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Aedes aegypti is a mosquito that transmits viral diseases such as dengue, chikungunya, Zika, and yellow fever. The insect’s microbiota is recognized for regulating several biological processes, including digestion, metabolism, egg production, development, and immune response. However, the role of the bacteria involved in insecticide susceptibility has not been established. Therefore, the objective of this study was to characterize the resident microbiota in a field population of A. aegypti to evaluate its role associated with susceptibility to the insecticides permethrin and deltamethrin. Mosquitoes were fed 10% sucrose mixed with antibiotics and then exposed to insecticides using a diagnostic dose. DNA was extracted, and sequencing of bacterial 16S rRNA was carried out on Illumina® MiSeq™. Proteobacteria (92.4%) and Bacteroidetes (7.6%) were the phyla, which are most abundant in mosquitoes fed with sucrose 10%. After exposure to permethrin, the most abundant bacterial species were Pantoea agglomerans (38.4%) and Pseudomonas azotoformans-fluorescens-synxantha (14.2%). Elizabethkingia meningoseptica (38.4%) and Ps. azotoformans-fluorescens-synxantha (26.1%) were the most abundant after exposure to deltamethrin. Our results showed a decrease in mosquitoes’ survival when exposed to permethrin, while no difference in survival when exposed to deltamethrin when the microbiota was modified. We found that the change in microbiota modifies the response of mosquitoes to permethrin. These results are essential for a better understanding of mosquito physiology in response to insecticides.
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INTRODUCTION

According to the World Health Organization (WHO), vector diseases represent 17% of the estimated emerging infectious diseases in the world (WHO, 2020). This results from vector’s geographical expansion, world transport, unplanned urbanization, and climate change (Jupatanakul et al., 2014). Viruses like dengue, zika, and chikungunya are the most important arboviruses, which are the leading cause of the emerging infectious diseases worldwide (Patterson et al., 2016). The main vectors of these diseases are mosquitoes belonging to the genus Aedes (Diptera: Culicidae) (Mayer et al., 2017). In Mexico, the control of these mosquitoes depends on integrated management with insecticides (CENAPRECE, 2018); however, as in many other countries, the effectiveness of vector control programs is compromised by the development of resistance to insecticides (Musso and Gubler, 2015). Moreover, there is concern about the environmental impact of this approach (Nkya et al., 2013; Smith et al., 2016). Recent studies have shown that insecticide resistance is a diverse and global process related to metabolic mechanisms (increased enzymatic activity) and resistance to the target site (Smith et al., 2016; Dada et al., 2019). These problems have created the need to develop alternative methods for controlling mosquito populations (Ramirez et al., 2012).

Previous research indicates that mosquitoes can host different bacterial communities that vary depending on sex, stage of development, and environmental factors (Cirimotich et al., 2010; Ramirez et al., 2012; Terenius et al., 2012; Coon et al., 2016). The functions of these microorganisms in the insects are correlated with nutrition, immune response, protection against pathogens, digestion, and development, among others (Gaio et al., 2011; Douglas, 2014). Multiple studies have addressed the bacterial community in A. aegypti, where species of the genera Bacillus, Elizabethkingia, Enterococcus, Klebsiella, Pantoea, Serratia, and Sphingomonas have been found (Terenius et al., 2012). Other studies have demonstrated the role of microbiota as a modulator of vector competence in Anopheles during infection with Plasmodium (Abdul-Ghani et al., 2012; Dennison et al., 2014). In A. atropalpus, the intestinal microbiota has been found to be associated with variations in survival, size, and egg production (Coon et al., 2016). In addition, new control strategies and environmentally friendly measures have focused on endosymbiotic bacteria such as Wolbachia to reduce or block the transmission of pathogens such as dengue, chikungunya, and Zika viruses (Bian et al., 2010; Bennett et al., 2019; Scolari et al., 2019). Recently, the microbiota of insects has been found to be involved in the detoxification processes (Aislabie and Lloyd-Jones, 1995; Itoh et al., 2018). Studies have shown that bacteria such as Bacillus cereus, Enterobacter asburiae, and Pantoea agglomerans can degrade acephate, an organophosphate in the diamondback moth Plutella xylostella (Kikuchi et al., 2012; van den Bosch and Welte, 2017). Knowing that the detoxification mechanism is a complex process that is regulated by metabolic (increase in enzyme activity) or genetic (mutations) systems, our study aimed to characterize the resident microbiota in A. aegypti mosquitoes and their potential role in their susceptibility to the insecticides: permethrin and deltamethrin.



MATERIALS AND METHODS


Biological Material

The A. aegypti mosquitoes were obtained locally from San Lorenzo, which is located in the municipality of Umán in the state of Yucatán, Mexico. Larvae were reared under controlled and aseptic conditions in the rearing room: 28 ± 1°C, 80 ± 5% RH, and a 12:12 h light: dark photoperiod. Larvae were fed with a mixture of tilapia feed meal and yeast (90:10 ratio, respectively). The adult colonies were incubated at 27 ± 2°C, 75 ± 5% RH, and under a 12:12 h light: dark regime in the insectarium of the Collaborative Unit for Entomologic Bioassays (UCBE) at the Universidad Autónoma de Yucatán (UADY).



Microbiota Suppression

Once the larval development cycle was completed, the pupae were transferred to beakers for the emergence of adults in rearing cages 25 cm × 25 cm × 25 cm (Bug Dorm-1) previously disinfected with 70% ethanol to maintain the aseptic conditions. At 24 h post-emergence, groups of 100–125 females were selected for each treatment. In the first treatment, the female mosquitoes were fed with sterilized 10% sucrose solution (denoted as group A). For the modification of the microbiome, female mosquitoes (100-125) were placed and fed with sterilized 10% sucrose solution with 10 U/ml for penicillin/streptomycin (Gibco Life Technologies) (denoted as group H: treated with penicillin/streptomycin). In other treatments, female mosquitoes (100-125) were placed and fed with sterilized 10% sucrose solution with 15 μg/ml gentamicin (Gibco Life Technologies) (denoted as I: treated with gentamicin). The antibiotic concentrations used in this study were previously reported by Dong et al. (2009). The treatments were done for 3 consecutive days and no mortality of mosquitoes was recorded during the assay. Microbiota of mosquitoes treated with antibiotics was analyzed to ensure changes in the microbiota.



Mosquito Susceptibility to Pyrethroid Insecticides

After modification to antibiotics, groups of mosquitoes were used for susceptibility bioassays. These assays were performed according to the CDC bottle method bioassay (Brogdon and McAllister, 1998), with 20 to 25 females with microbiota modification and without modification. Survival against each insecticide was evaluated in six groups of mosquitoes as follows: B: exposed to permethrin (control group), C: treated with penicillin/streptomycin permethrin exposed, D: treated with gentamicin permethrin exposed, E: exposed to deltamethrin (control group), F: treated with penicillin/streptomycin deltamethrin exposed and G: treated with gentamicin deltamethrin exposed). Groups were exposed to the diagnostic dose of permethrin of 15 μg/bottle and deltamethrin of 10 μg/bottle (>95% purity; Chemservice, West Chester, PA, United States). Each bioassay consisted of four replicates per treatment and one control bottle without insecticide. The bioassays were carried out as described above (average temperature of 27 ± 2°C and relative humidity of 75 ± 5%, under aseptic conditions). The specimens that survived the diagnostic time (TD, 30 min for both pyrethroids) were transferred to recovery cups. The gut was then extracted according to the method described by Liu et al. (2018) with modifications. Briefly, before dissection, adult insects were sterilized with 96% ethanol for 3 min, then rinsed 3 times with sterile deionized water. The guts of 20–25 adult females were dissected on a plate containing 2 ml of sterile phosphate-buffered solution (10 mmol/L, pH 7.4; Ambion, Thermo Fisher Scientific, Madison, WI, United States) using a pair of flame-sterilized entomological forceps and with the aid of a stereomicroscope (Leica MZ16, 1.6X). The extracted guts were placed in 1.5-ml plastic Eppendorf® tubes containing a DNA shield and stored at –70°C for DNA extraction and sequencing.



Microbiome Analysis


Extraction of DNA

The samples used in this study were analyzed using the ZymoBIOMICS® service performed by Zymo Research (Irvine, CA, United States). DNA was extracted from samples collected and processed with the ZymoBIOMICS™ Service - Targeted Metagenomic Sequencing (Zymo Research, Irvine, CA, United States). The ZymoBIOMICS®-96 MagBead DNA Kit (Zymo Research, Irvine, CA, United States) was used to extract DNA.



Targeted Library Preparation

Bacterial 16S rRNA gene-targeted sequencing was performed using the Quick-16S™ NGS Library Prep Kit (Zymo Research, Irvine, CA, United States). Bacterial 16S primers amplified the V1-V2 or V3-V4 region of the 16S rRNA gene. These primers have been custom designed by Zymo Research to provide the best coverage of the 16S gene while maintaining high sensitivity. The sequencing library was prepared using a library preparation process in which PCR was performed in real-time PCR instruments to control cycles and prevent/limit PCR chimera formation. The final PCR products were quantified with qPCR fluorescence readings and pooled together based on equal molarity. The final pooled library was cleaned up with the Select-a-Size DNA Clean & Concentrator™ (Zymo Research, Irvine, CA, United States) and then quantified with TapeStation® and Qubit®. The final library was sequenced on Illumina® MiSeq™ with a v3 reagent kit (600 cycles). The sequencing was performed with > 10% PhiX spike-in.




Bioinformatics Analysis

Raw reads were quality-filtered to remove low-quality data and chimeric sequences using Dada2 pipeline (Callahan et al., 2016). The resulting data were analyzed using the Quantitative Insights Into Microbial Ecology (Qiime v.1.9.1) pipeline. Reads were clustered into operational taxonomic units (OTUs) with representative sequences and calculated read counts (abundances) into OTUs at 97% (species-level) sequence identity to compare OTUs abundance between treatments. If an OTU contained fewer than 5 reads, they were omitted from downstream analyzes. Taxonomy assignment was performed using Uclust from Qiime v.1.9. with Greengenes database as reference with a 0.80 confidence threshold.1 If applicable, a taxonomy that showed significant abundance between different groups was identified by LEfSe (Segata et al., 2011) using default settings. Alpha-diversity (Shannon diversity) and beta-diversity (Chao1) analyzes were performed with Qiime v.1.9.1 pipeline (Caporaso et al., 2010). We performed a principal coordinates analysis (PCoA) on Bray–Curtis distances using Qiime v.1.9 to compare the microbial community differences between different treatments. Permutational multivariate analysis of variance (PERMANOVA) was applied to Bray-Curtis similarity matrices to compute similarities between groups using PAST statistical software version 2.17. Other analyzes such as heatmaps and abundance plots were performed with internal scripts (see Supplementary 3 and 4).



Statistical Analysis

Kaplan–Meier survival and Mantel–Haenszel analysis tests were conducted using IBM SPSS Statistical Software version 20.0 to determine the statistically significant differences in the survival of mosquitoes treated with antibiotics and control after treatment with the insecticide. Differences were significant when p ≤ 0.05.




RESULTS


Mosquito Susceptibility to Pyrethroid Insecticides After Treatment With Antibiotics

Here, we examined the impact on the mosquito microbiota after treatment with one concentration of two antibiotics including penicillin/streptomycin and gentamicin as described above. As expected, a decrease in the survival rate in mosquitoes exposed to permethrin (30.8%) and deltamethrin (55.8%) was observed compared to mosquitoes that were fed with 10% sucrose and no exposed to insecticides. In turn, a significant difference was observed (p ≤ 0.05) between the different groups exposed to permethrin after treatment with penicillin/streptomycin (16%) or gentamicin (28%) compared to control group fed with 10% sucrose exposed to permethrin. Further, no difference was seen in the group of mosquitoes exposed to deltamethrin that were treated with penicillin/streptomycin (2%). Likewise, the group treated with gentamicin showed a decrease in survival (4%) (Figure. 1).
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FIGURE 1. Kaplan-Meier survival curve after exposure to the pyrethroid insecticides permethrin and deltamethrin in an adult population of Aedes aegypti using the CDC bottle bioassay (p ≤ 0.05). A: fed with sucrose 10%, B: exposed to permethrin. (control group), C: treated with penicillin/streptomycin permethrin exposed, D: treated with gentamicin permethrin exposed, E: exposed to deltamethrin (control group), F: treated with penicillin/streptomycin deltamethrin exposed, and G: treated with gentamicin deltamethrin exposed.




Aedes aegypti Microbial Communities

A total of 1,48,300 rawseqs were generated from adult A. aegypti. Proteobacteria (92.4%) and Bacteroidetes (7.6%) were the most abundant bacterial phyla found in adult mosquito populations fed with 10% sucrose. Briefly, the bacterial diversity was predominantly composed of the classes Gammaproteobacteria (91.6%), Flavobacteria (7.6%), Betaproteobacteria (0.5%), and Alphaproteobacteria (0.3%). Additionally, Enterobacteriales (77.7%), Pseudomonales (13.6%), Flavobacteriales (7.6%), Burkholderiales (0.5%), and Aeromonadales (0.2%) were found as the main bacterial orders. Overall, Enterobacteriaceae (74.7%), Pseudomonadaceae (13.1%), and Flavobacteriaceae (7.6%) were the most abundant families. The genus Pantoea (43.0%) was the most abundant, whereas P. agglomerans was the most predominant species. Other species found were: Serratia marcescens (17.2%), Serratia marcescens-nemathodiphila (17.1%), Pseudomonas azotoformans-fluorescens-synxantha (12.9%), Elizabethkingia meningoseptica (5.6%) and Chryseobacterium zeae (2%) (Figure 2).
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FIGURE 2. Taxonomic abundance of A. aegypti mosquitoes fed 10% sucrose no exposed to insecticides.




Microbiota Aedes aegypti Population After Treatment With Antibiotic

Here, the microbiota of A. aegypti, when the groups were treated with penicillin/streptomycin, was composed only of the phylum Proteobacteria (99.99%), while in the groups treated with gentamicin was represented by Proteobacteria (96.23%) and Firmicutes (3.77%). Also, the family that was found in gentamicin treatments was Alcaligenacea (95.2%), and the main genera were Bordetella (95.2%), Staphylococcus (3.7%), and Serratia (1.1%). In the group treated with penicillin/streptomycin, the main families were Comammonodaceae (86%) and Pseudomonaceae (13.2%). The genera Delfia (86.0%) and Pseudomonas (13.36%) were the most abundant in this group (Supplementary Table 1).



Changes in the Gut Microbiota Composition of Aedes aegypti Exposed to Insecticides

In PERMANOVA, pairwise comparisons indicated that the microbiota profiles of mosquitoes treated with antibiotics and later exposed to permethrin were statistically different from those exposed to deltamethrin (p ≤ 0.05).



Exposure to Permethrin

The most abundant phyla in mosquitoes without modification of microbiota that were exposed to permethrin were Proteobacteria (74.1%) and Bacteroidetes (26%). In contrast, Proteobacteria (99.9%) was the dominant phylum in the mosquitoes treated with gentamicin that were exposed to permethrin. In the phylum Proteobacteria, the most representative class in all treatments was Gammaproteobacteria. Families found in mosquitoes that were only exposed to permethrin were Enterobacteriaceae (51.6%), Flavobacteriaceae (25.8%), Pseudomonadaceae (14.20%), and Moraxellaceae (7.6%). For the mosquitoes treated with penicillin/streptomycin and exposed to this insecticide, an increase in the family Pseudomonadaceae (93.9%) and decrease in the family Moraxellaceae (2.4%) was observed. Meanwhile, in mosquitoes treated with gentamicin and exposed to this insecticide, two families predominated Enterobacteriaceae (57.9%) and Aeromonadaceae (41.7%) (Figure 3).
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FIGURE 3. Taxonomic variation between groups of A. aegypti exposed to permethrin. A: fed with sucrose 10%, B: exposed to permethrin (control group), C: treated with penicillin/streptomycin permethrin exposed, D: treated with gentamicin permethrin exposed, H: treated with penicillin/streptomycin (not exposed), I: treated with gentamicin (not exposed).


Differences were found at the species level within the groups evaluated. In mosquitoes without modification of microbiota and exposed to permethrin, the most abundant species were P. agglomerans (38.4%), followed by E. meningoseptica (22.6%) (Figure 4). Diversity profiles showed that only bacterial communities exposed to permethrin were significant (α ≤ 1), according to their non-parametric estimator Chao1 value (21.52; 95% CI = 8.97–23.1), compared to the control group, which showed an estimator Chao1 value (18.70; 95% CI = 6.4–20). This indicated that exposure to the insecticide depended directly on the abundance of the bacterial species. PCoA plot with Bray-Curtis distance comparison showed a difference between the bacterial communities of the groups (F = 6.38, p = 0.009) with microbiota modification exposed to insecticide including groups treated with penicillin/streptomycin without exposition and groups only exposed to the insecticide (Figure 5). Even though the treatments with penicillin/streptomycin exposed to this insecticide were dominated by only one species, i.e., P. azotoformans-fluorescens-synxantha (93.7%), the estimator Chao1 was greater (30.1 95% CI = 1.4–34.1) when compared to the other treatments, so that the species found in greater proportion were E. meningoseptica (2.4%) and A. baumannii-calcoaceticus (6.1%), and about 16 species showed an abundance of < 1%. On the other hand, there was less diversity (α > 1) in the mosquitoes exposed to insecticide-treated with gentamicin because of the predominance of three species: Aeromonas dhakensis-hydrophila-taiwanensis (41.7%), Serratia marcescens (28.8%) and S. marcescens-nematodiphila (29.1%).
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FIGURE 4. Abundance heatmap of taxa with simple clustering (species) of bacterial communities of A. aegypti mosquitoes with permethrin exposure after microbiome suppression. A: fed with sucrose 10%, B: exposed to permethrin (control group), C: treated with penicillin/streptomycin permethrin exposed, D: treated with gentamicin permethrin exposed, H: treated with penicillin/streptomycin (not exposed), I: treated with gentamicin (not exposed).
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FIGURE 5. PCoA plot using Bray–Curtis distance showing the distribution of bacterial community composition in A. aegypti. (A) permethrin exposure (B) deltamethrin exposure.




Exposure to Deltamethrin

The bacterial communities in the mosquitoes exposed only to deltamethrin were dominated by the phyla Proteobacteria (54.8%) and Bacteroidetes (38.9%). In the same way, the mosquitoes treated with penicillin–streptomycin that were exposed to deltamethrin were represented by Proteobacteria (46.2%) and Bacteroidetes (53.8%). In groups treated with gentamicin and exposed to deltamethrin, the main phyla were Bacteroidetes (5.7%) and Firmicutes (25.3%) (Figure 6). E. meningoseptica was found in mosquitoes exposed to deltamethrin and the groups treated with penicillin-streptomycin exposed to this insecticide. The family Staphylococcaceae was only found in the mosquitoes with microbiota modified with penicillin-streptomycin, showing Staphylococcus arlettae (25.3%) as the most representative species. Species such as P. agglomerans-eucrina, S. marcescens, and S. marcescens-nematodiphila complex found in the control group as predominant in this group were found in a lower proportion (Figure 7). In the family Pseudomonadaceae, there was an increase in concentration after treatment with deltamethrin and exposure to penicillin-streptomycin. There was a significant difference in the diversity profiles (α ≤ 1) according to the non-parametric estimator Chao1, which was 74.10 (95% CI = 7.3–82.45), compared to the control group [Chao1 estimator: 18.70 (95% CI = 6.4–20)]. This indicated a substantial increase in the abundance of mosquitoes exposed to deltamethrin. While groups whose microbiota were modified showed less diversity (α > 1) compared to the control group according to Chao1 estimator of 12.63 (95% CI = 1.4–34.1, penicillin-streptomycin) and 10.36 (95% CI = 4.5–11, gentamicin). PCoA plot with Bray–Curtis distance comparison showed differences between bacterial communities of the control group and group of mosquitoes fed with sucrose 10%.
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FIGURE 6. Taxonomic variation between groups of A. aegypti exposed to deltamethrin. A: fed with sucrose 10% E: exposed to deltamethrin (control group), F: treated with penicillin/streptomycin deltamethrin exposed, G: treated with gentamicin deltamethrin exposed, H: treated with penicillin/streptomycin (not exposed), I: treated with gentamicin (not exposed).
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FIGURE 7. Abundance heatmap of taxa with simple clustering (species) of bacterial communities of A. aegypti mosquitoes in deltamethrin exposure after microbiome suppression. A: fed with sucrose 10%, E: exposed to deltamethrin (control group), F: treated with penicillin/streptomycin deltamethrin exposed, G: treated with gentamicin deltamethrin exposed, H: treated with penicillin/streptomycin (not exposed), I: treated with gentamicin (not exposed).





DISCUSSION

Insects are a broad group of organisms with a large variety of lifestyles, which depends directly on microorganism associations (Douglas, 2014; Guégan et al., 2018). Adaptations of mosquitoes to selective pressure have made it necessary to determine new ways to approach their control. There are only a few studies regarding the effect of insecticides on mosquito microbiota, and thus in this study, we determined the microbiota of a field population of A. aegypti in southern Mexico with sequencing techniques and the characterization of key bacteria in response to two pyrethroid insecticides. Previous studies have been conducted to determine the microbiota of mosquitoes in different geographical regions, which have allowed the determination of the microbial diversity of these species of mosquitoes (Ramirez et al., 2012). In our study, the natural microbiota of the A. aegypti population (control) was mainly dominated by the phyla Proteobacteria and Bacteriodetes; these results are like those previously reported by Wang et al. (2011). Bacterial populations differ because of the habitat in which they interact as it depends on food, through plants for sugar sources, or through blood in female mosquitoes (Guégan et al., 2018). There are several studies about the microbiota in A. aegypti populations of endemic areas of Panama where the predominant phyla are Proteobacteria and Firmicutes (Ramirez et al., 2012).

The predominant species in our control group were P. agglomerans-eucrina, S. marcescens-nematodiphila, P. azotoformans-fluorescens-synxantha, and E. meningoseptica. Previously, these bacterial genera have been isolated from other species of mosquitoes such as Anopheles gambiae and A. funestus from Kenia and Mali (Straif et al., 1998). Similarly, in A. aegypti (Rockefeller), the genera Bacillus, Elizabethkingia, Enterococcus, Klebsiella, Pantoea, Serratia, and Sphingomonas (Gusmão et al., 2010; Terenius et al., 2012) have been isolated. In Brazil, the most abundant genera detected in A. aegypti populations have been Pseudomonas, Acinetobacter, and Aeromonas (David et al., 2016). In addition, in Anopheles species from Vietnam, Acinetobacter spp. has been found to be the main component of the gut microbiota (Ngo et al., 2016). In the same way, microbiota in Anopheles has included Pseudomonas, Comamonas, Acinetobacter, Rhizobium, Burkholderia, and members of the family Enterobacteriaceae (Tchioffo et al., 2016). The midgut microbiota of Culex quinquefasciatus has been shown to harbor bacterial species such as Acinetobacter junii, Ac. calcoaceticus, Aeromonas culicicola, Bacillus thuringiensis, Microbacterium oxydans, P. agglomerans, P. aeruginosa, Staphylococcus epidermidis, and Stenotrophomonas maltophila (Pidiyar et al., 2004).

Adult mosquitoes may contain a bacterial diversity concentrated mainly in aerobic and anaerobic gram-negative bacteria (Coon et al., 2014, 2016). Many of the related associations between bacterial communities of an insect are known to be mutualists where the host provides bacteria with nutrients and habitat, having selectivity due to the physicochemical conditions present in the host intestine (e.g., alkaline pH, redox potential, oxygen level below 5%, etc.) (Dada et al., 2019). It has been reported that many gram-negative bacteria are frequently found in the middle intestine of vector insects, influencing differential growth by contributing to the modulation of vector competition (Azambuja et al., 2005). In mosquitoes, the bacteria of the phylum Proteobacteria, especially the family Enterobacteriaceae, which are the main components of the middle gut microbiome, can tolerate the redox stress of blood digestion (Jupatanakul et al., 2014). In our study, the most representative species in A. aegypti population (control group) was P. agglomerans. It is common to find this bacterium as a symbiont in mosquitoes since it is a natural inhabitant of the environment (Segado Arenas et al., 2012; Mayer et al., 2017). In mosquitoes, this bacterium participates in nitrogen fixation, creating a nitrogen-rich environment ideal for the development of eggs and larvae (MacCollom et al., 2009).

The microbiota of our population under study was modified by reducing important enterobacteria species to observe their impact on insecticide response. The populations of A. aegypti treated with penicillin/streptomycin and then exposed to permethrin showed a decrease in survival of 16% compared to the mosquitoes not treated. The populations modified with gentamicin decreased by 28% compared to those mosquitoes not treated but exposed to permethrin. The results showed that >90% of bacteria in these treatments were represented by the species P. azotoformans-fluorescens-synxantha with penicillin/streptomycin treatment, while in treatments with gentamicin, A. dhakensis-hydrophila-taiwanensis and S. marcescens-nematodiphila accounted for 29.10%. The strains of Pseudomonas are gram-negative, ubiquitous bacteria, characterized by primary nutritional needs and presence in various environments (soil, decaying organic material, atmospheric dust, vegetation, and water), with a wide range of plants and animals (Andreani et al., 2015). This genus has been found as part of the bacterial community in insects. Some research points to the toxic effectiveness of P. aeruginosa in the larvae of different mosquito species of the genera Aedes, Anopheles, Culex, and Culiseta. In vivo experiments with P. fluoresences cultures have found effectiveness against pupae of three mosquito species: An. stephensi, Cx. quinquefasciatus and Ae. aegypti (Prabakaran et al., 2009). Similarly, Nabar and Lokegaonkar (2015) reported the larvicidal power of metabolites extracted from Pseudomonas spp. The species P. fluorescens has active metabolites against the larvae and pupae of Cx quinquefasciatus mosquitoes (Sadanandane et al., 2003; Brammacharry and Paily, 2012).

On the other hand, with the modification of the microbiota with gentamicin, we found the complex A. dhakensis-hydrophila-taiwanensis. This genus of gram-negative bacteria inhabits many environments (aquatic, fish, food, domesticated pets, invertebrate species, birds, ticks and insects, and natural soils) (Figueras et al., 2005; Janda and Abbott, 2010), and has been isolated from the intestines of Cx. quinquefasciatus (Pidiyar et al., 2002, 2004). Similarly, the species A. hydrophila has been reported to possess chitinolytic enzymes with activity against Cx. quinquefasciatus under laboratory conditions (Halder et al., 2012). As we observed in our results, when modifying the microbiota, enterobacteria were eliminated, indicating that these bacteria may play an important role in maintaining the response to insecticides. Certain bacterial communities such as Pseudomonas spp. and Aeromonas spp. were increased; it has been reported that some of these bacteria may produce metabolites that can compromise the physiological functioning of the mosquitoes when they are exposed to insecticides. Therefore, we could associate this type of response to this event resulting in decreased survival in our results.

The response with deltamethrin was different from what we observed in the permethrin group. There was a non-significant 2% decrease in mosquito survival with exposure to deltamethrin and penicillin/streptomycin treatment and a reduction of 4% with gentamicin compared to those whose microbiota was not modified. However, we could observe a change in the microbiota populations exposed to deltamethrin. The mosquitoes treated with penicillin/streptomycin exposed to this insecticide showed as predominant species E. meningoseptica and P. azotoformans-fluorescens-synxantha, while B. hinzii-petrii and S. arletta in those exposed to gentamicin. E. meningoseptica is a non-motile gram-negative bacillus, ubiquitous in nature (Kim et al., 2005). The members of the genus Elizabethkingia are found in wet habitats, particularly in water supplies (Kämpfer et al., 2011). In mosquitoes, it has been reported that this bacterium can modulate anti-Plasmodium effects, thus prolonging the lifespan of the infected mosquito vector (Akhouayri et al., 2013). In addition, it has been consistently found in laboratory conditions to be an important part of the functionality of mosquitoes (Wang et al., 2011). E. anophelisis is known to be a dominant bacterium in the gut microbiota in the mosquito A. gambiae (Rani et al., 2009; Gusmão et al., 2010; Kämpfer et al., 2011; Boissière et al., 2012; Akhouayri et al., 2013), and E. meningoseptica has been found in Cx. quinquefasciatus (Terenius et al., 2012). Similarly, the genus Elizabethkingia was detected in 68% of mosquito populations collected in Cameroon (Chen et al., 2015). The species Bordetella sp., which was the most abundant bacterium in the modification with gentamicin, is found in various aquatic environments and terrestrial environmental sources, also associated with plants (Shamim et al., 2019). The genus Bordetella has been isolated from adult mosquitoes of An. stephensi (Chavshin et al., 2012). Although these species are not common among microbes in mosquitoes, they can be found in small amounts in the intestinal ecosystem or tissues of mosquitoes, having an ecological connection to behavior and protection against adverse conditions (Kukutla et al., 2013).

Recent studies have demonstrated the role of symbiotic bacteria in detoxification processes (Itoh et al., 2018). This was observed in arthropods with phenothion applied in agricultural fields which were shown to be degraded by Pseudomonas, Flavobacterium, and Burkholderia (Kikuchi et al., 2012). Bacillus cereus, isolated from the guts of the P. xylostella moth, has been found to have a high degradation capability for the pesticide indoxacarb (Ramya et al., 2016a). Similarly, Enterobacter asburiae and P. agglomerans were found to degrade acephalate (Ramya et al., 2016b). Also, Citrobacter sp. was isolated from the intestine of B. dorsalis, capable of hydrolyzing trichlorphon (McFall-Ngai et al., 2013). Recently, a study determined the effects of pyrethroid insecticides in An. albimanus microbiota, finding differences with respect to mosquitoes not exposed to pyrethroids, determining Klebsiella, Pantoea, and Asia as key species in resistance to pyrethroids (Dada et al., 2019). In our study, we did not find species with evidence of metabolism of deltamethrin; however, we observed that with exposure to deltamethrin, there were different patterns of bacterial profiles compared to those seen with exposure to permethrin, which could influence the detoxification process. Our results clearly showed a different response to two insecticides from the same family, previously noted in Dada et al. (2019)’s study, where they obtained different microbiota patterns against pyrethroid insecticides. It is very important in future investigations to study the participation of key bacteria in the mechanisms of detoxification in mosquitoes since there is limited information.



CONCLUSION

The results of this study describe the microbiota of A. aegypti, which were dominated by species of Proteobacteria and Bacteroidetes. In nature, insects frequently face unfavorable environmental conditions that can alter symbiotic bacteria. In this study, we observed that changes in the microbiota affect the mosquito’s response to exposure to pyrethroid insecticides. Symbiont microorganisms associated with mosquitoes have been shown to play a key role in response to insecticide exposure. The search for key symbionts related to response to insecticides will allow us to understand mosquito physiology and then create tools and new targets for controlling mosquito populations. The development of this research will generate basic knowledge of key bacteria of each population analyzed.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: National Center for Biotechnology Information (NCBI) BioProject database under accession numbers OK646404-OK646460 entitled “Uncultured Prokaryotic 16S rRNA/Microbiome Aedes aegypti Group 1” and OK648490-OK648570 entitled “Uncultured Prokaryotic 16SrRNA/Group 2”.



ETHICS STATEMENT

Ethical review and approval were not required for the animal study because the manuscript presents research results on invertebrate animals (Aedes aegypti).



AUTHOR CONTRIBUTIONS

All authors contributed to the Replication of experiments, data analysis, and manuscript review.



FUNDING

This work was supported by a grant from the Consejo Nacional de Ciencia y Tecnología de México (CONACYT) grant no. A1-S-15485 and the Universidad Autónoma de Nuevo León.



ACKNOWLEDGMENTS

We gratefully acknowledge the critical reading of the manuscript by A. Leyva (United States) who provided English editing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.761459/full#supplementary-material


FOOTNOTES

1https://greengenes.secondgenome.com/


REFERENCES

Abdul-Ghani, R., Al-Mekhlafi, A. M., and Alabsi, M. S. (2012). Microbial control of malaria: biological warfare against the parasite and its vector. Acta Trop. 121, 71–84. doi: 10.1016/j.actatropica.2011.11.001

Aislabie, J., and Lloyd-Jones, G. (1995). A review of bacterial-degradation of pesticides. Soil Res. 33, 925–942. doi: 10.1071/SR9950925

Akhouayri, I. G., Habtewold, T., and Christophides, G. K. (2013). Melanotic pathology and vertical transmission of the gut commensal Elizabethkingia meningoseptica in the major malaria vector Anopheles gambiae. PLoS One 8:e77619. doi: 10.1371/journal.pone.0077619

Andreani, N. A., Martino, M. E., Fasolato, L., Carraro, L., Montemurro, F., Mioni, R., et al. (2015). Reprint of ‘Tracking the blue: a MLST approach to characterise the Pseudomonas fluorescens group’. Food Microbiol. 45, 148–158. doi: 10.1016/j.fm.2014.11.011

Azambuja, P., Garcia, E. S., and Ratcliffe, N. A. (2005). Gut microbiota and parasite transmission by insect vectors. Trends Parasitol. 21, 568–572. doi: 10.1016/j.pt.2005.09.011

Bennett, K. L., Gómez-Martínez, C., Chin, Y., Saltonstall, K., McMillan, W. O., Rovira, J. R., et al. (2019). Dynamics and diversity of bacteria associated with the disease vectors Aedes aegypti and Aedes albopictus. Sci. Rep. 9:12160. doi: 10.1038/s41598-019-48414-8

Bian, G., Xu, Y., Lu, P., Xie, Y., and Xi, Z. (2010). The endosymbiotic bacterium Wolbachia induces resistance to dengue virus in Aedes aegypti. PLoS Pathol. 6:e1000833. doi: 10.1371/journal.ppat.1000833

Boissière, A., Tchioffo, M. T., Bachar, D., Abate, L., Marie, A., Nsango, S. E., et al. (2012). Midgut microbiota of the malaria mosquito vector Anopheles gambiae and interactions with Plasmodium falciparum infection. PLoS Pathog. 8:e1002742. doi: 10.1371/journal.ppat.1002742

Brammacharry, U., and Paily, K. (2012). Chitinase like activity of metabolites of Pseudomonas fluorescens Migula on immature stages of the mosquito, Culex quinquefasciatus (Diptera: Culicidae). Afr. J. Microbiol. Res. 6, 2718–2726. doi: 10.5897/AJMR11.1270

Brogdon, W. G., and McAllister, J. C. (1998). Insecticide resistance and vector control. Emerg. Infect. Dis. 4, 605–613. doi: 10.3201/eid0404.980410

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

CENAPRECE (2018). Guía de Nebulización Térmica Para la Aplicación de Adulticida con Equipo Portátil. Available online at: https://www.gob.mx/cms/uploads/attachment/file/354680/Guia_Metodologica_para_la_Nebulizacion_Termica.pdf (accessed November 11, 2020).

Chavshin, A. R., Oshaghi, M. A., Vatandoost, H., Pourmand, M. R., Raeisi, A., Enayati, A. A., et al. (2012). Identification of bacterial microflora in the midgut of the larvae and adult of wild caught Anopheles stephensi: a step toward finding suitable paratransgenesis candidates. Acta Trop. 121, 129–134. doi: 10.1016/j.actatropica.2011.10.015

Chen, S., Bagdasarian, M., and Walker, E. D. (2015). Elizabethkingia anophelis: molecular manipulation and interactions with mosquito hosts. Appl. Environ. Microbiol. 81, 2233–2243. doi: 10.1128/AEM.03733-14

Cirimotich, C. M., Dong, Y., Garver, L. S., Sim, S., and Dimopoulos, G. (2010). Mosquito immune defenses against Plasmodium infection. Dev. Comp. Immunol. 34, 387–395. doi: 10.1016/j.dci.2009.12.005

Coon, K. L., Brown, M. R., and Strand, M. R. (2016). Gut bacteria differentially affect egg production in the anautogenous mosquito Aedes aegypti and facultatively autogenous mosquito Aedes atropalpus (Diptera: Culicidae). Parasit. Vectors 9:375. doi: 10.1186/s13071-016-1660-9

Coon, K. L., Vogel, K. J., Brown, M. R., and Strand, M. R. (2014). Mosquitoes rely on their gut microbiota for development. Mol. Ecol. 23, 2727–2739. doi: 10.1111/mec.12771

Dada, N., Lol, J. C., Benedict, A. C., Lopez, F., Sheth, M., Dzuris, N., et al. (2019). Pyrethroid exposure alters Anopheles albimanus microbiota and resistant mosquitoes harbor more insecticide-metabolizing bacteria. bioRxiv [Preprint]. doi: 10.1101/537480

David, M. R., Santos, L. M. B. D., Vicente, A. C. P., and Maciel-de-Freitas, R. (2016). Effects of environment, dietary regime and ageing on the dengue vector microbiota: evidence of a core microbiota throughout Aedes aegypti lifespan. Mem. Inst. Oswaldo Cruz. 111, 577–587. doi: 10.1590/0074-02760160238

Dennison, N. J., Jupatanakul, N., and Dimopoulos, G. (2014). The mosquito microbiota influences vector competence for human pathogens. Curr. Opin. Insect. Sci. 3, 6–13. doi: 10.1016/j.cois.2014.07.004

Dong, Y., Manfredini, F., and Dimopoulos, G. (2009). Implication of the Mosquito Midgut Microbiota in the Defense against Malaria Parasites. PLoS Pathog. 5:e1000423. doi: 10.1371/journal.ppat.1000423

Douglas, A. E. (2014). The molecular basis of bacterial–insect symbiosis. J. Mol. Biol. 426, 3830–3837. doi: 10.1016/j.jmb.2014.04.005

Figueras, M. J., Suarez-Franquet, A., Chacon, M. R., Soler, L., Navarro, M., Alejandre, C., et al. (2005). First record of the rare species Aeromonas culicicola from a drinking water supply. Appl. Environ. Microbiol. 71, 538–541. doi: 10.1128/AEM.71.1.538-541.2005

Gaio, A., de, O., Gusmão, D. S., Santos, A. V., Berbert-Molina, M. A., Pimenta, P. F., et al. (2011). Contribution of midgut bacteria to blood digestion and egg production in Aedes aegypti (Diptera: Culicidae) (L.). Parasit. Vectors 4:105. doi: 10.1186/1756-3305-4-105

Guégan, M., Zouache, K., Démichel, C., Minard, G., Potier, P., Mavingui, P., et al. (2018). The mosquito holobiont: fresh insight into mosquito-microbiota interactions. Microbiome 6:49. doi: 10.1186/s40168-018-0435-2

Gusmão, D. S., Santos, A. V., Marini, D. C., Bacci, M., Berbert-Molina, M. A., and Lemos, F. J. A. (2010). Culture-dependent and culture-independent characterization of microorganisms associated with Aedes aegypti (Diptera: Culicidae) (L.) and dynamics of bacterial colonization in the midgut. Acta Trop. 115, 275–281. doi: 10.1016/j.actatropica.2010.04.011

Halder, S. K., Maity, C., Jana, A., Pati, B. R., and Mondal, K. C. (2012). Chitinolytic enzymes from the newly isolated Aeromonas hydrophila SBK1: study of the mosquitocidal activity. BioControl 57, 441–449. doi: 10.1007/s10526-011-9405-3

Itoh, H., Tago, K., Hayatsu, M., and Kikuchi, Y. (2018). Detoxifying symbiosis: microbe-mediated detoxification of phytotoxins and pesticides in insects. Nat. Prod. Rep. 35, 434–454. doi: 10.1039/c7np00051k

Janda, J. M., and Abbott, S. L. (2010). The genus Aeromonas: taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 23, 35–73. doi: 10.1128/CMR.00039-09

Jupatanakul, N., Sim, S., and Dimopoulos, G. (2014). The insect microbiome modulates vector competence for arboviruses. Viruses 6, 4294–4313. doi: 10.3390/v6114294

Kämpfer, P., Matthews, H., Glaeser, S. P., Martin, K., Lodders, N., and Faye, I. (2011). Elizabethkingia anophelis sp. nov., isolated from the midgut of the mosquito Anopheles gambiae. Int. J. Syst. Evol. Microbiol. 61, 2670–2675. doi: 10.1099/ijs.0.026393-0

Kikuchi, Y., Hayatsu, M., Hosokawa, T., Nagayama, A., Tago, K., and Fukatsu, T. (2012). Symbiont-mediated insecticide resistance. Proc. Natl. Acad. Sci. U.S.A. 109, 8618–8622. doi: 10.1073/pnas.1200231109

Kim, K. K., Kim, M. K., Lim, J. H., Park, H. Y., and Lee, S. T. (2005). Transfer of Chryseobacterium meningosepticum and Chryseobacterium miricola to Elizabethkingia gen. nov. as Elizabethkingia meningoseptica comb. nov. and Elizabethkingia miricola comb. nov. Int. J. Syst. Evol. Microbiol. 55, 1287–1293. doi: 10.1099/ijs.0.63541-0

Kukutla, P., Lindberg, B. G., Pei, D., Rayl, M., Yu, W., Steritz, M., et al. (2013). Draft genome sequences of Elizabethkingia anophelis strains R26T and Ag1 from the midgut of the malaria mosquito Anopheles gambiae. Genome Announc. 1:e01030-13. doi: 10.1128/genomeA.01030-13

Liu, S. H., Chen, Y., Li, W., Tang, G. H., Yang, Y., Jiang, H. B., et al. (2018). Diversity of bacterial communities in the intestinal tracts of two geographically distant populations of Bactrocera dorsalis (Diptera: Tephritidae). J. Econ. Entomol. 111, 2861–2868.

MacCollom, G. B., Lauzon, C. R., Sjogren, R. E., Meyer, W. L., and Olday, F. (2009). Association and attraction of blueberry maggot fly Curran (Diptera: Tephritidae) to Pantoea (Enterobacter) agglomerans. Environ. Entomol. 38, 116–120. doi: 10.1603/022.038.0114

Mayer, S. V., Tesh, R. B., and Vasilakis, N. (2017). The emergence of arthropod-borne viral diseases: a global prospective on dengue, chikungunya and zika fevers. Acta Trop. 166, 155–163. doi: 10.1016/j.actatropica.2016.11.020

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C., Carey, H. V., Domazet-Lošo, T., Douglas, A. E., et al. (2013). Animals in a bacterial world, a new imperative for the life sciences. Proc. Natl. Acad. Sci. U.S.A 110, 3229–3236. doi: 10.1073/pnas.1218525110

Musso, D., and Gubler, D. J. (2015). Zika virus: Following the path of dengue and chikungunya? Lancet 386, 243–244. doi: 10.1016/S0140-6736(15)61273-9

Nabar, B. M., and Lokegaonkar, S. (2015). Larvicidal activity of microbial metabolites extracted from extremophiles against vector mosquitoes. Int. J. Mosq. Res. 2, 161–165.

Ngo, C. T., Romano-Bertrand, S., Manguin, S., and Jumas-Bilak, E. (2016). Diversity of the bacterial microbiota of Anopheles mosquitoes from Binh Phuoc Province, Vietnam. Front. Microbiol. 7:2095. doi: 10.3389/fmicb.2016.02095

Nkya, T. E., Akhouayri, I., Kisinza, W., and David, J. P. (2013). Impact of environment on mosquito response to pyrethroid insecticides: facts, evidence and prospects. Insect. Biochem. Mol. Biol. 43, 407–416. doi: 10.1016/j.ibmb.2012.10.006

Patterson, J., Sammon, M., and Garg, M. (2016). Dengue, Zika and chikungunya: emerging arboviruses in the New World. West. J. Emerg. Med. 17, 671–679. doi: 10.5811/westjem.2016.9.30904

Pidiyar, V., Kaznowski, A., Narayan, N. B., Patole, M., and Shouche, Y. S. (2002). Aeromonas culicicola sp. nov., from the midgut of Culex quinquefasciatus. Int. J. Syst. Evol. Microbiol. 52, 1723–1728. doi: 10.1099/00207713-52-5-1723

Pidiyar, V. J., Jangid, K., Patole, M. S., and Shouche, Y. S. (2004). Studies on cultured and uncultured microbiota of wild Culex quinquefasciatus mosquito midgut based on 16S ribosomal RNA gene analysis. Am. J.Trop. Med. Hyg. 70, 597–603.

Prabakaran, G., Hoti, S. L., and Paily, K. P. (2009). Development of cost-effective medium for the large-scale production of a mosquito pupicidal metabolite from Pseudomonas fluorescens Migula. Biol. Control 48, 264–266. doi: 10.1016/j.biocontrol.2008.10.011

Ramirez, J. L., Souza-Neto, J., Cosme, R. T., Rovira, J., Ortiz, A., Pascale, J. M., et al. (2012). Reciprocal tripartite interactions between the Aedes aegypti midgut microbiota, innate immune system and dengue virus influences vector competence. PLoS Negl. Trop. Dis. 6:e1561. doi: 10.1371/journal.pntd.0001561

Ramya, S. L., Venkatesan, T., Srinivasa Murthy, K., Jalali, S. K., and Verghese, A. (2016a). Detection of carboxylesterase and esterase activity in culturable gut bacterial flora isolated from diamondback moth, Plutella xylostella (Linnaeus), from India and its possible role in indoxacarb degradation. Braz. J. Microbiol. 47, 327–336. doi: 10.1016/j.bjm.2016.01.012

Ramya, S. L., Venkatesan, T., Murthy, K. S., Jalali, S. K., and Varghese, A. (2016b). Degradation of acephate by Enterobacter asburiae, Bacillus cereus and Pantoea agglomerans isolated from diamondback moth Plutella xylostella (L), a pest of cruciferous crops. J. Environ. Biol. 37, 611–618.

Rani, A., Sharma, A., Rajagopal, R., Adak, T., and Bhatnagar, R. K. (2009). Bacterial diversity analysis of larvae and adult midgut microflora using culture-dependent and culture-independent methods in lab-reared and field-collected Anopheles stephensi-an Asian malarial vector. BMC Microbiol. 9:96.

Sadanandane, C., Reddy, C. M. R., Prabakaran, G., and Balaraman, K. (2003). Field evaluation of a formulation of Pseudomonas fluorescens against Culex quinquefasciatus larvae and pupae. Acta Trop. 87, 341–343.

Scolari, F., Casiraghi, M., and Bonizzoni, M. (2019). Aedes spp. and their microbiota: a review. Front. Microbiol. 10:2036. doi: 10.3389/fmicb.2019.02036

Segado Arenas, A., Alonso Ojembarrena, A., Lubián López, S. P., and García-Tapia, A. M. (2012). Pantoea agglomerans: >un nuevo patógeno en la unidad de cuidados intensivos neonatales? Arch. Argent. Pediatr. 110, e77–e79.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Shamim, G., Sharma, K. K., and Ramani, R. (2019). Isolation and identification of culturable bacteria from honeydew of Indian lac insect, Kerria lacca (Kerr) (Hemiptera: Tachardiidae). Meta Gene 19, 10–14. doi: 10.1016/j.mgene.2018.09.010

Smith, L. B., Kasai, S., and Scott, J. G. (2016). Pyrethroid resistance in Aedes aegypti and Aedes albopictus: important mosquito vectors of human diseases. Pestic. Biochem. Physiol. 133, 1–12. doi: 10.1016/j.pestbp.2016.03.005

Straif, S. C., Mbogo, C. N., Toure, A. M., Walker, E. D., Kaufman, M., Toure, Y. T., et al. (1998). Midgut bacteria in Anopheles gambiae and An. funestus (Diptera: Culicidae) from Kenya and Mali. J. Med. Entomol. 35, 222–226. doi: 10.1093/jmedent/35.3.222

Tchioffo, M. T., Boissière, A., Abate, L., Nsango, S. E., Bayibéki, A. N., Awono-Ambéné, P. H., et al. (2016). Dynamics of bacterial community composition in the malaria mosquito’s epithelia. Front. Microbiol. 6:1500. doi: 10.3389/fmicb.2015.01500

Terenius, O., Lindh, J. M., Eriksson-Gonzales, K., Bussière, L., Laugen, A. T., Bergquist, H., et al. (2012). Midgut bacterial dynamics in Aedes aegypti. Microbiol. Ecol. 80, 556–565. doi: 10.1111/j.1574-6941.2012.01317.x

van den Bosch, T. J., and Welte, C. U. (2017). Detoxifying symbionts in agriculturally important pest insects. Microb. Biotechnol. 10, 531–540. doi: 10.1111/1751-7915.12483

Wang, Y., Gilbreath, T. M., Kukutla, P., Yan, G., and Xu, J. (2011). Dynamic gut microbiome across life history of the malaria mosquito Anopheles gambiae in Kenya. PLoS One 6:e24767. doi: 10.1371/journal.pone.0024767

WHO (2020). Enfermedades Transmitidas por Vectores. Report of the World Health Organization. Available online at: https://www.who.int/es/news-room/fact-sheets/detail/vector-borne-diseases (accessed March 11, 2021).


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gómez-Govea, Ramírez-Ahuja, Contreras-Perera, Jiménez-Camacho, Ruiz-Ayma, Villanueva-Segura, Trujillo-Rodríguez, Delgado-Enciso, Martínez-Fierro, Manrique-Saide, Puerta-Guardo, Flores-Suárez, Ponce-García and Rodríguez-Sánchez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Suppression of Midgut Microbiota Impact Pyrethroid Susceptibility in Aedes aegypti



		INTRODUCTION



		MATERIALS AND METHODS



		Biological Material



		Microbiota Suppression



		Mosquito Susceptibility to Pyrethroid Insecticides



		Microbiome Analysis



		Extraction of DNA



		Targeted Library Preparation







		Bioinformatics Analysis



		Statistical Analysis







		RESULTS



		Mosquito Susceptibility to Pyrethroid Insecticides After Treatment With Antibiotics



		Aedes aegypti Microbial Communities



		Microbiota Aedes aegypti Population After Treatment With Antibiotic



		Changes in the Gut Microbiota Composition of Aedes aegypti Exposed to Insecticides



		Exposure to Permethrin



		Exposure to Deltamethrin







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Suppression of Midgut
Microbiota Impact Pyrethroid
Susceptibility in Aedes aegypti








OPS/images/fmicb-13-761459-g007.jpg
I Control [ Deltamethrin I Penicillin + I Gentamicin
Streptomycin

seq4:g_ Bordetella;s__hinzii-petrii
seq8:g__ Staphylococcus;s__arlettae .
seql2:g_ Stenotrophomonas;s__maltophilia
seql3:9_ Stenotrophomonas;s__maltophilia
seql0:g_ Stenotrophomonas;s__maltophilia
seqll:g_ Flavobacterium;s__lindanitolerans
seq20:g__ Stenotrophomonas;s _maltophilia
seq39:g__Xenophilus;s__arseniciresistens
seq3:g_ Delftia;s__lacustris-tsuruhatensis
seql:g_ Elizabethkingia;s meningoseptica
seq2:g_Pseudomonas;s_azotoformans-fluorescens-synxantha
seq5:g_ Pantoea;s agglomerans-eucrina
seq9:g_Pantoea;s agglomerans-eucrina

cescens

seq6:g_ Serratia;s _mar
seq7:g_ Serratia;s__marcescens-nematodiphila
seql4:g_ Chryseobacterium;s__zeae
seq50:g__ Perlucidibaca;s__piscinae
seq28:9_ Klebsiella;s_p quasipn
seq34:g_ Pseudomonas;s__fluorescens-fragi
seq35:9_ Azospirillum;s__ sp45963-sp4597
seq27:g_ Cupriavidus;s_necator L )
seq47:g_ Pseudomonas;s__hunanensis-plecoglossicida-putida
seql9:9_ Staphylococcus;s__aureus-simiae
seq2l:g_ Enterococcus;s faecalis
seq22:g__Escherichia-Shigella;s__coli
seq23:9__Gardnerella;s_ vaginalis
seq24:9__Salmonella;s _enterica
seq25:9_ Listeria;s
seq26:9_ Lactobacillus;s_fermentum i
seql5:g Acinetobacter;s baumannii-calcoaceticus )
seql6:g_Aeromonas;s__dhakensis-hydrophila-taiwanensis
:g__ Bacillus;s__mojavensis-subtilis-tequilensis
seql8:g Cedecea;s
seq36:g_ Sugarcane;s_ phytoplasma
seq31l:g_ Arundo-Oryza meyeriana;s_ NA
seq33:g_ Acinetobacter;s__johnsonii-lwoffii
2:g__Pseudomonas;s__aeruginosa .
seq37:9_ Burkholderia-Burkholderia-Paraburkholderia;s__cepacia-contaminans-lata
seq48:? Akkermansia;s__sp69334
seq49:f "Ruminococcaceae;g__NA;s_ sp35483
seq46:g_ Rhizobium;s__leguminosarum
seq44:9_ Lactobacillus;s_delbrueckii
seq45:f _Ruminococcacéae;g_ NA;s__sp34990-sp35001-sp35013
seq41:? _actobacillus;s__iners
seq4§::E»ohmonadaceae-g__N.A:s sp64958

perlucidibaca;s piscinaé

L 1} 's N
seq40:g_ =ib?o'5acper_Sp24321
seq29:g_ Leptothrix;s__ginsengisoli
seq30:g Methylophilus;s leisingeri

Taxon






OPS/images/fmicb-13-761459-g004.jpg
I Control I Permethrin I Penicillin + B Gentamicin
Streptomycin

seq :g__Aerococcus;s unnaeequu-vmdans
“Bordetella;s__Rinzii-pet

seq1 :g__Sta phylococcuss arlettae

seq46:g__Bacillus;s__sp25928

seq2: 2g Delftia;s [acustris-tsuruhatensis
9

seql Aeromonas;s__dhakensis- hydro‘phnla-talwanenss
“Pseudomonas;s_azotoformans-fluorescens-synxantha
seq6 g_.t\eromonas.s hydrophila-t

seq5:g_serratia;s__marcescens

seq4:g_ Serratia;s _marcescens- nematodlphlla
seq9:g_ Pantoea;s agglomerans-eucri

seq3:g_ Pantoea;s agglomerans- eucrma

seqsé? Elizabethkingia;s__meningoseptic

seqlO:g_ Acinetobacter; s—baumannn calcoacetlcus
seqll:g_ Chryseobacterium;s_ ze

seqSOg Stapll?/lgcoccus,s saprophytlcus

seq42:unide

% 4: _- Sphingobium;s__yanoikuyae

seq22:g_ Pseudomonas;s hunanensns-ﬁlecogIossucnda-putlda
seq24 _:Stenotrophomonas s_malto

seq26 _:Stenotnophomonass maltophnlla
seql5:9_ Cupriavidus;s__necafor
seql19:g__Methylophilus;s Ielsmgen
seq23:g__sugarcane;s__phytoplasm
seq27:g__Pseudomonas;s montenlu putida-taiwanensis
seq28 _Acndovorax.s tempera
seq32:g__Schlegelella;s_ aquatica
seq45:9__Staphylococcus;s__cohnii-pettenkoferi
seq40:g_ Pseudomonas;s

seq39:g Acinetobacter;s towneri

seq37:9_ Staphylococcus;s saprophyticus
seq38:9_ Nevskia;s ramosa

seq20:g_ Azospirillum;s_ sp45963-sp45976
seq25 _'Dseudomonas s_ fluorescens-fragi
seq51:g_ Pseudomonas;s_ fluorescens-synxantha
seq43 _Burkholdena Burkholderia-Paraburkholderia;s __cepacia-contaminans-lata
seq47:g__Acinetobacter;s__baumannii-calcoaceticus
seq31l:g_ Perlucidibaca;s__piscinae

seq35:g_ Sphingomonas;s

seq29:g__Asaia;s krungthepenss
seq30:g__Acinetobacter;s__johnsonii-lwoffii
seq34:g__Rhizobium;s Iegumlnosarum

seq36: Acmetobacter,s ursingii
seq33:g__Bacillu sp25928

seq4l:g_ Klebsie =| s pneumomae vamcola
Seq18: l-u |nr- (0] lnfrr 5_j°hns

seq21:g_ Acineto m----.a_johnsonn

seq%.’g: E!elbswellas pneumoniae-quasip

seqlé:

seql7:g_ Acineto ---—I:Ers_Johnsonu

Taxon





OPS/images/fmicb-13-761459-g003.jpg
[l Protecbacteria
(| Flrmlcu tes
nobacteria
== Bacterondetes
[ Actinobacteria

Il \one-Other

[l Xanthomonadales
] Pseudomonadales

SubsectionV
NA

[ Flavobacteriales
[l Propionibacteriales
[ Corynebacteriales

Il \one-Other

% Phylum Abundance

% Class Abundance

100

100

T l L I T
A B C D H I

Treatment

% Order Abundance

100 -

50 —

% Family Abundance

C D

Treatment

Il Gammaproteobacteria
Il Betaproteobacteria
== Alphaproteobactena

[ Bl
= Cyanobactena

= Xanthomonadaceae

o
o
3
- ]
3
o
Q.
o
(2]
o
o
o

[ Moraxellac:

[ Ent erobacterlaceae

[ Aeromonadaceae

[ Methylophilaceae
Comamonadaceae






OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





OPS/images/fmicb-13-761459-g006.jpg
(=] Verrucomicrobia

== Verrucomicrobiales

I Rhodospirillales
I Rhizobiales
B Clostridiales

Lactobacillales
Bacillales

bac ena!es

:] Blf«dobactenales
I Methanomicrobiales
I None-Other

% Phylum Abundance

% Class Abundance

F G

Treatments

100

% Order Abundance

% Family Abundance

80

60

40

20

[ ] Verrucomicrobiae

F G

Treatments

[ Verrucomicrobiaceae

1 Synerglstaceae

Il Spirochaetaceae

== Xanthomonadaceae

Il Solimonadaceae

[ Pseu domonadaceae

[ Moraxella

= Enterobactenaceae

Il Aeromonadaceae

(] Methylophllaceae

monadaceae

- oldena ceae

= Alcallgenaceae
Sphingomonadace

(=] Rlckettsuales Mltochondna

[ Rhodospirillaceae

[ cetobacteraceae

I Rhizobiac

[ ] Lentlsphaerae -NA

[l Ruminococcaceae

i | Pe tostreptococcaceae

[ Clostridiales-NA

[ Lachnospiraceae

[ Streptococcaceae

[ Lactobacillaceae

(=T Propaonlbactenaceae

|I=d] Blfdobactenaceae
Methanocorpusculaceae
None-Other






OPS/images/fmicb-13-761459-g005.jpg
PC2(29.15 %)
ecC

L'\

A Control group (fed sucrose 10%0)
B Exposed to permethrin
C Treated with penicillin/streptomycin+exposed permethrin
D Treated with gentamicin+exposed permethrin
O H Treated with penicillin/streptomycin
| . . e -
' Treated with gentamicin

- PC1(33.03 %)

PC3 (19.64 %)

PC2(25.31%)
b oF

oA
A Control group (fed sucrose 10%0)
E Exposed to deltamethrin
I Treated with penicillin/streptomycin+exposed deltamethrin
G Treated with gentamicin+exposed deltamethrin
H Treated with penicillin/streptomycin
' Treated with gentamicin

aH

PC3 (17.51 %)

PC1 (51.68 %)





OPS/images/fmicb-13-761459-g002.jpg
erratia marcescens 17.2%

hylum
lass
rder
amily
enus
pecies

Serratia marcescens nematodiphila 17.1%

Pantoea agglomerans eucrina 43%

Others 2.2%

]
|
|
!
|

Chryseobacterium zeae 2%

Elizabethkingia meningoseptica 5.6%

Pseudomonas azotoformans fluorescens synxantha 12.9%





OPS/images/fmicb-13-761459-g001.jpg
Survival

1.0

08

06—

0.4-

0.2-

0.0+

.

Time (min)

Treatmeants

- '.C
D
-E





