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Background: Vector-borne diseases have become one of the most serious local public health threats. Monitoring and controlling vectors are important means of controlling vector-borne diseases. However, traditional vector surveillance systems in China mainly monitor vector density, making its early-warning effect on vector-borne diseases weak. In this study, we applied an integrated surveillance system of multiple arthropod vectors and reservoir host containing ecology, etiology, and drug resistance monitoring to obtain better knowledge on vector populations and provide early warning of suspicious vector-borne infectious disease occurrence.

Methods: An ecology surveillance of mosquitoes, rodents, ticks, and chigger mites, a pathogen infection survey on mosquitoes and rodents, and a drug resistance survey on Aedes albopictus were conducted in 12 cities in Zhejiang Province in 2020.

Results: A total of 15,645 adult mosquitoes were collected at a density of 19.8 mosquitoes per Centers for Disease Control and Prevention light trap. Culex tritaeniorhynchus (72.76%) was the most abundant species. The Breteau index of Ae. albopictus was 13.11. The rodent density was 0.91 rodents per hundred traps; the most abundant species was Rattus norvegicus (33.73%). The densities of dissociate and ectoparasitic ticks were 0.79 ticks per hundred meters and 0.97 ticks per animal, respectively. The most abundant tick species was Haemaphysalis longicornis (56.38%). The density of chigger mites was 14.11 per rodent; two species were identified, with the most abundant species being Walchia spp. mite (68.35%). No flavivirus or alphavirus was found in mosquito etiology monitoring, whereas the positivity rates of hantavirus, the pathogenic bacteria Leptospira spp., Orientia tsutsugamushi, and Bartonella spp. detected in rodent etiology monitoring were 1.86, 7.36, 0.35 and 7.05%, respectively. Field populations of Ae. albopictus in Zhejiang Province were widely resistant to pyrethroids but sensitive to most insecticides tested, including organophosphorus and carbamate insecticides.

Conclusion: Integrated surveillance systems on multiple arthropod vectors (mosquitoes, ticks, mites) and animal reservoirs (rodents) can provide important information for the prevention and control of epidemic emergencies.
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Introduction

Arthropod-vector-borne diseases (VBDs) include many widespread diseases, such as malaria, yellow fever, dengue fever, plague, and Lyme disease. Moreover, 80% of the global population is at risk of ≥1 VBDs, and >700,000 people die from VBDs annually (1). The burden of VBDs accounts for 17% of the global infectious disease burden (1). Consequently, VBDs have become one of the most serious global public health threats (2, 3).

In China, with the risk of global warming, changes in the ecological environment, increased trade, and population mobility, epidemics of VBDs have become increasingly serious (4, 5). Mosquito-borne diseases (MBDs) can be considered as an example. Because of warm temperature, the distribution range of Aedes albopictus in China continues to expand, leading to ≥168 million people being at high risk of dengue fever annually (3, 6–10). In 2019, 22,188 confirmed dengue fever cases were reported in mainland China by the National Notifiable Disease Reporting System, causing huge economic losses (11). Without effective medicine and vaccines, monitoring and controlling arthropod vectors and reservoir hosts have been important means of controlling VBDs.

Monitoring systems for reservoir hosts, vectors, and pathogens are important early-warning systems to prevent the occurrence or reduce the severity and duration of VBD outbreaks (12). Recently, different types of monitoring systems have been established worldwide, playing important roles in preventing VBDs (12–16). For example, the West Nile virus annually causes multiple outbreaks associated with human and equine mortality in European countries, and targeted surveillance for mosquito populations and pathogens within them has been regarded as a cost-effective way to manage this threat (17). Early detection was supposed to offer opportunities to raise diseases awareness, initiate vector control, and encourage personal protection (17). However, in China, the aim of traditional vector surveillance is mainly to monitor the density of traditional vectors, such as mosquitoes, flies, rodents, and cockroaches. Without information about vector-borne pathogen activity in vectors, an early warning system is insufficient. Thus, in this study, we enforced an integrated surveillance system of multiple arthropod vectors (mosquitoes, ticks, and chiggers) and reservoir hosts (rodents) in the Zhejiang Province.

Zhejiang Province is located on the southeast coast of China and has a subtropical monsoon climate. A suitable climate and developed tourism have made Zhejiang one of the provinces with the highest incidence rate of VBDs in China. From 2015 to 2019, there has been an annual epidemic of dengue fever, and >95% of the counties in Zhejiang have reported dengue fever cases (18). Huge pressure to prevent VBDs forced Zhejiang to try various monitoring methods to prevent related diseases. For the integrated surveillance of multiple arthropod vectors and reservoir, the ecology, etiology, and drug resistance of targeted vectors were monitored to determine the prevalence of vector-borne pathogens in vectors and their density to predict the possibility of related VBDs becoming prevalent in the population.

In this study, we analyzed the density and constitution of targeted vectors and reservoir hosts, identified potential vectors of vector-borne pathogens, and investigated pathogen infection among vectors and reservoir host in an integrated system in 2020 to gain more knowledge on vector populations and provide early warning of suspicious VBDs occurrence.



Materials and methods


Ethics statement

No permission was required for the described studies. These studies did not involve endangered or protected species; mosquito and rodent collection for monitoring was provided by the owners at each location.



Study design

The 2020 integrated surveillance in Zhejiang Province comprised vector surveillance, pathogen surveys, and resistance surveys, with the aim of monitoring the ecology, etiology, and drug resistance of targeted vectors and hosts containing mosquitoes, rodents, ticks, and chigger mites. Twelve cities (Hangzhou, Ningbo, Wenzhou, Huzhou, Jiaxing, Shaoxing, Jinhua, Quzhou, Lishui, Taizhou, Zhoushan, and Yiwu) in Zhejiang Province formed the study area, comprising 105,500 km2, with approximately 64.6 million habitants.



Vectors and reservoir hosts surveillance

The ecology of mosquitoes, rodents, ticks, and chigger mites was monitored in 2020; details of their locations are shown in Figure 1.
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FIGURE 1
 A map of Zhejiang Province showing the locations of the 12 monitoring sites and the tasks conducted at these sites in the integrated surveillance system in 2020.



Mosquito surveillance

Mosquitoes were monitored from July to November, with monthly collections of adult and larval mosquitoes. Adult mosquitoes were trapped using Centers for Disease Control and Prevention (CDC) light traps in farmhouses, livestock sheds, urban residential quarters, and gardens at each monitoring site per month. Larvae mosquitoes were monitored using the larval pipette method recommended by the National Standards of the People's Republic of China (GB/T 23797–2009) in ≥100 residential areas at each monitoring site per month, using which the Breteau index (BI) was calculated for Ae. albopictus (19).



Rodent surveillance

Rodents were monitored in a single month (July, September, and November) in urban resident quarters, high-risk industries (i.e., restaurants and slaughterhouses), and rural farmhouses in each monitoring site per month using ≥600 rat traps with the night trapping method recommended by the National Standards of the People's Republic of China (GB/T 23798–2009) (20).



Tick surveillance

Ticks were monitored in July and September, with monthly collection of ectoparasitic and dissociate ticks. Ectoparasitic ticks were monitored in urban and rural animals, such as livestock and pets, and dissociate ticks were collected from barren grasslands in rural countries with a 90 × 60-cm white fleece dragging on the grass floor.



Chigger surveillance

Chigger mites were monitored in July and September, in combination with rodent surveillance. If the number of rodents caught in rodent surveillance was <30 rodents, additional rodents were caught in each chigger mite monitoring site. After rodents were sampled, the chigger mites on their surfaces were collected.

All vectors collected were sent to local municipal CDC maintaining the cold chains to identify the species.




Pathogen surveillance

Etiological surveillance for mosquitoes and rodents was conducted in this study; details on the collection sites are shown in Figure 1. At every mosquito etiological monitoring site, ≥2,500 mosquitoes, including 1,000 Ae. albopictus, 1,000 Culex tritaeniorhynchus, and 500 other species were sampled. All sampled mosquitoes were pooled according to species, habitat, and date, with a maximum of 30 individuals per pool. RNA/DNA was extracted using the Magnetic Viral DNA/RNA Fast Kit (TIANGEN, China) according to manufacturer's instructions and stored at −80 °C. RNA was reverse transcribed using the PrimeScriptTM One Step RT-PCR Kit version 2 (Takara, Japan). After the first amplification round, the product was used as a template for the second round of amplification using Takara Ex TaqTM version 2.0 plus dye (Takara, Japan). The primer concentrations used in PCR reactions were 0.2 μmol/μL, and the polymerase chain reaction (PCR) amplification was performed as follows: denaturation at 95 °C for 2 min, followed by 30 cycles at 95 °C for 1 min, annealing at 72 °C for 10 s, and final extension step at 72 °C for 5 min. Primer sequences, amplification fragments, and other information are listed in Table 1. To ensure the reliability of the experimental results, positive (Dengue virus type II for flavivirus and Chikungunya virus for alphavirus, provided by China CDC), negative (double-distilled water, ddH2O) and blank controls (all PCR reaction chemicals except the template DNA) were used for each experiment. The PCR products were analyzed using 1.2% agarose gel (GelREd Nucelic Acid Gel Stain, 10000X, Biontium) electrophoresis ultraviolet imaging using Shanghai QIN XIANG Gel imager (model: GenoSens 2200).


TABLE 1 Primers for testing flavivirus and alphavirus in mosquitoes using reverse transcription-hemi-nested polymerase chain reaction amplification.
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At every rodent etiological monitoring site, ≥100 rodents were sampled and rodent organs, including the liver, spleen, lung, and kidney were removed from all sampled rodents to test for two bacterial pathogens among the pathogenic bacteria Leptospira spp., Rickettsia mordeni, Anaplasma phagocytophilum, Bartonella spp., Orientia tsutsugamushi, Yersinia spp., and Francisella tularensis, and two viral pathogens, hantavirus and severe fever with thrombocytopenia syndrome bunia virus (SFTSV). Total nucleic acids (including DNA and RNA) were extracted using a Magnetic Viral DNA/RNA Fast Kit (TIANGEN, China) and amplified by real-time fluorescence quantitative PCR assay for target genes (shown in Table 2). For the pathogenic bacteria Leptospira spp., R. mordeni, A. phagocytophilum, Bartonella spp., O. tsutsugamushi, and F. tularensis, 20 μL of a Takara PrimeScriptTM one step PT-PCR kit (Takara, Japan) was used; cycling parameters included one cycle of denaturation at 95 °C for 5 min, followed by 40 cycles of amplification at 95 °C for 15 s and 60 °C for 45 s. Cycle threshold values <35 were considered positive. Real-time PCR assays for Yersinia spp., hantavirus and SFTSV were performed according to Wei et al., Pang et al. and Sun et al. (21–23). Positive standards for target pathogens were provided by China CDC.


TABLE 2 Primers and probes for testing bacterial and viral pathogens in rodents.
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Insecticide resistance surveillance in Ae. Albopictus

Field populations from five monitoring sites were collected during the 2020 active mosquito season in Hangzhou, Ningbo, Shaoxing, Quzhou, and Yiwu, China. Female Ae. albopictus mosquitoes were tested for susceptibility to four pyrethroid insecticides (0.07% lambda-cyhalothrin, 0.08% beta-cypermethrin, 0.03% deltamethrin, and 0.4% permethrin), three organophosphorus insecticides (0.5% malathion, 0.2% fenitrothion, and 2% chlorpyrifos), and two carbamate insecticides (0.05% propoxur and 0.2% bendiocarb) using the World Health Organization (WHO) bioassay according to the test protocol recommended by the China CDC (24, 25). The 24 h mortality rate was calculated, and resistance status was classified according to WHO recommendations: susceptibility, if the 24 h mortality rate was 98–100%; probable resistance, if the 24 h mortality rate was 90–97%; and resistance, if the 24 h mortality rate was <90%. Mosquitoes were considered dead if they were motionless.



Statistical analyses

Data preparation and statistical analyses were performed using the Statistical Package for the Social Sciences version 23.0. A descriptive analysis was performed to display the vector population in the ecological monitoring system. Flavivirus and alphavirus infection prevalence in mosquitoes was estimated using pooled samples. Bacterial and viral pathogen infections in rodents were determined in the tested samples.




Results


Arthropod vectors and reservoir hosts surveillance

A total of 15,645 adult mosquitoes were collected by 790 CDC light trap stations from all four monitoring sites, with a density of 19.8 mosquitoes per trap. Yiwu had the highest density whereas Hangzhou had the lowest density (Table 3). Four species were identified; Cx. tritaeniorhynchus as the most abundant species (72.76%), collected mainly in Yiwu, followed by Cx. pipiens pallens (10.41%) and Ae. albopictus (1.26%), which were captured in all four sites. A total of 5,798 residential areas were visited; Ae. albopictus larvae were found in 760 containers, with a BI of 13.11. Yiwu had the highest BI (28.20), whereas Hangzhou had the lowest BI (7.53).


TABLE 3 Arthropod vectors and reservoir hosts collected in different monitoring sites in 2020 in Zhejiang Province, China.
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A total of 36,297 rat traps were set at 12 monitoring sites; 332 rodents were caught in 2020 at a rate of 0.91% (Table 3). Fifteen species were identified; the most abundant being Rattus norvegicus (33.73%), followed by Mus musculus (17.47%), Rattus flavipectus (17.17%), Suncus murinus (9.94%), Apodemus agrarius (8.43%), and Rattus losea (1.51%). Other species included Niviventer fulvescens, Rattus nitidus, Niviventer confucianus, Microtus fortis Buchner, Leopoldamys edwardsi, Berylmys bowersi, Eothenomys melanogaster, Micromys minutus, and Apodemus draco (11.75%). The highest and lowest densities were found in Wenzhou and Hangzhou and Ningbo, respectively.

In 2020, 15,719 m of grassland and 261 animals were investigated at six monitoring sites; 124 dissociate and 252 ectoparasitic ticks were caught, with a dissociate tick density of 0.79 and ectoparasitic tick density of 0.97. Dissociate ticks were only found in Ningbo and Lishui, whereas ectoparasitic ticks were collected in Ningbo, Yiwu, Lishui, and Taizhou. In Hangzhou and Quzhou, no dissociate or ectoparasitic ticks were found. Six species were identified, the most abundant being Haemaphysalis longicornis (56.38%), followed by Rhipicephalus sanguineus (33.51%), Rhipicephalus haemaphysaloides (7.98%), Ixodes sinensis (1.06%), and others (such as Ixodes granulatus and Rhipicephalus microplus [1.07%]).

In 2020, 903 chigger mites were detected on 64 rodents at two monitoring sites, with a density of 14.11 (Table 3). Among all chigger mites detected, 218 samples were identified. The most abundant species was Walchia spp. mite (68.35%), followed by Leptotrombidium deliense (31.65%). Two chigger mites were collected from Yiwu and Lishui.



Pathogen surveillance

In total, 1,345 rodents were sampled and tested for bacterial and viral pathogens. All 1,345 rodents were tested for hantavirus, SFTSV, and pathogenic Leptospira spp., and the positivity rates of SFTSV was 0.00%, while the positivity rates of hantavirus and pathogenic Leptospira spp. were 1.86 and 7.36%, respectively (Table 4). O. tsutsugamushi was tested in 853 rodents, with a positivity rate of 0.35%. Yersinia spp. and R. mordeni were tested in 229 and 107 rodents, with a null positivity rate for both. Bartonella spp. was tested in 156 rodents, with a positivity rate of 7.05%. Hantavirus was mainly found in R. losea (2.67%), A. agrarius (2.47%), R. norvegicus (2.43%), R. flavipectus (2.99%), and M. fortis (5.26%) in the Zhejiang Province, and The pathogenic bacteria Leptospira spp. was mainly found in M. fortis (31.58%), E. melanogaster (16.36%) and R. losea (12.00%). O. tsutsugamushi was only found in R. losea (2.90%) and R. flavipectus (0.83%), and Bartonella spp. was mainly found in A. agrarius (21.95%) and N. confucianus (16.67%).


TABLE 4 The prevalence of pathogen infections in different rodent species in Zhejiang Province, 2020.
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In 2020, a total of 10,200 female mosquitoes were tested for disease borne pathogens, including Ae. albopictus (n = 5,000), Cx. pipiens pallens (n = 3,000), and Cx. tritaeniorhynchus (n = 2,200). No flavivirus or alphavirus was found in Zhejiang Province.



Insecticide resistance surveillance in Ae. Albopictus

Insecticide susceptibility tests were conducted on field populations from five monitoring sites. Except for the Shaoxing population, none of the other field populations of Ae. albopictus were sensitive to the pyrethroids tested (Table 5A). The 24 h mortality rates ranged from 52.00 to 89.39%, 7.14 to 80.30%, 33.33 to 86.57%, and 60.49 to 90.41% after exposure to 0.07% lambda-cyhalothrin, 0.08% beta-cypermethrin, 0.03% deltamethrin, and 0.4% permethrin, respectively. Hangzhou showed the highest resistance to all four insecticides tested.


TABLE 5 Insecticide resistance of Aedes albopictus against pyrethroids, organophosphorus, and carbamate.
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Five Ae. albopictus field populations showed different resistance levels to 0.5% malathion, with the 24 h mortality rate ranging from 84.91 to 100.00% (Table 5B). The Hangzhou and Yiwu populations were susceptible after exposure to 0.5% malathion, the Ningbo and Shaoxing populations showed probable resistance, and the Quzhou population showed resistance. Two (Hangzhou and Yiwu populations) out of the three populations exposed to 0.2% fenitrothion showed susceptibility, and the rest of the population in Quzhou showed resistance, with a 24 h mortality rate of 88.68%. Both populations in Ningbo and Yiwu showed susceptibility after exposure to 2% chlorpyrifos. Hangzhou and Yiwu populations showed susceptibility to all organophosphorus insecticides tested whereas the Quzhou population was resistant to these insecticides. With respect to carbamate, four out of the five field populations were susceptible to 0.05% propoxur, whereas the rest of the populations in Quzhou had probable resistance, with a 24 h mortality rate of 92.45%. Two populations tested from Hangzhou and Yiwu were all susceptible to 0.2% bendiocarb.




Discussion

This study monitored the ecology of mosquitoes, rodents, ticks, and chigger mites, etiology of mosquitoes and rodents, and drug resistance for mosquitoes (Ae. albopictus). Knowledge of vector populations, pathogen infections, and drug resistance in this study may provide important information for early detection and control of VBDs. According to the present study, mosquitoes, rodents, ticks, and chigger mites were widely distributed in Zhejiang Province, with varying populations in different monitoring sites. Although no flavivirus or alphavirus was found in the mosquitoes sampled, hantavirus, the pathogenic bacteria Leptospira spp., O. tsutsugamushi, and Bartonella spp. were found in the rodents collected. Ae. albopictus was widely resistant to pyrethroids and should be used cautiously in the future for mosquito control.

Four mosquito species were identified from samples collected via CDC light traps in this study; the dominant species being Cx. tritaeniorhynchus. Ae. albopictus was found in only 1.26% of the total captured adult mosquitoes. This could be attributed to the fact that CDC light traps mainly collected nocturnal or crepuscular mosquito species, and diurnal mosquitoes, such as Ae. albopictus, could have been underestimated. To compensate for this defect, we conducted larval mosquito surveillance to monitor Aedes mosquitoes; Ae. albopictus was distributed across all sites monitored in Zhejiang Province. Moreover, its density was significantly high (BI > 20), and half of the monitoring sites had a risk of dengue fever (26). In this study, no flavivirus or alphavirus was found. This may be caused by coronavirus disease 2019 (COVID-19) (27). Due to the measures to prevent COVID-19, the prevalence of VBDs in 2020 have decreased by 55% compared to that in 2015–2019 (27) in Zhejiang province. That is because most MBD cases in the Zhejiang Province were imported. Similarly, international mobility restriction decreased the incidence rate of some MBDs, such as indigenous cases of dengue fever, in the Zhejiang Province to zero in 2020 and 2021 (unpublished data). However, in 2018, dengue virus genotype I was detected in Ae. albopictus sampled in Wenzhou during a local dengue fever outbreak (28). Thus, under normal travel conditions, the prevalence of flavivirus or alphavirus might increase. According to the results of insecticide susceptibility tests, almost all Ae. albopictus field populations showed different degrees of resistance to pyrethroids. This suggests that pyrethroids, known to be highly efficient and less toxic to mammals, will no longer be applicable to mosquito control in the near future in the Zhejiang Province. Accordingly, we infer that the risk of MBDs was low at present because none of the pathogens were detected, and imported cases were restricted. However, the main mosquito populations monitored, such as Cx. tritaeniorhynchus, Cx. pipiens pallens, and Ae. albopictus, have high vector competence, and their densities were high. When MBDs outbreaks and mosquito control are urgently required, organophosphorus and carbamate insecticides could be rotated to better manage adult indoor and outdoor mosquitoes.

Rodents play important roles in the transmission and epidemiology of various VBDs, such as plague, hemorrhagic fever, and leptospirosis, as reservoir hosts. Many studies have demonstrated that the pathogen infection rates of hantavirus and Leptospira spp. species in rodents are positively correlated with the incidence rates of hemorrhagic fever and leptospirosis in the population, which indicates the importance of monitoring rodents for the prediction, prevention, and control of VBDs (29, 30). According to our results, except for SFTSV, Yersinia spp., and R. mordeni, four out of the seven pathogens tested were detected in rodents in Zhejiang Province, among which Leptospira spp. and Bartonella spp. were the most prevalent. Both bacterial species mainly circulated in A. agrarius, with infection rates of 11.31% and 21.95%, respectively. A. agrarius mice were significantly common in Zhejiang, accounting for 8.43% of all rodents caught. In contrast, A. agrarius is one of the two rodent hosts (R. norvegicus and A. agrarius) that transmit hantavirus in China. The hantavirus infection rate of A. agrarius was 2.47%. Therefore, A. agrarius should be the key rodent species for monitoring and control in Zhejiang Province.

Ticks and chigger mites were found in 66.67% (4/6) and 100% (2/2) of all monitoring sites, respectively, suggesting that ticks and chigger mites are widespread in Zhejiang Province. Accordingly, six tick species and two chigger mite species were identified, with the most abundant species being H. longicornis (56.38%) and Walchia spp. mite (68.35%). H. longicornis is the main vector transmitting SFTSV in China. SFTS is a natural focal disease with a 30% early mortality rate (31). The seasonal density of dissociate ticks is positively related to the number of SFTS cases (32). Zhejiang Province is one of the seven main SFTS natural foci in China and dozens of SFTS cases have been reported annually (33). Regular monitoring and control of ticks have been proposed as important methods to prevent SFTS.

In this integrated surveillance exercise, ecology and etiology monitoring, and drug resistance monitoring were connected. Through mosquito ecology monitoring, we obtained mosquitoes required to survey the prevalence of various pathogens and sensitivity against multiple insecticides. Rodents were used to monitor chigger mites and samples to test rodent-derived bacterial and viral pathogens. Repetitive work was restricted. According to our previous research, integrated surveillance of rodents could save 21.6% of the cost compared to traditional rodent surveillance systems (34). The limitation to the study was that the pathogen survey was only conducted in mosquitoes and rodents. In the near future, we will test pathogens in other vectors to gain a comprehensive knowledge of vectors and VBDs in Zhejiang Province.

In conclusion, integrated surveillance systems of multiple arthropod vectors (mosquitoes, ticks, mites) and animal reservoirs (rodents) in 2020 could provide invaluable information for the management and control of VBD epidemics, saving both human lives and financial resources.
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