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Specific phytochemicals in floral nectar up-regulate genes
involved in longevity regulation and xenobiotic metabolism,
extending mosquito life span
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albopictus). Adult females of Ae. albopictus were provided continuous access to 10%

gevity, and the amount of sucrose consumed determined. Transcriptome response of
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quercetin and p-coumaric acid enhanced the longevity of female Ae. albopictus, while

males. RNA-seq analyses identified 237 genes that were differentially expressed (DE)
in mosquitoes consuming p-coumaric acid or quercetin relative to mosquitoes con-
suming an unamended sucrose solution diet. Among the DE genes, several encoding
antioxidant enzymes, cytochrome P450s, and heat shock proteins were upregulated,
whereas histones were downregulated. Overall, our findings show that consuming
certain nectar phytochemicals can enhance adult longevity of female Asian tiger
mosquitoes, apparently by differentially regulating the expression level of genes in-
volved in longevity and xenobiotic metabolism; this has potential impacts not only on

life span but also on vectorial capacity and insecticide resistance.
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1 | INTRODUCTION mutualists. Floral nectar is produced inside the flower while extra-

floral nectar is secreted by other vegetative parts of the plant and
Flowering plants secrete both floral and extra-floral nectars, which is commonly involved in indirect defense against herbivores (Nepi
play important ecological roles as attractants and food rewards for et al.,, 2018). Floral nectar is the principal reward for animals in
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exchange for pollination services (Ollerton et al., 2011). Insects, pri-
marily hymenopterans, lepidopterans, and dipterans, are major plant
pollinators and hence key beneficiaries of plant nectar as a food re-
source (Ollerton et al., 2011; Peach & Gries, 2020). Mosquitoes are
widely assumed to be nectar thieves, and, when compared to other
insects, they may be less effective in pollen transfer, but there is
abundant evidence that they are important and even essential polli-
nators for a diversity of flowering plants (Peach & Gries, 2016, 2020).

In addition to nutrients such as sugars, amino acids, and vitamins
that are required by nectar feeders for growth and development,
floral nectar contains secondary metabolites (phytochemicals), al-
beit in smaller concentrations than in foliage and other plant tissues.
These phytochemicals include phenolics, terpenoids, coumarins, and
alkaloids, among many other structural types (Adler, 2000; Nicolson
& Thornburg, 2007). Although phytochemicals function primar-
ily in defense against herbivores and microorganisms (Bennett &
Wallsgrove, 1994), nectar feeders experience both beneficial and
detrimental effects from these compounds. Because phytochem-
icals vary geographically and are taxonomically idiosyncratically
distributed, nectar chemistry from the perspective of pollinating in-
sects varies in time and space (Nicolson & Thornburg, 2007).

While nectar primary metabolites such as sugars, amino acids,
and proteins are important sources of energy and nitrogen and influ-
ence the physiological,immune, nutritional,and behavioral responses
of a variety of nectar-feeders (Alm et al., 1990; Foster, 1995; Mevi-
Schitz & Erhardt, 2005; Rivera-Pérez et al., 2017; Nepi et al., 2018;
Nicolson & Thornburg, 2007), less is known about the effects of nec-
tar phytochemicals on these insects. Studies evaluating the ecolog-
ical significance of nectar phytochemicals on nectar-feeding insects
have focused on the western honey bee (Apis mellifera) and bumble
bees (Bombus spp.) due to their economic importance as managed
plant pollinators. The alkaloids anabasine, nicotine, and caffeine sup-
plemented in diets affect feeding preferences and enhance learning
and memory in adult honey and bumble bees (Adler, 2000; Adler
& Irwin, 2005; Baracchi et al., 2017; Si et al., 2005; Singaravelan
et al., 2005; Wright et al., 2013), whereas phenolic acids and flavo-
nols influence flower visitor feeding behavior, suppress pathogens
and parasites, enhance longevity, and increase pesticide tolerance
by upregulating genes involved in xenobiotic metabolism, immunity,
and caste determination (Baracchi et al., 2015; Bernklau et al., 2019;
Hagler & Buchmann, 1993; Liao et al., 2017a, 2017b; Lin Liu
et al., 2004; Liu et al., 2007; Mao et al., 2013, 2015; Palmer-Young
et al., 2017; Richardson et al., 2015; Singaravelan et al., 2005).

For most species of mosquitoes, nectar is an essential dietary
requirement for adults of both sexes (Foster, 1995). Male mosqui-
toes feed solely on plant sugars while females of many mosquito
species also require a blood meal to complete the gonotrophic cycle.
An energy-rich diet from nectar is known to influence mosquito sur-
vival, fecundity, host-seeking behavior, blood feeding, and capacity
to transmit pathogens (Foster, 1995; Stone & Foster, 2013). Floral
and extra-floral nectars and honeydew comprise the main sources
of sugar meals for mosquitoes, although other sources can include

fruit juices, plant sap, plant exudates, or even foliage (Foster, 1995;

Gary & Foster, 2004; Peach & Gries, 2020). The choice of nectar
sources by nectar feeders including mosquitoes is likely determined
through a combination of the nutritional quality of the nectar, the vi-
sual and olfactory attractiveness, and accessibility of the host plant
(Manda et al., 2007; Miiller et al., 2011; Nicolson & Thornburg, 2007,
Nikbakhtzadeh et al., 2014; Nyasembe et al., 2012).

Studies exploring mosquito-nectar interactions have focused
mainly on Anopheles mosquitoes and highlighted the ecological sig-
nificance of nectar from different plant species. Different nectar
sources are known to influence mosquito survival, fecundity, host-
seeking behavior, biting rate (Gary & Foster, 2001, 2004; Impoinvil
et al., 2004; Manda et al., 2007; Nikbakhtzadeh et al., 2016), and
vectorial capacity (Stone et al., 2012; Ebrahimi et al., 2018), as
well as the infection rate and intensity of Plasmodium falciparum in
Anopheles gambiae, an observation that led to a suggestion that the
mechanism underlying these differences may be due to variation in
the phytochemical content of the nectar (Hien et al., 2016).

A growing number of studies have examined the impacts of
secondary metabolites on mosquitoes (Johnson & Riehle, 2015;
Nunes et al., 2016; Nyasembe et al., 2015). For instance, sucrose
diets containing the polyphenols genistein, resveratrol, and quer-
cetin extended the adult life span and reduced the proliferation of
gut microbiota in female Ae. aegypti (Nunes et al., 2016). However, a
comprehensive understanding of the impacts of nectar phytochem-
icals on various aspects of mosquito life-history traits, including,
sugar-feeding behavior, vector competence, metabolism, and immu-
nity, has remained elusive.

In this study, we used the Asian tiger mosquito Ae. albopictus
(Figure 1) to conduct laboratory assays aimed at determining the im-
pacts of nectar phytochemicals on mosquito behaviorand physiology.
Aedes albopictus is an invasive species with high ecological plasticity
that has become established in temperate regions of Europe and
America (Swanson et al., 2000; Johnson et al., 2017). This container-
breeding species inhabits peri-urban and rural areas and is a vector
of epidemiologically important human arboviruses, including dengue

and chikungunya, and is also capable of transmitting a wide array of

FIGURE 1 Asian tiger mosquito, Aedes albopictus, resting on a
leaf. Photo courtesy of Susan Ellis (www.bugwood.org)
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viruses under laboratory conditions (Paupy et al., 2009). Specifically,
we examined the effects of the alkaloid caffeine, the phenolic acid
p-coumaric acid, and the flavonol quercetin on longevity, fecundity,
and sugar-feeding behavior of the mosquitoes. Additionally, using
next-generation sequencing, we undertook a whole-transcriptome
analysis of female Ae. albopictus consuming sucrose diets supple-
mented with p-coumaric acid or quercetin to characterize their
transcriptional profile. The specific phytochemicals were selected
because they are found in nectar, honey, and pollen of many plant
species and have been demonstrated to influence the sugar-feeding
behavior and to enhance memory (caffeine) of adult honey bees and
bumble bees (Singaravelan et al., 2005; Wright et al., 2013), in ad-
dition to extending the life span (p-coumaric acid and quercetin) of
adult worker honey bees (Liao et al., 2017a) and adult females of the
yellow fever mosquito Ae. aegypti by quercetin (Nunes et al., 2016).
Our findings highlight a particularly pronounced effect of certain
phytochemicals on the longevity of mosquitoes, which has important
ramifications for understanding how mosquito fitness and vectorial
capacity can be influenced by the presence of nectar sources in mos-
quito habitats. Additionally, results from our whole-transcriptome
analysis after consumption of nectar phytochemicals suggest fur-
ther implications for insecticide resistance and mosquito-pathogen

interactions.

2 | MATERIALS AND METHODS
2.1 | Mosquitoes for bioassays

All of the bioassays were conducted at the Medical Entomology
Laboratory, Illinois Natural History Survey (INHS), University of
lllinois at Urbana-Champaign, using eggs of Ae. albopictus from a col-
ony that was originally collected from Jacksonville, Florida. The adult
mosquitoes were generated from a colony reared at 28°C, 80% rela-
tive humidity under a 16:8 hr photoperiod (light:dark cycle). Larvae
were reared on lactalbumin:yeast (1:1) diet (Sigma-Aldrich, St Louis,
USA) in batches of approximately 100 larvae in 22.8 x 30.5 x 7.5 cm
enamel pans.

2.2 | Phytochemicals

Caffeine (CAS#58-08-2), p-coumaric acid (CAS#501-98-4), and
quercetin (CAS#117-39-5) were purchased from Sigma-Aldrich Co.
LLC., St. Louis, MO, USA, and used to prepare experimental solu-
tions at concentrations within the natural range documented in
nectar, honey, and pollen (Martos et al., 2000; Martos, Ferreres,
Yao, et al., 2000; Serra Bonvehi et al., 2001; Wright et al., 2013;
Kaskoniené et al., 2015; Mao et al., 2015; Cheung et al., 2019) of
diverse plant species. Both quercetin and p-coumaric acid were
dissolved in dimethyl sulfoxide (DMSO; D128, Fisher Scientific
International, Inc., Pittsburgh, PA, USA), whereas caffeine was dis-

solved in deionized (DI) water to make stock solutions. The dietary
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phytochemicals were prepared fresh from the stock solutions im-
mediately before use. Anthrone reagent (CAS# 90-44-8) used in the
cold-anthrone test applied for the sugar-feeding assays was pur-
chased from Sigma-Aldrich Co. LLC., St. Louis, MO, USA.

2.3 | Longevity assays

Newly emerged adult female mosquitoes (1-3 days) were placed in
paperboard cages (11 cm height x 9.5 cm diameter) in batches of 25
and fed ad libitum on diets of 10% sucrose containing either caffeine
at 50, 100, or 200 ppm; p-coumaric acid at 50, 100, or 200 ppm;
or quercetin at 100, 200, or 400 ppm. The control group received
10% sucrose dissolved in deionized water and a solvent control with
DMSO. We tested a wide range of concentrations of phytochemicals
to determine whether any effects are concentration-dependent.
Each of the 11 treatment combinations was replicated four times,
with 25 mosquitoes per replicate. Dead individuals were counted
and removed from the cages daily.

2.4 | Sugar-feeding behavior

To determine the amount of sucrose consumed by female Ae. al-
bopictus provided with 10% sucrose solution containing caffeine,
p-coumaric acid, or quercetin, visual quantification of ingested
sucrose was carried out using the cold-anthrone test (Haramis &
Foster, 1983). Newly emerged female mosquitoes were placed in
paperboard cages (11 cm height x 9.5 cm diameter) in batches of 25
and supplied with 10% sucrose solution for 24 hr, starved for 24 hr,
and then provided with the diets described in the longevity assays
for 3 hr using the highest concentration of each phytochemical. Each
treatment was replicated four times, with 25 mosquitoes per repli-
cate, yielding 500 experimental units. After 3 hr of feeding, individ-
ual mosquitoes were placed in a 1.5-ml centrifuge tube and frozen
at -80°C for quantification of the amount of sucrose consumed with
anthrone. Anthrone solution (2 mg/ml) was prepared by dissolving
200 mg of anthrone reagent in 100 ml of 70% sulfuric acid.

The mosquitoes were thawed and moistened with 1:1 chloroform-
methanol solution (2 drops per mosquito) for 20 min to remove cu-
ticular wax. The mosquitoes were then crushed gently with a glass
rod and 1 ml of anthrone solution added to each test tube. The test
tubes were vortexed and then incubated at 26°C in a water bath for
1 hr. The test tubes were agitated on a vortex mixer halfway through
the hour and again at the end of the hour.

Standard sucrose solutions were prepared from 9 twofold se-
rial dilutions of sucrose solutions corresponding to 1, 2, 4, 8, 16, 32,
64, 128, 256, and 512 pg/ul from an initial stock sucrose solution
made by dissolving 51.2 g of sucrose in 100 ml of deionized water,
and the resulting dilutions were mixed with anthrone solution. To
quantify the amount of sucrose consumed by the mosquitoes, the
color strength of each of the experimental tubes (mosquitoes fed

with sucrose solutions containing the individual phytochemicals)
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was compared visually with the color strength of the standards pre-
pared with known amounts of sucrose and designated according to

the standard it most closely resembled.

2.5 | Fecundity assays

Newly emerged female mosquitoes were maintained in the
presence of males in a 1:1 sex ratio in paperboard cages (11 cm
height x 9.5 cm diameter) and fed on diets of 10% sucrose con-
taining: 200 ppm caffeine, 200 ppm p-coumaric acid, 400 ppm
quercetin, DI water (experimental control), or DMSO (solvent con-
trol) for 7 days. The females were then starved for 24 hr and there-
after exposed to a single blood meal of citrate-buffered bovine
blood (Hemostat Laboratories, Inc., Dixon, CA) using an artificial
membrane feeder system (Hemotek Ltd., Blackburn, UK). Blood-
engorged female mosquitoes were immediately isolated in indi-
vidual containers supplied with 10% sucrose solution containing a
dietary phytochemical matching the prestarvation phytochemical
to which they were initially exposed, and an oviposition cup. For
each treatment, three trials comprising 35 gravid females per trial
were conducted. Oviposition was monitored after 3 days, and eggs
laid by individual mosquitoes were counted after 5 days. Mosquito
body mass was used as a covariate because it is known to affect
fecundity (Steinwascher, 1984) and was assessed by measuring
the dry weight of the individual mosquitoes after egg-laying. To
measure the dry weight of the females, the mosquito specimens
were dried at 40°C for 2 days and weighed on a Mettler M-5 bal-

ance with a precision of +0.005 mg.

2.6 | Statistical analysis

For the longevity assays, the survival curves for the treatments were
obtained with the Kaplan-Meier estimator in SPSS software (version
25.0; IBM Corp., Armonk, NY, USA). The difference in survival times
of adult female Ae. albopictus feeding on the three dietary phyto-
chemicals at different concentrations was compared by the log-rank
test with Bonferroni correction. For the sugar-feeding assays, the
differences in the amounts of sugars consumed across all treat-
ments were analyzed by the nonparametric Kruskal-Wallis one-
way analysis of variance (ANOVA) in SPSS software (version 25.0;
IBM Corp., Armonk, NY, USA). For fecundity assays, the data were
log-transformed and analyzed by two-way analysis of covariance
(ANCOVA) to determine the statistical differences in the number of

eggs laid by mosquitoes across treatments.

2.7 | Mosquito sugar-feeding for RNA sequencing

Newly emerged female Ae. albopictus were placed in paperboard
cages as described earlier in batches of 25 females/cage and fed

ad libitum on treatments of 10% sucrose solution containing either

400 ppm quercetin or 200 ppm p-coumaric acid. The control group
received a 10% sucrose solution. The females were fed for 60 days;
this time-point was selected based on the results of the longevity
assays. Each of the three treatments was replicated five times. After
60 days, individual mosquitoes from the three treatments were
placed in 1.5-ml centrifuge tubes, immediately flash-frozen in liquid
nitrogen, and stored in a —~80°C freezer until RNA extraction.

2.8 | RNA extraction, library construction, and
RNA sequencing

One individual adult mosquito was randomly sampled from each of
the five replicates per treatment and whole-body RNA extracted
using the NucleoSpin RNA® kit (Takara, Japan) according to the
manufacturer's protocol. Recombinant DNase | (Takara, Japan) was
used to remove potential genomic DNA. The integrity of RNA was
analyzed on an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA,
USA) using an RNA 6000 nanochip. A total of 15 libraries were
prepared individually using the five mosquitoes from each treat-
ment. Libraries were prepared, quantified, and sequenced on two
Sp lanes of an lllumina NovaSeq 6000 at the W.M. Keck Center for
Comparative and Functional Genomics at the University of lllinois at

Urbana-Champaign to generate 150 bp paired-end reads.

2.9 | Quality control and mapping

The quality of the generated reads was assessed with FastQC
(Andrews, 2010), and low-quality and adaptor sequences were
trimmed using trimmomatic (Bolger et al., 2014). The trimmed
reads were mapped to the Ae. albopictus reference genome from
the National Center for Biotechnology Information (NCBI), (https://
www.nchi.nlm.nih.gov/assembly/GCA_006516635.1) using STAR
2.6.0c (Dobin et al., 2013).

2.10 | Analysis of differentially expressed
(DE) genes

The resulting mapping files in bam format from the previous step
were sorted and used to estimate transcript abundance with RSEM
(Li & Dewey, 2011). These values were normalized via transcript per
million (TPM). In addition, the transcript abundances were cross-
normalized using the Trimmed Means of M-values (TMM) method
(Li & Dewey, 2011). The TPM values were used to calculate differ-
ential gene expression between the three treatments with the R
Bioconductor package EdgeR (Robinson et al., 2009). Transcripts
with absolute fold change values 22.0 and false discovery rate (FDR)
corrected p-values <.05 were regarded as differentially expressed.
Heat map figures were built with TPM-normalized values using
the “analyze_diff_expr.pl,” program from the Trinity package (Haas
etal., 2013).
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2.11 | Gene ontology (GO) enrichment analysis and
pathway enrichment analysis of DE genes

Predicted transcripts across the full genome were annotated with
GO assignments utilizing the Trinotate annotation pipeline (v.2.0.2)
as outlined by Haas et al. (2013) and served as the basis for ex-
amining term enrichment with the GOseq Bioconductor Package
(Young et al., 2010) on the set of differentially expressed genes.
Pathway enrichment analysis of DEs was performed via the Kyoto
Encyclopedia of Genes and Genomes (KEGG). For that purpose,
the KEGG automatic annotation server (Kanehisa et al., 2012) was
used to run reciprocal best-BLAST-hit searches between the Ae. al-
bopictus predicted transcripts and the transcript sets of 27 other
organisms in the KEGG database, including arthropods and other
model organisms for a wider representation of organisms. From
the 43,354 mRNAs entered, 17,793 had orthologs in the KEGG
database and were assigned a KEGG orthology (KO) number. The
KO numbers for the differentially expressed genes for each of the
comparisons were uploaded separately to query the KEGG refer-
ence pathways.

2.12 | Quantitative RT-PCR validation of RNA-
Seq data

To validate the results of differential gene expression detected
with RNA-Seq, ten candidate genes were selected from the most
significantly differentially expressed genes to quantify their relative
expression levels in the three treatments by quantitative real-time
polymerase chain reaction (qQRT-PCR). RNA was extracted from three
pooled whole mosquitoes per replicate for all the three treatments
as described for RNA-Seq. Five biological replicates per treatment
and three technical replicates per sample were applied. The cDNA
was prepared from 0.62 pg of total RNA from each sample (New

England BiolLabs Inc., Massachusetts) following the manufacturer's

20

L.
1
80

40 60

Time to death (days)

100 120

protocol. The gRT-PCRs for the selected genes were performed
using the Luna® Universal SYBR® Green qPCR Master Mix (New
England BioLabs Inc., Massachusetts) in a 7300 FAST Real-Time PCR
System (ABI, Foster City, CA, USA) with the ribosomal protein 7 gene
serving as an internal control (Kang et al., 2019). Gene-specific gPCR
primers were designed according to Ae. albopictus transcriptome se-
quences (Table S1). The relative expression level of each gene was
calculated by the 2722 method (Schmittgen & Livak, 2008). Relative
expression values were assessed with t tests. The Pearson correla-
tion coefficient was calculated between fold changes in transcript
accumulation levels for p-coumaric acid and quercetin treatments,
as obtained by qRT-PCR and RNA-Seq, respectively.

3 | RESULTS

3.1 | Survival

Survival times of female Ae. albopictus provided with dietary caf-
feine, p-coumaric acid, or quercetin were influenced by the specific
phytochemical consumed (XZ = 243.06, df = 10, p < .001). Overall,
mosquitoes receiving sucrose diets containing p-coumaric acid
and quercetin at all concentrations survived the longest compared
with those consuming caffeine and control diets. The mosquitoes
survived the longest on sucrose diets containing either 100 and
200 ppm p-coumaric acid (median = 74 days), followed by 100 ppm
quercetin, 50 ppm p-coumaric acid, 200 and 400 ppm quercetin,
controls, and caffeine in decreasing order (median = 72, 70, 69, 60,
58, 50, 58, and 51 days, respectively) (Figure 2 and Table 1). There
were significant differences in survival times between mosquitoes
consuming dietary p-coumaric acid, quercetin, and the controls at all
concentrations (Table S2). Generally, the survival times of mosqui-
toes consuming sucrose diets containing caffeine were comparable
to survival times on control diets (Figure 2). There was no significant

difference in survival time between the control and the 50- ppm
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TABLE 1 Median and mean survival times (days) (+ SE) for female Ae. albopictus consuming sucrose diets containing caffeine, p-coumaric

acid, or quercetin at different concentrations

Phytochemical Classification

Alkaloid 50
100
200
Phenolic acid 50
100
200
Flavonol 100
200
400

Caffeine

p-Coumaric acid

Quercetin

Control-DI
Control-DMSO

Concentration (ppm)

N Median SO E Mean E35H
100 58.00 2.49 54.70 1.79
100 53.00 3.00 52.10 1.77
100 51.00 2.73 51.13 1.61
100 70.00 1.25 61.73 2.32
100 74.00 2.50 65.78 2.39
100 74.00 2.86 67.35 242
100 72.00 2.73 65.03 2.35
100 69.00 2.69 66.05 2.37
100 69.00 4.50 65.86 243
100 60.00 1.54 55.95 1.81
100 58.00 1.67 54.64 1.93

Note: The surviving mosquitoes from each treatment were censored on day 100.

Abbreviations: N, total number of female Ae. albopictus assayed; SE, standard error.
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caffeine diet, but higher concentrations (100 ppm and 200 ppm) of
caffeine significantly reduced female Ae. albopictus survival time
(Figure 2 and Table S2).

3.2 | Sugar-feeding behavior

There was a significant difference between treatments in the amount
of sucrose consumed by female Ae. albopictus (X2 =155.942, df = 4,
p < .001). Specifically, mosquitoes receiving a sucrose diet contain-
ing caffeine consumed significantly less sugar on average (33.84 pg/
ul) compared with the other treatments (quercetin, 63.52 pg/pl; p-
coumaric acid, 61.12 pg/ul; or control, 67.84 pg/pl) (Figure 3). Dietary

p-coumaric and quercetin did not have a significant effect on the

amount of sucrose ingested by female mosquitoes (Figure 3).

3.3 | Fecundity

After controlling for mosquito body weight, there was a significant
difference in the number of eggs laid by female mosquitoes across
the treatments (F = 4.906, df = 4, p = .001). Mosquito body weight
had a significant effect on the number of eggs laid (F = 1,041.05,
df = 1, p < .001). On average, female mosquitoes consuming su-
crose diets containing caffeine laid a significantly greater number of

eggs (73.03) compared with females consuming dietary p-coumaric
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acid (71.38; p = .001), quercetin (69.02; p = .004), or control (69.53;
p =.042) (Figure 4).

3.4 | Effects of dietary p-coumaric acid and
quercetin on global gene expression

The sequencing resulted in over 2 billion 150 bp paired-end reads
across 15 libraries (Table S3). On average per library, about 90%
of reads were mapped to the reference Ae. albopictus genome,
of which about 62% mapped uniquely, and the rest mapped to
multiple locations. The biological replicates of control as well
as p-coumaric acid and quercetin treatments clustered closely,
indicating that our sequencing data were qualified for identifi-
cation of differentially expressed genes (Figures S1 and S2). Of
the 29,586 predicted gene-coding transcripts and isoform mod-
els (hereafter referred to as “genes”) in the reference genome,
we recorded 237 that were significantly differentially expressed
(DE) across pairwise treatment comparisons, with a cut-off of
log, fold change of 1.5 (>2.8-fold change) and FDR-corrected p-
value <.05 (Figure 5 and Table S4). Compared with quercetin diet,
consumption of dietary p-coumaric acid by female Ae. albopictus
changed the expression of more genes (Figure 5 and Table S4). In
comparison with the control diet, a total of 96 genes were upreg-
ulated in female mosquitoes consuming dietary p-coumaric acid
and 19 genes in those consuming dietary quercetin. Additionally,
104 genes were downregulated with sucrose diets containing
p-coumaric acid and 11 genes with sucrose diets supplemented

with quercetin (Figure 6).

p-Coumaric acid

% 8

Up-regulated genes

Down-regulated genes

104 5

Among genes significantly upregulated in the p-coumaric acid
treatment were several encoding enzymes associated with de-
toxification and antioxidant reactions. The transcript most highly
upregulated in this treatment (>8 log2 fold change) represents a
gene predictively annotated as “trans-1,2-dihydrobenzene-1,2-
diol dehydrogenase-like” (XM_019690081.2), an oxidoreductase
enzyme involved in the metabolism of xenobiotics by cytochrome
P450s in mammalian models (Maser, 1995). Other upregulated
genes involved in antioxidant reactions were superoxide dismutase
[Mn], mitochondrial-like (XM_029861145.1), which was >6 log, fold
higher in the p-coumaric acid compared with control, and microso-
mal glutathione S-transferase 1-like (XM_019694071.2). In addition,
two genes coding for cytochrome P450s were also upregulated
with p-coumaric acid: CYP6Z23 (XM_020077410.2), and CYP12F19
(XM_019674571.2) (Table 2 and Table S4).

Genes downregulated with p-coumaric acid consumption
included multiple genes encoding histone proteins (Table 3).
Additionally, several genes putatively encoding trafficking pro-
teins were downregulated with p-coumaric acid, including mito-
chondrial import inner membrane translocase subunit Tim29-like
(XM_029872092.1), protein transport protein Secé1 subunit beta
(XM _019675629.2), trafficking protein particle complex subunit 4-
like (XM_029852578.1), and MFS-type transporter SLC18B1-like
transcript variant X1 (XM_029872524.1) (Table 2 and Table S4).

Fewer DE genes were detected in females consuming di-
etary quercetin (Figures 5 and 6). Among the upregulated genes
included trans-1,2-dihydrobenzene-1,2-diol dehydrogenase-like
(XM_019690081.2), acetylcholinesterase-like (XM_019709882.2),
and cytochrome c oxidase subunit 6B1-like (XM_029878939.1)

Quercetin

19

11

FIGURE 6 Differentially expressed
genes in female Ae. albopictus consuming
sucrose diets supplemented with p-
coumaric acid or quercetin. The cutoff
for DE genes was log?2 fold change 1.5
(>2.8-fold change) and the FDR-corrected
p-value <.05 was applied



NJOROGE ET AL.

TABLE 2 Top 10 up- and down-
regulated genes in female Ae. albopictus
consuming sucrose diets containing
p-coumaric acid. A cutoff of fold change
ratio of 22 and p-value <.05 was applied

Gene ID

Up - regulated genes
XM_029852718.1

XM_029861005.1
XM_019681290.2
XM_029867165.1

XM_029861145.1

XM_029879373.1
XM_019697643.2
XM_019678289.2
XM_029861914.1
XM_019701391.2

Down - regulated genes

XM_029854043.1
XM_019702731.2

XM_029868486.1
XM_029877980.1

XM_019704544.2

XM_029868466.1
XM_029852177.1
XM_029877141.1
XM_029869063.1

XM_029872363.1

genes, whereas those significantly downregulated compared with
the control included CYP6CB3 (XM_019674571.2) and genes cod-
ing for histones, as was the case for the p-coumaric acid treatment
(Table 4).

Of special interest are genes that were differentially expressed in
both p-coumaric acid and quercetin treatments, given that the pheno-
typic effect of enhanced longevity was observed in both groups. There
were eight genes upregulated in both treatments, including trans-1,2-
dihydrobenzene-1,2-diol  dehydrogenase-like (XM_019690081.2),
cytochrome c oxidase subunit 6B1-like (XM_029878939.1), and mic-
rosomal glutathione S-transferase 1-like (XM_019694071.2) (Figure 6,
Tables 2 and 4). Genes differentially expressed in both treatments,
such as histones and those involved in xenobiotic metabolism, indicate
their potential role in enhancing longevity of female Ae. albopictus.

Significant GO term enrichment was found in genes upregu-
lated with p-coumaric acid (FDR p-value <.05) (Table 5). GO cellular
component categories that showed overrepresentation were re-

lated mostly to DNA packaging and nucleosome organization and

Fcology and Evolution o 8371
= WILEY %7

Annotation Log FC FDR p-value

Trans-12-dihydrobenzene-12-diol -8.11 .0003
dehydrogenase-like

Partner of xrn-2 protein 1 -7.41 .0451

Uncharacterized LOC109408065 -7.06 .0096

Uncharacterized protein -7.02 <.001
KO2A2.6-like

Superoxide dismutase [Mn], -6.97 .0161
mitochondrial-like

Uncharacterized LOC115270160 -6.91 .0106

60S ribosomal protein L7a -6.43 .0156

Uncharacterized LOC109405252 -6.34 .0185

Uncharacterized LOC115260698 -6.10 .0227

Leucine-rich repeat-containing -5.38 .0385
protein 1-like

60S ribosomal protein L11 8.22 .0006

60S ribosomal protein L3 transcript 8.00 .0054
variant X1

Histone H2A 7.62 <.001

5'-AMP-protein kinase subunit 7.39 <.001
gamma-1-like

rutC family protein UK114-like- 6.91 .0176
Molecular chaperone

Histone H4 6.69 .0034

Uncharacterized LOC109426110 6.65 .0433

Carnosine N-methyltransferase-like 6.41 .0032

Inhibitor of growth protein 4-like 6.41 .0275
transcript variant X1

Subcomponent-binding protein 6.32 .0290

mitochondrial-like

assembly, indicating that consuming p-coumaric acid affected the
structure of nucleosomes. In the GO biological process categories,
enriched terms were again related to chromatin organization and
nucleosome organization and assembly. Within the GO molecular
functions, enriched terms were related to nucleic acid, heterocyclic
compound binding, organic cyclic compound binding, and neurotro-
phin p75 receptor binding (Table 5).

The pathway analysis showed that p-coumaric acid upregulated
genes affecting 73 KEGG reference pathways in 31 subgroups, of
which the carbohydrate metabolism, xenobiotic biodegradation and
metabolism, signal transduction, and longevity regulation pathways
had the highest gene counts. The five upregulated genes with homol-
ogy to genes in the longevity-regulating pathway of model organisms
were all within the “dietary restriction” induced pathway for enhanced
longevity (Figure S3). A disproportionate number of human reference
disease pathways were affected (22 pathways in eight subgroups), but
most of them had only one DE ortholog involved. The p-coumaric acid

downregulated set showed effects in 96 reference pathways, the main
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TABLE 3 Downregulated genes encoding for histone proteins
in female mosquitoes consuming dietary p-coumaric acid and
quercetin treatments

FDR
Gene ID Annotation Log FC  p-value
p-Coumaric acid
XM_029868486.1  Histone H2A 7.62 <0.001
XM_029868466.1  Histone H4 6.69 0.0034
XM_029868509.1  Histone H4 4.55 0.0391
XM_019694407.3 Histone H4 4.82 0.0195
XM_019707432.2  Histone H2A 3.37 0.0049
XM_019694446.2 Histone H2A 3.15 0.0156
XM_029868498.1  Histone H2A-like ~ 3.08 0.0133
XM_019694445.2 Histone H2A 2.83 0.0265
XM_029868499.1  Histone H2B-like =~ 2.77 0.0185
XM_019707414.2 Histone H2B-like 2.70 0.0234
XM_019707422.2  Histone H2B-like ~ 2.46 0.0275
XM_019707438.2 Histone H4 2.41 0.0185
XM_019707436.2  Histone H2A 2.40 0.0119
XM_019677400.2 Histone H2A 2.19 0.0442
XM_019670992.2  Histone H2B 1.94 0.0295
Quercetin
XM_019694446.2  Histone H2A 3.38 0.0346
XM_019707438.2 Histone H4 2.59 0.0344
XM_019707436.2  Histone H2A 2.67 0.0047

groups being amino acid metabolism, cell growth and death, immune
system, and nervous system. Human disease subgroups were again
present with 36 genes in nine subgroups (Table S5).

There were 19 reference pathways affected by genes upregu-
lated with quercetin, with major representation in the xenobiotic
biodegradation by the cytochrome P450 group. Only nine reference
pathways were affected by genes downregulated with quercetin,
most of which were within the human diseases category. Generally,
the DE genes in both treatments affected key pathways such as lon-
gevity regulation (Figure S3), xenobiotic metabolism, cell death and
growth, senescence, and human diseases (Table S5).

To validate the results obtained with the RNA-Seq, the expres-
sion levels of several genes that showed significant differential ex-
pression in both p-coumaric acid and quercetin treatments were
quantified with qRT-PCR. The gRT-PCR results showed consistency
in differential gene expression with RNA-Seq data, and the correla-
tion between the two methods was highly significant, with R? = 0.84
and R% = 0.93 for p-coumaric acid and quercetin treatments, respec-

tively (Figures 7 and 8).

4 | DISCUSSION

In this study, we conducted laboratory assays and RNA sequencing

to evaluate the ecological and physiological impacts of the nectar

phytochemicals caffeine, p-coumaric acid, and quercetin on adult fe-
male Ae. albopictus. Overall, our results revealed that the consump-
tion of sucrose supplemented with certain phytochemicals enhanced
longevity and fecundity, deterred sugar-feeding, and changed the
expression of genes involved in longevity regulation and xenobiotic
metabolism, among others in female adult Ae. albopictus.

Dietary p-coumaric acid and quercetin enhanced the longevity of
the female mosquitoes, consistent with previous findings involving
Ae. aegypti (Nunes et al., 2016) (for quercetin), honey bees (Bernklau
etal., 2019; Liao et al., 2017a), and multiple model organisms, includ-
ing Drosophila melanogaster and Caenorhabditis elegans (Kampkétter
et al., 2008; Sunthonkun et al., 2019). Dietary p-coumaric acid ex-
tended the life span of adult worker honey bees by 14.1% (Liao
et al., 2017a) whereas quercetin enhanced the longevity of adult
female Ae. aegypti by 30% (Nunes et al., 2016) and that of C. ele-
gans by 15% (Kampkotter et al., 2008). The presence of these two
phytochemicals in the diet did not affect the amount of sugar in-
take, suggesting that the extension of life span was not related to
differential intake of sugars. These phytochemicals slightly affected
fecundity, suggesting that the positive effect on life span was not
due to a trade-off between these two life-history traits.

With the pronounced effects of enhanced mosquito longevity by
p-coumaric acid and quercetin, we conducted a whole-transcriptome
analysis to investigate the molecular processes that underlie the
effects of the nectar phytochemicals on mosquito physiology and
on vectorial attributes. At the transcriptome level, our results show
that several differentially expressed genes in mosquitoes consum-
ing dietary p-coumaric acid and quercetin are related to pathways
involving regulation of xenobiotic metabolism (Johnson et al., 2012;
Mao et al., 2013), stress resistance (Zhang & Tsao, 2016), and lon-
gevity (Pallauf et al., 2017; Sunthonkun et al., 2019), demonstrat-
ing a possible contribution of the two phytochemicals in extending
the life span of adult mosquitoes. Quercetin and p-coumaric acid
are antioxidants, and their role in longevity enhancement has been
linked to their capacity to upregulate antioxidant enzymes that re-
duce the levels of reactive oxygen species (ROS) associated with
aging in cells (Alugoju et al., 2018; Belinha et al., 2007; Kampkotter
et al., 2008; Sunthonkun et al., 2019; Yue et al., 2019). We found
that genes coding for two antioxidant enzymes, superoxide dis-
mutase [Mn] mitochondria-like (XM_029861145.1) and glutathione-
S-transferases-1 (GST1) (XM_019694071.2), were overexpressed
in female mosquitoes consuming dietary quercetin and p-coumaric
acid. Manganese superoxide dismutase enzymes found in the mi-
tochondria are known to protect cells against oxidative damage
from toxic ROS associated with aging (Li & Zhou, 2011; Noblanc
et al,, 2020; Zhang et al., 2017).

The role of antioxidants in lifespan extension through enhanced
resistance to oxidative stress has been demonstrated previously
using model organisms such as yeast (Saccharomyces cerevisiae),
D. melanogaster, and C. elegans as well as human epithelial cells (Ahn
et al., 2014; Alugoju et al., 2018; Belinha et al., 2007; Kampkotter
et al., 2008; Peng et al., 2018; Pietsch et al., 2009; Sunthonkun
et al.,, 2019; Valenzano et al., 2006; Yue et al., 2019). In a study
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TABLE 4 Top 10 up- and
downregulated genes in female

Ae. albopictus receiving sucrose diets
containing quercetin

Gene ID

Up - regulated genes
XM_019705586.2

XM_029852718.1

XM_029853907.1
XM_019678289.2
XM_019709882.2
XM_019697643.2
XM_029856691.1
XM_029852798.1

XM_029853655.1
XM_029878939.1

Down - regulated genes

XM_019702731.2

XM_019691910.2

XM_019704187.2
XM_029871811.1
XM_029863577.1

XM_019694446.2
XM_019707436.2
XM_019674571.2
XM_019707438.2
XM_019687856.2
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FDR
Annotation Log FC p-value
40S ribosomal protein S21 transcript -9.43 .0344
variant X1
Trans-12-dihydrobenzene-12-diol -8.14 .0002
dehydrogenase-like
Mite group 2 allergen Lep d 2-like -7.66 .0002
Uncharacterized LOC109405252 -7.53 .0344
Acetylcholinesterase-like -7.16 .0030
60S ribosomal protein L7a -6.84 .0378
C-type lectin 37Db-like -6.54 .0141
U4/U6.U5 tri-snRNP-associated -5.86 .0347
protein 2-like
Uncharacterized LOC115255526 -4.59 .0007
Cytochrome c oxidase subunit 6B1-like -4.43 .0002
60S ribosomal protein L3 transcript 8.32 .0217
variant X1
Mitochondrial import receptor TOM7 7.84 <.001
homolog
COP9 signalosome complex subunit 5 5.95 .0330
Metaxin-2-like transcript variant X1 4.53 .0007
Dynein light chain roadblock-type 3.45 .0346
2-like
Histone H2A 3.38 .0346
Histone H2A 2.67 .0047
CYP6CB3 2.60 .0347
Histone H4 2.59 .0344
Lamin DmO-like 2.41 .0107

Note: The cutoff of fold change ratio of 22 and p-value <0.05 was applied.

using yeast as a model, an ortholog of superoxide dismutase [Mn]
mitochondria-like, manganese dependent, superoxide dismutase 2
(SOD2), enhanced longevity, with quercetin increasing expression
of the enzyme and effectively reducing the intracellular levels of
ROS associated with aging (Sunthonkun et al., 2019). The phenolic
acid p-coumaric acid extended the life span of human epithelial cells
and C. elegans by protecting the cells against oxidative stress asso-
ciated with apoptosis (Peng et al., 2018; Yue et al., 2019). The role
of heat shock proteins in counteracting proteotoxicity and oxidative
stress that may underlie lifespan extension has been demonstrated
in D. melanogaster and C. elegans (Lithgow & Walker, 2002; Morrow
et al., 2004; Tower, 2011), and we found here that the heat shock
factor-binding protein 1-like gene (XM-029853002.1) was upregu-
lated in female mosquitoes consuming dietary p-coumaric acid and
quercetin.

In both p-coumaric acid and quercetin treatments, histone pro-
teins were downregulated in the female mosquitoes. Changes in his-
tones at the gene and protein level have been linked to cell death

and senescence pathways in aging organisms. Histones are part of

chromatin-based processes in the nucleus, and they are major regu-
lators of cellular and organismal aging. For instance, both loss of his-
tones and change in expression levels are linked to aging in a mouse
model and human fetal brain (Song & Johnson, 2018). The H2A sub-
unit was overexpressed in senescent human fibroblasts, as well as
in aging mice (Contrepois et al., 2017), in contrast with our finding,
where this histone protein was downregulated with both p-coumaric
acid and quercetin, indicating its potential contribution in extending
female Ae. albopictus life span.

The contribution of cytochrome P450s to the metabolism of
natural products and synthetic xenobiotics in insects has been ex-
tensively evaluated (Feyereisen, 2006, 2011). In our study, three
P450s were differentially expressed in female mosquitoes consum-
ing dietary p-coumaric acid or quercetin. Expression of CYP6Z23
(XM_01966080.2) was increased in females consuming dietary p-
coumaric acid. Several enzymes in the CYP6 subfamily in Diptera,
including CYP6D4, CYP6Z1, CYP6N1, and CYP6M1, are asso-
ciated with xenobiotic metabolism and insecticide resistance in

M. domestica (house fly), D. melanogaster, and Anopheles and Aedes
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# of DE in the
Term Ontology category
Nucleosome Cellular component 17
DNA packaging complex Cellular component 17
Protein-DNA complex Cellular component 17
Chromosomal part Cellular component 24
Nuclear nucleosome Cellular component
Lipid droplet Cellular component
Macromolecular complex Cellular component 40
Nucleosome assembly Biological process 9
Nucleosome organization Biological process
Protein-DNA complex Biological process
assembly
Chromatin organization Biological process 13
Cellular macromolecular Biological process 15
complex assembly
Protein-DNA complex Biological process 9
subunit organization
Heterocyclic compound Molecular Function 45
binding
Organic cyclic compound Molecular Function 45
binding
Nucleic acid binding Molecular Function 36
Neurotrophin p75 receptor Molecular Function 3

binding

mosquitoes (Hgjland et al., 2014; Poupardin et al., 2010). Another
P450 in the CYP6 family, CYP6CB3 (XM_019674571.2), was down-
regulated in both treatments. There is no gene annotation yet for
this enzyme in Ae. albopictus. The expression of CYP12F19 (XM-
020077410.2) gene was increased with p-coumaric acid but not
with quercetin. Enzymes in the CYP12 subfamily in Ae. aegypti,
including CYP12F7, are associated with pyrethroid resistance
(Bariami et al., 2012; Faucon et al., 2015). The role of quercetin
and p-coumaric acid present in honey and pollen of angiosperms in
enhancing pesticide tolerance and upregulation of P450 genes that
metabolize pyrethroids and natural toxins has been documented
previously in honey bees (Johnson et al., 2012; Liao et al., 2017a3;
Mao et al., 2009, 2015).

The XM_029852718.1 transcript encoding dihydrodiol dehy-
drogenase, an oxidoreductase enzyme involved in metabolism of
xenobiotics by P450s (Schomburg et al., 1993), and the gene cod-
ing for cytochrome c oxidase subunit 6B1-like (XM_029878939.1),
an enzyme involved in cellular respiration and also contributes
to antiaging effects in in vitro studies (Kim et al., 2015), were up-
regulated in both treatments. The acetylcholinesterase-like gene
(XM_019709882.2) was also upregulated in mosquitoes consuming
dietary quercetin. This specialized carboxylic hydrolase is found at
neuromuscular junctions where it terminates synaptic transmis-
sion, preventing continuous nerve firings at nerve endings (Lionetto
et al.,, 2013) and is inhibited by organophosphates and carbamate

pesticides (Hobbiger, 1961); its overexpression in female mosquitoes

TABLE 5 Go terms derived from
upregulated genes overrepresented in
female Ae. albopictus consuming dietary
p-coumaric acid (FDR p-value <.05)

Over_
represented_FDR

0.000000
0.000000
0.000000
0.000000
0.007426

0.008056
0.022605

0.000337
0.002111

0.003030

0.003030
0.006433

0.008056

0.008056

0.009642

0.005404
0.039215

consuming dietary quercetin may have implications for insecticide
resistance for vector species.

(XM_029880481.1) UDP-
glucuronosyltransferase (UGT) was overexpressed in Ae. albopictus

The gene encoding a
consuming dietary p-coumaric acid. UGTs are multifunctional detoxi-
fication enzymes associated with degradation of xenobiotics (McGurk
et al., 1998; Mehboob et al., 2017; Naydenova et al., 1999) and resis-
tance to multiple insecticides in Anopheles gambiae (Vontas et al., 2005),
D. melanogaster (Pedra et al, 2004), diamondback moth (Plutella
xylostella) (Li et al., 2018) and African cotton leafworm (Spodoptera
littoralis) Bozzolan et al., 2014). Additionally, the gene coding for a
glutathione-S-transferase (GST1) (XM_019694071.2), belonging to
a family of phase Il detoxification enzymes, was upregulated in both
treatments. GSTs are generally strongly implicated in resistance to mul-
tiple insecticides in mosquitoes (Hemingway et al., 2004). The activity
of GST1 in the breakdown of xenobiotics and metabolites produced
during cellular division and morphogenesis has been documented pre-
viously in D. melanogaster (Tu & Akgiil, 2005). Apart from breakdown
of toxic products, glutathione-dependent enzymes are also involved in
regulation of oxidative stress through ROS reduction, which is linked
to enhanced longevity (Hayes & McLellan, 1999), indicating the poten-
tial contribution of GST1 in life span extension in female mosquitoes.
We also found that the homologues of glutathione-S-transferases-1,
superoxide dismutase [Mn] mitochondria-like, and the heat shock
factor-binding protein 1-like genes (upregulated in the female mos-

quitoes consuming p-coumaric acid and quercetin) are involved in the



NJOROGE ET AL.

Fcology and Evolution o 8375
= WILEY- %7

10 -
a b
@) s | H RNASeq ()
s
g 6 - m gRT-PCR
3 4 3.5
3 3
= 2 A qRT-PCR
? 0 - 25 e
©
S 5 27
T 5
2 4 ’ y = 0.2931x+ 0.5591
R?=0.838
-6
-8 -
vy & £ D N JRN, & l T T T )
*&‘f’ O?QQ,Q &Q‘a“-’ &006 ‘6@\ ov\\ 9&;’ O«Q'b ‘}9(3' °°_$~‘ -8 4 6 8 10
o N\ o
i O v & RilASeq
(9 () N o & < O > A3
b\« b\v \60 N v;o ) 2 D é‘?
& & &
& & v N % & &
@ @ ol o' 2 o
o & e & & -2 -
& &£ L. o
RO, ‘&o ‘\oc. & \o“\
O )
b ~
A\ &
N S
s”?
&
FIGURE 7 (a) Comparison of RNA-Seq and qRT-PCR results. RNA-Seq and qRT-PCR were based on fold changes in transcript levels. The

x-axis shows the 10 DE genes, while the y-axis gives the degree of fold change for female Ae. albopictus consuming sucrose diet containing p-
coumaric acid. (b) Pearson correlation between fold changes in gene expression in female Ae. albopictus-consuming dietary p-coumaric acid
treatment and on control diet, as determined by gRT-PCR and RNA-Seq (p < .05)
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FIGURE 8 (a) Comparison of RNA-Seq and qRT-PCR results. RNA-Seq and gRT-PCR based fold changes in transcript levels. The x-axis
shows the 8 DE genes, while the y-axis depicts the degree of fold change for female Ae. albopictus consuming sucrose diet containing
quercetin. (b) Pearson correlation between fold changes in gene expression in female Ae. albopictus consuming dietary quercetin treatment

and on control diet as determined by gRT-PCR and RNA-Seq (p < .05)

longevity-regulating pathways of multiple model organisms, including
mammals, flies, nematodes, and yeast.

The overexpression of genes involved in carbohydrate metab-
olism, such as “elongation of long-chain fatty acids protein 4-like”
(XM_019672290.2) and “facilitated trehalose transporter Tret1-like”
(XM_029867481.1) in the female mosquitoes could play a role in the
provision of sufficient energy to support lifespan extension. Genes
that were downregulated in both p-coumaric acid and quercetin
treatments affected at least 20 KEGG reference pathways for human

disease, including cancer and bacterial, viral, and neurodegenerative

diseases. Although little is known about disease pathways in mosqui-
toes, our results indicate that p-coumaric acid may affect longevity
by directly affecting the expression of genes involved in disease and
neural degeneration. p-Coumaric acid and quercetin have anticancer
and antimicrobial effects (Boz, 2015).

Consumption of caffeine at the highest concentration (100 ppm
and 200 ppm) led to a significant reduction in adult female life span.
Concentration-dependent impacts of caffeine ingestion on longevity
were reported in previous studies involving adult house flies (Musca

domestica) (Srinivasan & Kesavan, 1979), Drosophila prosaltans, and
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D. melanogaster (Itoyama et al., 1998; Suh et al., 2017). By contrast,
caffeine increased the life span of C. elegans at 15°C and 20°C
in a temperature-dependent lifespan extension study (Sutphin
et al., 2012).

Aedes albopictus consumed less sucrose from solutions that
contained caffeine, suggesting that it can act as a feeding deter-
rent. As a neuromodulator, caffeine exhibits both attractant and
deterrent properties to foraging pollinators in a concentration-
dependent manner. High concentrations of caffeine (150 ppm and
200 ppm) comparable to levels used in our study repelled adult
worker honey bees (Mustard et al., 2012; Singaravelan et al., 2005;
Wright et al., 2013), possibly due to its bitter taste. The feeding
deterrent property of caffeine in our study could explain the re-
duced life span in mosquitoes consuming a sucrose diet containing
caffeine. A similar concentration of caffeine (200 ppm) supplied
in sucrose diet, however, improved the memory of honey bee for-
agers, thereby enhancing flower visitation (Si et al., 2005; Wright
et al., 2013). In two other separate studies, caffeinated nectar en-
hanced its quality, attracting more honey bees and leading to more
efficient pollination (Couvillon et al., 2015; Thomson et al., 2015).
Apart from concentration, the availability of alternative nectar
sources also alters the deterrence of these compounds (Gegear
et al., 2007; Stevenson et al., 2017).

Caffeine consumption slightly increased oviposition by female
mosquitoes, inconsistent with previous findings involving Ae. ae-
gypti assessing oviposition across multiple generations (Laranja
et al., 2006). Moreover, in studies with insects other than mosqui-
toes, caffeine consumption reduced oviposition by the lepidopter-
ans Bombyx mori, Spodoptera litura, Danaus chrysippus, and Catopsilia
crocale (Mathavan et al., 1985), along with the dipteran D. prosal-
tans (Itoyama & Bicudo, 1992) and the hemipteran Cimex lectularis
(Kamble & Narain, 2015).

In summary, this is the first study to evaluate the physiological
impact of nectar phytochemicals on female adult mosquitoes at the
molecular level. We demonstrated that p-coumaric acid, and quer-
cetin, present in nectars of many plant species, enhanced longevity,
and altered the expression of genes involved in longevity regula-
tion and xenobiotic metabolism in Ae. albopictus. We suggest that
the lifespan extension capacity of p-coumaric acid and quercetin is
likely linked to the regulation of gene expression of life span-related
genes and xenobiotic metabolism. The phenolic acid p-coumaric acid
exerted a stronger effect and affected a wider range of genes than
quercetin, possibly due to its ability to conjugate with small mole-
cules that include sugars, which likely enhances its biological effects
(Pei et al., 2016).

Our findings provide insights into the direct implications of nec-
tar phytochemicals in the diet of adult female mosquitoes both at
the organismal and molecular level by altering their sugar-feeding
behavior, fecundity, longevity, and gene expression. Our findings
highlight that the role of phytochemicals needs to be considered
when assessing how different nectar sources in the environment
influence mosquito fitness, vectorial capacity, and, potentially, in-

secticide resistance. Future studies are needed to examine the

effects of a wider range of nectar phytochemicals on the ecology
of mosquito vectors, expanding the focus to encompass a greater
diversity of vector species and the effect on vectorial capacity to
establish whether enhancement of longevity by nectar feeding is a
widespread feature of mosquito biology. Gene knockout studies are
also needed to ascertain the phenotypic effects of differentially ex-
pressed genes affecting the longevity of mosquitoes.
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