',\' frontiers
in Physiology

ORIGINAL RESEARCH
published: 23 August 2021
doi: 10.3389/fphys.2021.668236

OPEN ACCESS

Edited by:
Zainulabeuddin Syed,
University of Kentucky, United States

Reviewed by:

Alil Afify,

Johns Hopkins University,

United States

Sharon Rose Hill,

Swedish University of Agricultural
Sciences, Sweden

*Correspondence:
Immo A. Hansen
immoh@nmsu.edu

Specialty section:

This article was submitted to
Invertebrate Physiology,

a section of the journal
Frontiers in Physiology

Received: 15 February 2021
Accepted: 02 August 2021
Published: 23 August 2021

Citation:

Mitra S, Pinch M, Kandel Y, Li Y,
Rodriguez SD and Hansen IA (2021)
Olfaction-Related Gene Expression
in the Antennae of Female
Mosquitoes From Common Aedes
aegypti Laboratory Strains.

Front. Physiol. 12:668236.

doi: 10.3389/fphys.2021.668236

Check for
updates

Olfaction-Related Gene Expression
in the Antennae of Female
Mosquitoes From Common Aedes
aegypti Laboratory Strains

Soumi Mitra, Matthew Pinch’, Yashoda Kandel', Yiyi Li?, Stacy D. Rodriguez’ and
Immo A. Hansen™

" Department of Biology, New Mexico State University, Las Cruces, NM, United States, 2 Department of Computer Science,
New Mexico State University, Las Cruces, NM, United States

Adult female mosquitoes rely on olfactory cues like carbon dioxide and other small
molecules to find vertebrate hosts to acquire blood. The molecular physiology of the
mosquito olfactory system is critical for their host preferences. Many laboratory strains
of the yellow fever mosquito Aedes aegypti have been established since the late 19th
century. These strains have been used for most molecular studies in this species.
Some earlier comparative studies have identified significant physiological differences
between different laboratory strains. In this study, we used a Y-tube olfactometer
to determine the attraction of females of seven different strains of Ae. aegypti to a
human host: UGAL, Rockefeller, Liverpool, Costa Rica, Puerto Rico, and two odorant
receptor co-receptor (Orco) mutants Orco2 and Orco16. We performed RNA-seq using
antennae of Rockefeller, Liverpool, Costa Rica, and Puerto Rico females. Our results
showed that female Aedes aegypti from the Puerto Rico strain had significantly reduced
attraction rates toward human hosts compared to all other strains. RNA-seq analyses
of the antenna transcriptomes of Rockefeller, Liverpool, Costa Rica, and Puerto Rico
strains revealed distinct differences in gene expression between the four strains, but
conservation in gene expression patterns of known human-sensing genes. However, we
identified several olfaction-related genes that significantly vary between strains, including
receptors with significantly different expression in mosquitoes from the Puerto Rico strain
and the other strains.

Keywords: olfaction, repellent, strains, antenna, transcriptome, Aedes aegypti

INTRODUCTION

The chemical sense of olfaction plays an important role in the life of all insects, not only
in locating food sources, but also in other sensory-mediated behaviors like mating and egg
deposition (Fleischer and Krieger, 2018). Olfaction in insects occurs primarily in their antennae,
but other structures including the mouth parts, wing fringes, and tarsal segments also house
chemosensory sensor systems (Dunipace et al., 2001; Scott et al., 2001; Thorne et al., 2004;
Wang et al., 2004; Dahanukar et al., 2007; Vosshall and Stocker, 2007; Carey and Carlson, 2011;
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Sparks et al., 2013, 2014; Bohbot et al., 2014). These olfactory
regions are covered with sensilla, small hair-like structures
containing odor-sensing neurons called olfactory receptor
neurons (ORNs) (Carey and Carlson, 2011). ORNs within the
sensilla express chemosensory receptor proteins from three
protein families that detect specific types of odorants. Ionotropic
receptors (IRs) are ion channels (Leal, 2013; Fleischer et al,
2018), while odorant receptors (ORs) and gustatory receptors
(GRs) are structurally similar to G-protein coupled receptors
(Wicher, 2018). ORs form heteromers with an odorant receptor
co-receptor protein (ORCO) (Fleischer et al., 2018). This OR-
ORCO complex functions as a ligand gated ion channel for
odor sensation (Vosshall and Hansson, 2011). Odorant-binding
proteins (OBPs) are a family of globular proteins found in
the sensillar lymph and elsewhere that are thought to play an
important role in chemoreception by solubilizing hydrophobic
odorants (Biessmann et al., 2010). Previous research has shown
that members of these aforementioned protein families are
expressed in the antennae of insects (Brito et al., 2016; Pelosi
et al., 2018; Venthur and Zhou, 2018) including Aedes aegypti
(Matthews et al., 2016).

During host-seeking, female mosquitoes follow olfactory cues
that they detect with sensilla located on their antennae and
maxillary palps (Roth, 1951; Bohbot et al., 2014). Laboratory
studies of Ae. aegypti olfaction demonstrated that lactic acid,
carbon dioxide, and a variety of carboxylic acids attract female
mosquitoes (Acree et al., 1968; Carlson et al., 1973; Takken and
Knols, 1999; Geier and Boeckh, 2003). While lactic acid is known
to be a prominent attractive odor, there are conflicting reports on
the necessity of CO, as a co-odorant with lactic acid to stimulate
attraction (Acree et al., 1968; Geier and Boeckh, 2003). While
it is possible that observed differences in odorant-stimulated
attraction may be due to differences in experimental technique,
it cannot be ruled out that the difference in observed responses
to the odorant stimuli may be due to use of different laboratory
strains of Ae. aegypti in each study.

Many behavioral and physiological experiments are conducted
on animal strains that have been bred under laboratory
conditions for generations. In the case of the insect model
organism, Drosophila melanogaster, 308 wildtype strains alone
are maintained in the Bloomington Drosophila Stock Center.
Even though these strains are members of the same species,
differences in important phenotypic characteristics such as
locomotion, and differences in gene expression patterns in such
important functional pathways such as metabolism and synaptic
transmission exist between strains (Colomb and Brembs, 2014;
Zarubin et al., 2020). Ae. aegypti is a favored mosquito species for
laboratory studies around the world as field-collected specimens
are relatively easy to introduce and propagate in laboratory
culture compared to other mosquito species. A large number of
different laboratory strains of Ae. aegypti have been established
from different geographical origins in the last century (Kuno,
2014). As with Drosophila, diversity between different laboratory
strains has been addressed in experimental studies, many with
focus on insecticide-resistance, susceptibility to pathogens, or
other traits (Gémez et al,, 2011; Costa-da-Silva et al., 2017;
Gloria-Soria et al., 2019).

Aedes aegypti can transmit a variety of medically important
diseases when they take a blood meal from a human host.
Therefore, it is important to deepen our understanding of how
olfactory gene expression affects host seeking behavior as an
avenue for controlling mosquito attraction to humans. As a
variety of Ae. aegypti strains are used for physiology and behavior
studies, an understanding of differences in behavior and gene
expression is necessary for ensuring that results from studies
using different strains produce results that can be applied to the
species as a whole. In this study, we demonstrate differences
in attraction to human odor between different laboratory
strains of Ae. aegypti mosquitoes using a Y-tube olfactometer
bioassay. Furthermore, we use RNA-seq and quantitative RT-
PCR to compare olfactory gene expression in antennae of four
of these strains.

MATERIALS AND METHODS

Mosquito Strains

Table 1 shows the origin of the seven laboratory strains of
Ae. aegypti used in this study. Six strains were obtained from
BEI Resources (Molestina, 2010), and UGAL mosquitoes were a
generous gift from Alexander Raikhel at UC Riverside. All strains
were maintained for no less than four generations after arrival in
our insectary before being used for experiments.

Mosquito Culture

Mosquito eggs of each strain were dried and kept for 1 week after
being laid. Eggs from each strain were hatched separately in 13" x
20" pans, in deionized water at 27°C. Every third day, mosquito
larvae were fed dry cat food pellets (Special Kitty, Walmart Stores
Inc., Bentonville, AR, United States). The water in the pans was
changed every fifth day. Adult mosquitoes were reared for 5 days
in Bug Dorm-1 insect rearing cages (30 x 30 x 30 centimeters,
BugDorm, Taichung, Taiwan) under controlled conditions (27°C,
80% humidity, 14:10 h light:dark cycle), and were maintained on
20% sucrose solutions ad libitum.

Y-Tube Olfactometer Bioassay

A plexiglass Y-tube olfactometer (Figure 1A) was constructed
according to WHO instructions with some changes (Rodriguez
et al., 2015). All Y-tube assays were begun at 8:00 am (zeitgeber

TABLE 1 | Strains used in this study.

STRAIN SOURCE BEI-ORDER# Presumptive region of origin
Rockefeller BEI MRA-734 Cuba

Liverpool BEI NR-48921 West Africa

Costa Rica BEI MRA-726 Costa Rica

UGAL UCR n/a Georgia, United States

Puerto Rico BEI NR-48830 Puerto Rico

Orco2 BEI NR-44376 Florida

Orco16 BEI NR-44378 Florida

BEI, BEI resources; UCR, University of California, Riverside.
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FIGURE 1 | Mosquito attraction bioassay using a Y-tube olfactometer. (A) Diagram of Y-tube olfactometer. Dimensions are given in centimeters. Arrows and values
represent direction and speed of airflow. (B) Distribution of mosquitoes in each Y-tube chamber at the end of each assay. Strains were exposed to either a control
hand (left set), or a DEET treated hand (right set under “DEET” bracket). Data is presented as average number of mosquitoes from four treatments in each

chamber + SEM. Column colors correspond to chamber colors in the legend of (A). (C) Percent attraction of mosquito strains to the control hand (red columns) and

the DEET-treated hand (empty columns) for each mosquito strain. Data is presented as average percent attraction from four treatments + SEM. Letters above
columns represent statistical significance categories determined by Mann-Whitney U tests, with different letters representing significantly different (p < 0.05)
attraction rates. See section “Materials and Methods” Y-tube olfactometer bioassay for a description of how percent attraction was determined.

time 3). Around 25-30 1-week old female mosquitoes were
starved overnight and released into the “Holding” chamber of
the Y-tube. A volunteer’s hand was placed at the open end of
the “Hand” chamber while the other “Blank” chamber was left
empty. A computer fan was placed five cm from the holding
chamber to pull air through the Y-tube and the airspeed was
measured at different locations within the tube using a digital
anemometer (TPI565, Test Products International, Beaverton,
OR, United States) to ensure that airspeed in the base of the
Y-tube was 0.4 m/s, and airspeed at the hand and blank ports was
0.2 m/s (Rodriguez et al., 2015). After 30 s elapsed, all chamber
doors were opened, and mosquitoes were allowed to fly for the

next 2 min. At the end of 2 min, all the doors were closed, and
the total number of mosquitoes present in each chamber were
counted and recorded. Percent attraction was calculated as:
#mosquitoes in "Hand"

= x 100

Attraction % -
total # mosquitoes

Each strain was tested once per day for 4 days to generate
four biological replicates per strain. Another set of Y-tube
olfactometer bioassays were conducted using 0.5 milliliter
Ben’s® 100% DEET (N, N-diethyl toluamide) (Adventure Ready
Brands™, Littleton, NH, United States) applied to the volunteer’s
hand before placing it adjacent to the “Hand” chamber. DEET
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was used to determine any reductions in percent attraction of
each strain in this experiment. Significant differences in attraction
rates between strains and treatments were determined by Mann-
Whitney U tests using GraphPad Prism8 (GraphPad Software,
San Diego, CA, United States).

RNA-Seq Sample Preparation

Female mosquitoes were anesthetized using CO, and antennae
and pedicels containing the Johnston’s organs were dissected.
Three groups of 100 adult female mosquitoes (200 antennae) of
each of four strains, Rockefeller, Liverpool, Cost Rica, and Puerto
Rico, were dissected. Antennae were homogenized in 500 pL TRI
Reagent® (Sigma-Aldrich, St. Louis, MO, United States) using a
VWR cordless motor (VWR, cat. No. 4774-370) and disposable
polybutylene terephthalate pestles (VWR, cat. No. 4774-358) for
5 min prior to total RNA extraction following the manufacturer’s
instructions. RNA samples were shipped to GeneWiz (South
Plainfield, NJ, United States) for Illumina HiSeq 150 bp paired
end RNA-seq analysis using their Standard RNA-seq service.

Library Preparation and Sequencing

RNA samples were quantified using a Qubit 2.0 Fluorometer
(Life Technologies, Carlsbad, CA, United States) and RNA
integrity was checked using the Agilent TapeStation 4200 (Agilent
Technologies, Palo Alto, CA, United States). RNA sequencing
libraries were prepared using the NEBNext Ultra RNA Library
Prep Kit for Illumina using manufacturer’s instructions (NEB,
Ipswich, MA, United States). Briefly, mRNAs were initially
enriched with Oligod(T) beads and fragmented for 15 min at
94°C. First strand and second strand cDNA were subsequently
synthesized. cDNA fragments were end repaired and adenylated
at 3’ends, and universal adapters were ligated to cDNA fragments,
followed by index addition and library enrichment by PCR
with limited cycles. The sequencing library was validated
on the Agilent TapeStation (Agilent Technologies, Palo Alto,
CA, United States), and quantified by using a Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, United States) as well
as by quantitative PCR (KAPA Biosystems, Wilmington, MA,
United States). The sequencing libraries were clustered on a
single lane of a flowcell which was loaded on the Illumina HiSeq
instrument (4000 or equivalent) according to manufacturer’s
instructions. The samples were sequenced using a 2 x 150 bp
Paired End (PE) configuration. Image analysis and base calling
were conducted by the HiSeq Control Software (HCS). Raw
sequence data (.bcl files) generated from Illumina HiSeq was
converted into fastq files and de-multiplexed using Illumina’s
bel2fastq 2.17 software. One mismatch was allowed for index
sequence identification.

Mapping Sequence Reads to the

Reference Genome

Sequence reads were trimmed to remove possible adapter
sequences and nucleotides with poor quality using Trimmomatic
v.0.36 (Bolger et al, 2014). The trimmed reads were mapped
to the Ae. aegypti reference genome (Aaegl5.3) available on
ENSEMBL using the STAR aligner v.2.5.2b (Dobin et al., 2013).

Unique gene hit counts were calculated by using featureCounts
from the Subread package v.1.5.2 (Liao et al, 2013, 2014).
Only unique reads that fell within exon regions were counted.
Fragments per kilobase of transcript per million reads (FPKM)
values for all reads were generated by GeneWiz.

Gene ldentification and Annotation

Gene RefSeq IDs were obtained from GeneWiz and mapped
to the BioMart database from VectorBase'. Gene function
information  (Interpro  descriptions, gene descriptions,
and GO terms) was obtained from the most recent Ae.
aegypti genome annotation (Aedes aegypti Liverpool genome
v5.3) in BioMart. All sensory genes in our transcriptomes
were identified by first searching Vectorbase for odorant-
related genes using the following description categories,
Product.Description, Interpro.Description, Smart.Description,
Superfamily.Description, TigrFam.Description, Prositefamilies.
Description, PirSF.Description, PFam.Description to identify
genes already annotated as olfaction-related, or putative genes
with structural similarity. Additionally, this set of genes was
cross-referenced to annotated olfaction-related genes in recent
publications classifying Ae. aegypti sensory genes (Matthews
et al,, 2016, 2018; Hill et al., 2021), to ensure a comprehensive
dataset. As a result of cross-referencing to recent publications,
36 additional genes were added. Genes with zero expression
in all samples were filtered out to complete the dataset
used for analysis.

Differential Expression and Statistical
Analysis

After extraction of gene hit counts, the gene hit counts
table was used for downstream differential expression analysis.
Based on their alignment result and annotation, BioMart from
vectorbase.org was used to add gene descriptions and RNA
lengths of each gene. FPKM data was log scaled and used to
perform analysis on the whole transcriptome dataset including
principal component analysis (PCA), comparisons between gene
families, and median FPKM values of transcriptomes from the
four strains. The RNA-seq FPKM data was discretized with the R
package Ckmeans.1d.dp (Wang and Song, 2011; Song and Zhong,
2020). Differential gene expression of individual transcripts from
each strain was determined using un-scaled FPKM values and
chi-square goodness of fit tests to compare gene expression in
one strain to all three other strains (p < 0.05). Because any given
OR, GR, IR, or OBP are only expressed in a small number of cells
in the antenna, the abundance of specific fragments of olfaction-
related genes in our libraries is likely to be relatively low. We
decided to include all odorant related genes that were detected
in at least one sample in order to gain a comprehensive picture of
strain-specific differences.

Quantitative Real Time PCR

Quantitative real time PCR (qQRT-PCR) was performed on a small
subset of olfactory genes to validate RNA-seq data. Three genes

Ivectorbase.org
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with elevated expression in PR mosquitoes as determined by
RNA-seq (obp56a, or26, and 0r97), and two candidate internal
reference genes (B-actin and rps7) (Supplementary File 1) were
selected for analysis. qRT-PCR analysis was performed on the
same four strains as RNA-seq. Antennae and pedicels containing
Johnston’s organs from three groups of 100 mosquitoes (200
antennae per group) per strain were dissected and stored in TRI
Reagent® (Sigma-Aldrich Corp., St. Louis, MO, United States)
followed by purification and in-column DNase I treatment using
an RNA Clean and Concentrator'™-100 kit (Zymo Research,
Irvine, CA, United States). Total RNA was reverse-transcribed
using iScript™ Reverse Transcription Supermix for RT-qPCR
(Bio-Rad, Hercules, CA, United States) to generate cDNA
templates. To confirm the absence of genomic DNA, non-
reverse transcribed (noRT) samples were generated using noRT
Supermix. Gene specific primers (Supplementary File 1) were
designed using Primer-BLAST (Ye et al, 2012) and evaluated
with NetPrimer (Premier Biosoft, Palo Alto, CA, United States).
Primers were designed to flank intron sequences to allow for
discrimination between mRNA and genomic DNA amplification
products. Qualitative PCR amplification was performed for all
primer pairs on both RT and noRT samples using Taq 2X Master
Mix (New England Biolabs, Ipswich, MA, United States) prior
to qRT-PCR. Qualitative PCR products were visualized on 1%
agarose gels stained with SYBR® Safe (Invitrogen, Carlsbad, CA,
United States) to verify correct amplicon size.

Quantitative real time PCR was performed using the iTaq
Universal SYBR® Green One-Step Kit (Bio-Rad, Hercules,
CA, United States). Two technical replicates of each sample
were performed. Samples were analyzed in 96-well plates with
Masterclear real-time PCR Adhesive Film (Eppendorf, Hamburg,
Germany) in a Bio-Rad CFX96 Touch Deep Well Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, United States)
using a protocol consisting of an initial denaturation at 95°C
for 30 s. followed by 40 cycles of 95°C denaturation for 5 s,
and a combined annealing/elongation step at 60°C for 30 s.
Fluorescence measurement was performed after each elongation
step. Immediately following the PCR, a melting curve analysis
was performed from 60°C to 95°C in 0.5°C increments with
a 5 s. hold at each step. qRT-PCR and melting curve data
was collected using Bio-Rad CFX Maestro software (Bio-Rad,
Hercules, CA, United States). Cq values were analyzed using
the RefFinder analysis tool’ (Xie et al., 2012), which uses
four algorithms (Vandesompele et al., 2002; Andersen et al.,
2004; Pfaffl et al., 2004; Silver et al, 2006) to identify the
most appropriate reference gene based on stability of gene
expression. Primer pair amplification efficiency was determined
by analyzing raw fluorescence data using the Real-Time PCR
Miner tool’ (Zhao and Fernald, 2005). Cq values were imported
from the Bio-Rad CFX Maestro program into Microsoft Excel
and averaged Cy values from technical replicates of each
sample were analyzed using calculated primer pair efficiency
adjustment and normalized against the reference gene, rps7 (a
ribosomal subunit), to derive relative mRNA levels between

Zhttps://www.heartcure.com.au/reffinder/
Shttp://ewindup.info/miner/

strains. Statistical analysis of relative mRNA levels was performed
using GraphPad Prism (GraphPad Software, San Diego, CA,
United States). Shapiro-Wilk tests for normality were performed
prior to one-way ANOVA and Tukey’s multiple comparisons
post hoc tests to determine significant differences in relative
mRNA levels between each strain.

RESULTS
Long-Range Attraction Assay

We used a choice assay with a Y-tube olfactometer (Figure 1A)
to determine attraction rates of adult females from different
laboratory strains of Ae. aegypti (Rodriguez et al., 2015). Six
of the seven laboratory strains showed strong attraction toward
the human hand that was used as bait (Figures 1B,C). Females
from the insecticide-resistant PR strain showed significantly
reduced attraction to the human hand bait compared to all other
strains. When the human hand was treated with DEET, prior
to the experiment, females from all strains showed a significant
reduction in attraction (Figures 1B,C).

General RNA-Seq Results

In total, the RNA-seq analysis produced a mean of 30,596,079
reads per sample (367,152,946 total reads), yielding a mean of
9,179 Mbases per sample (110,146 total Mbases) (Supplementary
File 2). The mean percent of bases with a quality score
over 30, indicating a 99.9% confidence in call accuracy, was
86.61% across all samples, with a low of 85.9% and a high
of 87.58% (Supplementary File 2). The mean quality score
across all samples was 35.8, with a low of 35.65 and a high
of 36.05 (Supplementary File 2). After adapter trimming and
removal of low-quality base pairs, an average of 28,918,212 total
reads per sample remained, of which an average of 22,725,239
were unique mapped reads (Supplementary File 2). FPKM of
all sensation-associated genes in each sample were generated
and included the following chemosensory gene categories:
odorant receptors (ORs) and the obligate odorant receptor
co-receptor (ORCO), gustatory receptors (GRs), ionotropic
receptors (IRs), and odorant binding proteins (OBPs), as well
as other genes associated with olfaction including pickpocket
(PPK) and transient receptor potential (TRP) channels. Principal
component analysis based on the RNA-seq data showed all four
strains clustering separately, indicating distinct differences in
gene expression profiles between the different laboratory strains
(Figure 2). All sequence files for each strain have been uploaded
to NCBI BioProject: PRINA715771.

Olfaction-Related Gene Expression

Odorant Receptors (ORs)

In our RNA-seq analysis of olfaction related genes on Vectorbase,
we identified 100 out of 117 Ae. aegypti ORs annotated
by Matthews et al. (2018) with expression in at least one
sample (Figure 3 and Supplementary File 3). Overall, Rock
mosquitoes had slightly higher OR expression than the other
three strains (Figure 3). Chi square analysis of olfaction-related
gene expression in individual strains compared to all other
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strains revealed several ORs that were significantly increased
or decreased (p < 0.05) in each particular strain. In Rock, we
identified six ORs [or122 (AAEL013563), or125 (AAEL013893),
orl116 (AAEL025139), or13 (AAEL008368), 0r28 (AAEL027053),
and o0r81 (AAEL017305)] with significantly increased expression
compared to the other three strains (Supplementary File 5).
Liverpool mosquitoes had two ORs [0or40 (AAEL005767) and
orl02 (AAEL023017)] with significantly increased expression
compared to the other three strains (Supplementary File
6). We did not identify any ORs with significantly different
expression in CR mosquitoes compared to the other strains
(Supplementary File 7). Finally, PR mosquitoes had one OR
[or103 (AAEL017505)] with significantly increased expression
compared to the other three strains (Supplementary File 8).
ORCO, initially annotated as or7 (Melo et al., 2004), was
expressed at high levels in all strains, but its expression was
increased in Rock (Figure 3).

The OR ligand repertoire of Ae. aegypti is not well classified,
but we have found reports of seven Ae. aegypti ORs that have
been experimentally determined to respond to human odors.
We identified all seven of these ORs in our transcriptome
dataset. Sulcatone-sensitive or4 (AAEL015147) (McBride et al.,
2014) was the highest expressed of these seven ORs in all
four strains, with average FPKM values of 14.9 in CR, 5.4
in Liverpool, 8.6 in PR and 26.4 in Rock (Supplementary
Files 3, 4). 3-methylindole-sensing or10 (AAEL006003) (Bohbot
and Pitts, 2015; Ruel et al., 2019) and indole-sensing or2
(AAEL005999) (Bohbot and Dickens, 2010; Bohbot et al., 2011)
were the second and third highest expressed of the known
human-sensing ORs, respectively (Supplementary Files 3, 4).
The final four human-sensing ORs, or14 (AAEL008442) (Zeng
et al, 2019), orl5 (AAEL008448) (Zeng et al, 2019), or9
(AAEL006005) (Bohbot and Pitts, 2015), and 0r8 (AAEL012254)

receptors (GRs), ionotropic receptors (IRs), odorant receptor co-receptor
(ORCO), and odorant binding proteins (OBPs) were detected. Boxplots
represent the interquartile range of RNA expression from three biological
replicates per strain in log scaled FPKM. Lines in each box represent mean
RNA expression, vertical lines represent first and fourth quartiles, and dots
represent outliers. Numbers beneath each label represent the number of
transcripts detected/total number of genes annotated either by Matthews
et al. (2018) (denoted with an asterisk) or Manoharan et al. (2013)
(denoted with¥).

(Bohbot and Dickens, 2009) were the lowest expressed across
all strains, with or8 expression being higher in CR and orl5
expression being lower in PR relative to the other strains
(Supplementary Files 3, 4).

Gustatory Receptors (GRs)

Out of 72 Ae. aegypti GRs annotated by Matthews et al.
(2018), we were able to detect 36 in our antennae sensory
transcriptome that were expressed in at least one sample
(Figure 3 and Supplementary File 3). Overall, GRs had
the lowest expression of the five major sensory gene classes
surveyed in this study (Figure 3) with only eight of the 36
GRs having an expression >1 FPKM in at least one sample
(Supplementary File 3). GR genes grl, gr2, and gr3 have
previously been reported to form a CO;-sensing complex
in the maxillary palps (Erdelyan et al, 2012; Ray, 2015;
Fleischer et al, 2018; Kumar et al., 2020). Interestingly, all
three of these GRs were among the seven with expression >1
FPKM in at least one sample of our antennal transcriptomes
(Supplementary File 3). We identified several GRs with
significantly different expression in different strains, with
gr66 (AAEL017394) having elevated expression in Liverpool
(Supplementary File 6), gr2 (AAEL002167) having significantly
higher expression in CR (Supplementary File 7), and
gr45 (AAEL006494) being significantly increased in PR
(Supplementary File 8).
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lonotropic Receptors (IRs)

We identified 52 IRs out of 135 Ae. aegypti IRs annotated by
Matthews et al. (2018) with expression in at least one sample
(Figure 3). Twenty-nine IRs have previously been identified as
antennal IRs in female Ae. aegypti (Tallon et al., 2019), of which
we identified 25 in our dataset. No antennal IRs were significantly
different between strains, and only irI01 (AAEL022101)
showed significantly different expression, being significantly
elevated in Rock mosquitoes (Supplementary File 5). Of the
antennal IRs, ir8a (AAEL002922), ir87a.2 (AAEL011690), ir750
(AAEL014086), ir75k.1 (AAEL014089), irdlk (AAEL000066),
and ir92a (AAELO011001) had elevated expression in Rock
compared to the other strains (Supplementary File 4). Several
antennal IRs, ir750 (AAEL014086), ir75e.3 (AAEL010775),
ir75e.3  (AAEL010775), ir75i (AAEL013198), ir75k.2
(AAEL024757), irdIp.2 (AAEL018060), ir41i (AAEL000047),
and ir25a (AAEL009813) had lower expression in CR relative
to the other strains (Supplementary File 4), and three antennal
IRs, ir92a (AAEL011001), ir76b (AAEL006360), and ir87a.l
(AAEL011691) had lower expression in PR than the other strains
(Supplementary File 4).

Odorant-Binding Proteins (OBPs)

We detected 43 out of 111 OBPs annotated by Manoharan
et al. (2013) with expression in at least one sample in this
study. Our analysis showed high variability in expression
of different OBPs in each strain, but the overall expression
distribution was similar across all four strains (Figure 3).
Substrates for two Ae. aegypti OBPs have been previously
identified. We detected both of these OBPs at high levels
in all samples of or transcriptome data. The long chain
fatty acid-sensitive obp22 (AAEL005772) (Wang et al., 2020)
was expressed at similar levels in all strains, while the
oviposition pheromone-sensing obp39 (AAEL009449) (Leal and
Leal, 2015) was decreased in Liverpool and Rock samples
(Supplementary File 4). Despite the wide range of OBP
expression in each strain (Figure 3), we only identified one
significantly differentially expressed OBP, obp47 (AAEL011499),
which had higher expression in CR relative to the other strains
(Supplementary File 7).

Other Proteins Implicated in Odor Sensation

We also identified members of non-canonical chemosensory
receptor PPK and TRP channel families in our dataset. These
receptor types encode gated transmembrane sodium (PPK)
and calcium (TRP) channels that can be activated by a
variety of stimuli including chemical odorants. We identified
29 annotated PPK genes out of 37 previously annotated
PPKs (Matthews et al., 2016; Hill et al.,, 2021) in our RNA-
seq data, only one of which [ppk14009 (AAEL014009)] was
significantly differentially expressed in PR relative to the other
strains (Supplementary File 8). Fifteen TRP channels have been
previously annotated (Matthews et al., 2016). We observed all
15 TRPs and one transcript (AAEL021199) putatively identified
as a TRP in our dataset (Supplementary File 3). None of
these TRP channels were significantly different between any of
the four strains.

Transcripts With High Expression in

Puerto Rico

We next wanted to identify which genes in our dataset had very
high expression in each strain. To determine this, we calculated
the median FPKM value of all odor-associated genes, and then
selected all genes with a median expression value above this
level in at least one strain. We visualized this data in a Venn
diagram, and observed that each strain had a small sub-set of
genes whose median expression in that strain was greater than the
median expression of all olfaction-associated genes (Figure 4A).
We identified five olfaction-associated genes in PR with increased
expression when compared to the expression levels of all olfactory
genes in all strains (Figure 4A). Interestingly, one of these highly
expressed genes was an odorant receptor (or 36, AAEL016981)
and one was a gustatory receptor (gr45, AAEL006494), which was
significantly higher in PR mosquitoes relative to the other strains.
We visualized the expression patterns of the five genes with high
expression in PR in Figure 4B.

gRT-PCR Validation

We selected three olfaction related genes to validate the
expression profiles observed in our RNA-seq dataset. We
performed gRT-PCR on three olfaction related genes (or26,
0r97, and obp56a) and two candidate reference genes (rps7 and
B-actin). We used the RefFinder tool (Xie et al., 2012) to identify
the most stably expressed gene and determined that rps7 was
the most appropriate reference gene for normalization of our
olfaction related gene data (Supplementary File 9A).

We calculated relative mRNA levels of three olfaction related
genes to validate their expression patterns in relation to the
expression patterns we observed in our RNA-seq data. We
observed no significant difference in o0r26 gene expression
between strains (Supplementary File 9B, top). However, besides
high variation within samples, mean or26 mRNA levels were
highest in PR followed by Rock, which is consistent with the
observed trend in our RNA-seq data (Supplementary File 9B,
top). PR and Rock 0r97 relative mRNA levels were significantly
greater than Liverpool 0r97 (p < 0.05) (Supplementary File 9B,
middle). Additionally, Liverpool 0r97 relative mRNA levels were
lower than CR 0r97, but not significantly so (Supplementary
File 9B, middle). These trends in relative 0r97 mRNA levels also
follow the trends observed in our RNA-seq data, with Liverpool
0r97 being the lowest expressed among the four strains, and
PR and Rock having similar 0r97 expression (Supplementary
File 9B, middle). Finally, relative PR mRNA levels of obp56a
were significantly greater than all other strains (p < 0.05), and
relative CR mRNA levels were significantly lower than all other
strains (p < 0.05) (Supplementary File 9B, bottom). These trends
again match the observed trend in our RNA-seq data of obp56a
expression (Supplementary File 9B, bottom).

DISCUSSION

The yellow fever mosquito, Aedes aegypti, is a principal vector
of several important arboviral diseases that cause widespread
human morbidity and mortality in its distribution range
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(Marquardt, 2004; World Health Organization, 2016). Disease
transmission by mosquitoes is tightly connected with the
acquisition of vertebrate blood by female mosquitoes to gain
nutrients for egg development (Clements, 1992). Thus, it
is important to understand the physiology behind how Ae.
aegypti females sense and respond to olfactory cues from their
human hosts. Many different laboratory strains are available
for use in behavioral and molecular experiments, so it is
important to determine how applicable host seeking and gene
expression results from one strain are to other strains, and the
species as a whole.

In this study, we report the attraction of seven strains of
Ae. aegypti to a human host, and the associated olfactory
gene expression profile from antennae of four of these strains.
Our comparison of average attraction rates in seven different
strains of Ae. aegypti via Y-tube olfactometer showed significantly
reduced attraction rates in mosquitoes from the insecticide-
resistant Ae. aegypti Puerto Rico strain. All other strains UGAL,
Liverpool, Rockefeller, Costa Rica, Orco2, and Orcol6 showed
similar, high attraction rates toward humans (Figure 1). The
attraction behavior of the Orco mutant strains was surprising
as mutations in the orco gene have been reported to decrease
attraction to human odor and repellency response to aerosolized
DEET (DeGennaro et al., 2013). In the previous study, the loss
of attraction to human odors in orco mutant mosquitoes was
alleviated by performing the attraction assay in the presence of
CO; (DeGennaro et al,, 2013). As our Y-tube bioassay measures
attraction to a live human host, the Orco strains used in our study
were exposed to human odors, CO,, and body heat which may
explain the equivalent attraction rates of Orco mutant strains
with aggressive strains such as UGAL, Rock, and Liverpool.

Even more surprising was the reduction in host attraction of
Orco strains in the presence of DEET. Previously, Orco mutants
have been reported to have reduced repellency to aerosolized
DEET (DeGennaro et al., 2013). However, our results showed a
significant reduction in attraction of Orco2 and Orco16 strains to
a human host in the presence of DEET (Figures 1B,C). We are
not entirely sure why these strains had a significant response to
DEET, but it may be due to differences in the mutants reported
in our paper and those reported by DeGennaro et al. (2013).
In the previous study, heteroallelic strains of orco?’> or orco'/*
were reported to have reduced repellency to DEET (DeGennaro
etal., 2013). However, we used homoallelic orco?? (Orco2 strain)
and orco'®/16 (Orcol6 strain) mutants, so it is possible that a
synergistic effect with the orco® allele is necessary for reduced
DEET repellency, which we would not see with our strains.

We also performed RNA-seq analysis of the antennae
transcriptomes of four different strains of Aedes aegypti: PR,
CR, Rock, and Liverpool. We selected these four strains as
they represent commonly used laboratory strains in experiments
with wild type (CR, Liverpool, Rock), and insecticide-resistant
(PR) Ae. aegypti. PCA analysis of transcriptomes from the
four strains revealed that all four strains clustered separately
(Figure 2) indicating that the gene expression profiles of these
strains are different despite the similarity in human attraction of
CR, Liverpool, and Rock strains. We detected a large number
of olfaction-associated genes, including ORs, OBPs, IRs, GRs,
PPKs, and TRP channels in all four strains (Figure 3 and
Supplementary File 3). We observed slightly higher overall
expression of ORCO in Rock compared to the other three strains
(Figure 3) which follows the trend of non-significantly increased
percent attraction in Rock relative to the other two wild type
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strains (Figure 1) as ORCO is an obligate co-receptor necessary
for OR function. We did not observe significant differences in
expression of the seven ORs previously determined to sense
human odor compounds (Bohbot and Dickens, 2010; Bohbot
et al,, 2011; McBride et al., 2014; Bohbot and Pitts, 2015; Ruel
etal,,2019; Zeng et al., 2019). However, we did observe significant
differences in expression of several ORs between the four strains
analyzed. This includes significantly higher expression of or103
(AAEL017505) in PR mosquitoes. While the ligand binding
profile of or103 has not been determined in Ae. aegypti, this
OR has been previously shown to be highly expressed in a
strain of human-preferring Ae. aegypti in Kenya (McBride et al,,
2014). Wang et al. (2010) identified large amounts of overlap
in interactions between certain ligands and different ORs in
the related mosquito, Anopheles gambiae. So it is possible that
while we do see some variability in antennal gene expression, the
relative attraction of these strains with the exception of PR to a
human host may be explained by functional redundancy between
differentially expressed ORs to the same set of ligands. The set
of odorant ligands of Ae. aegypti ORs is not as well classified as
other species, particularly Anopheles gambiae (Carey et al., 2010;
Wang et al., 2010). Thus, future studies to determine the full suite
of human-sensing ORs in Ae. aegypti are necessary to further our
understanding of what ORs odorant ligands are most important
for host-seeking and how much redundancy is encoded into the
odor sensing repertoire of this species.

In addition to ORs, other receptor classes including GRs
and IRs have been implicated to play important roles in odor
sensation. One IR in particular, ir8a (AAEL002922), is an IR co-
receptor necessary for sensation of lactic acid in Ae. aegypti (Raji
etal., 2019). We identified this IR in our transcriptome assay, and
while its expression varied between strains ranging from lowest
expression in CR to highest in Rock (Supplementary Files 3, 4),
these differences were not significant. As ir8a is a co-receptor for
other IRs, it is possible that these non-significant differences in its
expression may alter the function of other IRs and could explain
some of the non-significant differences in percent attraction
observed in our Y-tube bioassay (Figure 1). Additionally, in
An. gambiae, another antennal IR, ir75k.1 (AAEL014809), whose
ortholog was annotated in our study has been demonstrated to
respond to C7-C9 straight chain carboxylic acids (Pitts et al.,
2017) which are components of human sweat (Cork and Park,
1996). This IR was also elevated in our Rock samples relative to
the other three strains. This non-significant elevation of ir75k.1
in Rock may also contribute to the observed differences in
attraction between different strains (Figure 1). Three GRs, grl
(AAEL002380), gr2 (AAEL002167), and gr3 (AAEL010058) form
complexes necessary for CO; sensation in mosquitoes (Erdelyan
et al,, 2012; Ray, 2015; Fleischer et al., 2018; Kumar et al., 2020).
We identified all three of these GRs in our antennal transcriptome
data (Supplementary File 3). Interestingly, gr2 (AAEL002167)
expression was significantly higher in CR mosquitoes relative
to the other strains (Supplementary File 7). This increase in
gr2 expression was not associated with an increase in percent
attraction in CR relative to other strains, but gr2 knockdowns
have been previously reported to not affect CO, sensation in Ae.
aegypti (Erdelyan et al., 2012), so it is possible that increased

levels of gr2 alone is not enough to increase host attraction.
Also, GRs are more prominently expressed in the maxillary palps
of mosquitoes (Lu et al., 2007; Syed and Leal, 2007), so it is
more likely that the observed increase in gr2 expression in CR
without increased host attraction is due to higher levels of GR
expression, particularly of the CO,-sensing GRs in the maxillary
palps of all strains.

Chemoreception in insects occurs in several different
structures including antennae, mouthparts, wing fringes, and
tarsal segments (Vosshall and Stocker, 2007). For example,
GRs are receptors generally localized in sensilla on other
sensory regions than antennae such as the tarsal segments and
mouthparts (Dunipace et al., 2001; Scott et al., 2001; Thorne et al.,
2004; Wang et al., 2004; Dahanukar et al., 2007; Sparks et al.,
2013, 2014). Additionally, ORs, IRs, and OBPs are differentially
expressed both between males and females, and across different
life stages, sensory structures and during female reproductive
cycles (Bohbot et al., 2007; Matthews et al., 2016; Fleischer
et al.,, 2018; Tallon et al., 2019; Hill et al., 2021). Therefore,
we were not surprised to find a limited complement of each
chemoreceptor class as we only analyzed antennae from non-
blood fed adult (5-days post emergence) females. Of interest, we
did identify several sensory receptors with expression previously
classified to be specific to the maxillary palps, including the
major CO,-sensing GRs grl (AAEL002380), gr2 (AAEL002167),
and gr3 (AAEL010058) (Erdelyan et al., 2012; Fleischer et al.,
2018), as well as or8 (AAEL012254) (Bohbot et al., 2007). We
do not believe our detection of these transcripts is due to
cross-contamination of our antennal samples with maxillary
palp tissues, as the detected expression of these genes across
all samples is low (<2 FPKM) (Supplementary File 3). We
also identified several larval-specific ORs, [or9 (AAEL006005),
orl4 (AAEL008442), or34 (AAEL003395), or40 (AAEL005767),
or48 (AAEL020825), and or58 (AAEL006202)] (Bohbot et al,
2007) with low (<1 FPKM) expression in many of our samples
(Supplementary File 3). We are certain there was no cross-
contamination between life stages in our samples, so this is likely
an example of “leaky” transcription of these genes which we
detected due to the sequencing depth of our samples. This also
provides support for our identification of maxillary palp-specific
genes in our dataset being due to a basal level of gene expression
rather than tissue contamination. Thus, while we included these
transcripts in our findings, we do not believe that they represent
a significant contamination of our samples, nor do they have
any effect on our conclusions. Finally, we analyzed strains that
have been reared under standardized laboratory conditions for
generations so it is possible that over the generations of breeding
under laboratory conditions, the numbers of receptors necessary
for these mosquitoes to identify meals, hosts, and egg-laying sites
has changed, and the gene expression pattern has also changed
in response, leading to a lower variation in overall receptor
expression. Therefore it would be interesting to perform a similar
study with wild strains from different locations in the future.

Principal component analysis of the four strains indicated
that differential gene expression profiles exist between the four
strains in our transcriptome study (Figure 2). Despite the
differences in overall gene expression, we did not observe

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 668236


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Mitra et al.

Aedes aegypti Antenna Transcriptomes

significant differences in olfaction-associated genes with known
human-sensing capability between any of the four strains with
the exception of gr2 (AAEL002167) which was expressed at
low levels in all tissues, but was significantly higher levels in
CR mosquitoes (Supplementary File 7). In addition to this
general pattern of olfactory gene expression, we only observed
significant changes in one Ae. aegypti OR previously implicated
with human attraction, or103 (AAEL017505) (McBride et al.,
2014). Interestingly, this OR was expressed at significantly greater
levels in PR mosquitoes relative to the other three strains
(Supplementary File 8). This pattern was unexpected given
the behavior of these mosquito strains in our Y-tube olfaction
bioassay (Figure 1). We propose several possible explanations
for this. First, the ligands of many Ae. aegypti odorant receptors
are not classified. Thus, it is possible that while the expression
of most olfactory related genes is similar between PR and other
strains, certain ORs or OBPs with unknown human odor ligands
may be differentially expressed in PR. Second, it is possible that
sequence variations or splice variations that change the affinity
and/or activity of ORs or OBPs are found in PR mosquitoes but
not in other strains. These alterations in mRNA sequence may
explain the difference in host seeking behavior between strains
even though gene expression patterns are similar among these
strains. Third, it is possible that while antennal gene expression
of human-associated olfactory genes is similar between PR and
the other strains, expression of human-sensing genes differs
between PR and the other strains in other sensory structures,
such as the maxillary palps which were not assayed in this study.
Finally, we have previously profiled the sequence of the sodium
voltage gated channel (para) in PR and Rock mosquitoes (Pinch
etal., 2020) and identified multiple known knockdown resistance
(kdr) mutations in the PR para gene. These kdr mutations
alter the activity of para channels, so it is possible that these
mutations present in PR mosquitoes disrupt signal propagation
along olfactory neurons. We hypothesize that this represents an
evolutionary cost of pyrethroid resistance whereby altered signal
propagation negatively affects host odor perception and therefore
host seeking in PR mosquitoes, even with minimal alterations in
expression of human odor sensation genes.

These experiments provide a comprehensive overview of host
attraction and olfactory gene expression in the antennae of
several common laboratory strains of Ae. aegypti. We observed
different expression profiles of many olfaction-related genes
between Liverpool, Rock, CR, and PR females, with all four
strains showing distinct gene expression profiles (Figure 2).
Interestingly, despite these differences in gene expression
between strains (Figure 2), only PR mosquitoes exhibited a
different behavioral response to a human host (Figures 1B,C).
Taken together, these results demonstrate that odor detection
and host sensing behavior share a complex interaction with
built-in redundancy for sensing different combinations of odor
molecules, and likely interactions with other signal sensation and
propagation mechanisms. This study highlights the importance
of using standardized strains to minimize variability, and the
necessity of accurately reporting which strains are used in
experiments so that conclusions about phenotype can be placed
in the correct genotypic context.
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