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Abstract

Aedes aegypti is the primary vector of Zika virus (ZIKV), a flavivirus which typically presents

itself as febrile-like symptoms in humans but can also cause neurological and pregnancy

complications. The transmission cycle of mosquito-borne arboviruses such as ZIKV

requires that various key tissues in the female mosquito get productively infected with the

virus before the mosquito can transmit the virus to another vertebrate host. Following inges-

tion of a viremic blood-meal from a vertebrate, ZIKV initially infects the midgut epithelium

before exiting the midgut after blood-meal digestion to disseminate to secondary tissues

including the salivary glands. Here we investigated whether smaller Ae. aegypti females

resulting from food deprivation as larvae exhibited an altered vector competence for blood-

meal acquired ZIKV relative to larger mosquitoes. Midguts from small ‘Starve’ and large

‘Control’ Ae. aegypti were dissected to visualize by transmission electron microscopy (TEM)

the midgut basal lamina (BL) as physical evidence for the midgut escape barrier showing

Starve mosquitoes with a significantly thinner midgut BL than Control mosquitoes at two

timepoints. ZIKV replication was inhibited in Starve mosquitoes following intrathoracic injec-

tion of virus, however, Starve mosquitoes exhibited a significantly higher midgut escape and

population dissemination rate at 9 days post-infection (dpi) via blood-meal, with more virus

present in saliva and head tissue than Control by 10 dpi and 14 dpi, respectively. These

results indicate that Ae. aegypti developing under stressful conditions potentially exhibit

higher midgut infection and dissemination rates for ZIKV as adults, Thus, variation in food

intake as larvae is potentially a source for variable vector competence levels of the emerged

adults for the virus.

Author summary

When mosquitoes are reared in a laboratory they are typically provided with ample nutri-

ents as larvae so adults can grow to an optimal size; this ensures adults are robust for

reproducible experiments. However, in the field not all larvae may have access to equal

amounts of food. Studies including ours have shown that by restricting food as larvae,
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smaller adults can be produced, which can have an altered ability to be infected with and

transmit arthropod-borne viruses. Zika virus is ingested into a female mosquito midgut

when a blood-meal is acquired from an infected vertebrate host; the virus must infect mid-

gut cells and escape this tissue to secondary tissues via the basal lamina, which surrounds

the midgut. Viruses can then infect other organs including the salivary glands, for further

transmission. In this study we focus on the impact limited nutrition as a larva has on the

adult’s transmission potential for Zika virus.

Introduction

Aedes aegypti mosquitoes are the primary vectors of Zika virus (ZIKV; Flaviviridae, Flavivirus)
[1], which typically causes febrile illness when transmitted to humans, but can also cause seri-

ous health conditions such as neurological Guillian Barré syndrome, and pregnancy complica-

tions including stillbirth and microcephaly in unborn children [2–4][reviewed in [5]. Prior to

2015, ZIKV was endemic in African and Asian countries, however, a large outbreak in the

Americas led to a surge in imported travel cases in countries previously absent of the virus [6].

Consequently, following travel-imported cases, autochthonous transmission of ZIKV has

meanwhile occurred in 87 countries and territories across Africa, the Americas, South-East

Asia and the Western Pacific [7]. Although ZIKV cases have declined in recent years, the threat

of renewed outbreaks in the future is continuing, justifying the need to study the factors influ-

encing mosquito vector competence for the virus.

Vector competence studies typically use mosquitoes reared under standard laboratory con-

ditions, with ample food provision and low rearing density to produce healthy adults. How-

ever, mosquito larvae grown up in bulk under optimal rearing conditions may still ingest

variable amounts of food at the individual level. Once Ae. aegypti eggs hatch, larvae require

food to moult through four instars, transitioning into non-feeding pupae that will eclose into

winged adults [8]. The fourth instar larva must reach a critical mass, upon which production

of juvenile hormone stops as the larva commits to pupation. The size the larva has reached at

this stage eventually determines the adult body mass [9]. Once a larva moults into a fourth

instar, if feeding is then suspended, so is the development into a pupa. Interestingly, these

fourth instar larvae have been shown to tolerate starvation conditions for up to two weeks,

resuming pupation if fed again [10].

Mosquito-borne arthropod-borne viruses (arboviruses) are horizontally transmitted from a

viremic vertebrate host to female mosquitoes when they acquire a blood-meal to develop their

eggs. Arboviruses ingested along with a blood-meal encounter several physical barriers in the

mosquito including initial midgut epithelial cell infection, midgut escape, salivary gland infec-

tion and saliva transmission [11]. The virions that successfully establish an infection of the

midgut epithelium must overcome the midgut escape barrier for dissemination to secondary

organs such as the salivary glands, to ensure further transmission. The midgut escape barrier

has been shown to be an important barrier in the systemic arbovirus infection of mosquitoes,

imposing a genetic bottleneck on RNA viruses including ZIKV [12,13]. The midgut is sur-

rounded by the BL, an interconnected grid-like network containing collagen and laminin with

an average mesh size of 30nm [14]. Following ingestion of a blood-meal, the midgut dramati-

cally distends leading to a disruption of individual strands of the BL and an increase of the BL

pore size exclusion limit. This then allows virions of>30nm in diameter to traverse this barrier

[15]. Thus, the midgut BL is a dynamic structure that undergoes profound changes during
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blood-meal digestion. ZIKV has been shown to disseminate from the Ae. aegypti midgut as

early as 72 hours post-acquisition of an artificial virus containing blood-meal [16].

The infection cycle of arboviruses is well documented in large, well-fed mosquitoes, how-

ever, there is evidence that providing sub-optimal nutrients during larval development can

result in small size adults with altered gene expression profiles and vector competence for

arboviruses, in comparison to those mosquitoes reared under optimal conditions [17–21].

Inducing various stressors including nutrient deprivation, elevated temperatures, and treat-

ment with insecticide at the larval stage increased the susceptibility of adult Ae. aegypti to

alphavirus Sindbis virus (SINV; Togaviridae, Alphavirus) infection and dissemination relative

to the controls [17,18]. Larval starvation was associated with significant downregulation of

endogenous genes such as HSP70, HSP83, cecropin, defensin, transferrin, and CYP6Z6 sug-

gesting that mosquito larvae may reduce their investment in defence and immunity when con-

fronted with starvation [17]. The limited resources in the starved larvae seem to be made

available for survival, growth, and development at the cost of resistance to infections (includ-

ing those with arboviruses), which may also transiently affect the emerging adults.

As well as perturbing physiological processes, nutrient deprivation as larvae can also affect

the efficacy of physical barriers such as the midgut escape barrier. Small Ae. triseriatus trans-

mitted the orthobunyavirus LaCrosse virus (LACV; Peribunyaviridae, Orthobunyavirus) to

mice at a higher rate (82%) than large, optimally reared mosquitoes (52%) [19]. While 100% of

midguts were infected in both small and large mosquitoes, LACV dissemination rate was

higher in small mosquitoes (50%) compared to large ones (16%). This shows that despite effi-

cient midgut infection, the midgut escape barrier is an important barrier which may have been

weakened in the nutritionally deprived Ae. triseriatus. Indeed, transmission electron micros-

copy (TEM) showed the mean BL width of large Ae. triseriatus mosquitoes was 0.23μM, com-

pared to 0.14μM in small mosquitoes [22]. The BL thickness of three Ae. albopictus strains

differed in correlation with the dissemination efficiency of dengue-1 virus (DENV1; Flaviviri-
dae, Flavivirus) from the midgut. The OAHU strain exhibited 90% midgut escape of DENV1,

followed by HOUS (62%) and NORL (46%); the mean BL thickness was 0.091μM, 0.192μM

and 0.175μM, respectively, which shows the strain with the highest midgut escape rate had the

thinnest BL [21]. On the other hand, there was no difference in the BL thickness of NORL

mosquitoes with and without disseminated DENV1 infections, suggesting the BL thickness

had no impact on virus dissemination [21].

Here, we investigate what effect the nutrient deprivation at the larval stage has on the vector

competence of adult Ae. aegypti for ZIKV when orally acquired along with a blood-meal.

Small nutritionally deprived (Starve) and large (Control) Ae. aegypti were compared in terms

of midgut, carcass, head tissue and saliva infection with ZIKV. The midgut BL was imaged

using transmission electron microscopy (TEM) at various timepoints and the width of the BL

was measured in Starve and Control mosquitoes. We show that smaller Starve Ae. aegypti have

an increased transmission potential for ZIKV and a thinner midgut BL relative to Control

mosquitoes.

Methods

Mosquito rearing to produce small and large Ae. aegypti
Eggs of the Aedes aegypti Higgs White Eye (HWE) [23] strain were hatched in water supplied

with 0.03g of tropical fish food (Tetra, Melle, Germany). Larvae were reared at a density of 200

per shoe-box size container filled with 800ml of distilled water and fed different amounts of

food to produce small and large adults as follows. Control (large) mosquitoes were produced

by supplying 0.15g of ground fish food as outlined in S1 Table, ensuring there were no periods
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without food available. Small (Starve) mosquitoes were produced by providing 0.08g food with

a two-day starvation period as L1 larvae. To adjust for delayed pupation times, starved mosqui-

toes were hatched two days earlier than control mosquitoes (S1 Table). Upon eclosion, wings

were removed from a sub-set of mosquitoes from each treatment and mounted to a micro-

scope slide with double-sided Scotch tape. Wings were imaged using a Leica EZ4 W stereo

microscope (Leica Camera, Wetzlar, Germany) with in-built camera and captured images

were analysed using ImageJ. Adults were kept in cardboard cups with netting and supplied

with water cups and raisins. Care was taken to ensure adults were the same age in both groups

when sampled for various timepoints. All life stages were reared in an insectary at 28˚C and

80% humidity under a 12h light/dark cycle.

ZIKV propagation and infection of mosquitoes via virus-containing blood-

meals

Adult female mosquitoes were challenged with a ZIKV-containing blood-meal at 5 days post-

eclosion. ZIKV I-44 strain (Genbank: KX856011) was used for challenges, isolated from mos-

quitoes from Mexico in 2016 [1,24]. Prior to its use in vector competence studies, the virus had

been serially passaged four times in Vero cells. ZIKV was added to 90% confluent Vero cells

(ATCC: CCL-81) at multiplicity of infection (MOI) 0.01 for 96–120 hours or until 70% cyto-

pathic effect (CPE) was observed. Vero cells were grown in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 7% fetal bovine serum (FBS). Virus-containing super-

natant was harvested and used immediately for artificial feedings in a 1:1 ratio with defibrin-

ated sheep blood (Colorado Serum Company, Denver, CO, USA) supplemented with 10mM

ATP to stimulate feeding. For each mosquito carton, the blood-meal was supplied through a

parafilm (Thermo Fisher Scientific, Waltham, MA, USA) membrane stretched over a glass

feeder, with the glass feeder heated by a water-jacket to 37˚C. Mosquitoes were provided the

infectious blood-meal for up to 1 hour and anaesthetised on ice for selection of engorged

females, which were then kept in cardboard cartons in a humidified chamber at 28˚C and 80%

humidity until sampled.

ZIKV plaque assay on individual mosquito tissues

For each experiment, tissues were dissected at various timepoints following a ZIKV-containing

blood-meal and immediately frozen in dry ice. To assess the midgut escape barrier, midguts

and carcasses were sampled at 5, 7, 8, 9, and 11 dpi (dpi refers to days post-infection with a

ZIKV containing blood-meal) in one experiment and 3, 5, 7 and 9 dpi in a second experiment.

To analyse viral dissemination from the midgut to secondary tissues, heads and carcasses were

dissected at 10 and 14 dpi. All samples were then stored at -80˚C until homogenized in 0.5mL

of DMEM (supplemented with 7% FBS and 5% HEPES) using a hand-held homogenizer fol-

lowed by filtration through 0.22μM Supor Membrane syringe filters (Pall Life Sciences, East

Hills, NY, USA). Filtered samples were 10-fold diluted in 96-well plates and 150μl of each sam-

ple from each well of the dilution series was then transferred to infect confluent Vero cells in

24-well plate formats for 1 hour at 37˚C and under 5% CO2 supplement, while rocking every

15 minutes. A 1% agarose and nutrient mixture consisting of 10% M199 (10x), 7% FBS, 0.5%

MEM non-essential amino acids (100x), 0.5% MEM vitamin solution (100x), and 0.003%

sodium bicarbonate (Gibco, ThermoFisher, Waltham, MA, USA) was then overlaid on cells.

Plates were incubated at 37˚C and under 5% CO2 supplement for 5 days, then fixed with 10%

formalin for 4 hours. Agarose was removed using a spatula and plaques/cells stained using

0.2% crystal violet solution, then counted to calculate viral titre (defined as plaque forming

units (PFU)/mL).
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Immunofluorescence assays (IFA) to detect ZIKV antigen in midguts

Midguts were dissected at 5, 7, 8, 9, and 11 days following challenge with a ZIKV-containing

blood-meal and fixed in 4% paraformaldehyde diluted in phosphate buffer solution (PBS;

Gibco, ThermoFisher, Waltham, MA, USA) at 4˚C for at least 30 minutes. Midguts were then

permeabilized in PBS-T (PBS with 1% BSA and 0.2% Triton-X-100) for 1 hour at room tem-

perature (RT) followed by incubation at 4˚C overnight with the primary (monoclonal) anti-

body Anti-Flavivirus Group Antigen D1-4G2-4-15 (ATCC: VR-1852) diluted 1:500 in PBS-T.

Samples were then washed three times with PBS-T with each wash step lasting 5 minutes. The

secondary (monoclonal) antibody, goat anti-mouse IgG labelled with Alexa Fluor 594

(Abcam: ab150120) was added at a 1:500 dilution in PBS-T for 1 hour at RT in the dark, along

with Alexa Fluor Phalloidin 488 (Invitrogen, Carlsbad, CA, USA) at a 1:1000 dilution. Cell

nuclei were stained with DAPI (Invitrogen) at 1μg/mL for 10 minutes at RT. Midguts were

washed three times with PBS-T again and mounted onto six-well slides using Fluoromount G

mounting medium (Electron Microscopy Sciences, Hatfield, PA, USA). Samples were imaged

using an inverted spectral confocal microscope (TCP SP8 MP, Leica Microsystems, Wetzlar,

Germany) at the Molecular Cytology Core of the University of Missouri.

Transmission electron and scanning transmission electron microscopy

(TEM & STEM) on midgut samples

Midguts were collected from mosquitoes at 3 and 5 days post-ingestion of a ZIKV-containing

blood-meal and fixed in a solution containing 2% paraformaldehyde, 2% glutaraldehyde and

100mM sodium cacodylate buffer, pH 7.35 (Sigma Aldrich, St. Louis, MO, USA) for at least 30

minutes at 4˚C. Sample processing for TEM including embedding and ultrathin-sectioning

were performed at the Electron Microscopy Core at the University of Missouri. Samples were

embedded in HistoGel (Thermo Scientific, Kalamazoo, MI, USA) and rinsed in 100mM

sodium cacodylate buffer containing 130mM sucrose. A second fixation was performed in a

Pelco Biowave (Ted Pella, Redding, CA, USA) using 100mM sodium cacodylate buffer supple-

mented with 1% osmium tetroxide. Samples were fixed for 1 hour at 4˚C, then en bloc stained

overnight at 4˚C with 1% aqueous uranyl acetate. A graded dehydration series (100 Watts for

40 sec per exchange) was performed from ethanol to acetone. Dehydrated specimens were

infiltrated with EPON resin (at 250 Watts for 3 minutes) and polymerised at 60˚C overnight.

Embedded sections were ultrathin-sectioned (85nm) using an ultra-microtome (Ultracut

UCT, EM UC7, Leica Microsystems, Wetzlar, Germany) containing a diamond knife (Dia-

tome, Hatfield, PA, USA). TEM images were captured using a JEOL JEM 1400 transmission

electron microscope connected to a Gatan Ultrascan 1000 CCD camera (Gatan, Pleasanton,

CA, USA). STEM images were generated using a ThermoFisher Tecnai F30 Twin 300kV

TEM/STEM operated at 200kV in high angle annular dark field (HAADF) image mode.

Intrathoracic injection of ZIKV

Five-day-old Ae. aegypti females were anaesthetised on ice and intrathoracically injected as

described before [25] with ZIKV at a titre of 1x106 PFU/mL using a pulled capillary tube

attached to a Nanoject II injector (Drummond Scientific Company, Broomall, PA, USA). Fol-

lowing intrathoracic injection of each female mosquito with 140 PFU of ZIKV, mosquitoes

were maintained at 28˚C and 80% humidity until whole bodies were sampled for plaque assay

at 10 dpi.
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Saliva collection and detection of ZIKV

Ten days following provision of a ZIKV-containing blood-meal, forced salivation was per-

formed on female mosquitoes. Mosquitoes were deprived of sugar the night before and then

saliva collected the next day. Female mosquitoes were cold-anesthetized to remove wings and

legs, then proboscises were inserted into 1mm glass capillary tubes filled with 5μl Cargille Type

B immersion oil (Cargille labs, NJ, USA) for saliva collection over 45 minutes. The end of each

capillary tube was then placed into an Eppendorf tube filled with 200μl of DMEM (supple-

mented with 7% FBS) and centrifuged at 3,000xg for 15 minutes to elute the saliva. Samples

were stored at -80˚C until processed. To sterile-filter saliva samples, another 300μl of DMEM

(7% FBS) was added and the sample was filtered through a 0.2μm syringe filter (Pall Life Sci-

ences, East Hills, NY, USA). Vero cells were plated out into 24-well plates and 180μl of saliva

samples were inoculated in each well for one hour at 37˚C while rocking every 15 minutes.

Each well was supplemented with 1ml of DMEM (7% FBS) and the presence of cytopathic

effects (CPE) indicating productive infection of ZIKV was monitored on a daily basis for 8

days. At least six non-infected control wells were included as a comparison for non-virus

induced CPE.

Statistical analysis

All graphics were created in R Studio (RStudio Inc, Boston, Massachusetts, USA) using the

‘ggplot2’ package. Statistical analysis was performed in R Studio. Normality was assessed using

the Shapiro-Wilk test. Significance of BL width between midguts was assessed using a Kruskal

Wallis test (non-parametric), followed by a post-hoc Dunn Test using the ‘FSA’ package. Com-

pact letter display of significance was calculated using the ‘rcompanion’ package. Parametric

(T-test) or non-parametric (Mann-Whitney U-test) analysis was selected depending on nor-

mal and non-normal distribution of data, respectively. Viral infection intensity in individual

samples was analysed using the Mann-Whitney U-test. Fisher’s Exact Test was used for statisti-

cal analysis of viral prevalence in mosquito samples.

Results

Larval starvation led to the development of smaller adult mosquitoes

Once female adult Control and Starve mosquitoes had eclosed, their wings were dissected and

measured as a proxy for body mass [26]. The starvation feeding regimen consistently produced

Starve mosquitoes with significantly smaller wings relative to Control mosquitoes over three

independent replicates (p� 0.0001, p = 0.0005; Mann-Whitney U-test) (S1 Table and S1 Fig).

The mean wing length of Starve wings was less than Control at all timepoints sampled

(Table 1).

Starve females possessed a significantly thinner midgut BL than Control

mosquitoes

Midguts from Starve and Control mosquitoes were dissected and their BL was visualized using

TEM at 3 and 5 days post-ingestion of a ZIKV-containing blood-meal. These timepoints were

chosen as ZIKV has been shown previously to start to disseminate from the midgut of Ae.
aegypti from 3 dpi onwards [16]. Examples of BL measurements taken from Control and

Starve midguts at 5 dpi are shown in Fig 1A and 1B, respectively. De novo synthesized Zika

(ZIK) virions were clearly visible at 3–5 dpi, accumulating in the basal labyrinth in proximity

to the BL (Starve midgut, Fig 1C), and also in the endoplasmic reticulum (Control midgut, Fig

1D). Scanning Transmission Electron Microscopy (STEM) images show higher detail of a
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Control midgut with densely arranged BL strands (Fig 1E), compared to a section of a Starve

midgut with a thinner BL composed of fewer strands (Fig 1F).

The distribution of BL width measurements from individual Control and Starve midguts showed

significant differences between midguts at each timepoint as represented by different letters (Fig 2

Table 1. Mean wing lengths (mm) ± standard deviation (SD) of adult Ae. aegypti (HWE) reared under Control and Starve diet regimen in three replicates.

Wing length (mm)

Replicate

Diet 1 2 3

Control 2.93 ± 0.10 (21)+ 3.13 ± 0.11 (14) 2.97 ± 0.06 (9)

Starve 2.77 ± 0.11 (22)� 2.65 ± 0.10 (21)� 2.78 ± 0.11 (9)�

�: significantly different than Control

Wing length (mm) = mean ± SD

+: 21 = number of wings measured

https://doi.org/10.1371/journal.pntd.0010003.t001

Fig 1. Ultrastructural (TEM) visualization of the midgut BL in Starve and Control Ae. aegypti (HWE). Midguts of Starve and Control Ae. aegypti were dissected at 3

and 5 days post-infection (dpi) via ingestion of a ZIKV-containing blood-meal and visualized by transmission electron microscopy (TEM). TEM images of (A) Control

and (B) Starve midguts are shown with BL width measurements at 5 dpi. (C) Multiple virions are accumulating in the basal labyrinth of a Starve midgut at 3 dpi (yellow

arrows). (D) ZIK virions are shown in a Control midgut both in the basal labyrinth and in the endoplasmic reticulum at 5 dpi. (E) Scanning transmission electron

microscopy (STEM) images showing a higher number of individual BL strands of a Control midgut at 5 dpi when compared to the (F) BL of a Starve midgut. BL = basal

lamina, Bla = basal labyrinth, ER = endoplasmic reticulum, Mi = mitochondria. TEM images were captured using a JEOL JEM 1400 transmission electron microscope and

STEM images were captured using a ThermoFisher Tecnai F30 Twin 300kV transmission electron microscope/scanning transmission electron microscope.

https://doi.org/10.1371/journal.pntd.0010003.g001
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and Table 2). Mean values for BL width ranged from 0.119μm +/- 0.032 SD (Starve, 3 dpi) to

0.304μm +/- 0.185 SD (Control, 5 dpi) (Table 2). Within treatment groups, BL width was similar

between most analysed midguts at 3 and 5 dpi. However, between groups at 3 dpi, BL of Starve mid-

guts B-H were significantly thinner than those of Control midguts B-F (Fig 2). Similarly, at 5 dpi,

the BL of Starve midguts D-F were significantly thinner than the BL of Control midguts B-G, with

the BL of Starve midgut C being significantly thinner than BL of Control midguts F and G (Fig 2).

None of the midgut BL in Control mosquitoes were significantly thinner than in Starve mosquitoes.

Midgut infection dynamics of ZIKV in Control and Starve mosquitoes

differed between experiments

ZIKV was quantified by plaque assay in Control and Starve midguts over a time-course follow-

ing challenge with ZIKV-containing blood-meals in two independent experiments. In both

experiments, the ZIKV concentration in the provided blood-meal was 1.7x106 PFU/mL. In the

first experiment, Control and Starve mosquitoes ingested on average 4,0 and 2,1 PFU/mL of

virus respectively, with no significant difference (p = 0.08, T-test). Midgut infection rates

between Control and Starve mosquitoes remained relatively constant throughout the first

experiment, reaching 75–89% infection in both groups (Table 3). Patterns of ZIKV infection

were generally similar in midguts of Starve and Control mosquitoes between 5–11 dpi based

on in situ detection of viral antigen (Fig 3A), although in 2/6 Starve midguts, we observed a

widespread punctate ZIKV infection pattern at 5 dpi (Fig 3B).

Quantification of virus by plaque assay revealed differences in midgut infection dynamics;

at 5 dpi, Starve midguts had a significantly higher median titre of ZIKV relative to Control

midguts (Fig 3C and Table 3; p = 0.02, Mann-Whitney U-test). From 7–9 dpi, Starve and Con-

trol midguts had similar ZIKV titres, however, by 11 dpi, midguts in Starve mosquitoes had a

significantly lower median titre of virus, relative to Control midguts (p = 0.008, Mann-Whit-

ney U-test). In the second experiment in which Control and Starve mosquitoes were chal-

lenged with a ZIKV-containing blood-meal, midguts were dissected at an earlier time point

post-infection (3 dpi), and at 5, 7, and 9 dpi. Similar infection foci were observed in situ in

Starve and Control midguts throughout the experiment (S2 Fig). Starve mosquitoes ingested

(timepoint 0) significantly more ZIKV than Control mosquitoes (Fig 3D; p = 0.0006, Mann-

Whitney U-test). Regardless, we observed increased midgut infections in Control mosquitoes

at early timepoints when compared to Starve mosquitoes, as midguts of Control mosquitoes

had a significantly higher titre of virus at 3 and 5 dpi, relative to Starve midguts (p = 0.02,

p = 0.03, Mann Whitney U-test) (Fig 3D). Control and Starve mosquitoes had a similar midgut

infection rate at 3 dpi (55% and 47%, respectively) (Table 3), however, at 5 dpi Control midgut

infection rate peaked, with significantly more midguts infected (81%) relative to Starve mid-

guts (58%) (p = 0.04, Fisher’s Exact Test). Following the peak infection rate, there was a

decrease in the ZIKV infection rate of Control midguts and their viral titre. ZIKV titre in Con-

trol midguts dropped significantly from 5 dpi to 7 dpi (Fig 3D and Table 3; (p = 0.008, Mann-

Whitney U-test). The midgut infection rate in Control mosquitoes dropped gradually from

the peak at 5 dpi (81%) to 9 dpi (59%) (Table 3). In contrast, midgut infection rate in Starve

mosquitoes increased gradually from 3 dpi (47%) to 7 dpi (68%), with significantly more

Starve midguts infected relative to Control by 9 dpi (82%) (p = 0.04, Fisher’s Exact Test).

Dissemination of ZIKV was elevated in Starve mosquitoes compared to

Control

ZIKV prevalence and intensity of infection were also quantified in secondary mosquito tissues

in absence of the midgut (hereby referred to as carcass for simplicity), representing virus
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infections following viral dissemination across the midgut BL. In both experiments, ZIKV titre

and infection rates in the carcass increased in Control and Starve mosquitoes over the time-

course (Table 3). The midgut escape rate (MER) of ZIKV in Control and Starve mosquitoes

(number of infected carcasses divided by the number of infected midguts) was calculated, rep-

resenting the midgut escape barrier. In the first virus challenge experiment, the MER increased

Fig 2. Distribution of midgut basal lamina (BL) width in individual midguts of Control and Starve Ae. aegypti HWE. Five day-old Ae. aegypti HWE Control and

Starve mosquitoes were fed a ZIKV-containing blood-meal and the ultrastructure of the midgut BL was visualized at 3 and 5 days post-infection (dpi). TEM images

were obtained from 6–8 Control and Starve midguts per timepoint (Midguts A-H). ImageJ was used to take three measurements of the BL width per image. Each BL

measurement was plotted in the violin plot representing the distribution of BL width per midgut at 3 dpi and 5 dpi. The boxplot within the violin plot represents the

median, upper and lower quartiles, and extremities. Kruskal Wallis and post-hoc Dunn Test were used for statistical analysis. Significance is shown by different letters

(p< 0.05).

https://doi.org/10.1371/journal.pntd.0010003.g002
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in both treatment groups throughout the time-course; although similar MER were observed in

Control and Starve mosquitoes at 5 dpi (20%, 12%, respectively) and 7 dpi (50%, 37%) (Fig 4A

and Table 3). By 9 dpi, the MER in Starve mosquitoes (97%) increased significantly compared

to Control mosquitoes (66%) (Fig 4A; p = 0.001, Fisher’s Exact test), with this trend continuing

until 11 dpi (94%, 75%, respectively).

Table 2. Mean basal lamina width (μm) ± standard deviation (SD) in midguts of adult Ae. aegypti reared under Control and Starve diet regimens at 3 and 5 days

post-infection with orally acquired ZIKV I-44.

Basal lamina width (μm)

Timepoint

3 DPI 5 DPI

Control Starve Control Starve

MG BL width MG BL width MG BL width MG BL width

A 0.176 ± 0.029 (18)� A 0.142 ± 0.039 (36) A 0.175 ± 0.037 (18) A 0.153 ± 0.038 (12)

B 0.188 ± 0.040 (30) B 0.158 ± 0.028 (21) B 0.186 ± 0.034 (21) B 0.135 ± 0.039 (24)

C 0.187 ± 0.036 (21) C 0.119 ± 0.032 (24) C 0.190 ± 0.032 (12) C 0.148 ± 0.038 (27)

D 0.192 ± 0.032 (18) D 0.161 ± 0.044 (33) D 0.208 ± 0.061 (27) D 0.139 ± 0.032 (36)

E 0.230 ± 0.082 (27) E 0.134 ± 0.053 (21) E 0.304 ± 0.185 (18) E 0.165 ± 0.032 (6)

F 0.175 ± 0.038 (27) F 0.155 ± 0.043 (21) F 0.197 ± 0.043 (15) F 0.133 ± 0.033 (18)

G 0.196 ± 0.053 (27) G 0.178 ± 0.044 (18) G 0.203 ± 0.073 (21)

H 0.166 ± 0.048 (12)

MG = Midgut

�: 18 = number of measurements taken

Basal lamina width (μm) = mean ± SD

https://doi.org/10.1371/journal.pntd.0010003.t002

Table 3. Median ZIKV titre (plaque forming units per mL), infection rates, and midgut escape rates in Control and Starve midguts and carcasses over a time-course

in two independent experiments.

Experiment 1 Experiment 2

5 DPI 7 DPI 9 DPI 11 DPI 3 DPI 5 DPI 7 DPI 9 DPI

Midgut Median titre (PFU/mL) Control 1,533 3,117 1,200 4,333� 1,133� 6,000� 1,000 2,600

Starve 6,300� 2,667 1,800 1,467 270 833 1,467 7,333

IR (%) Control 75

(15/20)+

80

(28/35)

88

(29/33)

84

(16/19)

55

(22/40)

81

(26/32)�
64

(23/36)

59

(23/39)

Starve 85

(17/20)

87

(34/39)

87

(33/38)

89

(17/19)

47

(18/38)

58

(22/38)

68

(25/37)

82

(28/34)�

Carcass Median titre (PFU/mL) Control 6,200 3,383 66,667 361,414 60 103 2,000 46,667

Starve 73 5,017 69,167 193,333 0 163 1,067 100,000

MER (%) Control 20

(3/15)

50

(14/28)

66

(19/29)

75

(12/16)

5

(1/22)

15

(4/26)

61

(14/23)

74

(17/23)

Starve 12

(2/17)

37

(14/38)

97

(32/33)�
94

(16/17)

0

(0/18)

9

(2/22)

84

(21/25)

89

(25/28)

DR (%) Control

Starve

15

(3/20)

10

(2/20)

40

(14/35)

36

(14/39)

58

(19/33)

84

(32/38)�

63

(12/19)

84

(16/19)

3

(1/40)

0

(0/38)

13

(4/32)

5

(2/38)

39

(21/37)

57

(21/37)

44

(17/39)

74

(25/34)�

DPI: days post-infection

�: significantly higher titre (Mann-Whitney U-test) or infection/dissemination rate (Fisher’s exact test) than other treatment group

+: (number of tissues positive divided by the total number of tissues tested)

IR: Infection rate (number of infected midguts divided by the total number of midguts analysed) x 100

MER: Midgut escape rate (number of infected carcasses / number of infected midguts) x 100

DR: Dissemination rate (number of infected carcasses / total number of carcasses analysed) x 100

https://doi.org/10.1371/journal.pntd.0010003.t003
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Fig 3. Intensity of ZIKV I-44 midgut infection in Control and Starve Ae. aegypti HWE following oral ingestion of virus. (A, B) Midguts were

dissected at 5, 7, 8, 9, and 11 days post-infection (dpi) via a ZIKV containing blood-meal. ZIKV titre in the blood-meal for all challenges was 1x106

PFU/mL. Fixed midguts were incubated with the flavivirus-specific 4G2 primary mouse monoclonal antibody and secondary anti-mouse Alexa Fluor

(AF) 594 labeled monoclonal antibody (red). Actin filaments were stained using Alexa Fluor (AF) Phalloidin 488 (green); nuclei were stained using

DAPI (blue). Mock samples show non-infected midguts which underwent the same staining procedure as the infected midguts. (A) Midguts were

imaged at 10x magnification to show overall midgut infection pattern using an inverted spectral confocal microscope (TCP SP8 MP, Leica

Microsystems). (B) 20x magnified images showing detailed infection foci of 5 dpi midguts (area within white square at 10x magnification). Yellow

arrow indicates specific punctate infection foci in Starve midgut compared to zonal infection in the Control midgut. At least 6 midguts were visualized

per group/timepoint in two independent experiments. (C, D) Midguts were dissected over a time-course following oral challenge of mosquitoes with

ZIKV-containing blood-meals and virus quantified by plaque assay. (C) Experiment 1: ZIKV titre in midguts at 0 (immediately after blood-meal

ingestion), 5, 7, 9, and 11 dpi. (D) Experiment 2: ZIKV titre in midguts at 0, 3, 5, 7, and 9 dpi. Boxplots show median, upper, and lower quartiles and

data extremities. Dots represent individual midguts. n = 20–39 midguts per timepoint. Statistics were based on Mann-Whitney U-test; � = p< 0.05, ��

= p< 0.01, ��� = p< 0.001. C = Control, S = Starve.

https://doi.org/10.1371/journal.pntd.0010003.g003
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ZIKV dissemination rates from the midgut in the second experiment followed a similar

trend as in the first experiment. Infection of carcasses at 3 dpi was minimal, with only 1/22

Control carcasses infected with ZIKV, while no detectable virus had disseminated in Starve

carcasses (Table 3). ZIKV titre and infection rate of carcasses then increased in both treatment

groups throughout the time-course (Table 3). The MER followed a similar pattern as observed

in the first blood-meal challenge, with lower MER in Control and Starve mosquitoes at 3 dpi

(5%, 0, respectively; Fig 4C and Table 3) and 5 dpi (15%, 9%), then a large increase in the

MER at 7 dpi (61%, 84%) with this trend continuing until 9 dpi (74%, 89%).

The population dissemination rate (DR) of ZIKV in Starve and Control mosquitoes was cal-

culated (number of virus-positive carcasses divided by the number of carcasses analysed) in

both blood-meal challenge experiments, representing vector competence of both mosquito

populations for ZIKV [27]. The DR increased in both mosquito populations throughout the

time-course, however the DR within the Starve population was significantly higher than in the

Control population at 9 dpi in the first experiment (84%, 58%; Fig 4B and Table 3; p = 0.02,

Fisher’s Exact Test) and the second experiment (74%, 44%; Fig 4D and Table 3; p = 0.01, Fish-

er’s Exact Test).

More ZIKV was released in saliva from Starve mosquitoes compared to the

Control

Head tissue, carcasses and saliva samples were also collected from Starve and Control mosqui-

toes at 10 days following the challenge with a ZIKV-containing blood-meal in the previously

mentioned second experiment. In this experiment, ZIKV intensity and prevalence of infection

in head tissue were similar in both treatment groups (58% and 54% of Control and Starve

heads infected, respectively) (Table 4). ZIKV prevalence in saliva samples was measured by

assessing any occurrence of CPE in Vero cells on a daily basis, which had been inoculated with

identical volumes (150μl/well) of the collected and diluted saliva samples at a defined time-

point. Control and Starve mosquitoes had a similar proportion of saliva samples infected, with

16% (3/19) and 15% (3/20) respectively (Table 4; Experiment 2). However, noticeable CPE

(i.e., floating cells in proximity to a zone showing loosening of the cell mono-layer) occurred

at 96 hours post-infection (hpi) for Starve saliva samples, compared to 144 hpi for Control

samples. This indicates that Starve mosquitoes had a higher ZIKV concentration in their saliva

than Control mosquitoes at 10 dpi.

ZIKV infection was elevated in tissue extremities in Starve mosquitoes

compared to Control mosquitoes

Starve and Control mosquitoes were challenged with a ZIKV-containing blood-meal (4.5x105

PFU/mL) in a third virus challenge experiment, and virus was quantified in the head and

remaining carcass tissue at 10 and 14 dpi. The head tissue served as a proxy for dissemination

to secondary organs such as salivary glands. Control and Starve mosquitoes ingested similar

amounts of ZIKV, although the amount of imbibed virus was lower than in previous experi-

ments as there was less virus provided in the blood-meal (170 and 167 PFU/mL, respectively;

S3 Fig). In this experiment, the midgut was included within the carcass sample.

Significantly more Starve carcasses were infected at 10 dpi (98%) relative to Control (75%;

p = 0.006, Fisher’s Exact Test) (Table 4; Experiment 3) whereas no significant difference in

carcass infection rates was detected by 14 dpi between the two treatments. Median titre in car-

casses increased in both treatment groups from 10 to 14 dpi (Fig 5A and Table 4). The head

infection rate increased from 63% to 86% in Control mosquitoes from day 10 to 14, compared

to 72% and 96% in Starve mosquitoes, respectively (Table 4). There was no difference in ZIKV
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Fig 4. ZIKV I-44 midgut escape and dissemination rates in Control and Starve Ae. aegypti HWE following oral ingestion of virus in two

independent experiments. The ZIKV titre in the blood-meal was 1.7x106 plaque forming units (PFU) per mL. Virus was quantified in individual

midguts and carcasses (n = 20–39 per group/timepoint) by plaque assay on Vero cells at 5, 7, 8, 9, and 11 days post-infection (dpi) in the initial

experiment (A, B) and at 3, 5, 7 and 9 dpi in the second experiment (C, D). (A, C) ZIKV midgut escape rates (MER) for Starve and Control

mosquitoes in experiment 1 (A) and experiment 2 (C), defined as the number of virus-positive carcasses divided by the number of virus-positive

midguts over the time-course. (B, D) ZIKV dissemination rates (DR) for Starve and Control mosquitoes in experiment 1 (B) and experiment 2 (D),

defined as the number of virus-positive carcasses divided by the total number of carcasses analysed. Count data (infected/non-infected tissues) were

used for statistical analysis by Fisher’s Exact test; � = p< 0.05.

https://doi.org/10.1371/journal.pntd.0010003.g004
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titre in the heads between Control and Starve mosquitoes at 10 dpi, although by 14 dpi, there

was a significantly higher ZIKV titre in Starve heads (p = 0.001, Mann-Whitney U-test) (Fig

5A and Table 4).

ZIKV replication was inhibited in Starve mosquitoes compared to Control

following intrathoracic injection

To assess whether Starve mosquitoes had an altered susceptibility to ZIKV in secondary tis-

sues, we quantified ZIKV titre in Starve and Control mosquitoes following intrathoracic injec-

tion of ZIKV, thereby bypassing the midgut barriers. We injected 140 PFU ZIKV per female

intrathoracically and quantified virus 10 days post-injection by plaque assay. Heads and

Table 4. Median ZIKV titre (plaque forming units per mL) and infection rates in heads and carcasses of Starve and Control Ae. aegypti (HWE) at 10 and 14 days

post-infection (dpi) and in saliva samples collected at 10 dpi.

Experiment 2 Experiment 3

10 DPI 10 DPI 14 DPI

Head Median titre (PFU/mL) Control 12667 Head Median titre (PFU/mL) Control 13000 66667

Starve 12333 Starve 17333 93333�

IR (%) Control 58 (19/33) IR (%) Control 63 (19/30) 86 (18/21)

Starve 54 (20/37) Starve 72 (28/39) 96 (27/28)

Saliva CPE Control 96 h Carcass Median titre (PFU/mL) Control 13000 66667

Starve 144 h Starve 17333 93333

IR (%) Control 16 (3/19) IR (%) Control 75 (30/40) 91 (21/23)

Starve 15 (3/20) Starve 98 (39/40)� 97 (28/29)

DPI: days post-infection with ZIKV-containing blood-meal

CPE: hours post-inoculation with saliva when cytopathic effects were observed on Vero cells

IR: Infection rate (Number of tissues infected/total tissues analysed)

�: significantly higher titre (Mann-Whitney U-test) or infection/dissemination rate (Fisher’s Exact test) than other treatment group

https://doi.org/10.1371/journal.pntd.0010003.t004

Fig 5. Dissemination and replication of ZIKV I-44 in tissue extremities of Control and Starve Ae. aegypti HWE following ingestion or intrathoracic

injection of virus. (A) Starve and Control mosquitoes were fed a blood-meal containing 4.5x105 PFU/mL ZIKV and virus was quantified in heads at 10 days

post infection (dpi) (n = 19–28 per group/timepoint) and 14 dpi (n = 21–28 per group/timepoint) by plaque assay on Vero cells. Mann-Whitney U-test was

used for statistical comparison; �� = p� 0.01. Dots represent individual head tissues. (B) ZIKV was quantified in head tissue and carcasses of Starve and

Control mosquitoes at 10 days post-intrathoracic injection of virus (around 140 PFU per mosquito; n = 20–21 per group). Outliers are shown as grey dots and

were not included in the statistical analysis. T-test was used for statistical analysis (�� = p� 0.01, ��� = p� 0.001). Boxplots represent median titre, upper and

lower quartiles with whiskers showing data extremities.

https://doi.org/10.1371/journal.pntd.0010003.g005
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carcasses were sampled and all tissues were infected with ZIKV in Control and Starve mosqui-

toes. Importantly, ZIKV titre was significantly lower in Starve carcasses (p = 0.0007, T-test)

and heads (p = 0.009, T-test) relative to Control (Fig 5B) suggesting that ZIKV can replicate

more efficiently in secondary tissues of the Control mosquitoes than in the Starve mosquitoes.

Discussion

We exposed Ae. aegypti larvae to the stress of nutrient deprivation during rearing, resulting in

small adults (Starve) that were compared to large adults (Control) in vector competence assays

involving ZIKV. Starve mosquitoes had a higher vector competence for ZIKV than Control

mosquitoes in three independent experiments. The midgut escape barrier was impaired lead-

ing to a higher MER in Starve mosquitoes in one experiment. The DR of ZIKV in the Starve

mosquito population was significantly higher than in Control mosquitoes at 9 dpi in both mid-

gut escape experiments. Given that ZIKV replication was inhibited in Starve mosquitoes fol-

lowing injection of virus, and more virus was present in head tissue and saliva of Starve

mosquitoes compared to Control, we suggest that a higher quantity of virus was able to dis-

seminate to secondary tissues across the diminished midgut escape barrier of the Starve

mosquitoes.

Accordingly, the majority of the smaller Starve mosquitoes had a significantly thinner mid-

gut BL compared to Control mosquitoes. However, at both timepoints sampled (5 and 7 dpi)

there were outliers to this result, with one or two Starve midguts exhibiting a similar BL width

as Control midguts. This may be due to larval competition during rearing that could be con-

trolled for if each individual larva would be reared in a separate container for food supply. For

example, within the Starve cohort, there may be individuals that ingested proportionally larger

quantities of food than other larvae within the Starve group, which then developed a similar

midgut BL width as some Control mosquitoes. As all Starve midgut BL were not impacted

equally, this complicates the analysis of the effect a thinner BL may have on midgut escape. In

addition, in all Control and Starve midguts visualized there was a wide variety of midgut BL

width recorded, highlighting that the BL typically is not uniform in width throughout.

Despite this, Starve mosquitoes exhibited a higher midgut escape rate at 9 dpi in the first

virus challenge experiment. Ultrastructural studies showed that ZIK virions were strongly

accumulating at the midgut BL at 5 dpi, indicating that the virus can traverse the midgut BL

after blood-meal digestion [16]. Therefore, it can be conceived that virions were traversing the

midgut BL throughout the experiment, with the difference in carcass infection statistically

observed at 9 dpi. Although we observed a similar trend in the second virus challenge experi-

ment, this result was not statistically significant. A study investigating the vector competence

of large and small Culex tarsalis for the flavivirus West Nile virus (WNV) showed in one exper-

imental replicate a significantly higher infection rate in smaller mosquitoes than in large ones,

however, this was not the case in every replicate performed [28]. Regardless, in both of our

virus challenge experiments, Starve mosquito populations exhibited a higher vector compe-

tence for ZIKV relative to Control, as demonstrated by the DR. This suggests that epidemio-

logically, Starve mosquitoes may have a higher transmission potential for ZIKV than Control

mosquitoes.

At 10 days post-intrathoracic injection of ZIKV, Starve mosquitoes contained less virus in

head tissue and body than Control mosquitoes, indicating that replication in secondary tissues

was impaired in the Starve mosquitoes. Despite this, we found higher titres of ZIKV in the

head tissue of Starve mosquitoes 14 days post-infection with orally-acquired ZIKV, suggesting

that a higher quantity of virions were eventually disseminating from midguts of the Starve

mosquitoes than from those of the Controls. Accordingly, ZIKV has been previously shown to
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disseminate to the heads of Ae. aegypti at a higher rate in a dose-dependent manner [29]. Like-

wise, virus detection via amplification in Vero cells allows the conclusion that Starve mosqui-

toes released higher quantities of ZIKV along with saliva than Control females, although we

cannot rule out that the barriers formed by the salivary glands were impaired in Starve

mosquitoes.

In addition to the reduced titre following intrathoracic injection, ZIKV titre was also signif-

icantly lower in Starve midguts by 11 dpi in the first virus challenge experiment. These data

suggest that in the smaller Starve mosquitoes, there were fewer cellular resources for ZIKV rep-

lication available at later timepoints during the infection process. Accordingly, smaller nutri-

ent-deprived Ae. aegypti have been shown to have less protein, carbohydrate and lipid content

than large mosquitoes [30]. Enveloped viruses such as ZIKV and dengue 1–4 viruses (DENV1-

4) require components of intracellular membranes, including lipids, to facilitate their replica-

tion [31]. Consequently, lipids including fatty acyl, glycerophospholipid, and sphingolipid lev-

els all increased specifically in the Ae. aegypti midgut in accordance with the replication

kinetics of DENV2 [32].

We observed different midgut infection dynamics in the two virus challenge experiments

and found that the amount of virus ingested from a blood-meal had no obvious effect on the

subsequent midgut infection pattern. In the first virus challenge experiment, Starve and Con-

trol mosquitoes ingested similar amounts of ZIKV, yet by 5 dpi midguts in Starve mosquitoes

exhibited a significantly higher ZIKV titre, which could be an indication for a diminished mid-

gut infection barrier. At this timepoint we also observed several Starve midguts exhibiting a

widespread punctate infection pattern based on ZIKV antigen detection in situ, in comparison

to zonal antigen patches detected in the Control midguts. However, in the second ZIKV chal-

lenge experiment, Starve mosquitoes ingested significantly more virus, while Control midguts

had a higher ZIKV titre at 3 and 5 dpi, indicating that indeed there was an effective midgut

infection barrier present in the latter. Currently, we cannot explain the observation of a higher

ZIKV titre in Starve midguts at 5 dpi in the first challenge experiment, leaving room for the

speculation that an altered nutrient status could have affected antiviral immune responses or

other essential pathways in the mosquito midgut, leading to the variation in midgut intensity

of infection and infection prevalence at specific days. As shown by other authors, small Ae.
aegypti females resulting from sub-optimal nutrient supply showed altered expression of many

transcripts related to metabolism, immunity, apoptosis and reproduction, in comparison to

large, well-fed individuals [33]. Following the ingestion of a blood-meal, overall metabolism

was increased in small Ae. aegypti mosquitoes in comparison to large mosquitoes while fecun-

dity was decreased in the former suggesting that in small size mosquitoes, the blood-meal was

predominantly processed for nutrient supply rather than diverted for egg development [33]. In

addition, the midgut microbiome in adult mosquitoes has been shown to be altered by restrict-

ing the larval diet [34]. This, in turn, can impact midgut infection of arboviruses; for instance,

a microbial metalloprotease secreted by Serratia marcescens increased the susceptibility of the

Ae. aegypti midgut to DENV2 infection [35]. In the second viral challenge experiment, the

midgut infection rate of the Control peaked at 5 dpi, followed by gradual decrease in infection

until 9 dpi causing Starve mosquitoes to exhibit a comparatively higher midgut infection rate

with ZIKV at 9 dpi. It is unclear why these differences in midgut infection occurred, yet it

highlights the variability that can occur in Ae. aegypti vector competence studies when repeat-

edly performed under similar conditions. Despite the differences in midgut infection rate, the

midgut dissemination rates were similar among the Control mosquitoes of both experiments.

Previous studies investigating the vector competence for arboviruses in small and large

Aedes mosquitoes have shown varied results as well, as demonstrated by the following exam-

ples. Large Ae. aegypti females had higher infection rates with DENV2 (10.7%) compared to
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small mosquitoes (5.7%) at 14 days post-challenge with a DENV2-containing blood-meal [36].

On the other hand, another study found small and large Ae. aegypti produced by overcrowding

with its own species or in competition with Ae. albopictus exhibited no differences in vector

competence for DENV2 [37]. However, smaller Ae. albopictus reared under the same condi-

tions had at least 60% more DENV2 dissemination compared to those reared optimally. Larger

Ae. aegypti had higher infection rates with alphavirus Ross River Virus (RRV) in the whole

body than small mosquitoes [38]. Another study that investigated infection of RRV in the

body, head, and salivary glands of Ae. vigilax found no difference in infection rate and viral

titre between small, medium, and large mosquitoes over a time-course [39]. Larger Ae. albopic-
tus produced by rearing larvae at cooler temperatures had significantly higher infection and

population dissemination rates of chikungunya virus (Togaviridae; Alphavirus) than small

mosquitoes reared at warmer temperatures [27]. Small and large Cx. annulirostris showed no

difference in their vector competence for the flavivirus Murray Valley encephalitis virus at 10

dpi [40]. Thus, a direct comparison of studies involving different mosquito strain-virus strain

combinations faces its limitations, as overall vector competence may intrinsically differ for

each mosquito strain (species)–virus strain (species) pairing, and different stressors may

impact the mosquito in various ways.

Conclusions

This study highlights the impact nutritional stress during larval development can have on the

dynamics of ZIKV infection in Ae. aegypti females and their transmission potential of the

virus. Small Ae. aegypti adults that were deprived of food as larvae had a thinner midgut BL,

the physical evidence for a midgut escape barrier, compared to optimally reared Control mos-

quitoes. Small Ae. aegypti had a higher midgut escape rate in one experiment and more virus

reaching tissue extremities including saliva, despite virus replication inhibited in small Ae.
aegypti as shown by intrathoracic injection of ZIKV. These data suggest that an impaired mid-

gut escape barrier was contributing to the higher dissemination rates of virus. Thus, variation

in larva nutrition is potentially a source for the variation of female vector competence for

ZIKV.

Supporting information

S1 Table. Feeding regimen to produce large (Control) and small (Starve) Ae. aegypti HWE.

Larvae were hatched and given optimal food (Control) or restricted food quantities (Starve) to

produce small and large adults. Control larvae were hatched two days after Starve larvae to

account for delayed pupation times in the latter.

(TIF)

S1 Fig. Measurements of wings from large (Control) and small (Starve) Ae. aegypti HWE.

(A) Adult wings were dissected and mounted onto a microscope slide with double-sided

Scotch tape for visualization using a Leica ICC50 Compound Microscope equipped with cam-

era. Area measured is indicated by a white arrow. ImageJ was used to measure the wing lengths

(mm) from three independent replicates. (B) Starve mosquitoes had significantly smaller

wings than Control in three independent replicates. Boxplots represent data from 6–10 mos-

quitoes per experiment with the median, upper and lower extremities shown. Statistical analy-

sis was based on Mann-Whitney U-test, ��� = p< 0.0001.

(TIF)

S2 Fig. Midgut infection foci of ZIKV I-44 in Starve and Control Ae. aegypti HWE as

shown by immunofluorescence (IFA). Detection of ZIKV antigen in the second experiment
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investigating midgut infection following ingestion of a blood-meal containing ZIKV I-44. Six

midguts were analysed per time-point at 3, 5, 7, and 9 days post-infection. Fixed midguts were

incubated with the flavivirus-specific 4G2 primary mouse monoclonal antibody and secondary

anti-mouse Alexa Fluor (AF) 594 labeled monoclonal antibody (red). Actin filaments were

stained using Alexa Fluor (AF) Phalloidin 488 (green); nuclei were stained using DAPI (blue).

Mock samples show non-infected midguts which underwent the same staining procedure as

the infected midguts. Images are shown at 10x magnification.

(TIF)

S3 Fig. Amount of ZIKV I-44 ingested by Starve and Control Ae. aegypti HWE from a

blood-meal in experiment 3. ZIKV was quantified in whole bodies of Control and Starve

mosquitoes immediately after ingestion of a blood-meal (timepoint 0). n = 5–6 mosquitoes.

Statistical analysis was based on T-test (p = 0.90).

(TIF)
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3. Mlakar J, Korva M, Tul N, PopovićM, Poljšak-Prijatelj M, Mraz J, et al. Zika Virus Associated with Micro-

cephaly. N Engl J Med. 2016; 374(10):951–958. https://doi.org/10.1056/NEJMoa1600651 PMID:

26862926

4. Brito CAA, Henriques-Souza A, Soares CRP, Castanha PMS, Machado LC, Pereira MR, et al. Persis-

tent detection of Zika virus RNA from an infant with severe microcephaly—a case report. BMC Infect

Dis. 2018; 18:1–9. https://doi.org/10.1186/s12879-017-2892-9 PMID: 29291713

5. Chibueze EC, Tirado V, Lopes K da S, Balogun OO, Takemoto Y, Swa T, et al. Zika virus infection in

pregnancy: a systematic review of disease course and complications. Reprod Health. 2017; 14:28.

https://doi.org/10.1186/s12978-017-0285-6 PMID: 28241773

6. CDC. Zika virus; Statistics and maps. In: Centres for Disese Control [Internet].Updated September

2021. Available from:https://www.cdc.gov/zika/reporting/index.html

7. WHO Data. Countries and territories with current or previous Zika virus transmission. In: WHO regional

office [Internet].Updated July 2019. Available from: https://www.who.int/emergencies/diseases/zika/

countries-with-zika-and-vectors-table.pdf

8. CDC. Mosquito life cycle; Aedes aegypti. In: Centres for Disease Control [Internet]. Available from:

https://www.cdc.gov/dengue/resources/factsheets/mosquitolifecyclefinal.pdf

9. Nishiura JT, Burgos C, Aya S, Goryacheva Y, Lo W. Modulation of larval nutrition affects midgut neutral

lipid storage and temporal pattern of transcription factor expression during mosquito metamorphosis. J

Insect Physiol. 2007; 53:47–58. https://doi.org/10.1016/j.jinsphys.2006.09.014 PMID: 17123540

10. Telang A, Frame L, Brown MR. Larval feeding duration affects ecdysteroid levels and nutritional

reserves regulating pupal commitment in the yellow fever mosquito Aedes aegypti (Diptera: Culicidae).

J Exp Biol. 2007; 210:854–864. https://doi.org/10.1242/jeb.02715 PMID: 17297145

11. Coffey LL, Forrester N, Tsetsarkin K, Vasilakis N, Weaver SC. Factors shaping the adaptive landscape

for arboviruses: Implications for the emergence of disease. Future Microbiol. 2013; 8:155–176. https://

doi.org/10.2217/fmb.12.139 PMID: 23374123

12. Forrester NL, Guerbois M, Seymour RL, Spratt H, Weaver SC. Vector-Borne Transmission Imposes a

Severe Bottleneck on an RNA Virus Population. PLoS Pathog. 2012; 8(9):e1002897. https://doi.org/10.

1371/journal.ppat.1002897 PMID: 23028310

13. Weger-Lucarelli J, Garcia SM, Rückert C, Byas A, O’Connor SL, Aliota MT, et al. Using barcoded Zika

virus to assess virus population structure in vitro and in Aedes aegypti mosquitoes. Virology. 2018;

521:138–148. https://doi.org/10.1016/j.virol.2018.06.004 PMID: 29935423

14. Reinhardt C; Hecker H. Structure and function of the basal lamina and of the cell junctions midgut epi-

thelium (stomach) of female Aedes aegypti L. (Insecta, Diptera). Acta Trop. 1973; 30:213–236. PMID:

4147872

15. Kantor AM, Grant DG, Balaraman V, White TA, Franz AWE. Ultrastructural analysis of chikungunya

virus dissemination from the midgut of the yellow fever mosquito, Aedes aegypti. Viruses. 2018; 10

(10):571. https://doi.org/10.3390/v10100571 PMID: 30340365

16. Cui Y, Grant DG, Lin J, Yu X, Franz AWE. Zika virus dissemination from the midgut of Aedes aegypti is

facilitated by bloodmeal-mediated structural modification of the midgut basal lamina. Viruses. 2019; 11

(11):1056. https://doi.org/10.3390/v11111056 PMID: 31739432

17. Muturi EJ, Kim CH, Alto BW, Berenbaum MR, Schuler MA. Larval environmental stress alters Aedes

aegypti competence for Sindbis virus. Trop Med Int Heal. 2011; 16:955–964. https://doi.org/10.1111/j.

1365-3156.2011.02796.x PMID: 21564427

18. Kim CH, Muturi EJ. Effect of larval density and Sindbis virus infection on immune responses in Aedes

aegypti. J Insect Physiol. 2013; 59:604–610. https://doi.org/10.1016/j.jinsphys.2013.03.010 PMID:

23562781

19. Grimstad PR, Haramis LD. III. Enhanced oral transmission by nutrition-deprived mosquitoes. J Med

Entomol. 1984; 21:249–256. https://doi.org/10.1093/jmedent/21.3.249 PMID: 6747998

20. Grimstad PR, Paulson SL, Craig GB. Vector competence of Aedes hendersoni (diptera: culicidae) for

La Crosse virus and evidence of a salivary-gland escape barrier. J Med Entomol. 1985; 22:447–453.

https://doi.org/10.1093/jmedent/22.4.447 PMID: 4045939

21. Thomas RE, Wu WK, Verleye D, Rai KS. Midgut basal lamina thickness and dengue-1 virus dissemina-

tion rates in laboratory strains of Aedes albopictus (Diptera: Culicidae). J Med Entomol. 1993; 30:326–

331. https://doi.org/10.1093/jmedent/30.2.326 PMID: 8459409

22. Grimstad PR, Walker ED. Aedes triseriatus (Diptera: Culicidae) and La Crosse virus. IV. Nutritional dep-

rivation of larvae affects the adult barriers to infection and transmission. J Med Entomol. 1991; 28:378–

386. https://doi.org/10.1093/jmedent/28.3.378 PMID: 1875364

PLOS NEGLECTED TROPICAL DISEASES Starvation of Aedes aegypti larvae affects adult Zika virus transmission

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010003 November 29, 2021 19 / 20

https://doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
https://doi.org/10.1186/s12879-017-2892-9
http://www.ncbi.nlm.nih.gov/pubmed/29291713
https://doi.org/10.1186/s12978-017-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/28241773
https://www.cdc.gov/zika/reporting/index.html
https://www.who.int/emergencies/diseases/zika/countries-with-zika-and-vectors-table.pdf
https://www.who.int/emergencies/diseases/zika/countries-with-zika-and-vectors-table.pdf
https://www.cdc.gov/dengue/resources/factsheets/mosquitolifecyclefinal.pdf
https://doi.org/10.1016/j.jinsphys.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/17123540
https://doi.org/10.1242/jeb.02715
http://www.ncbi.nlm.nih.gov/pubmed/17297145
https://doi.org/10.2217/fmb.12.139
https://doi.org/10.2217/fmb.12.139
http://www.ncbi.nlm.nih.gov/pubmed/23374123
https://doi.org/10.1371/journal.ppat.1002897
https://doi.org/10.1371/journal.ppat.1002897
http://www.ncbi.nlm.nih.gov/pubmed/23028310
https://doi.org/10.1016/j.virol.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29935423
http://www.ncbi.nlm.nih.gov/pubmed/4147872
https://doi.org/10.3390/v10100571
http://www.ncbi.nlm.nih.gov/pubmed/30340365
https://doi.org/10.3390/v11111056
http://www.ncbi.nlm.nih.gov/pubmed/31739432
https://doi.org/10.1111/j.1365-3156.2011.02796.x
https://doi.org/10.1111/j.1365-3156.2011.02796.x
http://www.ncbi.nlm.nih.gov/pubmed/21564427
https://doi.org/10.1016/j.jinsphys.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23562781
https://doi.org/10.1093/jmedent/21.3.249
http://www.ncbi.nlm.nih.gov/pubmed/6747998
https://doi.org/10.1093/jmedent/22.4.447
http://www.ncbi.nlm.nih.gov/pubmed/4045939
https://doi.org/10.1093/jmedent/30.2.326
http://www.ncbi.nlm.nih.gov/pubmed/8459409
https://doi.org/10.1093/jmedent/28.3.378
http://www.ncbi.nlm.nih.gov/pubmed/1875364
https://doi.org/10.1371/journal.pntd.0010003


23. Wendell MD, Wilson TG, Higgs S, Black IV WC. Chemical and gamma-ray mutagenesis of the white

gene in Aedes aegypti. Insect Mol Biol. 2000; 9:119–125. https://doi.org/10.1046/j.1365-2583.2000.

00166.x PMID: 10762419

24. Sheridan MA, Balaraman V, Schust DJ, Ezashi T, Michael Roberts R, Franz AWE. African and Asian

strains of Zika virus differ in their ability to infect and lyse primitive human placental trophoblast. PLoS

One. 2018; 13(7):e0200086. https://doi.org/10.1371/journal.pone.0200086 PMID: 29985932

25. Sanchez-Vargas I, Williams A, Franz A, Olson K. Intrathoracic Inoculation of Zika Virus in Aedes

aegypti. Bio-Protocol. 2021; 11:1–12. https://doi.org/10.21769/BioProtoc.4165 PMID: 34692914

26. Rozeboom LE. Aedes aegypti (L.). The Yellow Fever Mosquito. Its Life History, Bionomics and Struc-

ture. Rickard Christophers. The Quarterly Review of Biology. Cambridge: Cambridge University Press;

1960. https://doi.org/10.1086/403134

27. Westbrook CJ, Reiskind MH, Pesko KN, Greene KE, Lounibos LP. Larval environmental temperature

and the susceptibility of Aedes albopictus Skuse (Diptera: Culicidae) to chikungunya virus. Vector-

Borne Zoonotic Dis. 2010; 10:241–247. https://doi.org/10.1089/vbz.2009.0035 PMID: 19725768

28. Dodson BL, Kramer LD, Rasgon JL. Larval nutritional stress does not affect vector competence for

West Nile virus (WNV) in Culex tarsalis. Vector-Borne Zoonotic Dis. 2011; 11:1493–1497. https://doi.

org/10.1089/vbz.2011.0662 PMID: 21867417

29. Tesla B, Demakovsky LR, Packiam HS, Mordecai EA, Rodrı́guez AD, Bonds MH, et al. Estimating the

effects of variation in viremia on mosquito susceptibility, infectiousness, and R0 of Zika in Aedes

aegypti. bioRxiv. 2017; 1–19. https://doi.org/10.1101/221572

30. Breigel H. Metabolic relationship between female body size, reserves, and fecundity of Aedes aegypti. J

Insect Physiol. 1990; 36:165–172.

31. Leier HC, Messer WB, Tafesse FG. Lipids and pathogenic flaviviruses: An intimate union. PLoS

Pathog. 2018; 14(5):e1006952. https://doi.org/10.1371/journal.ppat.1006952 PMID: 29746606

32. Chotiwan N, Andre BG, Sanchez-Vargas I, Islam MN, Grabowski JM, Hopf-Jannasch A, et al. Dynamic

remodeling of lipids coincides with dengue virus replication in the midgut of Aedes aegypti mosquitoes.

PLoS Pathogens. 2018; 14(2):e1006853. https://doi.org/10.1371/journal.ppat.1006853 PMID:

29447265

33. Price DP, Schilkey FD, Ulanov A, Hansen IA. Small mosquitoes, large implications: Crowding and star-

vation affects gene expression and nutrient accumulation in Aedes aegypti. Parasites and Vectors.

2015; 8:1–14. https://doi.org/10.1186/s13071-014-0608-1 PMID: 25561160

34. MacLeod HJ, Dimopoulos G, Short SM. Larval Diet Abundance Influences Size and Composition of the

Midgut Microbiota of Aedes aegypti Mosquitoes. Front Microbiol. 2021; 12:1–14. https://doi.org/10.

3389/fmicb.2021.645362 PMID: 34220739

35. Wu P, Sun P, Nie K, Zhu Y, Shi M, Xiao C, et al. A Gut Commensal Bacterium Promotes Mosquito Per-

missiveness to Arboviruses. Cell Host Microbe. 2019; 25(1):101–112.e5. https://doi.org/10.1016/j.

chom.2018.11.004 PMID: 30595552

36. Sumanochitrapon W, Strickman D, Sithiprasasna R, Kittayapong P, Innis BL. Effect of size and geo-

graphic origin of Aedes aegypti on oral infection with dengue-2 virus. Am J Trop Med Hyg. 1998;

58:283–286. https://doi.org/10.4269/ajtmh.1998.58.283 PMID: 9546404

37. Alto BW, Lounibos LP, Mores CN, Reiskind MH. Larval competition alters susceptibility of adult Aedes

mosquitoes to dengue infection. Proc R Soc B Biol Sci. 2008; 275:463–471. https://doi.org/10.1098/

rspb.2007.1497 PMID: 18077250

38. Nasci RS, Mitchell CJ. Larval diet, adult size, and susceptibility of Aedes aegypti (Diptera, Culicidae) to

infection with Ross River virus. J Med Entomol. 1994; 31:123–126. https://doi.org/10.1093/jmedent/31.

1.123 PMID: 8158614

39. Jennings CD, Kay BH. Dissemination barriers to Ross River virus in Aedes vigilax and the effects of lar-

val nutrition on their expression. Med Vet Entomol. 1999; 13:431–438. https://doi.org/10.1046/j.1365-

2915.1999.00196.x PMID: 10608233

40. Kay BH, Edman JD, Fanning ID, Mottram P. Larval diet and the vector competence of Culex annuliros-

tris (Diptera: Culicidae) for Murray Valley encephalitis virus. J Med Entomol. 1989; 26:487–488. https://

doi.org/10.1093/jmedent/26.5.487 PMID: 2552121

PLOS NEGLECTED TROPICAL DISEASES Starvation of Aedes aegypti larvae affects adult Zika virus transmission

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010003 November 29, 2021 20 / 20

https://doi.org/10.1046/j.1365-2583.2000.00166.x
https://doi.org/10.1046/j.1365-2583.2000.00166.x
http://www.ncbi.nlm.nih.gov/pubmed/10762419
https://doi.org/10.1371/journal.pone.0200086
http://www.ncbi.nlm.nih.gov/pubmed/29985932
https://doi.org/10.21769/BioProtoc.4165
http://www.ncbi.nlm.nih.gov/pubmed/34692914
https://doi.org/10.1086/403134
https://doi.org/10.1089/vbz.2009.0035
http://www.ncbi.nlm.nih.gov/pubmed/19725768
https://doi.org/10.1089/vbz.2011.0662
https://doi.org/10.1089/vbz.2011.0662
http://www.ncbi.nlm.nih.gov/pubmed/21867417
https://doi.org/10.1101/221572
https://doi.org/10.1371/journal.ppat.1006952
http://www.ncbi.nlm.nih.gov/pubmed/29746606
https://doi.org/10.1371/journal.ppat.1006853
http://www.ncbi.nlm.nih.gov/pubmed/29447265
https://doi.org/10.1186/s13071-014-0608-1
http://www.ncbi.nlm.nih.gov/pubmed/25561160
https://doi.org/10.3389/fmicb.2021.645362
https://doi.org/10.3389/fmicb.2021.645362
http://www.ncbi.nlm.nih.gov/pubmed/34220739
https://doi.org/10.1016/j.chom.2018.11.004
https://doi.org/10.1016/j.chom.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30595552
https://doi.org/10.4269/ajtmh.1998.58.283
http://www.ncbi.nlm.nih.gov/pubmed/9546404
https://doi.org/10.1098/rspb.2007.1497
https://doi.org/10.1098/rspb.2007.1497
http://www.ncbi.nlm.nih.gov/pubmed/18077250
https://doi.org/10.1093/jmedent/31.1.123
https://doi.org/10.1093/jmedent/31.1.123
http://www.ncbi.nlm.nih.gov/pubmed/8158614
https://doi.org/10.1046/j.1365-2915.1999.00196.x
https://doi.org/10.1046/j.1365-2915.1999.00196.x
http://www.ncbi.nlm.nih.gov/pubmed/10608233
https://doi.org/10.1093/jmedent/26.5.487
https://doi.org/10.1093/jmedent/26.5.487
http://www.ncbi.nlm.nih.gov/pubmed/2552121
https://doi.org/10.1371/journal.pntd.0010003

