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Impact of different diets on the
survival, pupation, and adult
emergence of Culex pipiens
biotype molestus larvae, and
infectability with the insect-
specific Culex Y virus

Fanny Hellhammer1,2*†, Mareike Heinig-Hartberger1,2†,
Paul Neuhof2, Felix Teitge3, Verena Jung-Schroers3

and Stefanie C. Becker1,2*

1Institute for Parasitology, Center for Infection Medicine, University of Veterinary Medicine Hannover,
Hannover, Germany, 2Research Center for Emerging Infections, and Zoonoses, University of
Veterinary Medicine Hannover, Hannover, Germany, 3Fish Disease Research Unit, Institute for
Parasitology, University of Veterinary Medicine Hannover, Hannover, Germany
The current rapidly advancing climate change will affect the transmission of

arthropod-borne viruses (arboviruses), mainly through changes in vector

populations. Mosquitos of the Culex pipiens complex play a particularly prominent

role in virus transmission in central Europe. Factors that contribute to the vector

population density and the ability of those vectors to transmit viral pathogens (vector

competence) can include nutrition during the larval stages. To test the influence of

larval diet on larval survival and adult emergence, as well as vector competence,

several diets varying in their nutritional composition were compared using a newly

established assay. We tested the effects of 17 diets or diet combinations on the

fitness of third-instar larvae ofCulex pipiens biotypemolestus. Larval survival rates at

day 7 ranged from 43.33% to 94.44%.We then selected 3 of the 17 diets (Tetra Pleco,

as the routine feed; JBL NovoTab, as the significantly inferior feed; and KG, as the

significantly superior feed) and tested the effect of these diets, in combination with

Culex Y virus infection, on larval survival rate. All Culex Y virus-infected larvae showed

significantly lower larval survival, as well as low pupation and adult emergence rates.

However, none of the tested diets in our study had a significant impact on larval

survival in combination with viral infection. Furthermore, we were able to correlate

several water quality parameters, such as phosphate, nitrate, and ammonium

concentration, electrical conductivity, and low O2 saturations, with reduced larval

survival. Thus, we were able to demonstrate that Culex Y virus could be a suitable

agent to reduce mosquito population density by reducing larval density, pupation

rate, and adult emergence rate. When combined with certain water quality

parameters, these effects can be further enhanced, leading to a reduced mosquito

population density, and reduce the cycle of transmission. Furthermore, we

demonstrate, for the first time, the infection of larvae of the mosquito Culex

pipiens biotype molestus with a viral pathogen.
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1 Introduction

Mosquitos of the Culex pipiens complex are now native to

Europe, America, Africa, and Asia, and transmit, among others, the

West Nile and Sindbis viruses (1). The medical importance of these

viruses justifies the urgent further investigation of possible control

measures. One recently introduced strategy to control mosquito

populations is the destabilization of populations by the use of

natural agents such as entomopathogenic bacteria, fungi, or

insect-specific viruses, or a combination of these. Such a strategy

enables the amount of insecticides used to be reduced (2).

The mosquito developmental cycle includes an aquatic phase,

during which the egg develops into the pupa. During this stage,

water quality, nutrient richness, and the presence in the water of

microorganisms, including algae, protozoa, bacteria, or viruses,

have a great influence on mosquito populations. Nutrition is of

particular importance; however, little is known about the

nutritional needs of Mosquitos. Most studies on nutrition, and its

effect on larval and adult body traits, have been conducted using

Aedes aegypti L (3–5). Based on current knowledge, mosquito larvae

appear to be able to adapt to their environment in terms of nutrient

sources, feeding on microorganisms such as bacteria, protozoa,

algae, and small metazoans, as well as non-living materials such as

dust and organic detritus, depending on the abundance of food

sources in the habitat (6, 7). In addition, cases of cannibalism,

within and between larval instars (8), and necrophagy (9) have

regularly been observed.

The nutritional intake of mosquito larvae can be divided into

macronutrients and micronutrients, which serve energetic and non-

energetic purposes, respectively. From an analytical point of view,

the main nutritional requirements for mosquito larvae are

carbohydrates and proteins, with fats playing a minor role (10).

Malnourishment leads to delayed larval development, low energetic

reserves in adults, reduced body size, reduced fecundity, and

reduced adult emergence (11). Prior to pupation, larvae need to

accumulate sufficient caloric reserves, and these are positively

correlated with weight. Only larvae reaching the critical mass

(defined as the body mass at which 50% of larvae pupate) can

develop into pupae. This critical mass depends on several factors,

such as temperature, species (12), and nutritional resources (13).

Cx. tarsalis larvae show increased development time, decreased

pupation and emergence rates, and smaller adult female body size

under nutritional stress caused by food deprivation. Ae. aegypti

larvae show a similar response to nutritional stress (14), and, in

Anopheles darlingi larvae fed ground fish food, higher quantities

were associated with a higher survival rate and faster development

(15). In contrast, in An. gambiae and An. coluzzii larvae fed

Tetramin® baby fish food, higher amounts led to rapid

development but a lower survival rate (16). This inconsistency

shows that not only availability of nutritional resources, but also

larval competition (17) and water quality (18), have an impact on

larval survival and pupation and emergence rates.

Carbohydrates, in addition to their described effects on larval

growth, pupation, survival, flight, and egg production (19), are also

associated with vector competence for Plasmodium in Anopheles
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Mosquitos by modifying mosquito–microbiota interactions (20). The

term microbiota is used to describe the microbial populations living in

contact with the body epithelia. The microbiota is composed of

bacteria, protists, yeasts, and viruses, which are required for

mosquito development (21). Advancements in high-throughput

sequencing and metagenomics and intensified mosquito surveillance

have led to the discovery of not only new arboviruses, but also a large

number of insect-specific viruses (ISVs) that are a part of the virobiota

of Mosquitos. In contrast to arboviruses, ISVs cannot be transmitted to

vertebrates and are restricted to arthropods. The main route of

transmission of ISVs is thought to be vertically, through transovarial

infection of offspring, which is supported by laboratory data (22, 23).

Other transmission routes include transovum transmission, venereal

transmission, and transmission to adult mosquitoes during nectar

feeding on infected plants (24) or to mosquitos during the early

stages of development during feeding on infected material present in

the aquatic habitat (25). ISVs are of particular research interest, as data

suggest that these viruses could function as a tool for vector control: it

has been shown that, for example, the Espirito Santo virus (ESV)—also

an ISV—inhibits the replication of dengue virus (DENV) inAe. aegypti

(26). In addition, this effect has been observed with different

combinations of ISVs and arboviruses (27, 28).

This raises the question of whether or not the nutrition state of

mosquito larvae has an impact on the interaction of the mosquito with

ISVs and, if so, how this interaction affects larval survival, pupation,

and adult emergence. To the best of our knowledge, no study has yet

focused on the impact of larval diet on the susceptibility to virus

infection of Mosquitos at the larval stage. To tackle this question, we

investigated the effect of different laboratory larval diets on survival and

pupation and adult emergence rates, as well as the impact of those diets

on survival in combination with the ESV-related virus Culex Y virus

(CYV; both genus Entomobirnavirus, family Birnaviridae), in Cx.

pipiens biotype molestus Mosquitos. CYV was identified in 2010 in

free-living Cx. pipiensMosquitos (29) as well as in persistently infected

mosquito cell cultures (30). It was shown that this ISV is not mosquito

specific under laboratory conditions, as it also replicates in Drosophila

melanogaster, but it does not replicate in honeybees and locusts, or in

mammalian cells (BHK-21 and A549). Furthermore, the virus has been

found to replicate in the reproductive organs of adult Cx. pipiens

biotype molestusMosquitos but, interestingly, no vertical transmission

to the offspring occurs. Persistence in free-living Mosquitos is therefore

presumed to be by horizontal transmission (31). Consequently, this

study will also investigate the replication of the virus in the larval stage.

This is the first described attempt to deliver a viral pathogen by

injection into larval stages of Cx. pipiens biotype molestus.
2 Material and methods

2.1 Mosquito colony

All experiments were conducted using a cross-bred strain of Cx.

pipiens biotype molestus (Forskal, 1775) from Langenlehsten and

Wendland [described in (32)]. The strain was maintained in

climate-controlled chambers at 25–26°C, 45%–65% RH, with a
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photoperiod of 16:8 (light–dark; separated by 1 hour of crepuscular

periods; daylight 1,600 lx). Plastic basins (37 cm × 30 cm × 7 cm)

filled with dechlorinated tap water were used to rear larvae until

hatching, and larvae were fed ad libitum with Tetra Pleco fish food

(Tetra Werke, Melle, Germany). Hatched adults were released into

BugDorm-1 rearing cages (30 cm × 30 cm × 30 cm). They were fed

ad libitum with 8% (weight/volume) fructose solution

supplemented with 0.5 g/L 4-aminobenzoic acid, and once a week

with a 4:1 mixture of animal blood and an 8% fructose solution after

24 h starvation.

Mosquito colonies were naturally infected with Wolbachia, and

tested negative for Togaviridae, Phleboviridae, and Flaviviridae (data

not shown). Primer sets and thermic conditions for amplification of the

four PCR assays have been published previously (33–36).
2.2 Diets

The diets tested in this study included fish, cat, and dog food,

as well as corn flour (Table 1). Apart from maize flour, no diet

listed the carbohydrate content (Table 2). Therefore, we calculated

the carbohydrate content from the other available values as

follows:
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Carbohydrate content( % )

= 100%−crude protein(% ) − crude fat( % ) − crude ash(% )

− crude fiber( % ) −moisture content( % )

If the moisture content was not specified, a standardized

content of 12% was assumed, as the Food and Drug

Administration of the USA (FDA) defines a dry food as food

consisting of approximately 88%–90% dry matter (37). Crude

proteins (ranging from 7.7% for corn meal up to 45% for algae

wafers) and carbohydrates (ranging from 17.10% for algae wafers to

74.0% for corn meal) were the two constituents present in the

greatest proportions in all tested food types. Crude fat (ranging

from 0.8% to 20.0%), crude ash (ranging from 2.5% to 17.0%), and

crude fiber (ranging from 0.82% to 7.0%) accounted for lower

proportions of all food types (Tables 1, S1, S2).

All diets were ground to a fine powder with a mortar and

pestle and mixed with dechlorinated tap water to produce a liquid

diet with a concentration of 0.05 mg/μL. Larval diets and rearing

water were not sterilized before the experiments (treatment

groups and control groups) in order to assess the imported

microbia l impact (water qual i ty) in addit ion to the

nutritive effect.
TABLE 1 Analytical contents of tested diets.

Food type Diet Crude
protein (%)

Carbo-
hydrate (%)

Crude fat
(%)

Crude ash
(%)

Crude fiber
(%)

Moisture
(%)

Fish food Adhesive tablets brown 37.50 > 31.20 4.40 9.40 5.50 < 12.00

Adhesive tablets green 35.00 > 35.50 3.70 8.90 4.90 < 12.00

Algae wafers 45.00 17.10 6.00 17.00 4.90 10.00

AWA’s TEI-KO-Mix Spezial 33.00 > 40.50 5.00 2.70 6.80 < 12.00

Bosch Adult with Lamb & Rice 21.50 48.30 10.50 2.50 6.20 11.00

FB 40.00 N/A 6.00 N/A 5.00 7.00

FG 30.00 N/A 6.00 N/A 5.00 7.00

JBL NovoTab 43.00 > 27.00 8.00 8.10 1.90 < 12.00

KB 37.5 > 31.20 4.40 9.40 5.50 < 12.00

KG 35.00 > 35.50 3,70 8.90 4.90 < 12.00

Shrimp tablets 38.00 > 32.50 3.70 8.90 4.90 < 12.00

Teich-Sticks Premium Color 32.00 > 40.70 5.80 6.00 3.50 < 12.00

Tetra Pleco tablets 40.00 34.83 5.00 9.17 2.00 9.00

Cat and dog
food

Happy Cat Minkas® Hairball
Control Poultry

30.00 > 36.50 12.00 3.00 6.50 < 12.00

Happy Dog Profi-Line Basic 23.00 > 46.00 9.50 3.00 6.50 < 12.00

Happy Dog Profi-Line High Energy 30.00 > 28.00 20.00 3.00 7.00 < 12.00

Flour Corn flour 7.70 74.00 0.80 4.80 0.82 11.88
N/A, not available.
The percentages of crude protein, carbohydrate, crude fat, crude ash, crude fiber, and moisture for all 17 tested diets, if available, are shown. Missing carbohydrate percentages were calculated as
follows: carbohydrate content (%) = 100% – crude protein (%) – crude fat (%) – crude ash (%) – crude fiber (%) –moisture content (%). If no moisture content was provided, this was estimated to
be a maximum of 12%.
Further data on the feeds incl. supplier can be found in the Supplementary.
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2.3 Infection of larvae

Larvae were infected at the third- and fourth-instar stages. Larval

stage was determined based on size and thorax color. If the thorax was

dense and opaque, the larvae were classified as L4 instars (L4) and, if the

thorax was more translucent and narrower, the larvae were classified as

L3 instars (L3). Third-/fourth-instar larvae were immobilized by cold

prior to injection. First, larvae were placed in ice-cold, non-sterilized,

dechlorinated tap water (approximately 4°C). After 3–5 minutes, the

larvae were transferred onto the lid of a closed glass Petri dish

containing ice-cold water to maintain cold immobilization during

injection. The excess water was reduced to a minimum with paper

strips to optimize immobilization during injection. The larvae were

oriented with their dorsal side upwards and injected using a Nanoject II

micro-injector (Drummond Scientific) with 23.0 nL (1.2 × 105 RNA

copies per 23.0 nL) of CYV in Schneider’s Drosophila Medium or with

Schneider’s Drosophila Medium alone as a control. The CYV injection

solution used was either the CYV isolate (C6/36 cell line) of Franzke

et al. (2018) (30). Furthermore, glass capillary-pricked and non-treated

control groups were generated. For an improved survival rate of the

larvae after injection, we introduced the capillary cranially into the

thoracic segment (Figure 1).
2.4 Growth kinetics of CYV in larvae

At 0, 3, and 5 days post injection (dpi), animals were

characterized as larvae, pupae, or adults and frozen at –18°C. To

ensure that data were comparable, larvae that had already developed

into pupae or adults were excluded. Up to five larvae per time point
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(L3, n = 45; and L4, n = 36) were tested individually for CYV RNA

copy numbers using real-time quantitative PCR (RT-qPCR). Larvae

were homogenized in 500 μL Schneider’s Drosophila Medium

(PAN-Biotech GmbH, Aidenbach, Germany) using a TissueLyser
TABLE 2 Results of the refined larval diet test in Culex Y virus (CYV)-infected larvae and the control groups (medium-injected, glass capillary-pricked,
and untreated larvae).

Treatment Diet Larval survival until 7 dpi Pupation rate Adult emergence rate

CYV-infected Tetra Pleco 31.1 24.4 2.2

JBL 28.9 20.0 2.2

KG 42.2 31.1 4.4

Water 0 0 0

Medium-injected Tetra Pleco 64.4 64.4 57.8

JBL 51.1 51.1 35.8

KG 73.3 68.9 60.0

Water 11.1 2.2 2.2

Glass
capillary-pricked

Tetra Pleco 57.8 57.8 44.4

JBL 51.1 51.1 46.7

KG 62.2 60.0 53.3

Water 2.2 0.0 0.0

Untreated Tetra Pleco 80.0 80.0 75.6

JBL 82.2 80.0 74.3

KG 77.8 77.8 77.8

Water 17.8 11.1 4.4
FIGURE 1

Injection site on the dorsal side of the thorax.
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II (Qiagen, Hilden, Germany) and two 5-mm steel beads (Isometall,

Pleidelsheim, Germany), and crushed for 30 s at 30 oscillations/s.

The viral RNA was isolated using a QIAamp Viral RNA Kit

(Qiagen, Hi lden , Germany) in accordance with the

manufacturer’s instructions.

CYV infections were validated by RT-qPCR with CYV-specific

primers [forward: OSM_318 (5′-CCAGAGAATGTGAAGAGA-3′);
reverse: OSM_319 (5′-CGTTGTTAAGGAAGACTC-3′); probe:

OSM_320 (FAM-CACAAGAGGATACACAAGCAGCG-BHQ1)]

in a 10 μL reaction volume using a Luna® Universal Probe One-

Step RT-qPCR Kit (New England Biolabs, Ipswich, MA, USA), in

accordance with the manufacturer’s instruction, and an AriaMx Real-

time PCR System (Agilent). The thermal cycler profile was as follows:

reverse transcription at 55°C for 10 minutes followed by an initial

denaturation at 95°C for 1 minute, and 40 cycles of 95°C for 10 s and

54°C for 30 s. Viral RNA copies were quantified using a standard

dilution series of a CYV-specific RNA fragment that was produced

from a PCR product generated by a SuperScript III One-Step RT-PCR

Platinum Taq DNA Polymerase Kit (Thermo Fisher) and the CYV-

specific primers OSM_321 (5′-GGCAATGTTCGGGCTCATC-3′)
and OSM_322 (5′-CGACAGTGCAGGAGTAGGGG-3′). PCR was

performed in a PeqSTAR/Peqlab cycler with the following thermal

profile: 1 minute at 60°C and 45 minutes at 50°C, followed by 2

minutes at 95°C for heat inactivation of the reverse transcriptase. This

was followed by 40 cycles of 94°C (15 s), 59°C (30 s), and 68°C (30 s).

A final elongation step was included in the PCR program (68°C, 7

min). The resulting PCR product was then purified with NucleoSpin

Gel and a PCR clean-up kit (Macherey & Nagel), in accordance with

the manual. For transcription, a second PCR was performed, during

which a T7 promoter was added to the PCR product. For this purpose,

a T7 promoter was added to the standard OSM_321 forward primer:

OSB_728 (5′-TAATACGACTCACTATAGGGGGCAATGTTC-3′).
The RNA concentration was measured, and the number of RNA

copies/mL calculated.
2.5 Larval diet assay

In this assay, we analyzed the impact of larval nutrition on survival

rate, pupation rate, and the emerging adult rate. For each diet, five L3
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larvae and 10 mL of stale tap water were placed into each well of a six-

well plate (CytoOne® STARLAB International). Larvae were fed with

liquid diets from solid feed tablets that form a final concentration of

0.05 mg/mL only when combined with water. All liquid diets were

mixed vigorously by repeated inversion before themixture was pipetted

into the different wells to ensure that each well received the same

concentration of the diet. Assays were run in climate-controlled

chambers using identical parameters as described above for mosquito

colony keeping. Larval survival was checked daily by carefully poking at

the bodies with a curved dissection needle. Dead larvae were removed.

Pupated larvae were transferred into a Drosophila tube until emergence

(Figure 2). Feed levels were not adjusted for decreasing larval density

(by pupation/mortality) during the course of the experiment, to keep

the parameters for the water quality analysis stable. As the food was

provided in excess, no difference should be created by the loss of larvae

during the course of the experiment.

2.5.1 Screening of 16 diets in untreated larvae
We screened 16 different diets for larval survival after the

administration of a single 10-mg dose (200 μL of diet at a

concentration of 0.05 mg/μL) at the beginning of the assay (all

diets are presented in Table 1). A pilot experiment lasting 7 days

was carried out to evaluate the initial survival rates of larvae fed each

of the diets. In total, each diet was tested with 90 larvae: three

replicates, each of 30 larvae. The larvae used in the different

replicates of this assay were from at least two different

generations. Pure water served as a negative control and Tetra

Pleco fish food tablets as a positive control.

2.5.2 Partial replacement of Tetra Pleco tablets
with corn flour in untreated larvae

We tested the effect of partial replacement of the Tetra Pleco

diet with corn flour. In these experiments, larvae received 10 mg of

Tetra Pleco diet on day 0 and 5 mg of corn flour on days 3 and 6. As

a control, we included experiments without food as negative

controls, and experiments with 10 mg of Tetra Pleco on day 0

and 5 mg of Tetra Pleco on days 3 and 6 as positive controls. Each

diet was tested with 90 larvae: three replicates, each of 30 larvae. The

experiments ran over 7 days and the larval survival rate was

evaluated daily.
FIGURE 2

Procedure for performing the larval diet assay to compare the different diets.
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2.5.3 Refined testing of three diets in
CYV-infected larvae

Based on the results of the experiment described in section 2.5.1,

we performed a further, more refined, test using Tetra Pleco as a

positive control, KG as a means of improving the larval survival rate,

JBL Novo Tab as a means of reducing the larval survival rate, and water

as a negative control. Larval diet assays were conducted here with four

different groups: (a) CYV-injected larvae, (b) Schneider’s medium-

injected larvae, (c) glass capillary-pricked larvae, and (d) untreated

larvae. Injections and pricking were performed as described above. For

each treatment group and each food type, 45 larvae were tested in three

separated replicates. Larval survival until 7 dpi was analyzed as

validation of the experiment described in section 2.5.1. In the refined

testing, we also monitored the pupation rate and the adult emergence

rate of each surviving larva. In order to prevent undersupply resulting

from the fact that the experiment lasted longer than the experiment

described in section 2.5.1, as well as a deterioration of the water quality

owing to an oversupply of feed, a higher frequency and lower quantity

of feed was selected here: every day until pupation, a 5-mg dose (100 μL

of a diet at a concentration of 0.05 mg/μL) of the diets was added to

every well. The CYV infection was validated for a representative 11% of

the virus-infected animals.
2.6 Water quality analysis

Phosphate, nitrate, and ammonium concentrations were analyzed

by using commercially available Spectroquant® kits (Merck KGaA,

Darmstadt, Germany; phosphate kit 1.14848, nitrate kit 1.14773,

ammonium kit 1.14752) photometrically with the Spectroquant®

Move 100. For the sake of simplicity, we will use ammonium as a

term for the ammonium/ammonia present in the water in a

dissociation equilibrium. To determine the total hardness of the

water, the sera gH-Test (sera GmbH, Heinsberg, Germany) was used

in accordance with the manual. Oxygen and pH levels were measured

with the relevant probes, and electrical conductivity was measured with

an HQ40d two-channel multimeter (Hach Lange GmbH, Berlin

Germany). All parameters were measured twice for each named diet

in this experiment: on day 0, i.e., before the larvae were placed in water,

and on day 7 after the larvae were reared in water.
2.7 Statistical analysis

All statistical analyses were performed using Prism 9 Version

9.4.0 (San Diego, CA, USA, www.graphpad.com). To compare

larval survival between the different diets, Kaplan–Meier survival

curves were generated and significance levels between curves were

determined using the log-rank test. Pupation and emergence

percentages were first tested for normality using the Shapiro–

Wilk test. The dataset was then examined for significant

differences between the various groups through t-tests with

Welch’s correction. The same procedure was applied to all other

parametric data. Non-parametric data were first tested for

significant differences with the Kruskal–Wallis test and then
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compared pairwise using the Mann–Whitney test (non-

parametric t-test) if significant differences were found.
3 Results

3.1 Growth kinetics of CYV in larvae

We were able to demonstrate a significant replication of CYV

RNA in Cx. pipiens biotype molestus larvae after injection

(Figure 1). On the day of injection (0 dpi), a mean RNA copy

number of 9.69 × 103 was detected in L3 larvae, and of 8.96 × 103 in

L4 larvae. At 3 dpi, the mean RNA copy number of L3 larvae tested

increased to 5.57 × 107 and that of L4 larvae increased to 9.64 × 107.

At 5 dpi, L3 larvae tested showed a slightly increased RNA copy

number, of 1.02 × 108, and L4 larvae showed an increased RNA

copy number, of 1.14 ×108. Overall, RNA copy numbers did not

differ significantly between the two larval stages (Figure 3).
3.2 Larval diet assay

3.2.1 Screening of 16 diets in untreated larvae
Of the 16 analyzed diets, five (KG, KB, FG, adhesive tablets green,

and Bosch Adult with Lamb & Rice) resulted in a significantly better

larval survival rate than the positive control, Tetra Pleco (Table 2).

Notably, all five diets that enhanced larval survival belonged to the fish

food type group. Seven diets were associated with significantly lower

survival rate than Tetra Pleco, all dog or cat foods (Happy Dog Profi-

Line Basic, Happy Dog Profi-Line High Energy, and Happy Cat

Minkas Hairball Control Poultry) and four fish food tablets (algae

wafers, JBL NovoTab, Teich-Sticks Premium Color, and AWA’s TEI-

KO-Mix Spezial) (Table 3).
FIGURE 3

Comparison of viral growth as determined by mean (here shown with
standard deviation) RNA copy numbers of Culex Y virus (CYV) in L3
instar (L3) and L4 instar (L4) larvae. Larvae were tested on the day of
injection (0 dpi) and on 3 dpi and 5 dpi. RNA copy numbers refer to one
tested larva. Black, L3 larvae; red, L4 larvae. dpi, days post-injection.
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3.2.2 Partial replacement of Tetra Pleco tablets
with corn flour in untreated larvae

In a second experiment, we tested if providing larvae with corn

flour on days 3 and 6 in addition to an initial feed with Tetra Pleco

on day 0 increased larval survival. In this experimental set, feeding

the Tetra Pleco diet on day 0 resulted in 74.4% larval survival at 7

dpi; the addition of corn flour on days 3 and 6 increased larval

survival to 90% at 7 dpi (log-rank test; p = 0.0090).

3.2.3 Refined testing of three diets in
CYV-infected larvae

Next we infected larvae with CYV and compared their survival,

pupation, and adult emergence rates under three different diets: Tetra

Pleco as a positive control, JBL NovoTab as a significantly inferior

feed, and KG as a significantly superior feed. Pricking showed a

significant effect on larval survival, pupation, and adult emergence

rates. The survival rate of glass capillary-pricked larvae was reduced to

57.0% (p<0.05; Welch’s t-test), pupation rate to 56.3% (p<0.01;

Welch’s t-test), and adult emergence rate to 75.6% (p<0.01; Welch’s

t-test) compared with untreated larvae (mean of all feeding groups;

Table 2; Figure 4). In contrast, although a trend toward poorer

tolerability of the treatment was seen, no significant differences

between medium-injected larvae and the untreated control larvae

were detected. The CYV-infected larvae showed the lowest larval

survival rates (mean survival of 34.1% for all food groups excluding

the water group). These results were significant compared with the

medium-injected group (mean survival rate of 62.9% for all foods)

(Welch’s t-test, p< 0.05), the glass capillary-pricked group (mean

survival rate of 57% for all foods excluding the water group) (Welch’s

t-test, p<0.05), and the untreated group (mean survival rate of 80% for
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all foods excluding the water group) (Welch’s t-test, p< 0.01) (results

summarized in Table 2; Figure 4). In addition, pupation rate and adult

emergence rate were significantly lower in the CYV-injected group

than in all other groups. In particular, the CYV-injected larvae showed

an adult emergence rate of 3%, which was significantly lower than the

75.6% observed in the untreated group (Welch’s t-test, p< 0.001).

We then analyzed our dataset for potential differences between

the three different diets regarding the survival rate of CYV-infected

larvae, as well as the pupation and adult emergence rates. We did

not observe significant differences in any of these parameters

between the Tetra Pleco, JBL NovoTab, and KG diets, indicating

that food type does not influence survival and fitness after CYV

infection in the tested setting (Tables 3, S3, S4; Figure 4).
3.3 Water quality analysis

Finally, we analyzed water quality parameters in different diet

regimes to find possible correlations between food source, water

quality, and larval survival. Water samples were taken from each diet

group (Tetra Pleco tablets, brown adhesive tablets, FB, KG, JBL

NovoTab, and corn flour mixed with Tetra Pleco tablets in a 1:1

ratio), and from the no food group as negative control, and phosphate,

nitrate, and ammonium concentration, water hardness, O2 saturation,

pH, and electrical conductivity were measured (Figure 5). For all tested

diets except the negative control we observed a decrease in the mean

phosphate content from day 0 to day 7. The highest phosphate

concentration on day 0 (7.9 mg/L) was found in the KG diet

experiment and the lowest value was in the negative control

(< 0.01 mg/L). Nitrate content decreased in water samples from all
TABLE 3 Performance of the test diets compared with Tetra Pleco (positive control), which resulted in mean 80% (± 5.44%) larval survival rate.

Food type Compared diet Mean survival rate until 7 dpi (%) Compared survival rate p-value

Fish food KG 94.4 (± 5.67) + < 0.0001

Adhesive tablets green 91.1 (± 4.16) + 0.0032

KB 87.8 (± 8.75) + 0.0111

FG 91.1 (± 5.67) + 0.0184

Bosch Adult with Lamb & Rice 81.1 (± 4.16) + 0.0213

Adhesive tablets brown 91.1 (± 6.85) + 0.0548

Shrimp tablets 88.9 (± 9.56) + 0.0636

FB 91.1 (± 6.85) + 0.3913

Negative control (unfed) 3.33 (± 1.57) – < 0.0001

Fish food Algae Wafers 47.8 (± 1.57) – < 0.0001

Fish food JBL NovoTab 68.9 (± 16.41) – < 0.0001

Dog food Happy Dog Profi-Line Basic 62.2 (± 27.53) – < 0.0001

Dog food Happy Dog Profi-Line High Energy 43.3 (± 23.73) – < 0.0001

Fish food Teich-Sticks Premium Color 71.1 (± 15.48) – 0.0001

Fish food AWA’s TEI-KO-Mix Spezial 74.4 (± 5.67) – 0.0011

Cat food Happy Cat Minkas Hairball Control Poultry 71.1 (± 4.16) – 0.0002
fron
Significant p-values (p< 0.05) are marked in red.
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A B C

FIGURE 4

Analyses of the impact of Culex Y virus (CYV) infection compared with injection of medium, glass capillary pricking, and no treatment, independent
of the diet (excluding the water control). Asterisks show significant p-values (*p<0.05; **p<0.01) for (A) larval survival rate until 7 dpi, (B) pupation
rate, and (C) adult emergence rate, as well as the number (n) of animals reaching each developmental stage. The proportion of mosquitoes shown is
normalized by setting of treatment.
D
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FIGURE 5

Water quality parameters in rearing waters using different diets on day 0 after diet application and day 7 after rearing larvae on those diets.
The investigated diets are Tetra Pleco, a Tetra Pleco–corn flour mixture, FB adhesive brown tablets, JBL NovoTab, and water (control). (A)
Phosphate concentration (mg/L), (B) nitrate concentration (mg/L), (C) water hardness (°dH), (D) ammonium concentration (mg/L), (E) O2

saturation of rearing water (%), (F) pH-value, and (G) electrical conductivity (µS/cm).
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tested diets except for the negative control, which had an initial nitrate

concentration of< 2.2 mg/L. On day 0, we observed similar nitrate

concentrations of, on average, 31 mg/L in water samples from all tested

diets, except KG, which had a concentration of 52.9 mg/L. After 7 days

we detected a large decrease in nitrate concentration (of approximately

7.3 mg/L) in water samples from all tested diets except for the diet JBL

NovoTab, which showed a nitrate concentration of 17.85 ± 3.75 mg/L.

The ammonium/ammonia concentration increased in water samples

from all diet groups, with the highest concentrations after 7 days being

in the JBL NovoTab (86.0 ± 48.0 mg/L) and KG (75.5 ± 9.5 mg/L)

groups, and the lowest concentration after 7 days being in the negative

control group (1.39 ± 0.17 mg/L). The total water hardness showed a

decrease after 7 days of approximately 1°dH, with the exception of the

water samples taken from the FB and adhesive brown tablet diets,

which declined by 3–3.5°dH. From day 0 to day 7, an overall increase in

O2 content was measured in all water samples. In particular, a

significant increase in O2 saturation, from 88.2% ± 0.7% to 121.5% ±

1.5%, was seen in the water taken from the Tetra Pleco diet. We

observed a decline in O2 saturation in the water samples from the diet

in which Tetra Pleco was partially replaced with corn flour, and in

those from the JBL NovoTab diet. In the samples from JBL NovoTabs

diet the O2-saturation was 5.65% ± 1.35%. pH increased from

approximately 7 to 8–9 in water samples from all diets except the

negative control. In the negative control, pH remained relatively

constant. Electrical conductivity increased on average for most the

diets. The largest increase was found in water samples from the JBL

NovoTabs diet, with a final value on day 7 of 1,560 ± 527 μS/cm.
4 Discussion

Various strategies to control the mosquito population, and

thereby also reduce the transmission of arboviruses and other

mosquito-borne pathogens, have been explored in recent years.

ISVs, discovered as a by-product of microbiome sequencing

projects, have been discussed as a novel method for vector-borne

disease prevention. Replication of ISVs is restricted to the arthropod

vectors, and they have been observed to have an impact on vectors and

disease transmission, including interfering with arbovirus replication

(38) and reducing population size by increasing mortality or reducing

fecundity (39, 40). Furthermore, nutrient status is an important factor

affecting mosquito population density and stability has long been

demonstrated (3, 41, 42). However, the impact of nutrition status on

ISV infections in Mosquitos has not yet been elucidated.

In this study, we investigate the ability of the ISV Culex Y virus

(CYV), a natural virus of Cx. pipiens complex Mosquitos (43), to

infect larval stages and the impact of such an infection on survival,

pupation, and adult emergence. To the best of our knowledge, very

little information exists on the viral infection of juvenile stages of

Mosquitos. Larval injections have been described in the literature

for fungal (44) and bacterial (45) infections, or as a means to

produce knock-downs by dsRNA injection (46).

Few studies in the past have described the injection of viral

particles into mosquito larvae. When this has been conducted, the

goal has always been to examine transstadial transmission, in which

case L4 larvae were usually infected and the derived adults examined
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for infection (47), or to determine the rate of infection of larvae (48).

We could not find any study that measured viral replication kinetics

after injection while Mosquitos were still in the larval stage. This may

be related to the fact that this is possible only when infecting early

larval stages (early L4 or, preferably, L3); otherwise development to the

pupal stage is too rapid and thus there is only a very short incubation

time in which to study virus replication at the larval stage. Therefore,

early/young L4 or younger (L3) must be medium-injected and not the

old/bigger L4. In this study, we found a large increase in viral RNA

copies within the first 3 days post-injection, from 9.69 × 103 to

5.57 × 107 in L3 instars and from 8.96 × 103 to 9.64 × 107 in L4 instars,

i.e., by four log levels. Interestingly, these results exceed by far the

replication rates of CYV in adult Mosquitos of the same breed after

injection, in which an increase in RNA copies of only two log levels

was found over the same period of time (from 1.01 × 104 on the day of

infection to 1.42 × 106 on the third day) (31). It is not clear why viral

replication appears to be far more efficient in the juvenile stage.

Generally, a higher infection resistance in juvenile stages to ensure

reproduction would be an evolutionary advantage. However, the

opposite was shown in many studies across various taxa (49),

including insects. A theoretical study analyzing juvenile

susceptibility and other life-history traits came to the conclusion

that enhanced juvenile susceptibility is strongest for animals with

short or long lifespans and low or high probabilities of reaching the

adult stage (49). The nature of enhanced susceptibility might be due to

low response in an innate immune system or missing priming in

adaptive immune systems. In the case of insects, a missing inducible

response or less efficient RNAi in juvenile stages could contribute to

enhanced infection susceptibility. For example, Vago, an antiviral gene

strongly induced by Drosophila C virus infection in adult Drosophila

is not expressed in the larvae (50). In addition, in Ae. aegypti

Mosquitos, relative expression of RNAi components and Vago is

lower in larvae than in pupae or adult stages. Thus, a low immune

response paired with the described suppression of RNAi by CYV V3

protein (51, 52) might favor high virus RNA replication in L3/4 larvae.

However, the current data showing enhanced juvenile susceptibility

are based on artificial infections. Therefore, in further studies it will be

of interest to also test an oral application of CYV, as natural biological

barriers such as the midgut barrier would no longer be bypassed. In

addition, earlier larval stages (L1 or L2) could be infected by this

method, thereby facilitating the use of CYV infection in vector control.

It has been shown that ISVs can be ingested orally by larvae in aquatic

environments, replicated there, and even transmitted to the next

stages, as was the case, for example, for the recently discovered

Yichang virus (YCV), a Mesonivirus belonging to the ISVs (53).

Rearing water containing 103 pfu/mL YCV resulted in infected Cx.

pipiens quinquefasciatus adults (RNA detection at 8 dpi). This study

also confirmed the impact of water quality on larval susceptibility to

viral infections: it was shown that the YCV infection rates of

Mosquitos were higher in sewage than in clean water, and that this

can be correlated with divalent cations or the pH of the rearing water

(53). Further studies also identified water quality as a crucial factor in

the infectivity of mosquito larvae: some divalent cations, such as

magnesium, enhanced transmission by around 30%, while other

divalent cations, such as calcium, inhibited transmission of Cx.

restuans Cypovirus (CrCPV; dsRNA virus) to Cx. quinquefasciatus
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larvae (54, 55). These divalent cations have also been discussed for

further viral oral infectability, for example in transmitting

nucleopolyhedrovirus (UrsaNPV, DNA virus) to Uranotaenia

sapphirina mosquito larvae (56) or Zika virus (ZIKV, ssRNA virus)

to Aedes mosquito larvae (57). Next we analyzed the impact of

different diet regimes on larval survival, with and without CYV

infection. To date, it has been established that different diets have

an impact on the susceptibility of adult Mosquitos to viral infections

(58, 59). For example, low sucrose concentration in the meals of adult

Mosquitos led to an increased rate of transmission of West Nile virus

in those Mosquitos (58). In our study, 17 different laboratory larval

diets or diet combinations were screened for the fitness parameters of

larval survival, pupation rate, and adult emergence rate. The content

levels of the two most important energetic nutrients, carbohydrates

and protein (4), varied considerably between the tested diets (Table 3).

We found five diets that increased larval survival and seven that

lowered larval survival. However, we did not observe a correlation

between macronutrients and larval survival rate. Therefore, it can be

assumed that the micronutrient content of diets (which is not always

fully specified) (Table S2) or the quality of macronutrients could play

an as yet undefined role in the observed differences in larval survival.

Since it has been demonstrated for Ae. aegypti larvae that the main

source of calories is carbohydrates (4), we tested if the

supplementation of Tetra Pleco fish tablets (the positive control

diet) with corn flour, a high-carbohydrate food, would increase the

larval survival rate. The supplementation with corn flour clearly

increased the larval survival rate in our assay.

In addition to the nutrient content of the different diets, the diets’

effect on water quality could be a factor in larval survival. Thus, we

tested the influence of water quality from a selection of diets in a

panel of water quality assays: the Tetra Pleco diet as a representative

control; two diets showing no significant differences in larval survival

rate to Tetra Pleco (adhesive brown tablets and FB); one diet showing

a lower survival rate than the control (JBL NovoTab); and the diet in

which Tetra Pleco was partially replaced with corn flour. Our records

showed high similarities in water quality for the diets Tetra Pleco,

adhesive brown tablet, and FB regarding all investigated parameters.

In contrast, a clear difference in water quality could be demonstrated

after 7 days of JBL NovoTab feeding: phosphate, nitrate, and

ammonium/ammonia concentrations and electrical conductivity

were all higher than with the other tested diets, whereas dissolved

oxygen values were much lower. Decreases in nitrate and phosphate

and an increase in dissolved oxygen may be related to algae growth, as

microalgae consume nitrate and phosphate for growth and produce

oxygen through photosynthesis (60–62). The role of dissolved oxygen

in larval physiology has not yet been conclusively clarified. It was long

thought to have no effect, as larvae do not rely on filtering oxygen

through gills or through diffusion but instead are metapneustic

(having a respiratory apparatus in the anus) and can primarily

breathe atmospheric oxygen through their siphon (63). However, a

study by Silberbush et al., in 2015, provided the first experimental

evidence that lower dissolved oxygen levels reduce larval survival and

delay development (64). Our results confirm this observation, as

larvae fed on the JBL diet showed the lowest dissolved oxygen and the

lowest larval survival rate after 7 days. In water, ammonium and

ammonia are in a dissociation equilibrium, the distribution of which
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depends on temperature and pH (65). We observed that ammonium/

ammonia levels increased with time for all tested diets. This

phenomenon is in large part caused by the excretions of live larvae

(66). It is known that high ammonium levels result in a higher larval

mortality and a slower development of larvae (67), although they are

able to tolerate relatively high concentrations of ammonium (68).

This is exemplified by the survival rate and ammonium/ammonia

content in larvae fed the JBL NovoTab diet. JBL NovoTab had the

highest measured ammonium/ammonia and lowest survival rate of

all diets selected for water quality monitoring. For all diets, we

recorded a water hardness of 14–15°dGH. This value dropped to

varying degrees for all diets. High water hardness can impact

mosquito larvae by affecting their pupation rate, resulting in lower

emergence of adults (69). We recorded for all diets a water hardness

of 14–15°dGH on day 0, followed by an average decrease of 1.8°dGH

for all tested diets. The decline in water hardness (dissolved minerals

primarily comprising calcium and magnesium) can likely be

attributed to the growth of algae, as these organisms consume the

minerals during growth (70, 71). This algal growth was also observed

macroscopically. The pH of aquatic mosquito habitats and its

fluctuation has a great impact on larvae survivorship (72). This

parameter has an influence on the balance of body fluid ionic

composit ion (73) . A study invest igat ing Cx. pipiens

quinquefasciatus showed that the fastest development was observed

at pH 7.0 and the slowest at 4 pH or above 9 pH (69). Our study

indicated that pH increases independent of diet and reaches values

above 9 after 7 days, except in the case of the diet in which Tetra Pleco

was partially replaced with a corn flour. Electrical conductivity, which

is a measure to a substance’s or medium’s ability to conduct electricity

(74), is influenced by the total dissolved salts, other inorganic

chemicals, and also by temperature (75). Electrical conductivity can

affect larval development as well as adult body size, and an electrical

conductivity greater than 368 μS/cm generally leads to delayed

development and a smaller observed body size (76). Our water

analyses showed high values for all diets (>539 μS/cm on day 0 and

>631 μS/cm on day 7), indicating high amounts of salts and other

inorganic chemicals. Taken together, several water quality parameters

differed between the tested diets and could contribute to the observed

differences in larval survival.

Next we tested three selected diets and measured their impact on

larval survival in CYV-infected larvae and control larvae. We selected

Tetra Pleco as the positive control; KG, which showed significantly

enhanced larval survival rates in our first experiments; and JBL

NovoTab, which showed significantly reduced larval survival rates in

our first experiments. In the first experimental setup, a preliminary

screening of many feed types was performed over 7 days. We found

that most larvae did not reach the pupal stage after feeding in this

period. In a more detailed setup, with fewer feed types and a longer

experiment period, we excluded the possibility of underfeeding (which

is a risk in one-time large feedings) without severely affecting water

quality by feeding small amounts of food each day. Under this regime,

we observed differences of around 14% between larval survival rates in

the untreated control groups (comparing the results reported in

sections 3.2.1 and 3.2.2), which can be explained by cannibalism and

by conducting the two experiments at different times of year (part A in

spring/summer and part B in fall), which could have indirectly had an
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impact on larval fitness, as the laboratory strain tested may still have

some seasonality owing to its relatively young age (established in 2012–

2013). Regarding the treatment of larvae, we observed that the

supposedly more invasive Schneider’s medium injection presented a

trend toward higher fitness rates (larval survival, pupation rate, and

emergene rates) than the pricked larvae across all diets. The induced

injury is similar in both groups because both pricks are performed with

glass capillaries; thus, the difference cannot be explained by different

wound sizes, but can be explained by the fact that the injected medium

probably brings more nutritive advantages than it does physical

disadvantages. In addition, the possible withdrawal due to leakage of

body fluid during the prick process plays a role in the capillary prick

group, so that this group has a disadvantage compared to the other

groups tested. However, the effects on larval fitness caused exclusively

by CYV cannot be precisely determined in this study because neither

the larval feed nor the rearing water was sterilized prior to the

experiment, and thus other pathogens such as bacteria or fungi may

have played a direct or indirect role in the infection experiments.

Nevertheless, the infection of larvae with CYV had a major impact on

larval fitness. Compared with all other control groups, significantly

lower rates of larval survival, pupation, andemergenceweredetected in

the CYV-infected larvae. The proportion of CYV-infected larvae

developing into adults was consistently below 5%; in contrast, in the

control groups, this figure ranged from 48.1% to 75.6%. These results

suggest that, owing to high larval mortality, CYV might not be

transmitted vertically, as is described in various other ISVs (77–80).

However, covert infections, as described in, for example, Cx. pipiens

quinquefasciatus and Baculovirus, can lead to lower larval mortality,

and so to a restricted but possible vertical transmission (81). Similar

covert CYV infection in the adult Cx. pipiens biotype molestus, for

example in the ovaries, could lead to a reduced pathogenic effect or

infection in following generations.

Infection through water, as CYV is a member of the Birnaviridae

family (29, 82) and thus stable in water (83), or through ingestion of

infected larvae cadavers is also conceivable. For the dipteran ISV

brevidensovirus 1, it has already been shown that stability and

infectivity remain stable in water for more than one year (84, 85).

Further studies will have to be conducted to validate the infectivity of

CYV in dead larvae, as well as in water bodies. Regarding the impact of

larval diet on the survival of CYV-infected larvae, none of the tested diets

showed a significant difference.Nevertheless, we observed a trend toward

KGdiet improvingmosquitofitnessacrossall stages comparedwithTetra

Pleco, and JBL NovoTab showed the worst results for these parameters.

This indicates that theremight be small differences innutrient availability

betweenthe threediets thathaveslighteffectson larval survivalunderviral

infection. However, since the differences were small and variation

between experiments was observed, this could also be a random effect.

In conclusion,wewere able todemonstrate thatCYVcan infectCx

pipiens biotype molestus larvae, replicating in large numbers and

reducing the fitness parameters of larval survival rate, pupation rate,

and adult emergence rate. This profound impact could open new

perspectives for vector control by using CYV feed in aquatic habitats,

similar to the use of Bacillus thuringiensis israelensis (Bti) in vector

control (86). Furthermore, we verified that the effects of CYV infection

were not influenced by the diet regime of the larvae, indicating broad

applications for CYV for mosquito population control.
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