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Mosquitoes use chemical codes to locate and discriminate among vertebrate hosts to obtain a blood meal. Recent advances have allowed for the identification of the chemical codes used by mosquitoes to locate and discriminate humans from other vertebrate hosts. Humans are incidental “dead-end” hosts for the West Nile virus, which is maintained in an enzootic cycle, primarily through its transmission between infected birds by Culex mosquitoes. Host-seeking Culex mosquitoes are attracted to the odor of chicken, which are used in sentinel traps to monitor West Nile virus transmission. Using combined gas chromatography and electroantennography and mass spectrometry we identify a blend of volatile organic compounds present in chicken emanates, including mostly salient bioactive compounds previously identified in human emanates. When released at their identified ratios, this blend elicits behavioral responses of Culex pipiens molestus and Culex quinquefasciatus similar to that to the natural chicken odor. Tested under field conditions, this blend attract Culex spp. and other species of mosquitoes using birds among their hosts. This study provides evidence for conserved chemical codes for resource location by mosquitoes, and highlights the intricate role of CO2 for host-seeking mosquitoes. The identification of conserved chemical codes, which drive innate preference behaviors that are fundamental for survival and reproduction, provides important substrates for future control interventions targeting disease vector mosquitoes.
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Introduction

Mosquitoes blood feed from a wide range of vertebrate host species, whereby they can transmit diseases between intra- and interspecific hosts. For many of these diseases, e.g., West Nile fever, non-human animals are the primary hosts, and human infections are incidental and often “dead-end” in nature (Farajollahi et al., 2011). West Nile fever is caused by a virus, which is maintained in an enzootic cycle, primarily through its transmission between infected birds by Culex mosquitoes (Chancey et al., 2015). While recent technical advances allow for the identification of the chemical codes used by mosquitoes to locate and discriminate humans from other vertebrate hosts (Bowen, 1991; Takken and Knols, 1999; Takken and Verhulst, 2013; McBride et al., 2014; Omondi et al., 2019; Zhao et al., 2020), the mechanism by which Culex mosquitoes select birds for blood feeding is poorly understood. Understanding the chemical codes used by mosquitoes for host selection, and how olfactory signaling and reception co-evolve, is fundamental for assessing how natural selection shapes adaptive behaviors (Lyimo and Ferguson, 2009; Takken and Verhulst, 2013). For applied purposes, these codes may be exploited in the ongoing development of novel vector management strategies.

Sentinel chickens are commonly used to monitor West Nile virus transmission (Chaskopoulou et al., 2013), as several Culex species prefer to blood feed on these birds (Elizondo-Quiroga et al., 2006; Gomes et al., 2013; Brugman et al., 2018). Culex mosquitoes are attracted to chicken odor, using volatile organic compounds for both host location and discrimination (Bernier et al., 2008; Cooperband et al., 2008; Spanoudis et al., 2020), the majority of which are saturated aldehydes (Bernier et al., 2008; Cooperband et al., 2008; Syed and Leal, 2009). Aldehydes, a common class of volatile organic compounds, are used by mosquitoes as aggregation pheromones, as well as nectar-, host-, and oviposition site-kairomones, demonstrating a likely parsimonious mechanism underlying the associated behaviors (e.g., Bernier et al., 2008; Nyasembe and Torto, 2014; Wondwosen et al., 2016; Ignell and Hill, 2020; Mozûraitis et al., 2020). Additional volatile organic compounds, however, are often needed to elicit attraction of mosquitoes, and to enable discrimination among resources (Takken and Knols, 1999; Ignell and Hill, 2020). Presented in proper ratios, such odor blends often decrease the threshold of behavioral response compared to that of single component attractants (Takken and Knols, 1999; Ignell and Hill, 2020). The response threshold may further be decreased by the presence of carbon dioxide (CO2), or a CO2 receptor agonist, which is critical for synergizing or gating the behavioral response of host-seeking mosquitoes to host volatile organic compounds (Gillies, 1980; Tauxe et al., 2013; Spanoudis et al., 2020).

Culex pipiens and Culex quinquefasciatus are the main vectors of West Nile virus in Europe and North America, respectively (Bernard and Kramer, 2001; Zeller and Schuffenecker, 2004). Although these species, especially the two biotypes of Culex pipiens, pipiens and molestus, blood feed on a distinct, or in some cases partially overlapping, range of host species, they are all attracted to the sentinel birds, and frequently feed on various bird species (Vinogradova, 2000; Apperson et al., 2004; Molaei et al., 2006; Roiz et al., 2012; Gomes et al., 2013; Rizzoli et al., 2015). Furthermore, behavioral analysis demonstrates that Cx. p. molestus and Cx. quinquefasciatus respond similarly to chicken odor (Spanoudis et al., 2020), suggesting that the detection of a signature chemical code within the chicken “volatilome” is conserved among these closely related species (Weitzel et al., 2009). In this study, we identify a blend of volatile organic compounds, which when released in their identified released ratios, and at relevant rates, reflects the behavioral response of Cx. p. molestus and Cx. quinquefasciatus to natural chicken odor. Tested under field conditions, this blend attracts Culex mosquitoes, and other species of mosquitoes, that include birds within their host range. Investigations under laboratory and field conditions clarify the mechanism by which mosquitoes may use CO2 for host location. We discuss these results in the perspective of conservation of chemical codes used by mosquitoes to locate vertebrate hosts, and how these can be exploited for developing novel control tools, especially against Culex mosquitoes.



Material and methods


Mosquito rearing

Culex quinquefasciatus (Thai strain) and Cx. p. molestus (provided by Benaki Phytopathological Institute, Kifissia, Greece) were used for electrophysiological and behavioral analyses. The mosquitoes were reared at 27 ± 2°C, 70 ± 2% relative humidity (RH), and at a 12 h:12 h light:dark (L:D) photoperiod, as previously described (Spanoudis et al., 2020). Four-to-five days post-emergence, adult female Cx. quinquefasciatus were selected for the experiments. In contrast, autogenous Cx. p. molestus females were first allowed to oviposit to induce host seeking (Vinogradova, 2000; Spanoudis et al., 2020), and then used for the experiments, at 8–10 days post-adult emergence.



Volatile collections

Headspace volatile extracts were collected in the field from live, male and female domestic chickens (Gallus gallus domesticus v. Golden Rocket; n = 6 and 7, respectively). Permission to handle birds was provided by the Greek Ministry of Environment and Energy (Department of Management of Wildlife and Hunting, Athens: 17-4-2013/129493/1072), in compliance with Directive 2010/63/EU in Europe. Individual birds were placed in a plastic cage (48 cm × 28 cm × 28 cm), covered with a heat-sealed oven bag (FoodSaver® Brand, United Kingdom), with an empty cage serving as a control. Charcoal-filtered air was introduced into the cages via a pump (1 l min–1; 12 V, KNF-Neuberger, Freiburg, Germany), and then extracted (1 l min–1) through a splitter connected to three adsorbent columns for 2.5 h. The columns were made of Teflon tubing (4 cm × 0.3 cm id), containing 40 mg Porapak Q (80/100 mesh, Alltech, Deerfield, IL, United States) between polypropylene wool plugs and Teflon stoppers. The columns were rinsed with 1 ml each of methanol (purity > 99.8%, Chem-Lab NV, Zedelgem, Belgium), acetone (purity > 99.5%, Chem-Lab NV, Zedelgem, Belgium) and pentane (purity > 99%, Chem-Lab NV, Zedelgem, Belgium) before use. The adsorbed volatiles were eluted with 600 μl of pentane (puriss p.a., Sigma-Aldrich Chemie GmbH, Steinheim, Germany). The extracts were pooled, concentrated to 50% of their original volume, and then stored in sealed glass vials at −20°C until used for behavioral, electrophysiological and chemical analyses.



Electrophysiological analysis

Antennal responses of host-seeking Cx. quinquefasciatus and Cx. p. molestus to the chicken headspace extract were analyzed using combined gas chromatography and electroantennographic detection (GC-EAD). Volatile organic compounds were separated on an Agilent Technologies 6890 GC (Santa Clara, CA, United States), equipped with an HP-5 column (30 m × 0.25 mm id, fused silica, 0.25 μm film thickness, Agilent Technologies), with hydrogen as the mobile phase, at an average linear flow rate of 45 cm s–1. Each sample (2 μl) was injected splitless (30 s, injector temperature 225°C), and the GC oven temperature programmed from 35°C (3 min hold) at 10°C min–1 to 290°C (10 min hold). At the GC effluent, nitrogen was added and split 1:1 in a Gerstel 3D/2 low dead volume four-way cross (Gerstel, Mülheim, Germany) between the flame ionization detector and the EAD. The GC effluent capillary for the EAD passed through a Gerstel ODP-2 transfer line, which tracked the GC oven temperature, into a glass tube (10 cm × 7 mm ID), where the effluent was mixed with charcoal-filtered, humidified air (1.5 l min–1). The antenna was placed 0.5 cm from the outlet of this tube. The antennal preparation was made by inserting the distal end of the antenna, after cutting the distal segment, into a recording glass electrode filled with Beadle–Ephrussi Ringer, while the reference electrode, filled with Beadle–Ephrussi Ringer, was inserted into the capsule of the excised head and grounded. The recording electrode was connected to a pre-amplifier probe (10×) and then to a high impedance DC amplifier interface box (IDAC-2; Syntech, Kirchgarten, Germany). For each Culex species, 10 recordings were performed.



Chemical analysis

The pooled and concentrated chicken headspace extract was analyzed twice by combined gas chromatography and mass spectrometry (GC-MS), using two different fused silica capillaries (60 m, ID 250 μm; df = 0.25 μm) coated with either HP-5MS UI (Agilent Technologies) on an Agilent 6890-5975 GC-MS, or with DB-Wax (J&W Scientific, Folsom, CA, United States) on an Agilent 7890-5977 GC-MS (Agilent Technologies). Both GC-MS setups were operated in the electron impact ionization mode at 70 eV. Helium was used as the mobile phase at an average linear flow rate of 35 cm s–1. The volume injected and the temperature programs were the same as those used for the GC-EAD analysis. The volatile organic compounds were identified according to retention times (Kovat’s indices) and mass spectra, in comparison with custom made and NIST14 libraries (Agilent), and confirmed by co-injection of authentic standards: m-xylene (CAS no. 108-38-3; Aldrich, 99%), heptanal (CAS no. 111-71-7; Aldrich, 95%), 3-octanone (CAS no. 106-68-3; Aldrich, 98%), benzaldehyde (CAS no. 100-52-7; Aldrich, 99%), sulcatone (CAS no. 110-93-0; Fluka, 96%), octanal (CAS no. 124-13-0; Aldrich, 99%), R-(+)-limonene (CAS no. 5989-27-5; Aldrich, 97%), p-cresol (CAS no. 106-44-5; Aldrich, 99%), non-anal (CAS no. 124-19-6; Aldrich, 95%), decanal (CAS no. 112-31-2; Aldrich, 92%) and geranyl acetone (CAS no. 689-67-8; Aldrich, 95%). R-(+)-limonene was the only limonene enantiomer eliciting EAD activity. For the approximation of release rate, 100 ng of heptyl acetate (99.8% chemical purity; Aldrich) was added as an internal standard to a 20 μl aliquot out of the total 400 μl headspace extract.



Behavioral assay

Behavioral assays were conducted in a Y-tube olfactometer (Spanoudis et al., 2020). The olfactometer was illuminated with red light from above at 40 lux. A charcoal-filtered and humidified air stream (25 ± 2°C, 65 ± 2% RH) flowed through the bioassay at 30 cm s–1. When required, CO2 was delivered in 1 s on-off pulses at 600 ppm via a stimulus controller (SEC-2/b, Syntech). The consistency in amplitude, and the structure of the pulsed stimuli was visualized using a mini-photo ionization detector (PID; Aurora Scientific, Aurora, Ontario, Canada), and the concentration of CO2 measured at the downwind and upwind end of the assay via a CO2 analyzer (LI-820, LICOR Biosciences, Lincoln, NE, United States) (Majeed et al., 2017).

The behavioral activity of the mosquitoes was analyzed in response to both a synthetic blend and a pooled natural headspace volatile extract of chicken odor. The synthetic blend (stock: 1 μl heptanal; 5 μl octanal; 50 μl non-anal; 10 μl decanal; 5 μl 3-octanone; 7 μl sulcatone; 2 μl benzaldehyde diluted in 2 ml pentane), diluted in pentane, mimicked the composition and ratio of the bioactive compounds identified in the pooled natural extracts of chickens (Supplementary Figure 1). Dose-response assays, in which the ratio among the compounds within the blend was maintained, were conducted in the Y-tube olfactometer for both species, with pentane as a control. Preference for either the pooled natural headspace volatiles, or the synthetic odor blend, of chickens were assessed in the Y-tube olfactometer, using the dose identified to elicit the highest behavioral response, respectively (Spanoudis et al., 2020; this study). Subtractive bioassays followed to determine the relative activity of the identified components, using the dose of the synthetic odor blend, which elicited the highest behavioral response as a basis. For all experiments, the synthetic odor blend, the headspace volatile extract or the pentane control were pipetted (100 μl) onto a piece of filter paper (55 mm, Munktell, Munksjö, Sweden), which was suspended from a 5 cm wire coil at the upwind end of the assays. These filter papers were renewed before each experimental replicate.

Prior to the behavioral experiments, females of both species were starved for 8 h, and only given access to water. Two hours before the experiments, females were collected and transferred in groups of three to release cages to acclimatize. At the time for experiments, a release cage was placed at the downwind end of the assays, where the insects were allowed 3 min to adapt, before the butterfly valve of the release cage was opened. Thereafter, the choice of each mosquito was observed for a maximum of 4 min. Attraction to either treatment or control was analyzed as the proportion of mosquitoes that made source contact within this time. Data collected from the Y-tube olfactometer is presented as a Preference Index (PI), calculated as (T − C)/(T + C), where T is the number of mosquitoes associated with the test odor, and C the number of mosquitoes associated with the control. Ten replicates were conducted for each experimental condition (30 individuals in total), with dose-response experiment (with doses tested consecutively, starting with the lowest dose) and control flights performed each day. All behavioral experiments were conducted during host seeking time, in the early part of scotophase (Zeitgeber time 15 ± 2 h) (Yee and Foster, 1992).

The effect of dose of the synthetic blend, as well as the presence and absence of CO2, on the preference of Cx. p. molestus and Cx. quinquefasciatus was estimated using binomial regression of the generalized linear model GLM; JMP Pro version 13 SAS Institute Inc., Cary, NC, United States). Two sample t-tests were used to identify significant differences in the attraction to the chicken extract and the synthetic blend for each mosquito species separately. Responses of preference of Cx. p. molestus and Cx. quinquefasciatus to the synthetic and subtractive blends were analyzed using a generalized linear model followed by Dunnett’s post-hoc tests.



Field evaluation of the synthetic chicken odor

Field experiments were conducted in the urban area of Sindos, Thessaloniki, Greece (40.67°N, 22.79°E), and in Cedar Key Scrub State Reserve, FL, United States (29.11°N, 83.2°W). The experimental design at both field sites followed a Latin square, in which treatments were randomly assigned on the first day, and then rotated to minimize location bias over the following days. In Sindos, the experiments were conducted in August 2015, using four Encephalitis Vector Survey (EVS) mosquito traps (BioQuip Products, Inc., Rancho Dominguez, CA, United States) that were rotated daily, for a total of 16 days, so that each trap (treatment and control) was tested four times at all selected sites. The distance between traps was approximately 100 m. In the Cedar Key Scrub State Reserve, the experiments were conducted in December 2017, using sixteen Centre of Disease Control (CDC) traps (John W. Hock Company, Gainesville, FL, United States), located at 2 sub-sites, with eight traps at each site, spaced at least 25 m apart, and rotated daily within the individual sub-site, for a total of 8 days. The traps were placed in the cover of vegetation or next to residences, approximately 1 m above ground level.

The traps were baited with combinations of CO2 and/or the synthetic odor blend, with heptane (99% purity, Merck, Darmstadt, DE) as a control. Dry ice, either 1 kg (United States) or 1.5 kg (Greece) served as the source of CO2, which was contained and released from insulated dry ice dispensers (BioQuip Products, Inc.). The synthetic odor blend (4 ml), with 400 ng min–1 of decanal within the blend, and the solvent control (4 ml) were released by diffusion from wick dispensers (Karlsson et al., 2013). The dispensers were made from a 4 ml glass vial with a pinhole in the center of the cap through which a cotton wick encased in Teflon protruded into the air. Heptane was used to allow for the release of compounds throughout the course of the experiment. The dispensers were hung on the outside of the traps close to the trap entrance. Only a small amount of dry ice remained in the dispenser in the following morning. Each trap was set to operate from 2 h before sunset until 2 h after sunrise. Insects caught in each trap were collected daily, placed in between paper towels, and then stored at −20°C. In the laboratory, the collected mosquitoes were enumerated and identified to species level, when possible, under a microscope using morphological identification keys (Snow, 1990; Darsie<suffix>Jr.</suffix>, and Morris, 2003; Darsie and Ward, 2005).

For the field evaluation of the chicken blend, a mixed effects model (JMP® Pro 12.0.1. SAS Institute Inc., Cary, NC, United States) was used to identify significant differences between the treatments used to collect mosquitoes in the field. The number of mosquitoes collected was added into the model as the response value. Treatment was added to the model as a fixed effect, as was the two different sub-sites used in the Cedar Key Scrub State Reserve. Day, as well as trap position, were selected as random effects in the model. The two sub-sites were nested within the model to account for potential differences at these sites. An all pairwise comparison t-test was used to identify significant differences between the treatments. The F and P-value for the test is here reported.



Assessment of cyclopentanone as a replacement for CO2

Cyclopentanone has previously been shown to act as a CO2 receptor agonist, eliciting attraction and increasing trap capture of Cx. quinquefasciatus in semi-field enclosures (Tauxe et al., 2013). To assess whether cyclopentanone could be a viable option to replace CO2, we initially validated its effect on Cx. quinquefasciatus, in the presence and absence of the synthetic chicken odor blend, using a straight tube olfactometer (Majeed et al., 2017). As a control, mosquitoes were flown to CO2, in the presence and absence of the synthetic chicken odor. Cyclopentanone (≥ 99%, Sigma-Aldrich Chemie GmbH), 1% or 10% diluted in pentane, was released from a wick dispenser at a rate of 8 μl min–1. Wick dispensers, containing the synthetic chicken odor or cyclopentanone, were placed within a glass wash bottle (250 ml; Lenz Laborglas, Wertheim, Germany). Charcoal-filtered and humidified air (0.3 l min–1) was passed through the wash bottle and delivered via low-density polyethylene tubing at the upwind end of the olfactometer. When applicable, air (0.5 l min–1) mixed with pulses (1 s on and 1 s off intervals) of 600 ppm CO2, using a stimulus controller (SEC-2/b. Syntech, Buchenbach, Germany), was delivered through a hole (1 cm i.d.) at the upwind end of the olfactometer via low-density polyethylene tubing (0.4 cm i.d.) (Majeed et al., 2014). The concentration of CO2, at the release was measured using a CO2 analyzer (LI-820, Licor Bioscience, United States).

Prior to and during the experiment, female Cx. quinquefasciatus were kept under the same condition as mentioned above. Five mosquitoes were placed in a release cage and left for 30 s to acclimatize at the downwind end of the olfactometer, after which the butterfly valve of the cage was opened. After 2 min the number of females reaching the upwind end was recorded, and the proportion of mosquitoes reaching the other side was calculated. A total of 10 replicates were performed. A nominal logistic fit model (JMP® Pro 12.0.1. SAS Institute Inc., Cary, NC, United States) was used to evaluate any significant differences in the proportion of female Cx. quinquefasciatus responding to the chicken blend and CO2/cyclopentanone. The treatment was used as the dependent variable in the model, weighted by the proportion of females, and dose was set as the independent fixed effect in the model. The χ2 and P-value from the likelihood ratio test is reported.

Field experiments, assessing cyclopentanone as a CO2 replacement (10% diluted in heptane), were subsequently conducted in Cedar Key Scrub State Reserve, FL, United States, in December 2018. The design of the experiment was similar to that described above, with the addition of dispensers containing two different doses of the synthetic chicken odor (1:10, reflecting the release rate used for the field evaluation of the blend, and a decadic dilution of this, 1:100). Dispensers containing cyclopentanone were hung next to those containing the synthetic chicken odor, where applicable. A mixed effects model, as described above, was used to evaluate these results.




Results


A blend of bioactive volatile organic compounds drive host seeking in Culex mosquitoes

Combined GC-EAD analysis, using the antennae of either Cx. p. molestus or Cx. quinquefasciatus as a biological detector, revealed consistent responses to 14 bioactive volatile organic compounds in the pooled headspace extract of chickens (Figure 1A), which were not present in the control. Of the bioactive compounds eliciting antennal responses, eight elicited a response in both species, while six elicited responses in either Cx. p. molestus (an unidentified dimethylheptene) or Cx. quinquefasciatus (R-(+)-limonene, unidentified branched C12- and C15-isomers, p-cresol, and geranyl acetone). Of the eight compounds found to elicit a response in both species, we were unable to identify an alkane, a methyloctane. The overall volatile release rate of bioactive compounds was approximately 100 ng min–1, with non anal, decanal, and octanal as the most abundant compounds (Figure 1A).
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FIGURE 1
Host-seeking Culex pipiens molestus and Culex quinquefasciatus respond to chicken odor. (A) Combined gas chromatography and electroantennographic detection (GC-EAD) analyses of the two mosquito species identify the bioactive volatile organic compounds present in the headspace of chickens. Electroantennographic detection traces depict voltage changes (mV) in response to the bioactive compounds eluting from the GC, which are registered by the flame ionization detector. Asterisks indicate non-reproducible physiological responses. The identity and release rate of the bioactive compounds are shown to the right. u/i: unidentified volatile organic compound. (B,C) A synthetic blend composed of the bioactive compounds, in their natural ratio (A), elicited attraction (positive preference indices) of both Culex spp. in a Y-tube olfactometer, which was dependent on the presence or absence of carbon dioxide (CO2), as demonstrated using binomial regression. Mosquitoes demonstrated no significant preference for either side of the Y-tube olfactometer in the presence of a control (pentane) (C vs. C) or in the presence of CO2 in one of the upwind arms (CO2 vs. C) as shown on the left of the graph. The preference index was calculated as (T − C)/(T + C), where T is the number of mosquitoes associated with the test odor, and C the number of mosquitoes associated with the control. (D) The two Culex species were unable to discriminate between the natural headspace (filled) and the synthetic blend (open) of chicken odor, when assessed in a two-choice olfactometer (two sample t-test).


A synthetic blend of the seven shared GC-EAD-bioactive compounds identified in the pooled headspace extract of chickens, in their identified ratio (Figure 1A; indicated in bold italics), elicited dose-dependent attraction of both Cx. p. molestus (F = 2.498, df = 4, P = 0.05; Figure 1B) and Cx. quinquefasciatus (F = 2.479, df = 4, P = 0.05; Figure 1C). The presence of CO2 elicited a similar dose-dependent attraction of Cx. p. molestus to the synthetic blend (F = 2.851, df = 4, P = 0.034), a response that was not significantly different from that to the synthetic blend alone (X2 = 2.995; df = 1; P = 0.084). In contrast, for Cx. quinquefasciatus, the presence of CO2 elicited an aversive response to the synthetic blend within the full range of doses tested (X2 = 3.7, df = 1, P < 0.05). To further compare the potency of the synthetic chicken odor blend to attract the two Culex species, this was tested against the pooled natural headspace extract (released at 17 min equivalents; Spanoudis et al., 2020) in a Y-tube olfactometer, revealing no significant difference for neither Cx. p. molestus (t = 0.126; P = 0.901) nor Cx. quinquefasciatus (t = 0.941; P = 0.354) (Figure 1D).

The subtraction of individual components from the full synthetic blend, released at a dose of 10–3, generally reduced the attraction of host-seeking Culex mosquitoes significantly, when compared to the attraction response to the full blend, with the exception of the removal of non anal in the case of Cx. p. molestus and Cx. quinquefasciatus and 3-octanone of Cx. quinquefasciatus (Figures 2A,B).
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FIGURE 2
Behavioral responses of host-seeking Culex pipiens molestus (A) and Culex quinquefasciatus (B) to subtractive blends based on chicken odor. Attraction to the full chicken blend was generally significantly reduced compared to that of the full chicken odor blend, as demonstrated using a generalized linear model followed by Dunnett’s post-hoc tests. Different lowercase letters indicate significant differences in attraction between the subtractive blend and the full chicken odor blend. The preference index was calculated as (T − C)/(T + C), where T is the number of mosquitoes associated with the test odor, and C the number of mosquitoes associated with the control. Error bars denote standard error of the mean.




Synthetic chicken odor attracts mosquitoes under field conditions

The efficacy of the synthetic chicken odor to attract mosquitoes under field conditions was assessed at two geographical sites, Sindos, Thessaloniki (Greece) and Cedar Key Scrub State Reserve (FL, United States) (Figures 3A,B), each with disparate mosquito fauna. At each site, traps baited with the synthetic odor blend, in combination with CO2, caught significantly higher number of mosquitoes compared to the other treatments (Thessaloniki: F = 53.76, df = 3, P < 0.0001; Cedar Key Scrub State Reserve: F = 64.49, df = 3, P < 0.0001; Figures 3A,B). When trap captures from Thessaloniki were analyzed at the genus level, a significantly higher number of Culex, Anopheles, and Culiseta mosquitoes were found in traps baited with the synthetic odor blend, in combination with CO2, in comparison to the other lure types (Figure 3A). Similarly, a significantly higher number of Culex mosquitoes were caught in traps baited with the synthetic odor blend, in combination with CO2, at Cedar Key Scrub State Reserve (Figure 3B). The predominant species caught in Thessaloniki and at Cedar Key Scrub State Reserve were Cx. pipiens (80%) and Cx. salinarius (72%), respectively, both of which include birds in their host ranges (Tables 1, 2). Several of the other species caught in traps baited with the synthetic odor blend, in combination with CO2, have also been reported to display similar host preferences (Tables 1, 2). Interestingly, a higher number of the annelid specialist, Uranotaenia sapphirina, were caught in traps baited with the synthetic odor blend alone, compared to the other trap types at Cedar Key Scrub State Reserve (Table 2).


[image: image]

FIGURE 3
Field assessment of the synthetic chicken odor. Deployment of traps (°) in (A) Sindos, Thessaloniki (Greece) and (B) Cedar Key Scrub State Reserve (FL, United States). At both sites, the synthetic chicken odor blend, when combined with carbon dioxide (CO2), significantly enhanced the abundance and diversity of mosquito species that include birds in their diet, when compared to CO2-baited and control traps, when analyzed using a mixed effects model. In the absence of CO2, traps baited with the synthetic chicken odor blend caught similar number of mosquitoes as the control traps, as shown using a pairwise comparison t-test. Lowercase letters indicate significant differences by P < 0.05. Error bars denote standard error of the mean (A: N = 16; B: N = 32).



TABLE 1    Species and number of mosquitoes caught in Sindos, Thessaloniki (Greece) using odor-baited Encephalitis Vector Survey mosquito traps.
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TABLE 2    Species and number of mosquitoes caught at Cedar Key Scrub State Reserve (FL, United States) using odor-baited Center of Disease Control mosquito traps.
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Ambiguous results using cyclopentanone as a CO2 replacement

Under laboratory conditions, CO2 and cyclopentanone, when presented at a concentration of 10%, alone or in combination with the synthetic chicken odor had a significant effect on the attraction of host-seeking Cx. quinquefasciatus (χ2 = 79.92, df = 5, P < 0.0001) (Figure 4A). An additive significant effect was observed when combining either CO2 or cyclopentanone with the synthetic chicken odor (Figure 4A).
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FIGURE 4
Differential response of mosquitoes to the carbon dioxide (CO2) receptor agonist, cyclopentanone. (A) Under laboratory conditions, cyclopentanone (CP) reproduced the behavioral response of Culex quinquefasciatus to CO2 in the presence or absence of the synthetic chicken odor blend. A nominal logistic fit model was used for statistical analysis. Lowercase letters indicate significant differences by odd ratios (likelihood ratio test) in pairwise comparisons, P < 0.05. Error bars denote standard error of the mean (N = 10). (B) Tested under field conditions at Cedar Key Scrub State Reserve (FL, United States) (Figure 2B), traps baited with cyclopentanone, in combination with the synthetic chicken odor, caught significantly overall higher number of Uranataenia sapphirine and Uranataenia lowii when compared to traps baited with cyclopentanone alone, and to control traps, when analyzed using a mixed effects model. The two Uranataenia species were also attracted to, and caught in, traps baited with CO2 and a low dose of the synthetic chicken odor blend. Lowercase letters indicate significant differences by, P < 0.05. Error bars denote standard error of the mean (N = 9).


In the field, an overall significant effect was observed on trap captures when CO2 and the receptor agonist cyclopentanone were evaluated together with the synthetic chicken odor in the field at Cedar Key Scrub State Reserve (F-ratio = 23.51, df = 8, P < 0.0001). However, the CO2 receptor agonist, cyclopentanone, had no significant effect on the trap captures of available Culex and Anopheles species, when presented alone or in combination with the synthetic chicken odor (P > 0.05). Thus, the observed overall significant effect on trap captures at Cedar Key Scrub State Reserve was attributed mainly to the performance of CO2-baited traps, which, in the presence and absence of the synthetic chicken odor, caught a significantly higher number of Culex mosquitoes compared to the other trap types (P < 0.0001). The species composition of Culex and Anopheles mosquitoes caught in the traps reflected that presented in Table 2 (data not shown). The only species caught in significantly higher numbers in traps baited with the CO2 receptor agonist in combination with the synthetic chicken odor were U. sapphirinia and U. lowii, specialist feeders on annelids and amphibians, respectively, both of which were also caught in significant numbers in traps baited with CO2 in combination with a low release rate of the synthetic chicken odor (Figure 4B).




Discussion

Conserved chemical codes, consisting of a complex blend of salient volatile organic compounds, drive long-range host seeking and discrimination in mosquitoes (Ignell and Hill, 2020; Zhao et al., 2020). Evidence provided in this study emphasizes that the physiological and behavioral response to such codes is selected for through purifying selection, or has evolved convergently, as both closely and distantly related taxa of mosquitoes were attracted to the chemical code of chicken odor, when presented in the background of CO2. The CO2 receptor agonist, cyclopentanone, while failing to gate the response of bird-preferring mosquitoes to the synthetic chicken odor blend in the field, significantly increased the trap capture of two highly specialized mosquito species. This highlights the intricate role of CO2 for host-seeking mosquitoes. The identification of conserved chemical codes, which drive innate preference behaviors that are fundamental for survival and reproduction, provides important substrates for future control interventions targeting disease vector mosquitoes.

The chemical code of chicken odor for a mosquito is composed of a single chicken-specific bioactive volatile organic compound (3-octanone), and several salient bioactive volatile organic compounds, which previously were identified from other mosquito resources, e.g., human emanates, and demonstrated to elicit physiological and behavioral responses in mosquitoes, albeit at different relative ratios (Omondi et al., 2019; Ignell and Hill, 2020). Consistent with previous analyses of vertebrate host odor, chicken odor is enriched in aliphatic aldehydes, but demonstrates an apparent lower abundance of the long-chain aldehyde, decanal, and the ketone, sulcatone, when compared to human odor (Omondi et al., 2019; Zhao et al., 2020). Notably, non anal, to which Culex mosquitoes have an acute sensitivity (Syed and Leal, 2009), appears to be redundant for eliciting host seeking. The short-chain aliphatic aldehydes and sulcatone, as well as benzaldehyde, are common volatile organic constituents of bird odor (Campagna et al., 2011), and a recent analysis of the odor profile of quail, which plays an important role in the ecology of mosquito-borne encephalitis (Reisen et al., 2006), demonstrate similar relative abundance of the salient bioactive volatile organic compounds identified in chickens (this study; Zhao et al., 2020). Available data thus suggest that mosquitoes that include birds in their diet, either as specialist or generalist feeders, can distinguish birds from humans, and other animals, by their unique odor bouquet, in terms of blend composition and ratio of volatile organic compounds.

Culex p. molestus and Cx. quinquefasciatus are members of the enigmatic Cx. pipiens species complex, which demonstrate differential traits, e.g., host and feeding site preferences, reflected in differential gene expression and nucleotide polymorphisms, including genes involved in odorant detection (Aardema et al., 2021; Kang et al., 2021; Gu et al., 2022). Comparative GC-EAD analyses of Cx p. molestus and Cx. quinquefasciatus revealed conserved, as well as unique, receptivity to host odorants between the two species, likely augmented by changes in the function, and/or in the presence/absence or abundance of subsets of chemosensory genes, including odorant receptors (Gu et al., 2022). Future functional characterization of the divergently expressed odorant receptors identified in Cx p. molestus and Cx. quinquefasciatus by Gu et al. (2022) will be pertinent for identifying the molecular mechanism underlying host selection and discrimination in these species. Considering that divergent taxa of mosquitoes, including Cx. quinquefasciatus, An. coluzzii, and Aedes aegypti, all respond to the aliphatic aldehydes, benzaldehyde, the ketones, sulcatone and geranyl acetone, as well as limonene, that are present in chicken and human emanates (this study; Omondi et al., 2019; Zhao et al., 2020), suggests that odorant receptor function has evolved convergently. Whether the lack of sensitivity to geranyl acetone and limonene, two compounds present in human odor emanates (Omondi et al., 2019; Zhao et al., 2020), is due to a loss of function in Cx. p. pipiens, and makes Cx. quinquefasciatus more prone to be attracted to humans for blood feeding compared to Cx. p. molestus awaits further analysis.

Carbon dioxide is a known activator and attractant, as well as gates the response of mosquitoes to other host odors (McMeniman et al., 2014). While CO2 decreases or inhibits the behavioral response of Cx. p. molestus and Cx. quinquefasciatus, respectively, in a Y-tube assay (this study, Spanoudis et al., 2020), this was not observed using a no-choice assay or under field conditions, emphasizing the stealthy host-approach behavior of these species (Edman and Scott, 1987; Cooperband and Cardé, 2006). While the CO2 receptor agonist, cyclopentanone, attracted Cx. quinquefasciatus at a comparable level as CO2 under laboratory conditions, supporting previous observations (Tauxe et al., 2013), it failed to lure mosquitoes, with the notable exception of U. sapphirinia and U. lowii, in the field. This may be due to different volatility of CO2 and cyclopentanone. The fact that these specialist feeders on annelids and amphibians (Reeves et al., 2018) are caught in significantly higher numbers in traps baited with the CO2 receptor agonist and a synthetic odor blend derived from chickens, than in equivalent traps baited with CO2 and the synthetic blend, suggests that (a) they are acutely tuned to the low levels of CO2 emitted by these animals, and (b) tuned to at least some of the salient volatile compounds in this synthetic odor blend. In support of the latter, chemical analyses of frog odor (Smith et al., 2000; Brunetti et al., 2015, 2019) have demonstrated the presence of the short-chain aldehydes, sulcatone and limonene identified in chicken emanates. The presence of these, and other volatile organic compounds identified in vertebrate host odor demonstrates substantial chemical parsimony, and a strong adaptation pressure on mosquitoes to use these signals to locate resources.

While recent successes in vector control have led to major reductions in vector-borne diseases, there are still many examples of resurgence and spread of vector populations, exacerbated by increased insecticide resistance (Amelia-Yap et al., 2018; Riveron et al., 2018), global trade (Lillepold et al., 2019), travel (Lillepold et al., 2019) and climate change (Rocklov and Dubrow, 2020; Colon-Gonzalez et al., 2021; Ligsay et al., 2021). Odor-baited traps are deemed a viable component for future integrated vector management programmes, which can be used for both surveillance and control of vector mosquitoes (Mafra-Neto and Dekker, 2019). Challenges overcome in this study have allowed for the identification of a chemical code, and a formulation mimicking the release rate and ratio of compounds within the code, which attracts a wide range of mosquito taxa, including vectors of the West Nile virus, for which no efficient attractant is currently available. Further optimization of the blend may, however, be required for increased species selectivity. Additional obstacles to overcome to make the current lure, and other emerging odor-based lures available for integrated vector management is product registration, which is hampered by cost and stringent regulatory bureaucracy, to allow the product to be adopted by national programs or other stakeholders.
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