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Aedes albopictus is a vector of over 20 arboviruses that has spread throughout the world, mainly in the second half of the twentieth century. Approximately 50–100 million people are infected with dengue virus (DENV) transmitted by Aedes mosquitoes each year, leading to heavy economic burdens for both governments and individuals, among countless other negative consequences. Understanding the vector competence of vector species is critical for effectively preventing and controlling vector-borne diseases. Accordingly, in this study, vector competence was evaluated by quantitative analysis of DENV-2 loads in mosquito tissues (midguts, heads, and salivary glands) and whole mosquitoes through real-time quantitative polymerase chain reaction (RT-qPCR) analysis. Wolbachia and the expression of immune-associated genes (Rel1, Rel2, Dicer2, and STAT) in mosquitoes were also detected by RT-qPCR to explore their impact on vector competence. The amount of DENV-2 in the mosquito midguts, heads, and salivary glands from southern-western China were found to be lower than those from eastern-central-northern China. The DENV-2 loads in whole mosquitoes showed a negative correlation with Rel1 gene (r = -0.285, P = 0.011) and STAT gene expression levels (r = -0.289, P = 0.009). In terms of Wolbachia strains, the density of the wAlbB strain was found to be significantly higher than that of the wAlbA strain in the eight Ae. albopictus populations, and the relative density of the wAlbB strain in mosquitoes from southern-western China was higher than those from eastern-central-northern China. The relative density of the wAlbB strain showed a negative correlation with the mean loads of DENV-2 in the heads (r = -0.729, P = 0.040), salivary glands (r = -0.785, P = 0.021), and whole mosquitoes (r = -0.909, P = 0.002). Thus, there are lower DENV-2 loads in the mosquitoes from southern-western China, which may be related to the innate immunity of mosquitoes as affected by Rel1 in the Toll pathway, STAT in the JAK-STAT pathway, and the relative density of the wAlbB strain.
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Introduction

Aedes (Stegomyia) albopictus (Skuse, 1894) is an anthropophilic mosquito that originated in Southeast Asia and has spread to many countries across all continents except Antarctica (Goubert et al., 2016). This species is a vector for more than 20 arboviruses, of which some are strongly pathogenic and transmissible, such as dengue virus (DENV), Chikungunya virus (CHIKV), and yellow fever virus (Gratz, 2004; Amraoui et al., 2019).

Dengue is an acute infectious disease caused by DENV, which is transmitted by Aedes mosquitoes (World Health Organization [WHO], 2009). There are an estimated 390 million dengue infections each year, of which 96 million manifest clinically (Bhatt et al., 2013), among an estimated 2.5 billion to 4 billion people living in over 100 countries where DENV transmission occurs (World Health Organization [WHO], 2009; Brady et al., 2012; Bhatt et al., 2013; World Health Organization [WHO], 2016).

In China, dengue fever and dengue hemorrhagic fever epidemics occur frequently in the southern regions. Prior to 2000, these regions mainly comprised Guangdong, Hainan, Guangxi, and Fujian Provinces (Chen and Liu, 2015). However, dengue fever epidemics have occurred in more northerly areas, including Zhejiang province (in 2005 and 2011) in southeastern China and Henan province (in 2013) in temperate central China, which is far more northerly than the regions of previous epidemics (Lai et al., 2015). Since 2000, dengue epidemics have also been reported frequently in Yunnan province in southwestern China, which borders Myanmar, Laos, and Vietnam (Lai et al., 2015). The most devastating recent dengue fever epidemic occurred in 2014 in Guangzhou, Guangdong province, causing a total of 47,056 clinical cases and six deaths (Lai et al., 2015; Sun et al., 2017). In most of these past epidemics, Ae. albopictus was the sole DENV vector.

The vector competence for DENV of Aedes mosquitoes is influenced not only by ecological structure, climate, virus titer, and the serotype and virulence of DENV, but also by endosymbiont bacteria and genetic factors of mosquitoes (Rosen et al., 1983; Cox et al., 2011; Xiao et al., 2014; Méndez et al., 2015; Tsai et al., 2017). Accordingly, the susceptibilities to dengue virus of different mosquito species are significantly different, as are those of different geographic strains of the same mosquito species.

Laboratory colonies of Ae. albopictus strains from China have been used to assess vector competence for several dengue virus strains, such as the DEN2-43 and New Guinea C virus strains of dengue-2 viruses (Guo et al., 2013), as well as the DEN2-FJ10 and DEN2-FJ11 strains of dengue virus (Guo et al., 2016). However, relatively little is known about the vector competences of natural populations.

Studies on vector susceptibility to pathogens and vector competence have revealed their strong genetic basis (Gooding, 1996). However, laboratory-colonized mosquito populations suffer from inbreeding depression under laboratory conditions and are subject to a completely different set of selective pressures compared to natural populations (Leftwich et al., 2015). For example, Vazeille et al. (2003) reported a significant increase in the infection rate of Ae. albopictus by a DEN2 virus strain with increasing generations in the laboratory; while significant variations in susceptibility to four dengue serotypes was observed among 13 geographic strains of Ae. albopictus (Gubler and Rosen, 1976) and 13 geographic strains of Ae. aegypti (Gubler et al., 1979). Furthermore, Paupy et al. (2001) found that the populations of Ae. albopictus from the east coast of Reunion Island are more susceptible to DENV-2 than those from the west coast.

The innate immune response of the mosquito is a key determinant for successful transmission of mosquito-borne viruses. Viral infection triggers the activation of innate immunity pathways, including the RNA interference (RNAi) pathway, the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway, Toll pathway, and immune deficiency (Imd) pathway (Lemaitre and Hoffmann, 2007; Fragkoudis et al., 2008; Xi et al., 2008; Paradkar et al., 2012; Goic et al., 2016; Angleró-Rodríguez et al., 2017), and leads to the transcription of genes responsible for antiviral responses. Rel1, Rel2, Dicer2, and STAT are the key factors in the Toll, Imd, RNAi, and JAK-STAT pathways, respectively (Bian et al., 2005; Antonova et al., 2009; Lambrechts et al., 2013; Kumar et al., 2018; Cabral et al., 2020), and these factors have shown effectiveness against viral infections in some mosquito species (Fragkoudis et al., 2008; Xi et al., 2008; Paradkar et al., 2012; Lambrechts et al., 2013; Angleró-Rodríguez et al., 2017).

The endosymbiotic bacteria Wolbachia exists as type A and type B strains in Ae. albopictus populations in China (Wei et al., 2019). In mosquitoes, Wolbachia can induce cytoplasmic incompatibility (CI) as a means to reduce mosquito populations (Jiggins, 2017) and induce density-dependent inhibition of the dengue virus in mosquito cells (Lu et al., 2012). Accordingly, it has been evaluated for the prevention and control of mosquito-borne diseases in field studies (Hoffmann et al., 2011; Zheng et al., 2019).

In our previous study, we divided the 34 populations of Ae. albopictus from northern and southern China into five different genetic clustering groups according to genetic distance (Wei et al., 2019). We then selected eight populations of Ae. albopictus from different genetic clusters and performed virus-infection experiments as a means to explore the impact of Wolbachia and immune-associated gene expression on dengue susceptibility in the same environment.

The present study is a continuation of that work that aims to address the following questions: (i) What are the vector competences for DENV-2 of different geographic strains of Ae. albopictus populations in China? (ii) Is susceptibility to DENV-2 affected by Wolbachia and immune-associated genes in Ae. albopictus populations? The data gained from this study provides useful information for understanding the epidemiology, prevention, and control of vector-borne diseases.



Materials and Methods


Mosquito Sampling

From August to September, 2019, we collected mosquito eggs from different genetic clusters in the eight locations used in our previous study (Wei et al., 2019) (Table 1). The eight locations were Beijing (BJ), Shijiazhuang (SJZ), Hangzhou (HZ), Wuhan (WH), Meishan (MS), Guangzhou (GZ), Zhanjiang (ZJ), and Lingshui (LS). In each location, 8–12 oviposition sites 400–3000 m apart were selected randomly for egg sampling. Ovitraps placed under bushes were used for egg collection.


Table 1 | Information on Ae. albopictus collection used in this study.



Eggs were returned to the laboratory and reared to adults. The larvae were fed daily with turtle food (Shenzhen INCH-GOLD Fish Food Ltd., Shenzhen, China). Ae. albopictus adults were identified (Huang and Ward, 1981) and selected for further breeding at 28 ± 1°C with a 16 h:8 h light/dark diurnal cycle at 80 ± 5% relative humidity in 20 cm × 20 cm × 35 cm cages covered with nylon mesh. Mosquito adults were provided with 10% glucose solution.



Oral Infection of Mosquitoes

DENV-2 virus (New Guinea C strain, GenBank: AF038403.1) was provided by the Key Laboratory of Tropical Disease Control of Sun Yat-sen University (Guangzhou, China). The virus stock was obtained after 5–7 days incubation in C6/36 cells at 28°C and stored at -80°C. The frozen virus stock was passaged once through C6/36 cells before the mosquitoes were infected. A fresh virus suspension was used to prepare the blood meal for oral infection.

The 5–7-day-old and non-blood-fed female mosquitoes were starved for 24 h before infection. The females were then fed with an infectious blood meal (the fresh DENV-2 virus suspension was diluted in defibrinated sheep blood to 5.77 × 105 log10 copies/μL). After 30 min of exposure to the infectious blood meal, fully engorged mosquitoes were transferred to a 1500-mL plastic bucket covered with nylon mesh. They were provided with 10% glucose and maintained for 14 days in an HP400GS incubator (Ruihua, Wuhai, China) at 28°C, 80% relative humidity, and a light/dark cycle of 16 h:8 h.



RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

At 14 days post-infection (dpi), 40 female mosquitoes were randomly collected and cold-anesthetized. The legs and wings of 30 mosquitoes were removed, then the heads, salivary glands, and midguts were dissected, washed three times in cold phosphate-buffered saline, and transferred to 50 μL TRIzol (Ambion, Life Technologies, Carlsbad, CA, USA). The remaining 10 whole mosquitoes were placed directly in 50 μL TRIzol after washing in cold phosphate-buffered saline. The total RNA of each tissue or individual was extracted with TRIzol reagent following the manufacturer’s protocol and reverse-transcribed into cDNA using 5× All-In-One MasterMix as supplied with the AccuRT Genomic DNA Removal Kit (Abm, Richmond, Canada). A standard plasmid was constructed for DENV-2 quantification. A 127-bp fragment of the untranslated region (UTR) of DENV-2 was amplified using specific primers (forward: 5’-TCCCTTACAAATCGCAGCAAC-3’; and reverse: 5’-TGGTCTTTCCCAGCGTCAAT-3’) (Liu et al., 2017) and cloned into a pMD18-T vector. After sequencing, the recombinant plasmid was linearized using EcoR I. The concentration of the plasmid was detected using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The 127-bp fragment of the DENV-2 UTR was used as the detecting target for RT-qPCR, and a standard curve was generated by analyzing serial 10-fold dilutions of the plasmid. The viral RNA copies in all of these tissues were quantified by detecting the cDNA of DENV-2 using Hieff® qPCR SYBR® Green Master Mix (YEASEN, Shanghai, China). The RT-qPCR reaction mixture (per well) contained 10 μL SYBR® green master mix, 1 μL of each primer (10 μM), 2 μL cDNA or the plasmid standard, and 6 μL RNase-free water. The reaction was performed in a QuantStudio™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) under the following conditions: 95°C for 10 min; 40 cycles of 95°C for 10 s, 60°C for 60 s. DENV-2 RNA copies from each sample were quantified by comparing cycle threshold values with the standard curve.



Quantification of Wolbachia and Immune-Associated Gene Expression Levels in Mosquitoes

Standard plasmids containing target fragments of Wolbachia strain A (wAlbA) and strain B (wAlbB) were used to quantify Wolbachia densities in field-collected Ae. albopictus using the strain-specific primers qAF/qAR and qBF/qBR (Table S1). The expression levels of immune-associated genes in mosquitoes infected with DENV-2 were quantified by comparing cycle threshold values with standard curves from recombinant plasmids containing gene fragments of Rel1, Rel2, Dicer2, and STAT. The quantification of Wolbachia and immune-associated gene expression levels in mosquitoes was normalized with the ribosomal protein S6 (Rps6) gene, which was also quantified from recombinant plasmids containing Rps6 fragments. Quantification PCR reactions were performed using solutions with a final volume of 20 µL containing 10 µL of SYBR® green master mix, 0.5 µM of each primer, 2 µL of template DNA, and 7 µL of RNase-free water. The primers of for all the detecting fragments are shown in Table S1. The thermal cycling conditions were: 10 min at 95°C; 40 cycles of 95°C for 15 s, primer Tm for 30 s (Tm values for each primer pair are shown in Table S1), 72°C for 30 s.



Data Analysis

The vector competences of the Ae. albopictus mosquitoes were evaluated by calculating the infection rate (IR; no. infected mosquitoes/no. tested mosquitoes), the midgut infection rate (MIR; no. infected midguts/no. tested midguts), dissemination rate (DR; no. infected heads/no. infected midguts), potential transmission rate (TR; no. infected salivary glands/no. infected midguts), and potential population transmission rate (PTR; no. infected salivary glands/no. tested midguts) (Deng et al., 2019). Pearson’s Chi-square tests or Fisher’s exact tests were applied to compare IR, MIR, DR, TR, and PTR values among different geographical strains. Fisher’s exact test was used when the minimum expected count was < 5. The DENV-2 RNA copy levels were log-transformed and then compared among different populations and among the expression levels of immune-associated genes using one-way analysis of variance (ANOVA) post hoc Tukey’s LSD tests. Student’s t-test was used to compare the mean DENV loads in mosquitoes between from southern-western China (MS, GZ, ZJ, LS) and from eastern-central-northern China (BJ, SJZ, HZ, WH), and the densities between wAlbA and wAlbB strains in individual mosquitoes. Pearson’s correlation coefficient was used to analyze the correlation between the average dengue virus load and gene expression in mosquito populations. P < 0.05 was considered statistically significant.




Results


Vector Competence of Ae. albopictus for DENV-2

At 14 dpi, IR, MIR, DR, TR and PTR value for the eight Ae. albopictus populations were calculated. The data are shown in Table 2. They are not significantly different among the eight population of Ae. albopictus (IR: χ2 = 4.848, df = 7, P = 0.710; MIR: χ2 = 9.825, df = 7, P = 0.185; DR: χ2 = 5.655, df = 7, P = 0.583; TR: χ2 = 5.936, df = 7, P = 0.555; PTR: χ2 = 4.824, df = 7, P = 0.705). The amounts of dengue virus in the mosquito midguts, heads, and salivary glands were determined by RT-qPCR. The average number of dengue RNA copies (log10) in these tissues for each population at 14 dpi are shown in Figure 1 and Table 3. The numbers of dengue RNA copies in the midguts, heads and salivary glands are no apparent differences among the populations, except for a certain tissue in individual populations. The infection rate for each tissue is not correlated with viral load for the eight Ae. albopictus populations (midguts: r = 0.130, P = 0.759; heads: r = 0.209, P = 0.620; salivary glands: r = 0.520, P = 0.186). The numbers of dengue RNA copies in tissues of the mosquitoes from southern-western China (MS, GZ, ZJ, LS) are lower than those from eastern-central-northern China (BJ, SJZ, HZ, WH) (midguts: t = 2.503, P = 0.013; heads: t = 2.579, P = 0.011; salivary glands: t = 3.800, P < 0.001).


Table 2 | Rates of dengue virus infection, dissemination, potential transmission, and population potential transmission by Ae. albopictus females from eight different populations.






Figure 1 | Dengue virus RNA copies in infected midguts (A), heads (B), and salivary glands (C) of Ae. albopictus in China. The results are expressed as mean ± standard error (SE). Different letters with the same color above bars represent significant differences in relative expression levels at the P < 0.05 level.




Table 3 | Correlation of wAlbA and wAlbB with DENV-2 loads in the tissues and whole mosquitoes for Ae. albopictus populations in China.





Effects of Immune-Associated Genes on Vector Competence of Ae. albopictus

At 14 dpi, the DENV-2 loads and expression levels of immune-associated genes in whole mosquitoes from the eight Ae. albopictus populations were determined by RT-qPCR as normalized using the host Rps6 gene (Table S2). As shown in Figure 2, the mosquitoes with high expression level of Rel1 or STAT gene have relatively lower DENV-2 loads. The DENV-2 loads in whole mosquitoes have a negative correlation with the expression levels of the Rel1 gene (r = -0.285, P = 0.011) and STAT gene (r = -0.289, P = 0.009) (Figure 3). The DENV-2 loads are not correlated with the expression levels of the Rel2 gene (r = 0.119, P = 0.294) or Dicer2 gene (r = -0.012, P = 0.912). At the same time, the DENV-2 loads in whole mosquitoes from the populations (MS, GZ, ZJ, LS) in southern-western China have a negative correlation with the expression levels of the Rel1 gene (r = -0.361, P = 0.022) and STAT gene (r = -0.335, P = 0.034), while the DENV-2 loads in whole mosquitoes from the populations (BJ, SJZ, HZ, WH) in eastern-central-northern China are not correlated with the expression levels of the Rel1 gene (r = -0.185, P = 0.254) and STAT gene (r = -0.278, P = 0.083).




Figure 2 | Boxplots showing DENV-2 loads among the different expression levels of immune-associated genes [Rel1 (A), STAT (B), Rel2 (C), Dicer-2 (D)] in whole mosquitoes from the eight Ae. albopictus populations. *P < 0.05, **P < 0.01.






Figure 3 | Correlations between DENV-2 loads and the expression levels of immune-associated genes [Rel1 (A), STAT (B), Rel2 (C), Dicer-2 (D)] in whole mosquitoes from the eight Ae. albopictus populations.





Effects of Wolbachia Strain on Vector Competence of Ae. albopictus

The relative densities of the wAlbA and wAlbB strains were measured for individual females sampled from the eight Ae. albopictus populations, and the results are shown in Table 3. The data were normalized using the host Rps6 gene, which also allows the densities of the two Wolbachia strains to be compared between different adult sizes.

Figure 4 shows a higher density of wAlbB than that of wAlbA, and this difference is significant in the eight Ae. albopictus populations (t = -12.731, P < 0.001). There is no correlation between the densities of the wAlbA and wAlbB strains (r = 0.532, P = 0.174). There was not significant correlation between the relative density of the wAlbA/B strain and the expression levels of immune-associated genes in mosquitoes (Table S3). The relative density of the wAlbB strain in mosquitoes from southern-western China (MS, GZ, ZJ, LS) are higher than those from eastern-central-northern China (BJ, SJZ, HZ, WH) (t = 2.380, P = 0.020). The relative density of the wAlbB strain shows a negative correlation with the mean loads of DENV-2 in the heads (r = -0.729, P = 0.040), salivary glands (r = -0.785, P = 0.021), and whole mosquitoes (r = -0.909, P = 0.002).




Figure 4 | Relative densities of the wAlbA and wAlbB strains in Ae. albopictus from the eight populations in China.






Discussion

The vector competence for DENV-2 among different geographic strains of Ae. albopictus populations is influenced by ecological structure, climate, virus titer, endosymbiont bacteria, and genetic factors. Accordingly, in the present study, different geographic strains of Ae. albopictus were collected and infected with the same titer of DENV-2 in the same environment to assess their vector competence, eliminating the effects of environment, climate, and virus titer. We further explored the effects of genetic factors and endosymbiont bacteria among different geographic strains of Ae. albopictus populations.

The infection rates for each tissue (IR, MIR, DR, TR and PTR) are not significantly different and not correlated with DENV-2 loads in the eight Ae. albopictus populations. This non-correlation has been reported in other studies (Bosio et al., 1998; Lambrechts et al., 2009). There are no apparent differences in the numbers of dengue RNA copies in the tissues among different geographic strains of Ae. albopictus populations in China. A possible explanation for this result is that they share genetic background. Gao et al. (2021) reported that four major migration trends which were observed among the different climatic regions with high gene flow contributed to the similarity of Ae. albopictus populations in China. Our previous study (Wei et al., 2019) also reported that the strong gene flow assisted by human activities inhibited population differentiation of Ae. albopictus populations in China, and the 34 populations across China were assigned to two genetic clusters with very low genetic differentiation (southern-western cluster and eastern-central-northern cluster). The low differentiation may be attributed to the current adaptation of Ae. albopictus population with shared genetic background to the ecological environment of the new migration places before mosquito collection, including local climate and microbial infection.

Although the difference in DENV-2 loads between Ae. albopictus populations is not obvious, the midguts, heads, and salivary glands in mosquitoes from dengue fever endemic areas in southern-western China infected with DENV-2 have lower loads relative to the populations from eastern-central-northern China, which may be related to the evolution of mosquitoes in these areas upon frequent virus infection. Our previous study (Wei et al., 2019) also indicated that the genetic diversity of Ae. albopictus in dengue fever endemic areas is higher than that in non-endemic areas in northern China. Local adaptation is predicted when the pathogen has an evolutionary advantage over the host, such as higher mutation rate, shorter generation time, higher migration rate, and larger population size (Gandon and Van Zandt, 1998; Kaltz and Shykoff, 1998; Kawecki and Ebert, 2004). So the Ae. albopictus populations from southern-western China could have slightly stronger immune defenses against dengue virus, which may be associated with that the host from southern-western China might have an evolutionary advantage over that from eastern-central-northern China.

We also found that the DENV-2 loads in whole mosquitoes show a negative correlation with Rel1 gene and STAT gene expression, which is related to immune regulation of mosquitoes to DENV-2. The expression of Rel1 gene and STAT gene show a negative correlation with the DENV-2 loads in whole mosquitoes from southern-western China but not those from eastern-central-northern China, which may support the claim of stronger immune defenses in the mosquitoes from southern-western China. The transcription factor Rel1 translocates from the cytoplasm to the nucleus and binds to κB motifs on the promoters of many antimicrobial peptides, such as diptericin and cecropins, that are active against pathogenic microorganisms (Shin et al., 2006; Luplertlop et al., 2011). Some studies have reported that Rel1 and its downstream antimicrobial peptides are upregulated to control infection against DENV upon infection (Xi et al., 2008; Sim and Dimopoulos, 2010). Rel1 is also regulated by many factors in mosquitoes to antagonize the replication and dissemination of dengue virus (Xi et al., 2008; Hussain et al., 2013).

The signal transducers and activators of transcription (STAT) are recruited by the Dome/Hop complex, phosphorylated, and dimerized, then translocate to the nucleus where they activate the transcription of specific effector genes, such as the virus-induced RNA 1 (vir-1) gene, that play roles in antiviral immunity (Dostert et al., 2005; Souza-Neto et al., 2009). Arboviruses, including Japanese encephalitis virus (JEV), West Nile virus (WNV), and DENV, have been shown to interfere with the JAK-STAT pathway by inhibiting JAK phosphorylation, thereby preventing translocation of STAT to the nucleus and/or altering the expression of IFN-stimulated genes (Lin R. J. et al., 2004; Guo et al., 2005; Ho et al., 2005). It has been reported that STAT phosphorylation and DNA binding activity are inhibited in C6/36 mosquito cells infected with JEV (Lin C. C. et al., 2004). The JAK-STAT pathway has been shown to mediate increased resistance to DENV in infected Ae. aegypti (Souza-Neto et al., 2009).

Wolbachia pipientis are symbiotic bacteria, vertically transmitted from mother to offspring, of which wAlbA and wAlbB exist naturally in Ae. albopictus populations (Tsai et al., 2017; Mohanty et al., 2019; Wei et al., 2019). Some types of Wolbachia have been introduced into mosquitoes that are not natural host of Wolbachia as a means to limit their ability to transmit important arboviruses including DENV, CHIKV, and ZIKV (Xi et al., 2005; Moreira et al., 2009; Bian et al., 2013). Several countries, including Brazil, Australia, and Vietnam, have participated in field trials of DENV control based on the release of Wolbachia-infected mosquitoes into the wild (World Mosquito Program, 2017). Furthermore, Wolbachia-infected mosquitoes from the same field populations maintain reduced susceptibility to DENV under laboratory conditions (Frentiu et al., 2014). A very low Wolbachia density could contribute to absence of Wolbachia-mediated resistance to dengue virus in Ae. albopictus (Lu et al., 2012). The density-dependent inhibition to DENV of Wolbachia in mosquito vectors may directly influence the disease transmission in the field. Therefore, it is very important to detect Wolbachia density of field populations to evaluate the vector competence of Ae. albopictus.

In the present study, we found that the wAlbB strain is present at a higher density than that of the wAlbA strain in Ae. albopictus, which is consistent with the results of previous studies (Dutton and Sinkins, 2004; Hu et al., 2020). The relative density of the wAlbB strain in mosquitoes from southern-western China (MS, GZ, ZJ, LS) are higher than those from eastern-central-northern China (BJ, SJZ, HZ, WH). Furthermore, the DENV-2 loads in whole mosquitoes, heads, and salivary glands show a negative correlation with the relative density of wAlbB Wolbachia. These results indicate that the density of wAlbB Wolbachia may have changed due to the influence of the habitat environment before mosquito collection (Wiwatanaratanabutr and Kittayapong, 2009; Rosso et al., 2018; Thongsripong et al., 2018; Hu et al., 2020), and then affect the DENV-2 loads of local mosquito population. Xue et al. (2018) quantified the impact of wAlbB Wolbachia in reducing the transmission of CHIKV, DENV, and ZIKV in Ae. albopictus and Ae. aegypti. Stable infections of wAlbB Wolbachia were established and found to inhibit the replication and dissemination of DENV in Ae. aegypti (Xi et al., 2005; Bian et al., 2010). wAlbB Wolbachia downregulate the expression of two putative mosquito DENV receptors, knockdown of which results in the inhibition of DENV-2 binding to mosquito cells (Lu et al., 2020). Furthermore, in Malaysia, the incidence of dengue was reduced at release sites with high endemic dengue transmission after Ae. aegypti mosquitoes carrying wAlbB were released and maintained at high population frequency (Nazni et al., 2019).

In this study, the loads of DENV-2 in Ae. albopictus showed negative correlation with Rel1 gene expression, STAT gene expression, and wAlbB density, but not with Rel2 gene expression, Dicer2 gene expression, and wAlbA density. However, this does not mean that Rel2, Dicer2, and wAlbA do not play antiviral roles in Ae. albopictus infected with DENV-2. They may have large, small, or similar degrees of antiviral effect in Ae. albopictus (Antonova et al., 2009; Lambrechts et al., 2013; Kumar et al., 2018; Chouin-Carneiro et al., 2020), but there is no difference in these factors among different mosquito individuals or populations. No significant correlation was observed between the density of Wolbachia strains and the expression of immune-associated genes. One possible reason might be that the naturally stable infection of Wolbachia in mosquitoes may have been in a state of balance, affecting the comprehensive and complex immune chain reaction rather than a specific pathway. The other one might be that the density of natural Wolbachia strains and expression of immune-associated genes in mosquitoes with different immune defense capabilities may be affected by individual and population differences. When introduced to nonnative mosquito hosts, Wolbachia infection can enhance the immune response and increase the expression of reactive oxygen species (ROS) and Rel1 (Pan et al., 2012). The effect of other immune markers on the immune response of mosquitoes to dengue virus will be worthy of our next study besides Rel1 and STAT, such as ROS (Wang et al., 2019) and nitric oxide (NO) (Ramos-Castañeda et al., 2008).

To verify the specific roles and differences of these immune genes and pathways in different mosquito populations, different experimental approaches are required, such as setting more infection time points, interfering with immune genes, and improving immune response. Such are the limitations of this study. Another big limitation is that the change in environment and climate from fields to laboratory may affect the immune respond and viral loads of Ae. albopictus. In this regard, in the next study we will simulate the field environment to conduct the experiments and comprehensively discuss the influence of the field environment and immune system on the vector competences of local mosquitoes. Nevertheless, this study provides a preliminary understanding of vector competence and immune levels of Ae. albopictus populations in different regions of China.



Conclusion

This study investigated not only the vector competences for DENV-2 of different Ae. albopictus populations in China, but also the factors relating to innate immunity that influence mosquito susceptibility to DENV-2. The amounts of DENV-2 in the mosquito midguts, heads, and salivary glands from southern-western China are lower than those from eastern-central-northern China. Furthermore, the differences in vector competence may be related to the innate immunity of mosquitoes involving Rel1 in the Toll pathway, STAT in the JAK-STAT pathway, and the relative density of the wAlbB strain. The data gained from this study provide useful information for the epidemiology, prevention, and control of vector-borne diseases.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

YW and XZ conceived and designed the experiments. YW, JW, Y-HW, ZS, KH, and YC performed the experiments. YW and Y-HW analyzed the data. YW, XZ, DZ, and GZ wrote and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (31630011), Natural Science Foundation of Guangdong Province (2017A030313625), and the Science and Technology Planning Project of Guangzhou (201804020084).



Acknowledgments

We would like to thank Peiyang Fan and Zihao Zheng for their assistance in collecting mosquito samples. We would like to thank the native English speaking scientists of Elixigen Company (Huntington Beach, California) for editing our manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.649975/full#supplementary-material



References

 Amraoui, F., Ben Ayed, W., Madec, Y., Faraj, C., Himmi, O., Btissam, A., et al. (2019). Potential of Aedes albopictus to cause the emergence of arboviruses in Morocco. PloS Negl. Trop. Dis. 13, e0006997. doi: 10.1371/journal.pntd.0006997

 Angleró-Rodríguez, Y. I., Macleod, H. J., Kang, S., Carlson, J. S., Jupatanakul, N., and Dimopoulos, G. (2017). Aedes aegypti molecular responses to Zika virus: Modulation of infection by the Toll and Jak/Stat immune pathways and virus host factors. Front. Microbiol. 8, 2050. doi: 10.3389/fmicb.2017.02050

 Antonova, Y., Alvarez, K. S., Kim, Y. J., Kokoza, V., and Raikhel, A. S. (2009). The role of NF-kappaB factor REL2 in the Aedes aegypti immune response. Insect Biochem. Mol. Biol. 39, 303–314. doi: 10.1016/j.ibmb.2009.01.007

 Bhatt, S., Gething, P. W., Brady, O. J., Messina, J. P., Farlow, A. W., Moyes, C. L., et al. (2013). The global distribution and burden of dengue. Nature 496, 504–507. doi: 10.1038/nature12060

 Bian, G., Shin, S. W., Cheon, H. M., Kokoza, V., and Raikhel, A. S. (2005). Transgenic alteration of Toll immune pathway in the female mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U.S.A. 102, 13568–13573. doi: 10.1073/pnas.0502815102

 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 Pathog. 6, e1000833. doi: 10.1371/journal.ppat.1000833

 Bian, G., Zhou, G., Lu, P., and Xi, Z. (2013). Replacing a native Wolbachia with a novel strain results in an increase in endosymbiont load and resistance to dengue virus in a mosquito vector. PloS Negl. Trop. Dis. 7, e2250. doi: 10.1371/journal.pntd.0002250

 Bosio, C. F., Beaty, B. J., and Black, W. C. T. (1998). Quantitative genetics of vector competence for dengue-2 virus in Aedes aegypti. Am. J. Trop. Med. Hyg. 59, 965–970. doi: 10.4269/ajtmh.1998.59.965

 Brady, O. J., Gething, P. W., Bhatt, S., Messina, J. P., Brownstein, J. S., Hoen, A. G., et al. (2012). Refining the global spatial limits of dengue virus transmission by evidence-based consensus. PloS Negl. Trop. Dis. 6, e1760. doi: 10.1371/journal.pntd.0001760

 Cabral, S., De Paula, A., Samuels, R., Da Fonseca, R., Gomes, S., Silva, J. R., et al. (2020). Aedes aegypti (Diptera: Culicidae) immune responses with different feeding regimes following infection by the entomopathogenic fungus Metarhizium anisopliae. Insects 11, 95. doi: 10.3390/insects11020095

 Chen, B., and Liu, Q. (2015). Dengue fever in China. Lancet 385, 1621–1622. doi: 10.1016/S0140-6736(15)60793-0

 Chouin-Carneiro, T., Ant, T. H., Herd, C., Louis, F., Failloux, A. B., and Sinkins, S. P. (2020). Wolbachia strain wAlbA blocks Zika virus transmission in Aedes aegypti. Med. Vet. Entomol. 34, 116–119. doi: 10.1111/mve.12384

 Cox, J., Brown, H. E., and Rico-Hesse, R. (2011). Variation in vector competence for dengue viruses does not depend on mosquito midgut binding affinity. PloS Negl. Trop. Dis. 5, e1172. doi: 10.1371/journal.pntd.0001172

 Deng, S., Huang, Q., Wei, H., Zhou, L., Yao, L., Li, D., et al. (2019). Beauveria bassiana infection reduces the vectorial capacity of Aedes albopictus for the Zika virus. J. Pest Sci. 92, 781–789. doi: 10.1007/s10340-019-01081-0

 Dostert, C., Jouanguy, E., Irving, P., Troxler, L., Galiana-Arnoux, D., Hetru, C., et al. (2005). The Jak-STAT signaling pathway is required but not sufficient for the antiviral response of drosophila. Nat. Immunol. 6, 946–953. doi: 10.1038/ni1237

 Dutton, T. J., and Sinkins, S. P. (2004). Strain-specific quantification of Wolbachia density in Aedes albopictus and effects of larval rearing conditions. Insect Mol. Biol. 13, 317–322. doi: 10.1111/j.0962-1075.2004.00490.x

 Fragkoudis, R., Chi, Y., Siu, R. W., Barry, G., Attarzadeh-Yazdi, G., Merits, A., et al. (2008). Semliki Forest virus strongly reduces mosquito host defence signaling. Insect Mol. Biol. 17, 647–656. doi: 10.1111/j.1365-2583.2008.00834.x

 Frentiu, F. D., Zakir, T., Walker, T., Popovici, J., Pyke, A. T., Van Den Hurk, A., et al. (2014). Limited dengue virus replication in field-collected Aedes aegypti mosquitoes infected with Wolbachia. PloS Negl. Trop. Dis. 8, e2688. doi: 10.1371/journal.pntd.0002688

 Gandon, S., and Van Zandt, P. A. (1998). Local adaptation and host-parasite interactions. Trends Ecol. Evol. 13, 214–216. doi: 10.1016/S0169-5347(98)01358-5

 Gao, J., Zhang, H. D., Guo, X. X., Xing, D., Dong, Y. D., Lan, C. J., et al. (2021). Dispersal patterns and population genetic structure of Aedes albopictus (Diptera: Culicidae) in three different climatic regions of China. Parasit. Vectors 14, 12. doi: 10.1186/s13071-020-04521-4

 Goic, B., Stapleford, K. A., Frangeul, L., Doucet, A. J., Gausson, V., Blanc, H., et al. (2016). Virus-derived DNA drives mosquito vector tolerance to arboviral infection. Nat. Commun. 7, 12410. doi: 10.1038/ncomms12410

 Gooding, R. H. (1996). Genetic variation in arthropod vectors of disease-causing organisms: obstacles and opportunities. Clin. Microbiol. Rev. 9, 301–320. doi: 10.1128/CMR.9.3.301

 Goubert, C., Minard, G., Vieira, C., and Boulesteix, M. (2016). Population genetics of the Asian tiger mosquito Aedes albopictus, an invasive vector of human diseases. Heredity 117, 125–134. doi: 10.1038/hdy.2016.35

 Gratz, N. G. (2004). Critical review of the vector status of Aedes albopictus. Med. Vet. Entomol. 18, 215–227. doi: 10.1111/j.0269-283X.2004.00513.x

 Gubler, D. J., and Rosen, L. (1976). Variation among geographic strains of Aedes albopictus in susceptibility to infection with dengue viruses. Am. J. Trop. Med. Hyg. 25, 318–325. doi: 10.4269/ajtmh.1976.25.318

 Gubler, D. J., Nalim, S., Tan, R., Saipan, H., and Sulianti Saroso, J. (1979). Variation in susceptibility to oral infection with dengue viruses among geographic strains of Aedes aegypti. Am. J. Trop. Med. Hyg. 28, 1045–1052. doi: 10.4269/ajtmh.1979.28.1045

 Guo, J. T., Hayashi, J., and Seeger, C. (2005). West Nile virus inhibits the signal transduction pathway of alpha interferon. J. Virol. 79, 1343–1350. doi: 10.1128/JVI.79.3.1343-1350.2005

 Guo, X. X., Zhu, X. J., Li, C. X., Dong, Y. D., Zhang, Y. M., Xing, D., et al. (2013). Vector competence of Aedes albopictus and Aedes aegypti (Diptera: Culicidae) for DEN2-43 and New Guinea C virus strains of dengue 2 virus. Acta Trop. 128, 566–570. doi: 10.1016/j.actatropica.2013.08.006

 Guo, X. X., Li, C. X., Zhang, Y. M., Xing, D., Dong, Y. D., Zhang, H. D., et al. (2016). Vector competence of Aedes albopictus and Aedes aegypti (Diptera: Culicidae) for the DEN2-FJ10 and DEN2-FJ11 strains of the dengue 2 virus in Fujian, China. Acta Trop. 161, 86–90. doi: 10.1016/j.actatropica.2016.05.018

 Ho, L. J., Hung, L. F., Weng, C. Y., Wu, W. L., Chou, P., Lin, Y. L., et al. (2005). Dengue virus type 2 antagonizes IFN-alpha but not IFN-gamma antiviral effect via down-regulating Tyk2-STAT signaling in the human dendritic cell. J. Immunol. 174, 8163–8172. doi: 10.4049/jimmunol.174.12.8163

 Hoffmann, A. A., Montgomery, B. L., Popovici, J., Iturbe-Ormaetxe, I., Johnson, P. H., Muzzi, F., et al. (2011). Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission. Nature 476, 454–457. doi: 10.1038/nature10356

 Hu, Y., Xi, Z., Liu, X., Wang, J., Guo, Y., Ren, D., et al. (2020). Identification and molecular characterization of Wolbachia strains in natural populations of Aedes albopictus in China. Parasit. Vectors 13, 28. doi: 10.1186/s13071-020-3899-4

 Huang, Y. M., and Ward, R. (1981). A pictorial key for the identification of the mosquitoes associated with yellow fever in Africa. Mosq. Syst. 13, 138–149.

 Hussain, M., Walker, T., O’neill, S. L., and Asgari, S. (2013). Blood meal induced microRNA regulates development and immune associated genes in the Dengue mosquito vector, Aedes aegypti. Insect Biochem. Mol. Biol. 43, 146–152. doi: 10.1016/j.ibmb.2012.11.005

 Jiggins, F. M. (2017). The spread of Wolbachia through mosquito populations. PloS Biol. 15, e2002780. doi: 10.1371/journal.pbio.2002780

 Kaltz, O., and Shykoff, J. A. (1998). Local adaptation in host-parasite systems. Heredity 81, 361–370. doi: 10.1046/j.1365-2540.1998.00435.x

 Kawecki, T., and Ebert, D. (2004). Conceptual issues in local adaptation. Ecol. Lett. 7, 1225–1241. doi: 10.1111/j.1461-0248.2004.00684.x

 Kumar, A., Srivastava, P., Sirisena, P., Dubey, S. K., Kumar, R., Shrinet, J., et al. (2018). Mosquito innate immunity. Insects 9, 95. doi: 10.3390/insects9030095

 Lai, S., Huang, Z., Zhou, H., Anders, K. L., Perkins, T. A., Yin, W., et al. (2015). The changing epidemiology of dengue in China 1990-2014: a descriptive analysis of 25 years of nationwide surveillance data. BMC Med. 13, 100. doi: 10.1186/s12916-015-0336-1

 Lambrechts, L., Chevillon, C., Albright, R. G., Thaisomboonsuk, B., Richardson, J. H., Jarman, R. G., et al. (2009). Genetic specificity and potential for local adaptation between dengue viruses and mosquito vectors. BMC Evol. Biol. 9, 160. doi: 10.1186/1471-2148-9-160

 Lambrechts, L., Quillery, E., Noël, V., Richardson, J. H., Jarman, R. G., Scott, T. W., et al. (2013). Specificity of resistance to dengue virus isolates is associated with genotypes of the mosquito antiviral gene Dicer-2. Proc. Biol. Sci. 280, 20122437. doi: 10.1098/rspb.2012.2437

 Leftwich, P. T., Bolton, M., and Chapman, T. (2015). Evolutionary biology and genetic techniques for insect control. Evol. Appl. 9, 212–230. doi: 10.1111/eva.12280

 Lemaitre, B., and Hoffmann, J. (2007). The host defense of Drosophila melanogaster. Annu. Rev. Immunol. 25, 697–743. doi: 10.1146/annurev.immunol.25.022106.141615

 Lin, C. C., Chou, C. M., Hsu, Y. L., Lien, J. C., Wang, Y. M., Chen, S. T., et al. (2004). Characterization of two mosquito STATs, AaSTAT and CtSTAT. Differential regulation of tyrosine phosphorylation and DNA binding activity by lipopolysaccharide treatment and by Japanese encephalitis virus infection. J. Biol. Chem. 279, 3308–3317. doi: 10.1074/jbc.M309749200

 Lin, R. J., Liao, C. L., Lin, E., and Lin, Y. L. (2004). Blocking of the alpha interferon-induced Jak-Stat signaling pathway by Japanese encephalitis virus infection. J. Virol. 78, 9285–9294. doi: 10.1128/JVI.78.17.9285-9294.2004

 Liu, Z., Zhang, Z., Lai, Z., Zhou, T., Jia, Z., Gu, J., et al. (2017). Temperature increase enhances Aedes albopictus competence to transmit dengue virus. Front. Microbiol. 8, 2337. doi: 10.3389/fmicb.2017.02337

 Lu, P., Bian, G., Pan, X., and Xi, Z. (2012). Wolbachia induces density-dependent inhibition to dengue virus in mosquito cells. PloS Negl. Trop. Dis. 6, e1754. doi: 10.1371/journal.pntd.0001754

 Lu, P., Sun, Q., Fu, P., Li, K., Liang, X., and Xi, Z. (2020). Wolbachia inhibits binding of dengue and Zika viruses to mosquito cells. Front. Microbiol. 11, 1750. doi: 10.3389/fmicb.2020.01750

 Luplertlop, N., Surasombatpattana, P., Patramool, S., Dumas, E., Wasinpiyamongkol, L., Saune, L., et al. (2011). Induction of a peptide with activity against a broad spectrum of pathogens in the Aedes aegypti salivary gland, following infection with dengue virus. PloS Pathog. 7, e1001252. doi: 10.1371/journal.ppat.1001252

 Méndez, Y., Carrozza, M., Fernández, D. M. P. D., Flores, K., and Herrera, F. (2015). Vector competence persistance of Venezuelan Aedes albopictus for an Asian dengue-2 strain. Bol. Malariol Salud Ambient 55, 165–172.

 Mohanty, I., Rath, A., Swain, S. P., Pradhan, N., and Hazra, R. K. (2019). Wolbachia population in vectors and non-vectors: a sustainable approach towards dengue control. Curr. Microbiol. 76, 133–143. doi: 10.1007/s00284-018-1596-8

 Moreira, L. A., Iturbe-Ormaetxe, I., Jeffery, J. A., Lu, G., Pyke, A. T., Hedges, L. M., et al. (2009). A Wolbachia symbiont in Aedes aegypti limits infection with dengue, Chikungunya, and Plasmodium. Cell 139, 1268–1278. doi: 10.1016/j.cell.2009.11.042

 Nazni, W. A., Hoffmann, A. A., Noorafizah, A., Cheong, Y. L., Mancini, M. V., Golding, N., et al. (2019). Establishment of Wolbachia Strain wAlbB in Malaysian populations of Aedes aegypti for dengue control. Curr. Biol. 29, 4241–4248. doi: 10.1016/j.cub.2019.11.007

 Pan, X. L., Zhou, G. L., Wu, J. H., Bian, G. W., Lu, P., Raikhel, A. S., et al. (2012). Wolbachia induces reactive oxygen species (ROS)-dependent activation of the Toll pathway to control dengue virus in the mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U.S.A. 109, E23–E31. doi: 10.1073/pnas.1116932108

 Paradkar, P. N., Trinidad, L., Voysey, R., Duchemin, J. B., and Walker, P. J. (2012). Secreted Vago restricts West Nile virus infection in Culex mosquito cells by activating the Jak-STAT pathway. Proc. Natl. Acad. Sci. U.S.A. 109, 18915–18920. doi: 10.1073/pnas.1205231109

 Paupy, C., Girod, R., Salvan, M., Rodhain, F., and Failloux, A. B. (2001). Population structure of Aedes albopictus from La Réunion Island (Indian Ocean) with respect to susceptibility to a dengue virus. Heredity 87, 273–283. doi: 10.1046/j.1365-2540.2001.00866.x

 Ramos-Castañeda, J., González, C., Jiménez, M. A., Duran, J., Hernández-Martínez, S., Rodríguez, M. H., et al. (2008). Effect of nitric oxide on Dengue virus replication in Aedes aegypti and Anopheles albimanus. Intervirology 51, 335–341. doi: 10.1159/000175639

 Rosen, L., Shroyer, D. A., Tesh, R. B., Freier, J. E., and Lien, J. C. (1983). Transovarial transmission of dengue viruses by mosquitoes: Aedes albopictus and Aedes aegypti. Am. J. Trop. Med. Hyg. 32, 1108–1119. doi: 10.4269/ajtmh.1983.32.1108

 Rosso, F., Tagliapietra, V., Albanese, D., Pindo, M., Baldacchino, F., Arnoldi, D., et al. (2018). Reduced diversity of gut microbiota in two Aedes mosquitoes species in areas of recent invasion. Sci. Rep. 8, 16091. doi: 10.1038/s41598-018-34640-z

 Shin, S. W., Bian, G., and Raikhel, A. S. (2006). A toll receptor and a cytokine, Toll5A and Spz1C, are involved in toll antifungal immune signaling in the mosquito Aedes aegypti. J. Biol. Chem. 281, 39388–39395. doi: 10.1074/jbc.M608912200

 Sim, S., and Dimopoulos, G. (2010). Dengue virus inhibits immune responses in Aedes aegypti cells. PloS One 5, e10678. doi: 10.1371/journal.pone.0010678

 Souza-Neto, J. A., Sim, S., and Dimopoulos, G. (2009). An evolutionary conserved function of the JAK-STAT pathway in anti-dengue defense. Proc. Natl. Acad. Sci. U.S.A. 106, 17841–17846. doi: 10.1073/pnas.0905006106

 Sun, J., Lu, L., Wu, H., Yang, J., Xu, L., Sang, S., et al. (2017). Epidemiological trends of dengue in mainland China 2005-2015. Int. J. Infect. Dis. 57, 86–91. doi: 10.1016/j.ijid.2017.02.007

 Thongsripong, P., Chandler, J. A., Green, A. B., Kittayapong, P., Wilcox, B. A., Kapan, D. D., et al. (2018). Mosquito vector-associated microbiota: Metabarcoding bacteria and eukaryotic symbionts across habitat types in Thailand endemic for dengue and other arthropod-borne diseases. Ecol. Evol. 8, 1352–1368. doi: 10.1002/ece3.3676

 Tsai, C. H., Chen, T. H., Lin, C., Shu, P. Y., Su, C. L., and Teng, H. J. (2017). The impact of temperature and Wolbachia infection on vector competence of potential dengue vectors Aedes aegypti and Aedes albopictus in the transmission of dengue virus serotype 1 in southern Taiwan. Parasit. Vectors 10, 551. doi: 10.1186/s13071-017-2493-x

 Vazeille, M., Rosen, L., Mousson, L., and Failloux, A. B. (2003). Low oral receptivity for dengue type 2 viruses of Aedes albopictus from Southeast Asia compared with that of Aedes aegypti. Am. J. Trop. Med. Hyg. 68, 203–208. doi: 10.4269/ajtmh.2003.68.203

 Wang, J. M., Cheng, Y., Shi, Z. K., Li, X. F., Xing, L. S., Jiang, H., et al. (2019). Aedes aegypti HPX8C modulates immune responses against viral infection. PloS Negl. Trop. Dis. 13, e0007287. doi: 10.1371/journal.pntd.0007287

 Wei, Y., Wang, J., Song, Z., He, Y., Zheng, Z., Fan, P., et al. (2019). Patterns of spatial genetic structures in Aedes albopictus (Diptera: Culicidae) populations in China. Parasit. Vectors 12, 552. doi: 10.1186/s13071-019-3801-4

 Wiwatanaratanabutr, I., and Kittayapong, P. (2009). Effects of crowding and temperature on Wolbachia infection density among life cycle stages of Aedes albopictus. J. Invertebr Pathol. 102, 220–224. doi: 10.1016/j.jip.2009.08.009

 World Health Organization [WHO] (2009). Dengue guidelines, for diagnosis, treatment, prevention and control. Available at: http://wwwwhoint/neglected_diseases/resources/9789241547871/en/ (Accessed November 15, 2020).

 World Health Organization [WHO] (2016). Dengue control. Available at: http://wwwwhoint/denguecontrol/epidemiology/en/ (Accessed November 15, 2020).

 World Mosquito Program (2017). Eliminate dengue. Available at: http://www.eliminatedengue.com/program/ (Accessed November 15, 2020).

 Xi, Z., Khoo, C. C., and Dobson, S. L. (2005). Wolbachia establishment and invasion in an Aedes aegypti laboratory population. Science 310, 326–328. doi: 10.1126/science.1117607

 Xi, Z., Ramirez, J. L., and Dimopoulos, G. (2008). The Aedes aegypti toll pathway controls dengue virus infection. PloS Pathog. 4, e1000098. doi: 10.1371/journal.ppat.1000098

 Xiao, F. Z., Zhang, Y., Deng, Y. Q., He, S., Xie, H. G., Zhou, X. N., et al. (2014). The effect of temperature on the extrinsic incubation period and infection rate of dengue virus serotype 2 infection in Aedes albopictus. Arch. Virol. 159, 3053–3057. doi: 10.1007/s00705-014-2051-1

 Xue, L., Fang, X., and Hyman, J. M. (2018). Comparing the effectiveness of different strains of Wolbachia for controlling chikungunya, dengue fever, and zika. PloS Negl. Trop. Dis. 12, e0006666. doi: 10.1371/journal.pntd.0006666

 Zheng, X., Zhang, D., Li, Y., Yang, C., Wu, Y., Liang, X., et al. (2019). Incompatible and sterile insect techniques combined eliminate mosquitoes. Nature 572, 56–61. doi: 10.1038/s41586-019-1407-9



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.

Copyright © 2021 Wei, Wang, Wei, Song, Hu, Chen, Zhou, Zhong and Zheng. 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.


OEBPS/Images/fcimb-11-649975-g004.jpg
0.4 2

i) Bt

00 0.0
R e R A
Populations

2.0

=

0.1

e

osdy/gqrvs





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Vector Competence for DENV-2 Among Aedes albopictus (Diptera: Culicidae) Populations in China

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mosquito Sampling

          



          		

            Oral Infection of Mosquitoes

          



          		

            RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

          



          		

            Quantification of Wolbachia and Immune-Associated Gene Expression Levels in Mosquitoes

          



          		

            Data Analysis

          



        



        



        		

          Results

        

          		

            Vector Competence of Ae. albopictus for DENV-2

          



          		

            Effects of Immune-Associated Genes on Vector Competence of Ae. albopictus

          



          		

            Effects of Wolbachia Strain on Vector Competence of Ae. albopictus

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-649975-g001.jpg





OEBPS/Images/fcimb-11-649975-g003.jpg
3 - : P
3 prwrey g T
H B - H :
o e oo oo
Rell/Rps6. STATRps6
o
3
£
£
£
o
Qo ees  oms a2 od6 000 em 006 o o

Rel2/Rys6 Dicer-2/Rps6.





OEBPS/Images/table2.jpg
Populations "

80.00% (240)
82.50% (3340)
87.50% @5/40)
82.50% (3340)
85.00% (3440)
75.00% (G0/40)
77.50% B1/40)
9000% (3640)

bERBERRE

MR

80.00% 4730
83:30% @500
96.67% (2030)
8667% 2630)
93.30% (28:30)
80.00% 24/30)
7667% 2¥30)
93.39% (28:30)

oR

91.67% 2224
84.00% 21725
75.86% (2229
76.92% (20226
71.43% Q026)
8.30% 2024
6957% (1629
82.14% (2328)

™

7083% (17/24)
68.00% (17/25)
8207%(18/29)
73.08% (19/26)
80.71% (17/28)
7083% (17728)
52.17% (12/28)
50.00% (14/28)

PTR

56.67% (17730
56.67% (17730
60.00% (18130
63.35% (1920
56.67% (17720
56.67% (17720
40.00% (12120
4667% (14120

T o ; = o o s 4 O oo i . ok
< o osaons Wl s, o 7 et e
o, Pttt 5 T st it . o s s, et 4 TPt oo o i O o

Sachiiso. Sated bl A5





OEBPS/Images/table3.jpg
Populations Midguts™ Heads™ Salvary glands™ Mosquitoes” whIDA" WAIB”

Y 4704 ana a7 on 008 0620
sz 5314 4300 aza o878 0038 0760
z 5100 4006 3640 0943 0001 0702
wH 5077 4683 2925 1085 00m 0382
vs 4694 3855 3208 oser 0064 0810
6z 4883 4170 3426 o748 0105 0920
2 4597 3947 as27 o710 0085 o837
s 455 382 3500 o791 0058 0798
3 0520 0067 01902 0393
Py vae o187 0875 0650 03%
3 0354 0729 -0785" 0909"
Py valve 03%0 0010 0021 o002

" Moan DENV-2 0pies (o nectc mius, head, and sabary gnds of A albopctus om th ot popuatons.
M s o DENY-2 and Wobachia i wholo mosqutoss v o 1 RSt gas.

' Pearson’ comaton coafcen between wADA an DENV-2  h 155U6S ol mosqutos. P, aue Pk Goresponcing (0. ' Parson’s comtaton coefsent betwoen
WADB et DENV-2 155085 an wholo 0SquR005. Py vale: P vl orespondng 0 .

gy





OEBPS/Images/fcimb.2021.649975_cover.jpg
, frontiers

in Cellular and Infection Microbiology

Vector Competence for
DENV-2 Among Aedes
albopictus (Diptera: Culicidae)
Populations in China





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb-11-649975-g002.jpg
DENV-2/Rps6

DENV-2/Rps6

ED 0102 ER w eaes e
Rell/Rps STATRpsG

Tos osoroons  ows Ex O30 En
Rel2/Rpss Dicer-2/Rps6.






OEBPS/Images/table1.jpg
Sample sites

Bejing
Shijazhuang
Hangzhou
Wohan
Messhan
Guangzhou
Znaryang
Lingshui

Abbreviation

GNREIALE

Latitude

30°516N
Sr5asEN
W0 1g42N
30°3030N
WIS
281118N
21°0597°N
18°3027°N

Longitude

116°1 145°E
114°27'49°
120°07'09°
114°2209°
103°5201°
113°19492°€
109°4260°€
110°01'59'E

Collection date

August 2019
August 2019
August 2019
August 2019
August 2019
September 2019
Soptember 2019
‘September 2019





