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Simple Summary: Mosquitoes are involved in the transmission of many pathogens leading to
diseases in humans and animals. Such so-called vector populations must be controlled to prevent
and contain mosquito-borne disease outbreaks. For this reason, it is of great importance to
understand the mechanisms by which mosquitoes locate hosts and choose oviposition sites. The
present study investigated the effect of colors on foraging and oviposition behavior. Our study
demonstrated that Culex pipiens biotype molestus mosquitoes are attracted by the color (for human
eyes) red, if blue, green and yellow are provided as alternatives. We could also observe that the
color black has a stronger attraction than red when mosquitoes are searching for food. This
knowledge can be used as a new inexpensive and simple mosquito food preference-tracking
method, as well as for improvement of oviposition traps for mosquitoes.

Abstract: Mosquitoes are the most important vector of arboviruses; thus, controlling mosquito
population is a key point for controlling these diseases. Two major factors that influence mosquito
population size are the availability of blood hosts and suitable oviposition sites. Behavioral
mechanisms by which Culex pipiens biotype molestus mosquitoes locate their hosts or oviposition
sites are influenced by physical and chemical factors. The present study evaluated the impact of the
colors (for human eyes) red, green, blue and yellow in combination with different light intensities
on preferences for oviposition and foraging sites under laboratory conditions. We identified the
color red as the overall favored color for both target behaviors, which was only surpassed by black
as the foraging stimulus. Altogether, we described two new inexpensive and simple bioassays,
which can be used as a mosquito-tracking method for behavioral tests and as an oviposition trap to
monitor Culex pipiens biotype molestus populations.
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1. Introduction

Mosquitoes (Diptera: Culicidae) are the most important vectors for viral and
protozoan pathogens such as dengue or the causative agent of malaria Plasmodium spp.;
thus, the control of vector populations is crucial to control outbreaks. Two major factors
influencing mosquito population size are the availability of blood hosts and suitable
oviposition sites [1]. Therefore, understanding the means by which mosquitoes locate
foraging sites/hosts and choose oviposition sites can be crucial for efficient vector control.
For example, the development of enhanced ovitraps for monitoring or the use of colors to
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control insect pests are interesting targets for novel malaria and arbovirus control
strategies [2].

Most research on the host preferences of mosquitoes and location of oviposition sites
focuses on olfactory perception by the mosquito. However, the visual perception of
mosquitoes is needed to locate hosts, mates and resting sites but also food sources and
oviposition sites [3]. It has been shown that the choice of a suitable oviposition site is not
random. Rather, the attractiveness of oviposition sites depends on physical, chemical,
biological and visual cues [4-6]. Numerous authors examined visual stimuli including
shape, size, contrast, light intensity, texture and color as oviposition attractants for several
different species including Anopheles coluzzii [2], Aedes albopictus and Ae. polynesiensis [7,8],
Ae. aegypti [9], Culex pipiens pallens [10], Cx. quinquefasciatus [11], Cx. annulirostris and Cx.
pipiens biotype molestus [12]. Furthermore, the significance of colored objects for foraging
response or landing behavior was also repeatedly studied for Ae. aegypti [9,13-15], Ae.
albopictus, Anopheles quadrimaculatus and Cx. nigripalpus [13]. The studies clearly
demonstrated that different mosquito species of the same genus or different genera vary
in their response to similar visual stimuli.

Mosquitoes of the Culex pipiens complex are of major interest due to their rapid
expansion in the last years [16], being now native to Europe, America, Africa and Asia,
[17]. These mosquitoes are known as vectors of many arboviruses including the West Nile
virus (WNV) [18], Sindbis virus (SINV), Usutu virus (USUV) [16] or St. Louis encephalitis
viruses (SLEV), as well as other pathogens such as avian malaria (Plasmodium spp.) and
filarial worms [19] affecting humans and animals. Due to the emergence and outbreaks of
diseases caused by these pathogens in the last decades [16], it is of great importance to
understand, in addition to the ecology and physiology, the behavior of those transmitting
mosquito species to enhance efficient control and population management. Cx. pipiens
biotype molestus mosquitoes mate in restrained spaces and do not require a blood meal to
produce the first egg raft [20]. They belong to the dichromatic insects, which perceive
wavelengths from 300 nm (ultraviolet) to 650 nm (orange) and distinguish single colors
and mixtures of colors [21,22]. It is already known that for gravid Culex spp., dyed water
is more attractive for oviposition compared to undyed water [10,11], but only little is
known about their behavior towards different-colored foraging sites. To investigate the
effect of different colorations of oviposition and foraging sites on the behavior of Culex
mosquitoes, several studies have developed different methods for laboratory and field
conditions, such as dying distilled water [10] or ponds [23] with chemicals or using
colored artificial flowers [24], experimental plants [25] or colored BGS traps [26]. In these
studies, Culex spp. were attracted by dark colors such as black, blue or red. It could be
shown that mosquito color vision systems such as wavelength sensitivity or the quantity
of color receptor types are adapted to their activity peaks. For Culex pipiens spp., which
show crepuscular and nocturnal foraging habits, it is known that they have a lower
capacity for color distinction and sensitivity than diurnal species [27,28].

In this study, we aim to establish a bioassay for the analysis of visual stimuli and
color preferences of Cx. pipiens biotype molestus regarding their oviposition and foraging
behavior at different light intensities. For this purpose, we choose ink as a method of
dyeing. Inks were one of the first methods and are still commonly used to mark insects’
bodies externally [19]. This external marking method is inexpensive but time-consuming.
In contrast, oil-soluble dyes or other colors that can be ingested by insects and accumulate
in their bodies [19] are an easy and fast way to mark them. Depending on the insect
species, evaluation of the ingested color can be performed by a direct visual analysis or, if
not externally visible, by crushing them on filter paper [19].

To this end, we set up a feeding assay using ink as food coloring to examine the
impact of colors on their foraging by marking mosquitoes internally and oviposition site
selection. With this knowledge, an improved vector control through better ovitraps as
well as a simple, inexpensive laboratory method to track the foraging behavior of
mosquitoes is possible.
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2. Materials and Methods
2.1. Mosquito Colony

Laboratory strains of a Culex pipiens biotype molestus (Forskal, 1775) derived from
mosquitoes collected in Northern Germany (Langenlehsten and Wendland) in 2012 and
2013 were maintained in rearing rooms at 25-26 °C, 45-65% RH and photoperiods of 16:8
(Light:Dark; separated by one hour of crepuscular periods; daylight 1600 lux (Ix)). Larvae
were reared in plastic basins (37 cm x 30 cm x 7 ¢cm) filled with dechlorinated tap water
from 3 to 5 cm depth and fed with TetraMin fish food (Tetra Werke, Melle, Germany) ad
libitum. In order to fulfill this, fresh tap water was exposed to ambient air for at least 12 h
to remove volatile components, such as chlorine. Pupae were separated from larvae and
reared in plastic boxes until emergence of adult mosquitoes (12 cm x 9 cm x 7 cm). Adult
Culex pipiens biotype molestus were maintained in Bugdorm cages (30 cm x 30 cm x 30 cm)
and fed ad libitum with 8% (weight/volume) fructose solution supplemented with 0.5 g/L
4-aminobenzoic acid. Once a week, adults were blood-fed (cat or dog blood) after
approximatively 24 h sugar water withdrawal.

2.2. Colors

Arctic-blue, strawberry-red, grass-green, neon-yellow and panther black-black ink
(Seitz-Kreuznach, Bad Kreuznach, Germany) were used for oviposition and feeding
assays. Depending on the bioassay and the color, between 2.8 mL and 21.5 mL of the ink
was diluted in 1 L of dechlorinated tap water. For the oviposition bioassay, we also
performed colored paperboard assay wrappings in the same colors as the ink-colored
bioassay. For each color, the wavelength intensity was measured in the climate chamber
lit with fluorescent light sources (Osram lumilux cool daylight 158 w/865) at a distance of
9 cm (from sensor to transparent 100 mL beakers with the colored solutions or paper
wrapping) using a Gigahertz-Optik X4-DE-UN spectrophotometer calibrated with a grey
card (4963 neutral Graukarte-Fotowand Technic, Sudwalde, Germany). The sensor was
wrapped with a black paperboard, which formed a tunnel of 6.5 cm towards the 100 mL
glass beaker. The paperboard ended 2.5 cm above the beaker (results in Figure S1). We
also detected the absorbance of each ink color including green, red, yellow, blue and black
using 50 uL of each ink-water solution and recording at 300 to 1000 nm via microplate
reader (Tecan Spark, Tecan Group Ltd., Mannedorf, Switzerland) (results in Figure S2).

2.3. Bioassays

Experiments were carried out in Bugdorm cages (30 cm x 30 cm x 30 cm) in windowless
climate chambers without natural light. An average of around 200 mixed-sex
mosquitoes, which were up to three-days-old and unfed, were used per experiment for
all bioassays. Considering that counting while collecting mosquitoes is technically
demanding and difficult at this scale, anesthesia (CO2 or cold) would be required to
determine the number of mosquitoes before the start of an experiment. Therefore, the
number of mosquitoes was determined after the end of each experiment so that the risk
of side effects of anesthesia on mosquito sensory and behavior in the further
experiments could be excluded. The number of mosquitoes used per experiment was
estimated and counted only after the assays. The attractiveness of dyed oviposition and
feeding sites was tested using ink-colored red, blue, green or yellow water. Black was
only tested in a two-choice feeding assay. The arrangement of the four colored
oviposition or feeding sites was changed in each replicate to avoid position-based
effects. Initial tests were performed at 25-26 °C, 45-65% RH and 16:8 (Light:Dark
including daylight at a light intensity of 1600 Ix and a night period at almost 0 1x). In a
further series, light conditions were changed: bioassays were repeated at constant light
intensities of 130 Ix or at 0 Ix, respectively, to mimic twilight and night conditions. Every
bioassay was repeated six times with independent mosquito batches.
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2.3.1. Oviposition Bioassay

To analyze the attractiveness of different colors for oviposition, 4.3 mL ink (green,
red and yellow) diluted in 1 L dechlorinated tap water was used. The blue ink was used
in a lower concentration (2.8 mL on 1 L dechlorinated tap water) to avoid a color too dark
(for human eye) compared to the other offered colors.

The acceptance of ink solution as an oviposition option was investigated. For this
purpose, the four tested colors (ink—water solution) and a beaker with nondyed tap water
were offered at 0 Ix. Three replicates with an average of 189 (range 173 to 207) mixed-sex
mosquitoes were performed. After four days, the number of egg rafts and the number of
females and males were counted.

In a second step, the four colored solutions were presented in transparent glass beak-
ers (6.5 cm high and 4.5 cm diameter; 100 mL volume), excluding the possibility of lying
eggs in nondyed tap water. To validate the results of colored water and to exclude an
olfactory/chemical influence of the inks, the same transparent beakers were used,
wrapped in colored paperboard (in the same colors (for the human eye) as in the ink-
colored bioassay). On average, 303 (arithmetic mean; range 131 to 775) mixed-sex mosqui-
toes per replicate were used.

2.3.2. Foraging Bioassay

Colored solutions for the feeding assays were prepared using 21.5 mL/L ink in 8%
(w/v) fructose. The assays were conducted at 16:8 (L:D daylight at 1600 1x; constantly 130
Ix; constantly 0 Ix) and repeated six times using independent batches of mosquitoes. The
mosquitoes had access to sugar-free uncolored water. The number of colored mosquitoes
was recorded visually, differentiating the pure colors (red, blue, green, yellow and black),
the mixed colors (fed from different colors) and the uncolored mosquitoes (not fed but
with water access) after two days.

In a first step, we tested a four-choice assay. For this assay, an average of 279 (range
from 114 to 522) mixed-sex mosquitoes per replicate were used. Of these, an average of
112 (range 38 to 194) were female.

In a second step, a two-choice assay, red-vs-blue, red-vs-green and red-vs-black, was
used to confirm the results of the four-choice assay. For this assay, an average of 279 (range
from 123 to 566) mixed-sex mosquitoes per replicate were used. Of these, an average of
123 (range 34 to 261) were female mosquitoes.

2.3.3. Statistical Analyses

All statistical analyses were performed using R [29]. The influence of light conditions
as well as paper- and ink-coloring of oviposition sites were analyzed using a multinomial
logit model.

For the feeding assay, a multinomial logit model with lighting conditions as a factor
modeled the number of mosquitoes with a certain color. All possible combinations of color
and sex are expressed by the outcome categories. (e.g., “female and red”, “male and
blue”). The models were fitted using the VGAM package [30]. Likelihood ratio tests, com-
paring the full model with a constraint one, were used to test the influence of the sex in
the feeding assay, preceding pairwise comparisons. For testing the preference of a color
compared to another (one-sided tests) and comparing choices of female and male mosqui-
toes (two-sided tests) in a post hoc analysis, Wald tests for linear combinations of the
model parameters were used. These comparisons were conducted with the help of the
multcomp package [31]. Bonferroni adjustment was used for tests on preference of a color
and difference between sexes separately.

p-values smaller than 0.05 were assumed to indicate statistically significant results.

3. Results

3.1. Oviposition Bioassay
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Proportion of egg rafts (%)

We tested the acceptance of ink solution as an oviposition option. In total, 260 Culex
pipiens biotype molestus females were tested (mixed with 308 male mosquitoes) laying 103
egg rafts. We observed a preference for the ink (92 of the 103 egg rafts laid) over the inkless
water (11 of the 103 egg rafts laid). In total, 7 of the 103 eggs were laid in the red ink beaker,
19 were laid in the green ink beaker, 56 were laid in the blue ink beaker and 10 were laid
in the yellow ink beaker (Figure 1).
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Figure 1. Results of the test for acceptance of ink solution as an oviposition option. Shown are the
proportions of egg rafts laid in each colored oviposition site (red, green, blue, yellow and without
ink) for all three replicates in percent. In each replicate, all colors were offered at once. Each replica
is represented by a different form (square, triangle, circle).

In a second step, we tested the attractiveness of the colors excluding colorless ovipo-
sition sites. In the paperboard-wrapped oviposition site bioassay, 2067 females (out of
4649 tested mosquitoes), laying 640 egg rafts, were used. For the ink-colored water bioas-
say, 2812 Culex pipiens biotype molestus females (out of 6259 tested mosquitoes), laying
1402 egg rafts, were tested for their oviposition behavior. We observed an average number
of egg rafts per female of 0.42 (Table 1). In both assay setups, the highest oviposition effi-
ciency was noticed at constant twilight (130 1x), followed by the day-night cycle with max
1600 1x. The lowest oviposition efficiency was observed at 0 1x (0.25 and 0.26 egg rafts per
female). Comparing both staining methods, on average females in the ink-colored water
assay laid 0.19 egg rafts more than in the paperboard-wrapped beaker assay. This differ-
ence is even more pronounced at 130 Ix setting with 0.73 egg rafts/female vs. 0.39 egg
rafts/female in the ink-colored and paper-wrapped setup, respectively.

Table 1. Average number of egg rafts per female summarized for the six replications of each light
intensity (1600 (16:8 L:D), constant 130 and constant 0 Ix) and each assay (paperboard-wrapped
beaker and ink-colored water assays).

Light

Laid Tested Females Egg Rafts Per Mean
Lux Female

1600 181 654 0.28 0.31
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paperboard- 130 258 669 0.39
wrapped 0 201 744 0.27
beaker
ecolored 1600 642 1374 0.47
mn Cotore 130 594 809 0.73 0.50
wate 0 166 629 0.26
Mean 3403 8132 0.42

The overall effect of light intensity, oviposition site (ink or paperboard) and their in-
teraction was significant (likelihood ratio tests, all p < 0.0001). We detected a red prefer-
ence in five of the six settings. Only the ink-colored oviposition site tested at 0 Ix did not
show the red preference. In detail, the results are as follows:

In the assay using paperboard-wrapped beakers as oviposition sites, red was pre-
ferred to all the other colors at twilight (130 1x, one-sided Wald test, adjusted p < 0.0001)
and to blue at 0 Ix (one-sided Wald test, adjusted p < 0.05), but no significant difference in
other colors could be observed in full light (1600 Ix). No further significant differences
between the other colors were observed (Figure 2; overview in Tables S1 and S2).

In the assay using the ink-colored water in the oviposition site, the red preference
was not as marked as for the paperboard-wrapped beakers. We detected significant pref-
erences for colors using one-sided Wald tests: at 1600 Ix red and green were significantly
preferred to yellow (adjusted p < 0.0001). At 130 Ix a significant red preference over all
colors was identified (adjusted p <0.0001) and a green and blue preference to yellow (ad-
justed p < 0.0012). At 0 Ix blue (adjusted p < 0.0001), green (adjusted p < 0.01) and yellow
(adjusted p < 0.011) were preferred to red. Blue was also preferred to yellow (adjusted p <
0.022) and green (adjusted p < 0.05). No further significant preferences were detected (Fig-
ure 2; overview in Tables S1 and S2).

50
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10 — —
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1600 Ix 130 Ix 0 Ix 1600 Ix 130 Ix 0 Ix
paperboard-wrapped ink-colored

oviposition site

Figure 2. Results of paperboard-wrapped oviposition site bioassay and ink-colored oviposition site
bioassay. Both tested at three light intensities. The 1600 Ix light intensity was the maximal light in-
tensity of a 16:8 h light cycle (Light:Dark; separated by one hour crepuscular periods; daylight 1600
Ix), while the 130 Ix and the 0 Ix bioassay were at constant light intensity. The proportion of egg rafts
(egg rafts per trial) is normalized for each combination of lighting and oviposition site.

3.2. Foraging Bioassay
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Foraging assays were performed in two steps: the first step included a larger screen-
ing of colors for their preference, offering all colors (red, blue, green and yellow) in each
replicate at once. For this part, we performed only a descriptive visual analysis of the data,
excluding further statistical analyses due to the complexity of distinction of the generated
color intensities and mixed colors of the abdomen of the mosquitoes, due to foraging in
different amounts (lighter/darker color) and from different colors (Figure 3). This experi-
ment allowed us to choose a refined color combination for the second step: offering only
two suitable colors, resulting in a narrow and distinguishable range of color shades.

Figure 3. Excerpt from visual analyses of the mosquitoes of the four-choice feeding assay. The colors
red, blue, green and yellow were offered simultaneously as ink—fructose-water solutions. Shown
here is the wide range of color nuances of the original four offered colors. These results are due to
ingesting different foraging amounts of the colored solution as well as the foraging from different
colors.

In total, 2830 mosquitoes (including 1059 females) were tested in the four-choice for-
aging assay. A descriptive visual analysis was done for this data. We observed an overall
preference for the colors red and green in every light condition, whereas blue and espe-
cially yellow color were avoided (Figure 3 and Table S3). In addition to the single-colored
mosquito abdomen, between 6 and 19% of the mosquitoes had a mixed-colored abdomen
due to feeding from more than one colored food source. A correlation between the light
intensity and the color preference of mosquitoes is visible in Figure 4: with decreasing
light intensity, the proportion of unfed/colorless and blue-colored mosquitoes increased
while the proportion of mixed-, red- as well as green-colored mosquitoes decreased.
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Figure 4. Results of the four-choice feeding bioassay. Left: results for females and males. Right: re-
sults only for females. Both tested at three light intensities. The 1600 Ix light intensity was the maxi-
mum light intensity during a 16:8 h light cycle (Light:Dark; separated by one hour crepuscular peri-
ods; daylight at 1600 1x), while the 130 Ix and the 0 Ix bioassay were at constant light intensity. The
proportion of mosquitoes is normalized by setting of lux.

Given the apparent red preference, we tested this color against green, blue and black
in subsequent two-choice assays to obtain a more detailed insight into color preferences.
Furthermore, based on the four-choice assay results, we excluded yellow as a potential
color preference and integrated black as a potential attractor. Altogether, in the two-choice
red-vs.-blue assay, 6555 mosquitoes (including 2643 females) were investigated, 4554 mos-
quitoes (including 2173 females) in the two-choice red-vs.-green assay and 4606 mosqui-
toes (including 2102 females) in the two-choice red-vs.-black assay (Figures 5 and 6).
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Figure 5. Excerpt from visual analyses of the mosquitoes of the two-choice feeding assays. The col-
ors (A) red vs. blue, (B) red vs. green as well as (C) red vs. black were offered simultaneously as
ink—fructose—water solutions. Shown here are the possible outcomes of each assay: lower left mos-
quito corresponds to the red abdominal staining after ingestion of the red solution; upper mosquito
corresponds to the (A) blue staining, (B) green staining and (C) black abdominal staining after in-
gestion of the respective color; lower right mosquito corresponds with the mixture of the two other
offered colors: (A) red-blue mixture, (B) red—green mixture and (C) red-black mixture.
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Figure 6. Results of the two-choice feeding bioassay. Left: results for females for (A) red-vs.-blue,
(B) red-vs.-green and (C) red- vs.-black assays. Right: results only for males for the same assays. All
assays were tested at three light intensities. The 1600 Ix light intensity was the maximum light in-
tensity of a 16:8 h light cycle (Light:Dark; separated by crepuscular periods; daylight at 1600 1x)
while the 130 Ix and the 0 Ix bioassays were at constant light intensity. The given proportion of
mosquitoes is normalized by setting of lux.

In all three two-choice assays, male and female mosquitoes differed significantly in
their choice of color (p < 0.0001 for all likelihood ratio tests). Overall, the proportion of
uncolored mosquitoes was greater for lower light intensities (Table 2 and Figure 6), while
the proportion of mixed-colored mosquitoes decreased with decreasing light intensity
(Figure 6). The overall proportion of females that had ingested a colored solution (67.9%
colored) was larger than for the males (57.4% colored). In all assays, the largest difference
of around 20% between both sexes was detected at 130 1x.

Table 2. Proportion of fed (colored) mosquitoes summarized for the six replicates of each light in-
tensity, each assay (red vs. blue, red vs. green and red vs. black) and each sex.

Two-Choice ngh,t Number of Sucked (Colored) Mosquitoes Assay
Assay Ir.ltens1ty (and Their Proportion) Mean
(in Lux)
Total Female Male
1600 1325/1590 373/455 568/673
(16:8L:D)  (83.4%) (82.0%) (84.4%)
1804/2321 819/975 788/1106  4686/6092
Red vs. blue 150 (77.2%) (84.0%) (712%)  (76.9%)
0 1557/2181 545/872 1012/1309
(71.4%) (62.5%) (77.3%)
1600 1309/1526 596/680 713/846
(16:8L:D)  (85.8%) (87.6%) (84.3%)
3216/4863
Red vs. green 130 1171/1779 644/843 527/936 (66.1%)
(65.8%) (76.4%) (56.3%)

0 736/1558 405/748 331/810
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(47.2%) (54.1%) (40.9%)
1600 593/1274  333/547 260/727
(168LD)  (46.5%) (60.9%) (35.8%)

699/1782 438/761 261/1021  1908/4606

Red vs. black 130 (39.2%) (57.6%) (25.6%)  (41.4%)
0 616/1550 378/794 238/756
(39.7%) (47.6%) (31.5%)
Overall memn 9220/14,859  4531/6675 46988184
(62.1%) (67.9%) (57.4%)

(a) Two-choice assay red vs. blue (Figure 6A)

A significant preference for red over blue was found for both female and male mos-
quitoes at light intensities higher than 0 Ix (adjusted p < 0.0001 in all cases). In this assay, we
detected the highest proportion of 76.9% of colored mosquitoes as compared to both other
two-choice assays. In contrast to the other two-choice assays, we identified the highest pro-
portion of colored female mosquitoes at 130 Ix. The proportion of mosquitoes with a certain
color differed significantly when comparing males and females for most combinations of
color and light intensity (adjusted p < 0.0001 in all cases, detailed results in Tables S4 and
S5).

(b) Two-choice assay red vs. green (Figure 6B)

In the red-vs.-green two-choice assay, we found that red was preferred for all light
intensities higher than 0 Ix and additionally at 0 Ix for male mosquitoes (adjusted p <0.0001
in all cases). The proportion of colored mosquitoes was 66.1% in this assay. Significant
differences between male and female mosquitoes were observed for green and uncolored
(unfed) mosquitoes at all light intensities (adjusted p <0.0008, except for uncolored at 1600
Ix: adjusted p < 0.02) and for red at 1600 Ix (adjusted p < 0.0001). The proportion of mixed-
colored male and female mosquitoes did not differ significantly, but for 1600 Ix and 0 Ix
the adjusted p-value was relatively small (adjusted p < 0.08).

(c) Two-choice assay red vs. black (Figure 6C)

In this red-vs.-black assay, the red preference was not observed (adjusted p < 0.0001).
The proportions for red at 130 Ix and 1600 Ix were remarkably smaller than in the assays
comparing red with blue and green. In this assay, we detected the lowest proportion of
colored mosquitoes with 41.4%. In addition, the proportion of colored females (between
47.6 and 60.9%) was higher compared to males (25.6-35.8%).

4. Discussion

The attractiveness of colors to mosquitoes can be a useful tool in advanced vector
control strategies [24,32]. In this study, we investigated several factors including light in-
tensity, color of water in feeding and oviposition sites, as well as the color of the sites
themselves as potential tools to manipulate the oviposition and feeding behavior of Culex
pipiens biotype molestus mosquitoes. The light intensities were chosen to mimic full day-
light (max. 1600 1x) in a 16:8 h Light:Dark cycle, persistent twilight (constant 130 Ix) and,
as a control, complete darkness (0 1x).

In a first step, we validated different colors in an oviposition assay using two differ-
ent methods to apply the color to the oviposition site: either by coloring the waterbody or
wrapping the transparent oviposition site with colored paper. Previous studies demon-
strated that dark-colored oviposition sites are more attractive to Culex spp. For example,
Culex pipiens pallens showed a significant blue preference, whereas [10] Culex pipiens bio-
type molestus showed a higher preference for red and Culex annulirostris for black-colored
oviposition sites [12]. In a pond dye study, Culex pipiens revealed a preference for black
color as compared to undyed water [23]. In our study using laboratory colonies of Culex
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pipiens biotype molestus mosquitoes derived from German mosquito populations, we ob-
tained similar color preferences as described by Dhileepan [12], including the red prefer-
ence and the avoidance of yellow. To exclude the olfactory stimuli emitting from the dif-
ferent inks from influencing our results, we also performed the experiment in complete
darkness and a second set of experiments using colored paper-wrapped oviposition sites.
In complete darkness (0 1x), the red preference was lost, indicating that the observed pref-
erence was based on visual rather than olfactory or other chemical stimuli. These results
were also confirmed using the paperboard-wrapped beakers. In conclusion, we were able
to demonstrate a red preference of Culex pipiens biotype molestus in oviposition site choice
at daylight or twilight conditions. In contrast, the blue preference in the ink-colored group
at 0 Ix seems to be either an artefact or based on olfactory stimuli emitted from the blue
ink, since we did not validate the result in the paperboard-wrapped beaker group. It has
to be noted that at 0 Ix conditions, a very low egg raft rate (<0.27 egg rafts per female) was
observed in both assays. This indicates a low oviposition activity at complete darkness,
which might make it more difficult to detect any preferences, olfactory or others. The
highest egg raft numbers per female were detected in the ink-colored groups, which were
on average 88% higher than the egg raft rates of the paperboard-wrapped groups in the
same light conditions. The nature of this difference is not clear yet and might be subject to
further studies. As a result of our study, the use of red ink-colored water in oviposition
traps could be used to increase the egg deposition rate for Culex pipiens biotype molestus
mosquitoes.

We also used the dyes from the oviposition experiment in a foraging assay. First, a
four-choice assay with the colors blue, red, green and yellow was performed. Due to the
fact that mosquitoes chose more than one color in 3-18% of the cases, many mixed colors
with different intensities and nuances were generated, which were difficult to evaluate by
eye. Therefore, this experiment was considered indicative, and the results were validated
in two-choice assays. We selected two colors each in the two-choice assays that were easily
distinguishable from each other and that generated an easily recognizable mixed color
when mosquitoes fed from both colors. Since a red preference was evident in the visual
analysis of the four-choice assay, we chose to use red and compare it with blue and green.
In both assays, we confirmed the red preference at a light intensity above 0 Ix for both
sexes except for males in the red-vs-green-assay showing also the red preference at 0 Ix.
Previously published studies demonstrated that different mosquito species responded
differently to similar visual stimuli and depending on their target (oviposition, resting,
foraging) and their sex. For the mosquito Aedes aegypti, the color red was repetitively
shown to be attractive for male and females. For example, Dieng et al. [24] showed a high
female Aedes aegypti resting count for the color red followed by purple and blue, while
males favored the color red followed by purple and yellow. Furthermore, Brett [33] re-
ported a black and red preference and a yellow aversion for Aedes aegypti using colored
clothes, and Kay et al. [14] obtained a similar red preference using cardboard traps. Be-
sides Aedes aegypti, Aedes tremulus and Culex quinquefasciatus were sampled by this
method. The compound eyes, called ommatidia, of Culex spp. are structurally similar to
the ommatidia of Aedes spp. [34,35]. This could explain the similar color preferences (pref-
erence for red and black, aversion to white and yellow) in Culex pipiens and Aedes albopictus
[26].

Since other than the apparent red preference, dark colors also were preferred by mos-
quitoes in other studies, we introduced the color black and compared it with red in a two-
choice assay. Black was previously described as a potential attractant (landing, resting and
oviposition studies) across different mosquito species [12,23,26]. We confirmed this black
preference in our foraging assay over all light intensities and both sexes (except 0 1x). In-
terestingly, it is known that Aedes aegypti mosquitoes can perceive light in the range from
about 323 nm to 621 nm [36], which means that they can perceive from violet through
blue, green and yellow to the color orange. This indicates that they probably are not able
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to perceive the color red. In this study, however, the colors red and black differed in pref-
erence. This could suggest that the perception of the colors differs from human perception.
Detected color preferences may be due to olfactory stimuli emanating from the ink. Since
black has also been identified as an attractant in other studies, we assume that it is not
primarily the olfactory stimulus that makes the color black attractive, but the color itself.
Probably, the color red is perceived as less dark, but more grayish than the color black.
Thus, it can be assumed that Culex pipiens biotype molestus mosquitoes prefer darker col-
ors when foraging.

Furthermore, we were able to show that the light intensity during the experiments
had a great influence on the results and that female and male mosquitoes reacted differ-
ently to the changes. Reducing the light intensity to 0 Ix almost halved the number of fed
mosquitoes compared to the 1600 Ix group, which had a normal daily rhythm with light
and dark phases. This result leads to the assumption that Culex pipiens biotype molestus
also forage at night, but the activity decreases strongly in continuous darkness. In addi-
tion, a continuous twilight for 48 h led to a decreased foraging activity in almost all assays
except the red-vs.-blue assay, where more females were colored than in the 1600 Ix group.
These results are contradictory to the results from field studies with Culex pipiens biotype
pipiens [37,38], which described flight activity and host search primarily at night. How-
ever, if we compare the results with laboratory studies on ALAN (artificial light at night)
with the same mosquito species as in this study [39], we can see many parallels: ALAN-
exposed mosquitoes were less active during the extra-light phase which is equivalent to
our 130 Ix assays where less mosquitoes had taken the colored fructose meal; in this study,
females were more active than males in nearly all phases regardless of treatment, which
was explained by light-induced differences in sex-specific activity and which tendency
(higher feeding rate) was also observed in our study. In addition to the observed sex-spe-
cific differences [39], the impact of the mating status might influence the foraging behav-
ior. Since the mosquitoes used in our experiments were not separated by sex pre-eclosion,
most of them will have mated before or during the experiment. Furthermore, females as
well as males seem to need a complete light-dark rhythm to reach a peak of food-seeking
activity. This could be explained by true resting phases, which do not seem to exist suffi-
ciently at constant 130 Ix, so that the feed intake performance decreases compared to the
1600 Ix with light-dark phases. Furthermore, it has been shown that a disturbed circadian
rhythm (such as the constant 130 Ix assays in this study) leads to behavioral changes [40],
which can explain the different results of the 1600 Ix with the light-dark phases group
compared to the constant 130 Ix group. Due to the high proportion of colored mosquitoes
in the 1600 Ix (16:8 L:D) assay, we can support the statement that changing light intensity
is an important trigger for activity.

In all experiments, we did not observe a toxic effect of the ingested ink. Larvae that
hatched in the ink-colored beakers developed normally. Furthermore, the ingested ink
was visible to the naked eye on the stained abdomens of the mosquitoes, so that an eval-
uation of the experiments required only little equipment. Ink also proved to be a suitable
method of marking mosquitoes and tracking their behavior in this study. This method
could be used to support two-choice assays. The evaluation of olfactory stimuli could be
supported by the 0 Ix assays where no color preference was detected (except red vs. blue).

To explore mosquito preferences for colors remains challenging due to targeted be-
havior (oviposition, foraging, landing, resting, etc.) and the variation across mosquito spe-
cies and populations comprising their host preference, circadian rhythms and genetic and
natural environment. In this study, we evaluated the impact of colors on the oviposition
and foraging behavior of German Culex pipiens biotype molestus. We were able to validate
previously reported color preferences of oviposition studies and extend knowledge to
color preference in foraging and feeding assays. This study could lead not only to more
effective trapping methods for Culex pipiens biotype molestus, but also to a new inexpen-
sive and simple mosquito tracking method, which needs only little equipment to be eval-
uated.
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by the setting of Lux. Results were given for each color of each color combination including the
mixture of both colors and uncolored mosquitoes separately.

Author Contributions: Conceptualization, F.H.; methodology, F.H., H.H.; formal analysis, F.H.,
E.F.; investigation, F.H., H.H.; resources, 5.C.B.; data curation, F.F.; writing—original draft prepara-
tion, F.H.; writing—review and editing F.H., HH., F.F., 5.C.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Mareike Heinig-Hartberger for their assistance
and their work rearing the mosquitoes.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Day, J.FE. Mosquito oviposition behavior and vector control. Insects 2016, 7, 65.

2. Borel, D.-T.; Elysée, N.; Abdoul, T.; Leslie, N.D.; Roland, B.; Edmond, K.; Parfait, A.-A.; Timoléon, T.; Antonio-Nkondjio, C.
Oviposition Behavior of Culex quinquefasciatus and Anopheles coluzzii Females According to the Ovitrap Color and Presence
of Fertilizer in Breeding Sites. Fortune ]. Health Sci. 2021, 4, 207-220.

@

Allan, S.A.; Day, ].F.; Edman, J.D. Visual ecology of biting flies. Annu. Rev. Entomol. 1987, 32, 297-314.

4. Bentley, M.D.; Day, J.F. Chemical ecology and behavioral aspects of mosquito oviposition. Annu. Rev. Entomol. 1989, 34, 401—

421.



Insects 2022, 13, 993 15 of 16

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

Geetha, I; Paily, K.; Padmanaban, V.; Balaraman, K. Oviposition response of the mosquito, Culex quinquefasciatus to the sec-
ondary metabolite (s) of the fungus, Trichoderma viride. Memdrias Do Inst. Oswaldo Cruz 2003, 98, 223-226.

Millar, J.; Chaney, ].; Beehler, J.; Mulla, M. Interaction of the Culex quinquefasciatus egg raft pheromone with a natural chemical
associated with oviposition sites. ]. Am. Mosq. Control Assoc. 1994, 10, 374-379.

Gubler, D.J. Studies on the comparative oviposition behavior of Aedes (Stegomyia) albopictus and Aedes (Stegomyia) polyne-
siensis Marks. . Med. Entomol. 1971, 8, 675-682.

Hoel, D.F.; Obenauer, P.J.; Clark, M.; Smith, R.; Hughes, T.H.; Larson, R.T.; Diclaro, ].W.; Allan, S.A. Efficacy of Ovitrap Colors
and Patterns for Attracting Aedes albopictus at Suburban Field Sites in North-Central Floridal. ]. Am. Mosq. Control Assoc. 2011,
27,245-251.

Muir, L.E.; Kay, B.H.; Thorne, M.]. Aedes aegypti (Diptera: Culicidae) vision: Response to stimuli from the optical environment.
J. Med. Entomol. 1992, 29, 445-450.

Li, M,; Yang, T.; Kandul, N.P.; Bui, M.; Gamez, S.; Raban, R.; Bennett, J.; Lanzaro, G.C.; Schmidt, H.; Lee, Y. Development of a
confinable gene drive system in the human disease vector Aedes aegypti. Elife 2020, 9, e51701.

Frank, J. Use of an artificial bromeliad to show the importance of color value in restricting colonization of bromeliads by Aedes
aegypti and Culex quinquefasciatus. J. Am. Mosq. Control Assoc. 1985, 1, 28-32.

Dhileepan, K. Physical factors and chemical cues in the oviposition behavior of arboviral vectors Culex annulirostris and Culex
molestus (Diptera: Culicidae). Environ. Entomol. 1997, 26, 318-326.

Burkett, D.A.; Butler, J.F. Laboratory evaluation of colored light as an attractant for female Aedes aegypti, Aedes albopictus,
Anopheles quadrimaculatus, and Culex nigripalpus. Fla. Entomol. 2005, 88, 383-390.

Kay, B.; Sutton, K.; Russell, B. A sticky entry-exit trap for sampling mosquitoes in subterranean habitats. J. Am. Mosq. Control
Assoc.-Mosq. News 2000, 16, 262-265.

Tainchum, K.; Polsomboon, S.; Grieco, J.P.; Suwonkerd, W.; Prabaripai, A.; Sungvornyothin, S.; Chareonviriyaphap, T.; Achee,
N.L. Comparison of Aedes aegypti (Diptera: Culicidae) resting behavior on two fabric types under consideration for insecticide
treatment in a push-pull strategy. J. Med. Entomol. 2013, 50, 59-68.

Brugman, V.A; Hernandez-Triana, L.M.; Medlock, ].M.; Fooks, A.R.; Carpenter, S.; Johnson, N. The role of Culex pipiens L.(Dip-
tera: Culicidae) in virus transmission in Europe. Int. |. Environ. Res. Public Health 2018, 15, 389.

Darsie, R.F., Jr; Ward, R.A. Identification and Geographical Distribution of the Mosquitoes of North America, north of Mexico;
University Press of Florida: Washington DC, USA, 2005.

Hamer, G.L,; Kitron, U.D.; Brawn, ].D.; Loss, S.R.; Ruiz, M.O.; Goldberg, T.L.; Walker, E.D. Culex pipiens (Diptera: Culicidae):
A bridge vector of West Nile virus to humans. ]. Med. Entomol. 2008, 45, 125-128.

Farajollahi, A.; Fonseca, D.M.; Kramer, L.D.; Kilpatrick, A.M. “Bird biting” mosquitoes and human disease: A review of the role
of Culex pipiens complex mosquitoes in epidemiology. Infect. Genet. Evol. 2011, 11, 1577-1585.

Becker, N.; Jost, A.; Weitzel, T. The Culex pipiens complex in Europe. J. Am. Mosq. Control Assoc. 2012, 28, 53—-67.

Matthews, R.W.; Matthews, J.R. Insect behavior; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2009.

Collins, L.E.; Blackwell, A. Colour cues for oviposition behaviour in Toxorhynchites moctezuma and Toxorhynchites amboinen-
sis mosquitoes. J. Vector Ecol. ]. Soc. Vector Ecol. 2000, 25, 127-135.

Perea, N.O.; Callaghan, A. Pond dyes are Culex mosquito oviposition attractants. Peer] 2017, 5, e3361.

Dieng, H.; Satho, T.; Arzemi, N.A.B.; Aliasan, N.E.; Abang, F.; Wydiamala, E.; Miake, F.; Zuharah, W.F.; Kassim, N.F.A.; Vargas,
R.E.M. Exposure of a diurnal mosquito vector to floral mimics: Foraging responses, feeding patterns, and significance for sugar
bait technology. Acta Trop. 2018, 185, 230-238.

Peach, D.A.; Ko, E.; Blake, A.].; Gries, G. Ultraviolet inflorescence cues enhance attractiveness of inflorescence odour to Culex
pipiens mosquitoes. PLoS ONE 2019, 14, e0217484.

Jung, S.H.; Kim, D.; Jung, K.-S.; Lee, D.-K. Color Preference for Host-Seeking Activity of Aedes albopictus and Culex pipiens
(Diptera: Culicidae). J. Med. Entomol. 2021, 58, 2446-2452..

Veronesi, R.; Gentile, G.; Carrieri, M.; Maccagnani, B.; Stermieri, L.; Bellini, R. Seasonal pattern of daily activity of Aedes caspius,
Aedes detritus, Culex modestus, and Culex pipiens in the Po Delta of northern Italy and significance for vector-borne disease
risk assessment. J. Vector Ecol. 2012, 37, 49-61.

Warrant, E.; Dacke, M. Vision and visual navigation in nocturnal insects. Annu. Rev. Entomol. 2011, 56, 239-254.

R Core Team. R: A Language and Environment for Statistical Computing version 4.2.1; R Foundation for Statistical Computing;:
Vienna, Austria, 2022.

Yee, T.W. The VGAM package for categorical data analysis. ]. Stat. Softw. 2010, 32, 1-34.

Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous inference in general parametric models. Biom. ]. 2008, 50, 346-363.

Ben-Yakir, D.; Antignus, Y.; Offir, Y.; Shahak, Y. Colored shading nets impede insect invasion and decrease the incidences of
insect-transmitted viral diseases in vegetable crops. Entomol. Exp. Et Appl. 2012, 144, 249-257.

Brett, G. On the relative attractiveness to Aedes aegypti of certain coloured cloths. Trans. R. Soc. Trop. Med. Hyg. 1938, 32, 113—
124.



Insects 2022, 13, 993 16 of 16

34.

35.

36.

37.

38.

39.

40.

Haas, G. Entwicklung des Komplexauges bei Culex pipiens und Aedes aegypti. Z. Fiir Morphol. Und Okologie Der Tiere 1956, 45,
198-216.

Land, M.; Gibson, G.; Horwood, J.; Zeil, J. Fundamental differences in the optical structure of the eyes of nocturnal and diurnal
mosquitoes. . Comp. Physiol. A 1999, 185, 91-103.

Muir, L.E.; Thorne, M.].; Kay, B.H. Aedes aegypti (Diptera: Culicidae) vision: Spectral sensitivity and other perceptual param-
eters of the female eye. J. Med. Entomol. 1992, 29, 278-28]1.

Bowen, M.; Davis, E.; Haggart, D. A behavioural and sensory analysis of host-seeking behaviour in the diapausing mosquito
Culex pipiens. J. Insect Physiol. 1988, 34, 805-813.

Anderson, ].F.; Main, A.].; Ferrandino, F.J.; Andreadis, T.G. Nocturnal activity of mosquitoes (Diptera: Culicidae) in a West Nile
virus focus in Connecticut. J. Med. Entomol. 2007, 44, 1102-1108.

Honnen, A.-C.; Kypke, J.L.; Holker, F.; Monaghan, M.T. Artificial light at night influences clock-gene expression, activity, and
fecundity in the mosquito Culex pipiens f. molestus. Sustainability 2019, 11, 6220.

Pickel, L.; Sung, H.-K. Feeding rhythms and the circadian regulation of metabolism. Front. Nutr. 2020, 7, 39.



