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A B S T R A C T   

Dengue is a significant disease transmitted by Aedes mosquitoes in the tropics and subtropics 
worldwide. The disease is caused by four virus (DENV) serotypes and is transmitted to humans by 
female Aedes aegypti mosquito bites infected with the virus and vertically to their progeny. 
Current strategies to control dengue transmission focus on the vector. In this study, we describe 
an indirect Enzyme-Linked Immunosorbent Assay (ELISA), using a monoclonal antibody against 
the non-structural dengue virus protein 1 (NS1), to detect DENV2 in Ae. aegypti eggs. The assay 
detects NS1 in eggs homogenates with 87.5% sensitivity and 75.0% specificity and it is proposed 
as a tool for the routine entomovirological surveillance of DENV 2 in field mosquito populations.   

1. Introduction 

Dengue virus (DENV) causes dengue fever, a major health problem in the tropics and subtropics worldwide. The disease is 
transmitted to humans by Aedes mosquito bites containing DENV and by vertical transmission (VT) from female or male parents to 
their progeny [1]. 

Vertical transmission in Aedes aegypti has been documented under laboratory conditions [2], as well as in nature [3], and is a 
mechanism that maintains the virus circulating in nature in the absence of detectable human infections. 

DENV vertical transmission has been widely evidenced in larvae and pupae using semi-nested PCR, immunofluorescence assays 
(IFA) and by RT-PCR [4,5]. 

Currently, the Mexican public health surveillance system of mosquito vectors is based on the use of mosquito ovitraps [6]. These are 
monitored weekly by local personnel to obtain information on the number of eggs, which is registered in the Dengue Geographic 
Integrated System (Dengue-GIS). This system combines ovitraps data with epidemiological data to estimate local dengue risk trans
mission indexes. Entomovirological surveillance is conducted by DENV detection in a limited number of adults collected in endemic 
areas. The possibility of detecting DENV in eggs collected in ovitraps would extend the virological surveillance without increasing 
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collection efforts. This surveillance strategy will require easy and affordable methods that could be conducted in local public health 
laboratories. 

Among the non structural proteins of the four DENV serotypes, the Non-Structural Protein 1 (NS1) is highly immunogenic and has 
been used in assays to detect DENV in adult mosquitoes [7–9], and Enzyme Linked Immunosorbent Assays (ELISA) based on an 
anti-NS1 monoclonal antibody showed a high level of specificity [10,11], and it is also used as a biomarker to detect viral infection in 
dengue patients [12–14]. Currently, commercial kits for detecting NS1 protein in serum, are primarily based on ELISA. The assay’s 
sensitivity depends on sampling time, serotype of DENV and the detection kit. Studies have evaluated the sensitivity of these assays and 
found it to be highest during the first days from fever onset [12]. 

In this study, we report the development of an ELISA using a monoclonal antibody that recognises the NS1 of the four DENV se
rotypes [15], to identify this protein in desiccated eggs from Ae. aegypti females infected with DENV2. 

2. Materials and methods 

2.1. Aedes aegypti mosquitoes 

Three to five days-old, Ae. aegypti, Rockefeller strain from the insectary of Centro de Investigación Sobre Enfermedades Infecciosas- 
INSP, maintained at constant temperature (28 ◦C), relative humidity (80%) and a 12:12 light/dark cycle were used. Before and after 
blood feeding, mosquitoes were fed ad libitum with 10% sucrose solution in cottons pads. 

2.2. Dengue virus culture and titration 

Dengue virus serotype 2 (DENV Serotype 2 New Guinea strain) was cultured in Aag2 cells [16] at 28 ◦C in supplemented 
Schneider’s Drosophila medium (Thermo Fisher Scientific, Rockford, Illinois, USA) for 2 h. Virus titration was performed using a 
plaque-forming assay immediately before experimental infections, using LLC-MK2 cells [17]. Confluent monolayers of LLC-MK2 cells 
in a 24-well sterile plate were infected with 0.1 mL of dengue virus, 10-fold dilution series were generated (10− 3 to 10− 4) and 
incubated for 1 h at 37 ◦C and 5% CO2. Each well was supplemented with 500 μL of MEM (minimal essential medium) (Sigma-Aldrich, 
St. Louis, MO, USA), 500 μL of 2.5% methylcellulose and incubated for seven days at 37 ◦C and 5% CO2, until cytopathic effects were 
observed after staining with 1% crystal violet for 15 min. The virus titer was calculated and expressed as plaque-forming units (pfu) per 
milliliter. 

2.3. Anti-NS1 monoclonal antibody 

The anti-NS1 Mab 2B5–C7 from mouse (IgG1), detects NS1 protein of the four serotypes of DENV by Western blot and in excretas of 
infected DENV2 Ae. aegypti mosquitoes, and does not cross react with Zika virus proteins by Western blot [15]. Mab 2B5–C7 was used 
at 0.490 mg/ml to detect DENV2 in Ae. aegypti eggs homogenates. 

2.4. Preparation of egg homogenates 

Groups of approximately 50 female mosquitoes were offered rabbit blood containing 103.5 PFU of DENV2. Mosquitoes were fed for 
30 min using membrane glass feeders, connected to a water bath circulator at 37 ◦C [18]. Partially fed and unfed mosquitoes were 
discarded and engorged ones were kept in the insectary under controlled conditions. Between day 3–5 post feeding, trays containing 
water and a strip of filter paper were placed inside mosquito cages to collect eggs. After oviposition, pools of 10 females were analyzed 
by qPCR to determine DENV prevalence using the methodology described by Rodriguez et al. [15]. Filter paper strips containing 
approximately 1000–1500 eggs were allowed to dry for at least 24 days and up to two months [19] before used. Desiccated eggs were 
counted under a stereoscopic microscope (Carton DSZ44) and groups of 100, 200, 300 and 400 eggs were rinsed with PBS pH 7.4 and 
placed in microtubes containing 600 μL of casein buffer (CB), modified from Sutcliffe et al. [20] containing 0.5% casein, 0.05% 
Nonidet P-40 (Sigma-Aldrich) on ice (non-ionic Nonidet P-40 was included to assure that the membrane-associated forms of NS1 were 
released), in Phosphate buffer solution (PBS pH 7.4). Eggs were homogenized for 2 min using a portable, hand-held battery-operated 
pestle with disposable plastic end, to avoid debris, samples were allowed to sediment for 10 min before use in ELISA. 

2.5. ELISA to detect DENV2 NS1 protein 

To detect DENV2 NS1 protein in mosquito eggs, 96-well plates NUNCLON™ (NUNC™ Thermo-Fisher Scientific) were coated with 
100 μL of 50 mM carbonate buffer, pH 9.5, and 100 μL of each homogenate from 100, 200, 300 and 400 eggs were added. Plates were 
stored overnight at 4 ◦C. The buffer was discarded, and wells were blocked with 200 μL of 1% Bovine Serum Albumin (BSA) in PBS, for 
1 h at RT. Plate wells were covered with 100 μL of Mab 2B5–C7 (cell supernatant) diluted 1:5 (0.490 mg/mL) in PBS-tween 0.05%, for 
1 h at RT. Wells were washed twice using 200 μL of PBS containing 0.05% Tween-20 (Sigma-Aldrich) and incubated with 100 μL of 
anti-mouse IgG coupled to Horse Radish Peroxidase (HRP) (Zymed, Thermo-Fisher Scientific), diluted 1:5000 in PBS-tween 0.05% for 
1 h at RT. Wells were washed twice for 3 min each with PBS-Tween 20 and once with PBS, and developed with 100 μL/per well of o- 
phenylenediamine (OPD) (Sigma-Aldrich) for 15 min. The enzymatic reaction was stopped adding 100 μL of 1 M sulfuric acid. The 
optical density (OD) readings at wavelength of 492 nm were obtained using a MULTISKAN SkyHigh (Thermo-Fisher Scientific). As a 
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negative control, we included samples with the same number of eggs coming from uninfected females (fed with rabbit blood without 
DENV2) and treated under the same experimental conditions; all samples were assayed by quintupled. As positive control we included 
recombinant protein NS1 (Dengue NS1 ST2 (recombinant), Cat. No. ENZ-PRT104-0100), at concentrations of 0.1–0.6, 0.8, 1 and 2 μg, 
to make a dose-respond curve and interpolate the cut-off values of the assays. Egg homogenates were considered positive for NS1, 
when Optical Density (OD) values were above the cut-off value (mean OD of quintupled negative control homogenates) from unin
fected mosquitoes, plus 2 standard deviations (SD). 

2.6. Prevalence of infection in individual mosquitoes 

To estimate the minimum prevalence of DENV2 infection in mosquitoes to detect NS1 in egg homogenates by ELISA, we carried out 
three independent experiments with groups of 20 mosquitoes. Three days after the mosquitoes were fed with rabbit blood with DENV2 
as above, each mosquito was transferred to individual tubes with a wet filter paper at the bottom to collect the oviposited eggs. The 
prevalence of DENV2 infection was determined by qPCR in individual mosquito that laid eggs. All eggs from each experiment were 
used to prepare homogenates and analyzed by quintupled samples in ELISA. 

2.7. Detection of DENV2 infection in individual mosquitoes by qPCR 

Individual mosquitoes from each of the three biological replicates were homogenized with 30Hz (TissueLyser II, Qiagen, Hilden, 
Alemania) for 1 min at RT and using tungsten beads. Mosquito RNA was extracted using a QIAamp Viral RNA extraction kit from 
Qiagen, following the manufacturer’s protocol. The RNA concentration was measured using a NanoDrop Lite (Thermo Fisher Scien
tific). Five hundred ng/μL of total RNA obtained from each virus fed mosquito were used for the amplification of DENV2 by qPCR using 
a QuantiNova probe RT-PCR kit (Qiagen) in a TaqMan assay with specific primers and probes FW: 5′- TAG AGA GCA GAT CTC TGR -3′ 
RV: 5′- DAY YCC TGC TGT TGG TGG -3′ Probe 5-FAM/CAA TAT GCT GAA ACG CGW GAG AA/3IABkFQ. To design these primers, more 
than 400 sequences corresponding to the four DENV serotypes were used, the most conserved sequence was selected, which is the 5′ 
non-coding region and the 5′ end of the capsid gene. These primers were designed using Geneious Prime (Dotmatics), a bioinformatic 
software for sequence data analysis. To confirm RNA extraction, primers to amplify the endogenous mosquito gene RNase P were used 
(Bio-Rad, Hercules, California, USA). DENV quantification was conducted using a DENV synthetic control of 350 bp (1.2 × 109 copies) 
(gBlock™; Integrated DNA Technologies) corresponding to the 3′UTR region and part of the capsid protein, in an absolute quantitative 
assay. The amplification was done in a Rotor-Gene Q 5plex (Qiagen) thermal cycler. 

2.8. Determination of sensitivity, specificity and cut-off value of the assay 

To calculate the sensitivity and specificity of the ELISA to detect NS1 protein in mosquito egg homogenates, we analyzed data from 
eight experiments: two experiments with homogenates with 300 eggs, three experiments with 400 eggs, and three using eggs collected 
from individual mosquitoes. To determine the best cut-off value of the assay, receiver operating characteristics (ROC) analysis using 
GraphPad Prism 5.03, was performed [21] and the optimal cut-off value was considered when the sum of sensitivity and specificity was 
maximized. The sensitivity was considered as the fraction of total confirmed positive (qPCR) samples that were true positives ac
cording to the ELISA. The specificity was obtained as the fraction of total confirmed negative (qPCR) samples that were true negatives 

Fig. 1. Detection of NS1 with Mab 2B5–C7 by ELISA. Optical densities (OD492) were obtained from egg homogenates. Data were obtained from 
two independent experiments for 100, 200 and 300 eggs and three independent experiments for 400 eggs by quintupled samples. Statistical sig
nificance (*) was obtained comparing groups of homogenates of DENV2 infected and non-infected eggs (NI) with the same number of eggs using 
Mann-Whitney U test (GraphPad Prism 5.03 software). Significance was assessed at P ≤ 0.05. 
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according to the ELISA [22] and calculated as: Sensitivity= (confirmed qPCR positive homogenates/total true positives ELISA ho
mogenates) * 100 and Specificity= (confirmed qPCR negative homogenates/total true negative ELISA homogenates) * 100. 

3. Statistics 

Statistical comparisons between control groups (egg homogenates from rabbit blood fed mosquitoes (NI)) and treated groups (egg 
homogenates from mosquitoes fed with DENV2) were conducted using non-parametric Mann-Whitney U test. Values of P ≤ 0.05 were 
considered significant. Drawing graphs were constructed using GraphPad Prism 5.03. To determine the variability (intra and inter- 
assay), we calculated the coefficient of variation as: CV% = (standard deviation/mean) * 100. 

4. Results 

4.1. Detection of NS1 in egg homogenates by ELISA 

The NS1 protein was detected using the ELISA in egg homogenates from females with 90% DENV2 infection prevalence Ho
mogenates of 100 eggs from mosquitoes fed with non-infected blood (NI) showed a OD492 mean ± SD of 0.1722 ± 0.0.1047, while the 
OD492 mean ± SD of homogenates from the same number of eggs from DENV2 mosquitoes fed was 0.1991 ± 0.1377, (P = 0.578). 
OD492 mean ± SD homogenates of 200 NI eggs was 0.2107 ± 0.1086, and that of DENV2 egg homogenates was 0.2689 ± 0.1742 (P =
0.3153). OD492 mean ± SD of homogenates of 300 eggs from NI mosquitoes and that of DENV2 infected mosquitoes were 0.1509 ±
0.0433 and 0.1914 ± 0.1558, (P = 0.06), respectively. OD492 mean ± SD of homogenates with 400 NI eggs was 0.2148 ± 0.0158, 
while that of homogenates of DENV2 eggs was 0.3352 ± 0.0207 (P < 0.0001) (Fig. 1). The cut-off value calculated with data from 400 
eggs with an OD492 was >0.2463 and corresponds to detection of 0.350 μg of NS1 according to the dose-response curve of NS1rec 
(Fig. 2), this was considered as the detection limit. 

4.2. Prevalence of DENV2 infection in individual mosquitoes 

A total of 49 individual mosquitoes that laid eggs were analyzed by qPCR to determine prevalence of DENV infection (Table 1). 
Prevalence and qPCR DENV2 positive females that laid eggs and were NS1 positive by ELISA were: Exp. I, 78.6% prevalence (11 
females that laid 80.8% of eggs from the total in ELISA positive homogenate); Exp II. 100% prevalence (16 females that laid 100% of 
eggs in the homogenate); Exp III, 78.9% prevalence (15 females that laid 76.6% of eggs from the total in the homogenate). Detection of 
NS1 by ELISA in egg homogenates from the three experiments with mosquitoes fed with rabbit blood (NI) and fed with DENV2, showed 
a mean OD492 ± SEM of 0.3109 ± 0.0423 and 0.4437 ± 0.0521, respectively (P < 0.001) (Fig. 3). 

4.3. Cut-off value, sensitivity, and specificity of the ELISA 

The optimal cut-off value obtained from ROC curve analysis was >0.3280 and corresponded to 0.433 μg of NS1 protein. Mean 
OD492 data of eight experiments with eggs coming from non infected (NI) and DENV2 infected female mosquitoes, were used to 
construct ROC curve (Supplementary Table 1). Analysis data from ROC curve were: AUC = 0.7969; Standard Error = 0.1202; 95% 
confidence interval = 0.5613 to 1.032; P = 0.04605 (Supplementary figure 1). Based on qPCR analysis, sensitivity and specificity 
values were calculated as 87.5% ((7/8) * 100) and 75.0% ((6/8) * 100), respectively (Supplementary Table 1). The coefficient of 
variation (CV%) that indicates the variability intra and inter-assay were calculated with two experiments with 300 eggs, three with 400 
and three with 1037–1215 eggs (Table 2 and Table 3). 

Fig. 2. Dose-response curve of Mab 2B5–C7 detection of NS1 recombinant protein. The concentrations of NS1rec were 0.1–0.8, 1 and 2 μg. 
Each point represents the mean of three replicates. Interpolating the cut-off value of 0.2463 resulted in a limit of detection of 0.350 μg of 
NS1 protein. 
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5. Discussion 

We developed an ELISA, using a Monoclonal antibody that recognises NS1 of all DENV serotypes [15], to detect DENV serotype 2 
infection in Ae. aegypti eggs. We propose that this assay could be useful in routine surveillance of dengue transmission in endemic areas. 

Currently DENV detection by qPCR remains a costly and time-intensive diagnostic technique, requiring experienced personnel for 
RNA extraction, with the risk of rapid degradation of RNA and contamination that can lead to false positive amplifications. We present 
an ELISA assay that can offer a less expensive alternative carried out in a short time to determine DENV2 in eggs from infected Ae. 
aegypti mosquitoes. 

Table 1 
Prevalence infection of individual mosquitoes by qPCR. The prevalence of infection obtained by qPCR (viral copies/μl) and total eggs laid by each 
mosquito in each experiment were: Exp I (11 qPCR + mosquitoes, prevalence 78.6%); Exp II (16 qPCR+ mosquitoes, prevalence 100%); Exp III (15 
qPCR+ mosquitoes, prevalence 78.9%). Mean number of laid eggs after three experiments was 74 eggs and average prevalence infection was 85.83%. 
X = mosquitoes that died during the experiment. Neg = negative mosquito by qPCR.  

Experiments 

I II III 

#Mosquito DENV qPCR (copies/ 
ul) 

#Eggs #Mosquito DENV qPCR (copies/ 
ul) 

#Eggs #Mosquito DENV qPCR (copies/ 
ul) 

#Eggs 

1 228 79 1 153 62 1 433 75 
2 389 73 2 2280 59 2 157 70 
3 53.8 81 3 688 82 3 12300 62 
4 X X 4 2260 64 4 373 19 
5 Neg 116 5 4400 94 5 154 44 
6 X X 6 323 71 6 259 78 
7 Neg 58 7 82.6 81 7 520 59 
8 335 55 8 X X 8 46.2 67 
9 23.4 54 9 844 49 9 95.3 60 
10 Neg 25 10 2020 67 10 556 81 
11 532 79 11 473 64 11 25.3 71 
12 395 60 12 214 62 12 330 69 
13 3120 83 13 463 74 13 Neg 39 
14 X X 14 196 51 14 Neg 80 
15 245 105 15 X X 15 48.2 89 
16 6250 110 16 547 36 16 2330 43 
17 8150 59 17 152 66 17 4510 44 
18 X X 18 770 87 18 Neg 78 
19 X X 19 X X 19 X X 
20 X X 20 X X 20 Neg 87 
Total Eggs  1037   1069   1215 
Mean Eggs/Exp.  74   67   81 
Mean Eggs     74    
Prevalence/Exp.  78.6%   100%   78.9% 
Mean Prevalence     85.83%     

Fig. 3. Detection of NS1 by ELISA in egg homogenates from individual mosquitoes infected with DENV2. Egg homogenates from mosquitoes 
infected in three independent experiments were analyzed by ELISA; 1057 eggs from 14 mosquitoes; 1069 from 16 mosquitoes and 1215 from 19 
mosquitoes infected and confirmed by qPCR. Same number of uninfected eggs in each experiment were used. Mean Optical density (OD492) ± SEM, 
0.3110 ± 0.0109 from uninfected and infected egg homogenates 0.4430 ± 0.0520 (P ≤ 0.05). Mann-Whitney U test. 
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The high prevalence of mosquitoes’ infection obtained in our laboratory (78.6%–90.0%) is different to what is observed in field 
mosquitoes, where typically 0.1–4.0% prevalence of DENV are observed [23–26]. The results coincide with the vertical transmission of 
DENV in Ae. aegypti females [5,27–30], and are direct evidence of vertical transmission of DENV2 detecting NS1, in the mosquito’s first 
stage of development. 

The precision of the assay was determined by the CV% inter- and intra-assay, that showed a CV < 20% with samples from 400 to 
1215 eggs. Which is within the limits of acceptability [31]. 

The assay with Mab 2B5–C7 detected NS1 in a sample of 400 eggs with 90.0% prevalence (laboratory conditions) but in natural 
conditions it is expected to require an increase in the number of eggs coming from ovitraps. 

In México after an ovitrap is geo-referenced, data on egg counts are entered into the Dengue-GIS to estimate a risk of transmission 
index combining the ovitrap contents data and the epidemiological surveillance data [6]. In a study carried out in six municipalities in 
the state of Morelos, Mexico [32] they obtained an average of 32.8 Ae. aegypti eggs per ovitrap per week. Considering this average 
number of eggs per ovitrap and 4% prevalence in the field, we estimated that around 90–100 ovitraps in a 14 day-period would be 
necessary to obtain the number of eggs for a good performance of an entomovirological surveillance using the NS1 detection test. 
Undoubtedly, those proportions could change, but one advantage is that egg hatching is no longer required to evidence DENV2. If the 
virus is detected in any, this will indicate that DENV2 is circulating in the area, and this information will be useful to alert local 
authorities for a prompt response in applying control actions to prevent dengue transmission. 

As indicated before, our ELISA needs further validation in eggs from dengue-infected field-caught mosquitoes. It is our under
standing that laboratory conditions may differ when performing the ELISA with field eggs in order to be considered a tool for sur
veillance of DENV2 circulation. These experiments are currently under consideration. 

6. Conclusion 

The new ELISA proposed here could detect DENV2 infection, but it has the potentiality to detect all DENV serotypes, in mosquito 
eggs. Although the specificity of the assay is high, the sensitivity is low, indicating the need for its adaptation to process elevated 
numbers of eggs for field surveys. Evidently, the assay is not designed to estimate infection intensity, but it could be useful to pinpoint 
areas of dengue transmission. Field assays in endemic areas are necessary to estimate its application in dengue transmission 
monitoring. 

Ethics statement 

Animal procedures and protocols were performed in accordance with the institutional Bioethical Committee of Instituto Nacional 
de Salud Pública (INSP) (Approval # 1367). 

Table 2 
Variability intra-assay. The coefficient of variation (CV%) indicates the variability in the assays with a different number of eggs. Values represent 
quintupled samples of egg homogenates by experiment. (NI) non-infected eggs; (DENV2) DENV2 infected eggs.  

Experiments Mean OD492 SD Eggs NI (CV%) Mean OD492 SD Eggs DENV2 (CV%) 

300 eggs 
1 0.1111 0.0094 8.49 0.1222 0.0149 12.24 
2 0.1906 0.0137 7.21 0.2605 0.0150 5.77 
400 eggs 
1 0.2076 0.0063 3.07 0.3495 0.0148 4.24 
2 0.2348 0.0058 2.49 0.3206 0.0089 2.78 
3 0.2018 0.0050 2.49 0.3353 0.0261 7.81 
1037–1215 eggs 
I (1037) 0.3602 0.0099 2.75 0.4880 0.0474 9.71 
II (1069) 0.2924 0.0132 4.52 0.4444 0.0115 2.60 
III (1215) 0.2802 0.0370 13.22 0.3988 0.0467 11.71  

Table 3 
Variability inter-assay. The coefficient of variation (CV%) indicates the inter-variability between experiments with a different number of eggs in 
homogenates. Values represent the mean of two or three experiments. (NI) Non-infected eggs; (DENV2) DENV2 infected eggs.  

Experiments Mean OD492 SD Eggs NI (CV%) Mean OD492 SD Eggs DENV2 (CV%) 

300 eggs 
(2) 0.1509 0.0433 28.72 0.1914 0.0742 38.76 
400 eggs 
(3) 0.2148 0.0158 7.35 0.3352 0.0207 6.19 
1037–1215 eggs 
(3) 0.311 0.0423 13.62 0.4437 0.0521 11.76  
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