variations in the response across species. The contrast of upregulated DEGs in Ae. albopictus 

or Cx. quinquefasciatus and their substantially larger proportion of overall DEGs to other mosquito 

species highlights the deviation in heat shock inducibility in these species. Furthermore, it is of 

note that Ae. albopictus and Cx. quinquefasciatus share a larger set of ortholog groups compared 

to other paired comparisons, suggestive of their interconnected heat shock inducible gene groups. 

In addition to transcripts accumulating for genes corresponding to the heat shock proteins like 

Hsp70, Hsp60, and Hsp83, there are many other undetermined, upregulated DEGs outside of 

thermoregulatory functions in Ae. albopictus or Cx. quinquefasciatus. While these findings are 

likely strain-dependent, the increased levels of heat shock inducibility may be suggestive of a 

higher tolerance to thermal stress, which could be potentially applied into real-world 

environmental conditions linked to climate change and these species’ impact on habitat range 

expansions. 

 The contrast of heat shock inducibility across mosquito species could be explained by the 

activity from Helitrons and other TEs. As it is possible that certain subclasses of TEs like Helitrons 

can “copy-and-paste” genomic segments rather than “cut-and-paste”, the correlation between TE 

content, HSE content, and heat shock inducibility to upregulated DEGs in a mosquito genome 

remains an unexplored question to answer (Cosby et al., 2019). We had conducted preliminary 
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analyses similar to the methods in Garrigues et al. (2019) with this sampling of mosquito species 

under HS conditions to explore if clusters of Helitron-associated HSEs (HSEs that had been 

captured by formerly-autonomous Helitrons and pasted to their current genomic locations) had an 

effect on DEGs, and while we had identified 23 transcriptional products to fall under our criteria 

in Ae. albopictus, there were too few products in other species to determine any conclusive results. 

While we were searching for Helitron-associated HSEs that could influence the gene immediately 

downstream of the HSE cluster, there is the possibility that these clusters could contribute to the 

upregulation of distant genes or may not be Helitron-associated but rather associated with another 

subclass of TE. 

 Based on the enrichments of descriptions for thermoregulatory functions, the early-stage 

blood-feeding response mirrors the heat shock response to a substantial degree in Ae. albopictus. 

It is remarkable that a moderately strong response to thermal stress is prevalent following a 

mosquito blood meal in Ae. albopictus when the samples are from whole-body, 15-minute PBM 

mosquitoes and is comparable to mosquitoes under a 1-hour sustained thermal stress. While 

previously unknown, these findings support the prior work that mosquito blood meals elicit heat 

shocks in Ae. albopictus in addition to other mosquito species (Benoit et al., 2011). While not 

conclusive at this time but based on the contrast in the levels of heat shock inducibility across 

mosquito species, we suspect that early-stage blood feeding transcriptomic profiles outside of Ae. 

albopictus are expected to not show as considerable enrichments for thermoregulatory functions 

and instead may be more enriched for other undetermined functions. 

 

4.2 Capturing Ae. albopictus HS- and BF-Relevant Gene Subsets 
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 Our analysis in contrasting the HS and BF transcriptomic profiles in Ae. albopictus 

highlights the intersection as well as the divergence in these two stress responses which can help 

to further refine molecular targets relevant under these conditions, specifically for being strictly 

HS-relevant or early-stage BF-relevant. While we found similar enrichments under high HS and 

high BF conditions for genes relevant to thermal stress, the other pairs of conditions highlight an 

unexplored space in mosquito transcriptomics particularly with the intersection of high HS and 

low BF conditions. It is suspected that this region is for HS-relevant gene functions only, however 

the large quantity and significant enrichment for metabolic functions despite these genes being 

downregulated highlights that following mosquito blood meals, thermoregulatory, immune, and 

other stress mitigation responses precede metabolic processes. While it is known that the 

accumulation of transcriptional products following a blood meal changes over time and has been 

profiled into stages, it was not previously known that the thermoregulatory functions contributed 

to a major role in the early-stage blood feeding response (Chen et al., 2017; Dana et al., 2005; Hou 

et al., 2015). Further data on the later stages of blood feeding (presumably into hours or days) may 

reveal genes that are relevant in the initial survival of a blood meal followed by metabolic or 

immune processes.  

 While not conclusive at this time, it is likely that the other intersections of HS and BF 

transcriptomic profiles from other species would not mirror the findings in Ae. albopictus. It may 

be plausible that thermoregulatory functions are not as enriched in other species and that other 

functions like immune or metabolic functions are more relevant following a blood meal, 

highlighting the divergence in adapted functions to survive a blood meal. However, a strong 

enrichment for thermoregulatory functions at this early time point in other species outside of Ae. 
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albopictus would signify the convergence of gene functions across mosquitoes to mitigate thermal 

stress before metabolic processes are involved. 

 

4.3 Limitations and Future Analyses 

 Studies about mosquito blood feeding have typically focused on the longer-term dynamics 

on the organism following a blood meal and have not fully studied the transcriptomic profile 

immediately PBM. Here, we present a comparative transcriptomics approach to observe the 

mosquito blood feeding response with bulk RNA-seq of a time point that has not typically been 

focused on. These findings detect and quantify the entire early-stage BF profile that previous works 

have not before, and transcripts detected from our approach have also been functionally annotated 

from two different scopes. Comparing these transcripts to orthologs across mosquito species 

highlights the variation in responses and understanding these dynamics potentially may play a role 

in vector control. A point of consideration for conducting a comparative transcriptomic analysis 

of the blood feeding response is how these heat shock dynamics may differ with habitat ranges. 

For example, certain strains of Ae. albopictus tend to proliferate in more temperate climates while 

certain strains of Cx. quinquefasciatus are localized to more tropical climates, but both species 

require blood meals that may incorporate different genes for its thermoregulation (Zhong et al., 

2013).  

 However, there are still many undetermined questions that exist about mosquito blood 

meals because of our limitations in our methods or in existing knowledge. Mosquito blood meals 

have a differential role in expression based on their localization, as for example, the midget of a 

mosquito is known to express different levels of Hsp70 following a blood meal than the wings 

(Benoit et al., 2011). Understanding the convergence and divergence of early-stage blood feeding 
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responses could be further augmented by bulk RNA-seq of dissected regions but would add an 

additional layer of complexity to our comparisons. Furthermore, there are also the unexplored 

profiles of a mosquito blood meal in its later stages which would help to capture the dynamics in 

transcriptional products over time, but this analysis has not been conducted yet. Additionally, 

existing genome annotations and homology-based functional annotations have not been able to 

comprehensively identify relevant gene and functions following a blood meal as the most highly 

upregulated transcriptional products have no genome annotations. Our whole-genome RNA-seq 

and functional analysis captures that these products are relevant in an early-stage blood meal, but 

it is unknown if these are related to protein-coding genes, ncRNA, or another type of 

transcriptional product. 

 Our analysis exhibits functional relationships that could be relevant starting points for 

further analysis. The divergence in the heat shock response across mosquitoes indicate adapted 

functions for surviving thermal stress, which we would be able to fully explore with the 

enrichments of genes across experimental conditions from other species. For example, there are 

significantly enriched GO terms for “response to hypoxia” in Ae. albopictus or “structural 

constituent of eye lens” in Ae. aegypti which are functional descriptions from the heat shock 

response that currently have not been explored. There are gaps in knowledge not only about the 

comparisons of upregulated DEGs in the mosquito heat shock response but also in the 

downregulated DEGs of the heat shock response and even the blood feeding response. We suspect 

that exploring these deviations in responses would be beneficial in understanding the lifespans and 

response dynamics in mosquitoes that could affect the evolution and vector control strategies of a 

mosquito. 
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FIGURES 

 

Figure 1. Habitat ranges and phylogenetic relationships of the five sampled mosquito species. (A) 
A map of the global habitat ranges of the five mosquito species: Ae. aegypti and Ae. albopictus 
adapted from Lwande et al. (2019), An. gambiae and An. stephensi adapted from Kiszewski et al.  
(2004), and Cx. quinquefasciatus adapted from Shocket et al. (2020). (B) A maximum likelihood-
based phylogenetic inference of the five mosquito species (Letunic & Bork, 2007). 
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Figure 2. Sample-level QC of RNA-seq replicates and experimental conditions by hierarchical 
clustering of sample-to-sample distances and principal component analysis. Replicates are sorted 
by experimental condition from standard rearing conditions (CTL), environmental heat shock 
(HS), or early-stage blood feeding (BF). 
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Figure 3. Heatmap of a subset of the standardized and log-transformed p-values from a GO term 
enrichment analysis. Enrichment p-values were determined from a binomial test of the observed 
GO terms from upregulated or downregulated DEGs under HS and BF conditions to the whole-
genome functional annotations. The subset of GO term enrichments visualized are selected from 
the top 25 unique GO terms with the highest enrichment values from any sampled species. 
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Figure 4. Heatmap of the standardized and log-transformed p-values from a COG category 
enrichment analysis. Enrichment p-values were determined from a binomial test of the observed 
upregulated or downregulated DEGs from HS and BF conditions to the whole-genome functional 
annotations. 
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Figure 5. Intersection of significantly expressed genes between HS and BF conditions in Ae. 
albopictus. (A) Scatterplot highlighting the 316 significantly expressed genes (orange) common 
to both HS and BF conditions from all 33823 genes in the Ae. albopictus transcriptome (blue). (B) 
Table quantifying the number of significantly expressed genes from each quadrant and condition 
parameters from (A). (C) Bar plots of the -log10-scaled p-values determined from a GO term 
(purple) and COG category (teal) enrichment analysis of the observed genes in each quadrant from 
(A). (A-C) Significantly expressed genes used in comparisons have an absolute log2 fold change 
> 0 over the control and a Benjamini-Hochberg adjusted p-value < 0.05. 
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Figure 6. UpSet plots of paralog-weighted orthologous gene groups across mosquito species under 
HS conditions. Only genes that have orthologs from all other species and an absolute log2 fold 
change > 0 over control conditions are mapped. The orthologous gene from each species that was 
selected was the most statistically significant of its paralog group (either the highest expression 
level among Bonferroni-adjusted p-values below 0.05 or the expression level with the lowest non-
adjusted p-value).   
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TABLES 
 

Table 1. Overview of RNA-seq sample quality assessments from FastQC. Assessments are sorted 
by species; experimental condition from standard rearing conditions (CTL), environmental heat 
shock (HS), or early-stage blood feeding (BF); replicate; and sequencing end from the forward end 
(+) or the reverse end (-). Q30 is the percentage of reads with a Phred quality score of 30 or higher. 
 

Species Condition / Replicate / End Read counts Unique reads (%) Q30 (%) 

Ae. aegypti 

CTL 1 (+) 
CTL 1 (-) 
CTL 2 (+) 
CTL 2 (-) 
CTL 3 (+) 
CTL 3 (-) 
HS 1 (+) 
HS 1 (-) 
HS 2 (+) 
HS 2 (-) 
HS 3 (+) 
HS 3 (-) 

26307541 
26307541 
40688516 
40688516 
44648520 
44648520 
35814327 
35814327 
32148732 
32148732 
27130526 
27130526 

48.10 
53.20 
39.29 
41.98 
37.66 
42.92 
43.65 
47.24 
45.69 
49.56 
49.09 
54.18 

98.83 
95.47 
98.71 
96.56 
98.75 
93.05 
98.31 
95.39 
98.97 
95.26 
98.62 
95.68 

Ae. albopictus 

CTL 1 (+) 
CTL 2 (+) 
CTL 3 (+) 
HS 1 (+) 
HS 2 (+) 
HS 3 (+) 
BF 1 (+) 
BF 2 (+) 
BF 3 (+) 

39572779 
46030689 
47688301 
44499875 
39422924 
39310058 
37682081 
28405546 
45084893 

52.32 
48.78 
49.25 
49.05 
50.85 
45.57 
54.15 
22.43 
51.93 

97.90 
97.98 
97.68 
97.90 
97.74 
97.80 
97.72 
97.87 
97.83 

An. gambiae 

CTL 1 (+) 
CTL 1 (-) 
CTL 2 (+) 
CTL 2 (-) 
CTL 3 (+) 
CTL 3 (-) 
HS 1 (+) 

35598460 
35598460 
39377616 
39377616 
39037985 
39037985 
34978870 

44.89 
48.89 
42.37 
44.20 
42.60 
44.96 
46.91 

98.58 
95.35 
98.13 
95.95 
98.58 
93.97 
98.23 
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Table 1. Overview of RNA-seq sample quality assessments from FastQC, Continued. 
Assessments are sorted by species; experimental condition from standard rearing conditions 
(CTL), environmental heat shock (HS), or early-stage blood feeding (BF); replicate; and 
sequencing end from the forward end (+) or the reverse end (-). Q30 is the percentage of reads 
with a Phred quality score of 30 or higher. 
 

Species Condition / Replicate / End Read counts Unique reads (%) Q30 (%) 

An. gambiae 

HS 1 (-) 
HS 2 (+) 
HS 2 (-) 
HS 3 (+) 
HS 3 (-) 

34978870 
32064250 
32064250 
30269332 
30269332 

49.93 
47.40 
51.96 
50.73 
54.60 

94.73 
98.21 
91.34 
98.68 
94.86 

An. stephensi 

CTL 1 (+) 
CTL 1 (-) 
CTL 2 (+) 
CTL 2 (-) 
CTL 3 (+) 
CTL 3 (-) 
HS 1 (+) 
HS 1 (-) 
HS 2 (+) 
HS 2 (-) 
HS 3 (+) 
HS 3 (-) 

45027987 
45027987 
29590523 
29590523 
45795101 
45795101 
27436551 
27436551 
28346313 
28346313 
33953670 
33953670 

36.10 
37.76 
42.08 
44.13 
35.34 
38.34 
45.67 
46.36 
44.36 
45.61 
42.04 
45.07 

98.65 
95.96 
98.81 
96.64 
98.09 
94.61 
98.96 
97.07 
99.02 
97.29 
98.21 
94.64 

Cx. quinquefasciatus 

CTL 1 (+) 
CTL 1 (-) 
CTL 2 (+) 
CTL 2 (-) 
CTL 3 (+) 
CTL 3 (-) 
HS 1 (+) 
HS 1 (-) 
HS 2 (+) 
HS 2 (-) 
HS 3 (+) 
HS 3 (-) 

39341788 
39341788 
41566758 
41566758 
35657073 
35657073 
34345435 
34345435 
41395965 
41395965 
39237600 
39237600 

42.94 
45.89 
42.39 
44.34 
45.81 
49.32 
46.69 
50.27 
41.96 
46.18 
43.96 
46.74 

98.25 
94.29 
99.01 
97.26 
98.81 
96.51 
98.49 
96.35 
98.57 
95.41 
98.58 
96.33 
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Table 2. Overview of transcriptome functional annotation quality. The percentage of GO 
annotation is calculated from if any hits of the BLAST or InterProScan searches returned GO 
terms. The percentage of COG annotation is calculated from if any protein match was made to any 
COG category. The percentage of annotation to known COG categories excludes undetermined 
matches and matches to the COG category “Function unknown”. 
 

Species 
Transcriptome 

annotated with any 
GO term (%) 

Transcriptome 
annotated with any 
COG category (%) 

Transcriptome 
annotated with known 
COG categories (%) 

Ae. aegypti 88.17 92.06 66.16 

Ae. albopictus 83.78 91.32 64.17 

An. gambiae 86.24 91.78 65.23 

An. stephensi 83.85 92.72 68.43 

Cx. quinquefasciatus 87.84 91.44 64.50 
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Table 3. Differentially expressed genes from experimental conditions over the control. The 
analysis was performed between the environmentally heat shocked samples to the control (HS-
CTL) or the short-term blood fed samples to the control (BF-CTL). “Total DEGs” is the number 
of differentially expressed genes (DEGs) that meet the threshold cutoff of an absolute log2 fold 
change > 1 and a Benjamini-Hochberg adjusted p-value < 0.05. “Upregulated DEGs” and 
“Downregulated DEGs” are the number of genes from the “Total DEGs” that have a log2 fold 
change > 1 or a log2 fold change < -1, respectively.  
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Table 4. Summary of Helitron TE and HSE calls in mosquito genomes. “Helitron calls” are the 
number of transposable elements detected from a search using a species-specific Helitrons library 
in RepeatMasker. “HSE calls” are the number of HSEs detected using a regular expression search 
for the canonical HSE motif. “HSEs in genome” is the proportion of the genome in bases that is 
comprised of HSEs. “Peak number of HSEs in a 1-kb window” refers to the highest sum of HSEs 
detected and clustered in a 1-kb section of the genome assembly. 
 

Species Helitron calls HSE calls HSEs in genome (%) Peak number of HSEs 
in a 1-kb window 

Ae. aegypti 205962 62569 0.0734 40 

Ae. albopictus 1460743 179009 0.1059 91 

An. gambiae 3266 3299 0.0181 4 

An. stephensi 12866 2978 0.0183 4 

Cx. quinquefasciatus 29686 21529 0.0558 56 
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