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a b s t r a c t 

Dengue virus (DENV) is an enveloped, single-stranded RNA virus that causes approximately 390 million infec- 

tions, leading to 40,000 deaths annually. Due to the increasing trend of urbanization, water supply scarcity, and 

climate change, dengue is regarded as the “disease of the future, ” requiring robust surveillance for the early 

detection of DENV infection. Since the virus is shed in urine and saliva and persists in wastewater at different 

temperatures, our study conducted wastewater surveillance as a novel approach to monitor dengue outbreaks in 

the Kathmandu Valley, Nepal. The viral concentrates ( n = 34), which were previously collected and concentrated 

from municipal and hospital wastewater, and river water using the electronegative membrane-vortex method, 

were tested for DENV using quantitative reverse transcription polymerase chain reaction (RT-qPCR) and digi- 

tal PCR (RT-dPCR). Pepper mild mottle virus, a process control and endogenous biomarker, was detected in all 

the samples with concentrations ranging from 8.0 to 10.0 log 10 copies/L, whereas DENV was not detected in 

any sample using RT-dPCR and RT-qPCR. The undetected DENV in this study could be attributed to the collec- 

tion of grab wastewater samples during a low relative prevalence of dengue infection in the region, insufficient 

sample volume processed, probable viral nucleic acid degradation due to storage of viral concentrate at -25 °C 

for a long period of time, or inefficiency of the primary concentration method used. This study highlights criti- 

cal gaps in knowledge and provides recommendations for future implementation of wastewater surveillance of 

dengue outbreaks, especially in regions where dengue was recently introduced, clinical surveillance is limited, 

and wastewater surveillance for polio has been adopted. 
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. Introduction 

Currently, during the coronavirus disease 2019 (COVID-19) pan-

emic, wastewater-based epidemiology (WBE) is gaining attention as an

conomic tool for tracing COVID-19 spread and the circulating variants

f severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in

ommunities ( Heijnen et al., 2021 ; Ahmed et al., 2020 ; Sherchan et al.,

020 ; Haramoto et al., 2020 ). Initially, wastewater-based surveillance

as proposed to monitor illicit drug use by detecting drug metabolites

 Daughton, 2001 ). The scope was later widened to monitor the spread

f pathogenic bacteria, viruses, and protozoa ( Diemert and Yan, 2019 ;

agoraraki and O’Brien, 2020 ; Zahedi et al., 2021 ). Viruses cannot repli-

ate outside host cells; therefore, their concentration in wastewater
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s likely to reflect the actual number of cases in a geographical area

 Xagoraraki and O’Brien, 2020 ). Furthermore, clinical surveillance is

ikely to account for symptomatic patients only. However, WBE can ac-

ount for asymptomatic and mild infection cases and has been effective

hen implemented to monitor outbreaks caused by enteric and respi-

atory viruses ( Kishida et al., 2012 ; Heijnen and Medema, 2011 ). In

ddition, to enteric and respiratory viruses, arboviruses are also shed

n human excrement, indicating the potential for successful applica-

ion of WBE for vector-borne diseases ( Xagoraraki and O’Brien, 2020 ;

uirhead et al., 2020 ). 

Dengue is the most important arboviral disease among viral diseases

 Yang et al., 2021 ) caused by the dengue virus (DENV) and transmit-

ed by female mosquitoes of the species Aedes aegypti and Aedes al-
st 2022 
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opictus ( Yang et al., 2021 ). DENV is an enveloped, spherical in shape,

ingle-stranded RNA virus, 10.7 kb long, 40–60 nm in size, belonging

o the genus Flavivirus of the family Flaviviridae , majorly classified into

our distinct serotypes (DENV 1–4) ( Murugesan and Manoharan, 2020 ;

uzman et al., 2016 ). Given the potential of DENV for large-scale dis-

emination that can cause mass fear and casualties, it was previously

isted as a Category A biological agent possessing the highest potential

or adverse public health impact ( Sinclair et al., 2008 ). At present, it is

stimated that 3.9 billion people are prone to dengue and its virus, caus-

ng approximately 390 million infections, with 96 million symptomatic

ases resulting in 40,000 deaths yearly ( Bhatt et al., 2013 ). There are

o specific therapeutics, but only one vaccine for dengue has been ap-

roved in approximately 20 endemic countries exclusively for people

f age group 9–45 ( World Health Organization 2022 ). DENV transmis-

ion is greatly influenced by temperature, rainfall, urbanization, and the

istribution of the Aedes mosquito ( Naish et al., 2014 ). Massive DENV

ransmission can be attributed to the capability of the vector to transmit

ENV throughout its lifetime after becoming infectious and the pos-

ibility of a person getting infected with DENV four times in his/her

ifetime due to the presence of four serotypes ( World Health Organi-

ation 2022 ). Aedes mosquito lives in urban habitats, breeds in water-

lled artificial containers and its eggs can remain viable for months and

atch once in contact with water ( World Health Organization 2022 ).

ue to the increasing trend of urbanization, scarce water supply, and

limate change, dengue is now regarded as the “disease of the future ”

 Guzman et al., 2016 ), thus requiring extensive surveillance to detect

ENV infection early. Interestingly, studies have been conducted to

nvestigate the applicability of reverse transcription-quantitative poly-

erase chain reaction (RT–qPCR) to detect DENV in noninvasive urine

nd saliva samples to strengthen laboratory diagnosis of dengue in hem-

rrhagic patients. Such studies have confirmed the presence of DENV

NA lasting for two weeks with maximum concentrations of 5.2 log 10 

DNA copies/mL and 6.1 log 10 cDNA copies/mL in urine and saliva,

espectively ( Hirayama et al., 2012 ; Van den Bossche et al., 2015 ;

orhonen et al., 2014 ; Andries et al., 2015 ). In addition, a recent report

as shown that DENV RNA persists in wastewater over a relatively large

ange of temperatures ( Chandra et al., 2021 ), suggesting that wastew-

ter surveillance deserves further investigation as a novel approach to

onitor dengue outbreaks. 

This study aimed to investigate the presence of DENV RNA in the

astewater of the Kathmandu Valley, Nepal, which, to our knowledge,

s the first attempt in wastewater surveillance for DENV RNA. This

tudy is significant because, unlike in endemic countries, dengue was

eported for the first time in 2004 ( Takasaki et al., 2008 ) but is still a

eglected tropical disease in Nepal. Apart from vector control methods,

osquito nets are widely used to prevent mosquito-borne diseases in

he country. Nevertheless, a few Nepalese are aware that dengue vec-

ors are daytime feeders ( Dhimal et al., 2014 ), making nets fairly in-

ffective in preventing dengue. Furthermore, Nepal is one of the most

ulnerable countries to climate change ( Tuladhar et al., 2019 ), and any

hift toward favorable climatic conditions such as increased rainfall and

emperature causes vector habitat expansion and prolongs the transmis-

ion season. The study area is of particular interest as the Kathmandu

alley is the largest urban area of Nepal with an estimated popula-

ion of three million. The valley is located at 1300 m from sea level

nd was initially thought to be dengue-free. However, dengue vectors

ere identified in the valley for the first time in 2009, and subsequent

tudies suggest that dengue vectors are potentially established in the

rea ( Gautam et al., 2009 ; Dhimal et al., 2014 ). Since dengue vectors

ave weak dispersal capacity and low average maximum flight distance

 Verdonschot and Besse-Lototskaya, 2014 ), a closely packed population

n the Kathmandu Valley is conducive to dengue outbreaks. Due to the

hronic shortage of piped water supply in the valley, wells, and wa-

er storage container collections are prevalent in households, serving as

otential breeding sites for mosquito vectors ( Tuladhar et al., 2019 ).

n addition, proven breeding sites, such as water-filled abandoned tires
2 
nd flower pots, are common sightings ( Tuladhar et al., 2019 ). A dengue

utbreak was reported in July 2019 for the first time in the valley, and

nly one serotype (DENV-2) has been identified ( Adhikari et al., 2020 ).

o cases of dengue were identified in 2020, whereas data of 2021 are

till lacking. As of August 2022, the Kathmandu Valley is plagued by

 dengue outbreak ( https://english.onlinekhabar.com/dengue-in-nepal-

utbreak-and-control.html ). The information collected from this study

ill contribute to the knowledge of the potential of WBE in monitoring

engue outbreaks in non-endemic vulnerable geographical locations. 

. Materials and methods 

.1. Sample collection 

The number of dengue cases is expected to be high in the Kathmandu

alley during the monsoon period from July to September. Therefore,

s shown in Table 1 , previously collected 34 grab water samples during

he same months in 2017–2019 from a river ( n = 1), two functioning

astewater treatment plants (WWTPs) [influent and effluent ( n = 13

ach)], a non-functioning WWTP [influent ( n = 3)], and two hospitals

untreated ( n = 2), aeration tank ( n = 1), and treated ( n = 1)] were an-

lyzed for DENV in this study. Wastewater samples collected in 2018

rom the two functioning WWTPs in an earlier study ( Tandukar et al.,

021 ) were also included. These WWTPs have a combined wastewater

reatment capacity of only 33.5 million liters per day, resulting in the

irect discharge of most sewage in rivers. Hence, a river water sample

as also included. The number of confirmed dengue cases in the Kath-

andu Valley in 2017–2019 ( Table 1 ) were obtained from the annual

eport of the Department of Health Services, Government of Nepal. 

.2. Virus concentration and RNA extraction 

Viruses in water samples were concentrated using the electronega-

ive membrane-vortex (EMV) method previously described ( Haramoto

t al., 2012 ). The method began with addition of 500 μL of 2.5 M

gCl 2 to 50 mL of water samples. The water samples were then passed

hrough an electronegative membrane filter (0.8 μm pore size and

7 mm diameter; Merck Millipore, Bellerica, MA, USA). Next, viruses

ere eluted by vortexing with 10 mL of an elution buffer containing

.2 g/L Na 4 P 2 O 7 ·10H 2 O, 0.3 g/L C 10 H 13 N 2 O 8 Na 3 ·3H 2 O, and 0.1 mL/L

ween 80. This step was repeated with 5 mL of elution buffer, and ap-

roximately 15 mL of the eluate was recovered. The eluate was then

entrifuged at 2000 × g for 10 min at 4 °C. Finally, only the super-

atant was filtered through a filter unit (0.45 μm pore size, 25 mm di-

meter; Advantec, Tokyo, Japan), and viral concentrate was obtained

sing a Centriprep YM-50 ultrafiltration device (Merck Millipore). The

btained viral concentrate was then stored at − 25 °C until RNA extrac-

ion in September 2021. Viral RNA was extracted from the concentrate

sing QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) in a QI-

cube automated platform (QIAGEN) and eluted in a volume of 60 μL

ccording to the manufacturer’s guidelines. 

.3. RT–qPCR inhibition and extraction efficiency 

Pseudomonas bacteriophage Φ6 (NBRC 105,899, National Institute of

echnology and Evaluation, Tokyo, Japan), a surrogate for enveloped

iruses ( Torii et al., 2022 ), was used as a molecular process control to

alculate the efficiency of RNA extraction-RT–qPCR as well as to deter-

ine the presence of inhibitors. Shortly, 1 μL of Φ6 (4.2 log 10 copies/μL)

as seeded into 140 μL of concentrated samples and PCR-grade water.

he seeded PCR-grade water acted as a non-inhibitory control (NIC).

he extraction efficiency was calculated as the ratio of the concentra-

ion of Φ6 in samples to that in NIC. 

https://english.onlinekhabar.com/dengue-in-nepal-outbreak-and-control.html
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Table 1 

Sampling details and the number of confirmed dengue cases. 

Year No. of confirmed dengue cases 

in the Kathmandu Valley ∗ 
Month of sampling Sample type No. of water 

samples collected 

2017 17 August, 

September 

WWTP influent 4 

WWTP effluent 4 

2018 11 July, 

August 

WWTP influent 8 

WWTP effluent 5 

2019 1991 August River water 1 

WWTP influent 4 

WWTP effluent 4 

Untreated hospital wastewater 2 

Hospital wastewater (aeration tank) 1 

Treated hospital wastewater 1 

Total 34 

∗ Annual Report of the Department of Health Services, Government of Nepal ( Department of Health Services, 2022 ). 

Table 2 

Primers and probes used in this study. 

Assay Function Sequence (5 ′ –3 ′ ) Size (bp) Reference 

DENV Forward primer GARAGACCAGAGATCCTGCTGTCT 68 Gurukumar et al. (2009) 

Reverse primer ACCATTCCATTTTCTGGCGTT 

TaqMan MGB probe FAM-AGCATCATTCCAGGCAC-NFQ-MGB 

PMMoV Forward primer GAGTGGTTTGACCTTAACGTTTGA 68 Zhang et al. (2006) ; 

Haramoto et al. (2013) Reverse primer TTGTCGGTTGCAATGCAAGT 

TaqMan MGB probe FAM-CCTACCGAAGCAAATG-NFQ-MGB 

Φ6 Forward primer TGGCGGCGGTCAAGAGC 101 Gendron et al. (2010) 

Reverse primer GGATGATTCTCCAGAAGCTGCTG 

TaqMan probe FAM-CGGTCGTCG/ZEN/CAGGTCTGACACTCGC-IBFQ 

R denotes A or G; FAM, 6-carboxyfluorescein; NFQ, nonfluorescent quencher; MGB, minor groove binder; ZEN, ZEN internal quencher; IBFQ, Iowa Black fluorescent 

quencher. 
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.4. RT–qPCR analysis 

RT was performed using a High-Capacity cDNA Reverse Transcrip-

ion Kit (Applied Biosystems, Foster City, CA, USA). A previously devel-

ped assay that represents all serotypes of DENV was used in this study

 Gurukumar et al., 2009 ). The complete list of primers and probes used

s given in Table 2 . All the RT–qPCR assays were performed using a Ther-

al Cycler Dice Real-Time System III (Takara Bio, Kusatsu, Japan). Re-

ction mixtures (25 μL) contained 12.5 μL of Probe qPCR Mix with UNG

Takara Bio), 0.1 μL each of forward and reverse primers (100 pmol/μL),

.05 μL of a probe (100 pmol/μL), and 2.5 μL of template cDNA. Thermal

onditions for qPCR included incubation at 25 °C for 10 min, followed

y 95 °C for 30 s, and 45 cycles of 95 °C for 5 s and 60 °C for 30 s (for

ENV and Φ6) or at 60 °C for 60 s (for PMMoV). Tenfold serial dilu-

ions (5.0 × 10 0 –5.0 × 10 5 copies/reaction) of gBlocks gene fragment

Integrated DNA Technologies, Coralville, LA, USA) were used to draw a

tandard curve and negative control comprised of PCR-grade water. All

amples were tested in duplicate, and the cutoff cycle threshold value

as 40. 

.5. RT–dPCR analysis 

RT–dPCR analysis was performed in singlicate using the QIAcuity

igital PCR system (QIAGEN) to analyze the presence of DENV only. The

ame DENV assay for RT–qPCR analysis was used. Optimized dPCR re-

ction mixture comprised of reagents from QIAcuity One-Step Viral RT–

CR Kit (QIAGEN): 11 μL of RT One-Step Viral RT–PCR Master Mix, 0.44

L of Multiplex Reverse Transcription Mix, 0.18 μL each of forward and

everse primers (100 pmol/μL), 0.09 μL probe (100 pmol/μL), 25.51 μL

f RNase-free water, and 6.6 μL of template RNA. A total of 40 μL of the

eaction mixture was transferred to a 24-well QIAcuity Nanoplate 26 K

QIAGEN) and sealed. The temperature profile used for RT–dPCR was as

ollows: 50 °C for 40 min, 95 °C for 2 min, followed by 45 cycles of 95 °C

or 5 s and 60 °C for 30 s. Negative control comprised of RNase-free wa-

er, whereas four tenfold serial dilutions (8.0 × 10 1 –8.0 × 10 4 copies/μL)
3 
f gBlocks gene fragment (Integrated DNA Technologies) were also in-

luded as positive controls and to evaluate the performance of DENV

ssay. The number of valid partitions ranged from 23,199 to 25,469

89.2–98.0%). Based on the partition volume of 0.82 nL, dead volume

anged 19.1–21.0 μL. 

. Results and discussion 

.1. RNA extraction efficiency and performance of RT–qPCR assay 

The average RNA extraction-RT–qPCR efficiency obtained in this

tudy was 95.0% ± 50.9% ( n = 34). Two samples demonstrated < 10%

poor) extraction-RT–qPCR efficiency (6.7% and 0%) due to poor extrac-

ion and/or presence of PCR inhibitors and as recommended ( Haramoto

t al., 2018 ), were not included for further qPCR analysis. The slope

f the standards for Φ6, PMMoV, and DENV assays was − 3.21, − 3.23,

nd − 3.30, respectively. The amplification efficiencies for three assays

ere 104.9% ( Φ6), 103.9% (PMMoV), and 101.1% (DENV). Y-intercept

alues were 37.89 ( Φ6), 40.28 (PMMoV), and 39.27 (DENV). The cor-

elation coefficient (R 

2 ) values for the assays were 0.998 ( Φ6), 0.999

PMMoV), and 0.993 (DENV). 

.2. Performance of DENV assay using dPCR 

The expected and measured concentration of gBlocks gene fragment

nd the number of valid partitions in the dPCR run is given in Table 3 .

he average difference between expected and measured concentrations

as 0.81 ± 0.01 log 10 ( n = 4). Fig. 1 shows the regression plot drawn us-

ng log 10 transformed expected and measured concentrations of gBlocks

ene fragment. 

.3. Detection of DENV and PMMoV in water samples 

PMMoV was quantified as a process control to assess viral recovery

n this study. PMMoV was detected in all tested samples with concentra-
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Table 3 

Expected and measured concentrations of gBlocks gene fragment using dPCR. 

Expected concentration of 

gBlocks gene fragment 

(copies/μL) 

dPCR performance 

No. of partitions Measured concentration of gBlocks 

gene fragment (copies/μL) 
Positive Negative Total 

8.0 × 10 4 18,121 5397 23,518 1.3 × 10 4 

8.0 × 10 3 3292 22,160 25,452 1.2 × 10 3 

8.0 × 10 2 368 25,077 25,445 1.3 × 10 2 

8.0 × 10 1 35 24,225 24,260 1.2 × 10 1 

Table 4 

Detection of viruses in water samples using qPCR. 

Year No. of samples 

tested 

DENV PMMoV 

No. of positive 

samples (%) 

Concentration 

(log 10 copies/L) 

(Min–Max) 

No. of positive 

samples (%) 

Concentration 

(log 10 copies/L) 

(Min–Max) 

2017 8 0 (0) N/A 8 (100) 8.7–9.6 

2018 11 0 (0) N/A 11 (100) 8.0–10.0 

2019 13 0 (0) N/A 13 (100) 8.1–9.7 

Total 32 0 (0) N/A 32 (100) 8.0–10.0 

N/A, not applicable. 

Fig. 1. Regression plot demonstrating the accuracy of DENV assay using dPCR. 
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t  
ions ranging from 8.0 to 10.0 log 10 copies/L. A recent review on enteric

iruses in water ( Haramoto et al., 2018 ) has reported PMMoV concen-

rations in raw wastewater worldwide ranged from approximately 6.8 to

0.3 log 10 copies/L, which suggests that significant virus recovery was

chieved ( Table 4 ). However, it should be noted that recovery of an en-

eloped virus including DENV is likely to differ from a non-enveloped

irus such as PMMoV. In contrast, qPCR did not detect DENV in any

ested samples ( n = 32). Since PCR inhibition was suspected in two sam-

les, all the samples ( n = 34) were subsequently tested for the presence

f DENV using dPCR. The dPCR technology used in this study divides

he samples into approximately 26,000 partitions, providing higher tol-

rance to inhibitors. Regardless, none of the samples tested positive for

ENV using RT–dPCR. The limit of detection (LOD) for DENV using both

PCR and dPCR was 4.2 log 10 copies/L. 

Several limitations can explain the failure to detect DENV in this

tudy. First, this is a retrospective study, and the previously stored vi-

al concentrates were analyzed. Storage of viral concentrate at − 25 °C
4 
or a long period of time might have also resulted in the decay of

ENV RNA. The concentration volume of water can also affect the

etection of viruses, and 50 mL might have been inadequate. The

MV method, designed to prioritize the concentration of non-enveloped

iruses ( Haramoto et al., 2012 ), was used to concentrate viruses from

ater samples. In the EMV method, viruses adsorbed to the electronega-

ive membrane are concentrated from the supernatant, resulting in prob-

ble loss of virus present in the pellet. A lipid bilayer covers enveloped

iruses, such as DENV, which are naturally hydrophobic, and tend to at-

ach to solid particles, including pellets ( Ye et al., 2016 ). Even the data

vailable for the reported number of confirmed dengue cases are sum-

arized for the whole year only without further granularity. Number of

onfirmed cases on a weekly or monthly basis are still unavailable. There

s a high possibility that grab samples might have been collected dur-

ng the low prevalence of dengue infection as peak months of dengue

ases can vary, as previously seen in 2010 (August), 2013 (October),

nd 2016 (September) ( Acharya et al., 2016 ; Khetan et al., 2018 ). Fur-

hermore, the confirmation of dengue cases in Nepal is often delayed or

uestionable due to the lack of molecular diagnostic facilities and the

se of rapid diagnostic kits with low specificity ( Adhikari et al., 2020 ;

upta et al., 2018 ). 

.4. Scope, challenges, and future direction of wastewater surveillance of 

engue outbreaks 

DENV can either cause mild disease or severe dengue, with the

ormer occurring when any serotype causes a primary infection in a

on-immune population. In contrast, severe dengue occurs when a sec-

ndary infection with another serotype occurs in the same population

 Adhikari et al., 2020 ; Wilder-Smith et al., 2019 ). In the recent out-

reak in 2019, mild disease was generally observed in the Kathmandu

alley ( Adhikari et al., 2020 ). Such pauci-symptomatic cases can make

etermining the actual degree of viral circulation difficult, given the low

olecular diagnostic testing capability. In addition, the determination

f co-circulating serotypes is critical to conclude the possibility of severe

engue and in that regard, WBE can be a valuable tool. 

Despite the potential, the accuracy of wastewater surveillance can

e affected by different variables associated with sampling, sample pro-

essing, molecular detection, and data analysis ( Ahmed et al., 2020 ).

mong all variables, selecting a highly efficient method for the primary

oncentration of DENV is critical due to the probable low concentra-

ion of DENV in wastewater. Urine constitutes only 1% of the total vol-
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Fig. 2. Flowchart highlighting key research gaps in wastewater surveillance of dengue outbreaks. 
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metric flow in municipal wastewater ( Landry and Boyer, 2016 ). The

orm of DENV, whether it exists as the genome, (non)-infectious virions,

r virus-antibody complex, remains unclear. Inter-day and inter-person

ariation of DENV excretion in urine and saliva has been observed in

revious studies ( Van den Bossche et al., 2015 ; Andries et al., 2015 ),

nd a clear picture of such variations is necessary as it adds value in

etermining the probable number of dengue cases in a catchment area.

n addition, increase in catchment runoffs due to rainfall events dur-

ng dengue outbreaks are likely to further dilute viruses in wastewater.

BE studies on viruses shed in feces are usually conducted based on

4 h composite or morning grab (considering early morning defecation

abit) samplings once a week, which facilitates selection of sampling

ay when rainfall is least likely to affect wastewater flow. However,

esearchers are probably deprived of such facilities when conducting

astewater surveillance for dengue. 

Normally, concentrating < 100 mL of untreated wastewater is

eemed sufficient for WBE ( Kitajima et al., 2020 ); however, volume

reater than > 200 mL may need to be processed for adequate quan-

ification of DENV, depending on the number of dengue cases and

he effect of rainfall. No studies have reported the efficiency of DENV

ecovery using different available virus concentration methods. How-

ver, a study ( Ahmed et al., 2020 ) using a surrogate for enveloped

iruses has shown that pretreatment of a sample with MgCl 2 followed

y adsorption-extraction method to be highly efficient in concentrating

nveloped viruses. The mechanism of adsorption is based on the elec-

rostatic attraction between viruses and electronegative membrane filter

n the presence of MgCl 2 . The adsorption-extraction method is advanta-

eous as it facilitates the concentration of a higher volume of wastewa-

er compared with other methods, covers both solid and liquid fractions

f wastewater, and does not require additional concentration steps that

an also result in loss of viruses. Altogether, the adsorption-extraction

ethod has potential but further investigations on the performance of

ther existing methods, such as polyethylene glycol precipitation, ultra-

ltration, concentrating pipette, and centrifugation, are also required.

he centrifugation method involves settling down of solid fraction of

astewater and RNA extraction directly from the pellet. The added ben-

fit of the centrifugation method is that it is economical and can be eas-

ly implemented in low- and middle-income countries. Recently, a con-

entration method involving the combination of dead-end hollow-fiber

ltrafiltration and concentrating pipette has been developed to concen-

rate a large volume of wastewater (2 L) with whole process recovery

fficiency of > 20% for an enveloped virus ( McMinn et al., 2021 ). The
5 
ombination method can concentrate 8-times volumes of existing meth-

ds and lower the effect of rainwater dilution during wastewater surveil-

ance. 

Post concentration of viruses, RT–qPCR results can also be affected

y RNA extraction and RT steps. Only one study has compared five

ommercially available RNA extraction kits and reported comparable

ecovery for a surrogate of enveloped viruses to date ( Qiu et al., 2021 ).

evertheless, the use of kits with fewer steps that facilitate the removal

f PCR inhibitors is recommended ( Ahmed et al., 2020 ). RT is also per-

ormed separately (two-step) or combined with qPCR in a single tube

one-step). One-step RT–qPCR has shown higher sensitivity in detect-

ng genes in low abundance as it allows higher volume of nucleic acid

nalysis ( Qiu et al., 2021 ) and also lowers the probability of contamina-

ion than two-step RT–qPCR. When repeated freeze-thaw cycles of RNA

amples can be avoided, one-step RT–qPCR is advised for future studies

ocusing on environmental surveillance of dengue. Given that wastew-

ter samples are prone to nonspecific amplification and the likelihood

f DENV concentration to be near the lower limit of detection, we rec-

mmend sequencing for confirmation when DENV is detected. A whole

rocess control (WPC) and molecular process control (MPC) must be in-

luded before the concentration of water samples and RNA extraction,

espectively, for better data interpretation ( Haramoto et al., 2018 ). 

Data generated from wastewater surveillance of viruses are in-

erpreted to estimate disease incidence or even predict outbreaks

 Ahmed et al., 2020 ; Xagoraraki, 2020 ). Such interpretation requires

nformation regarding the population covered by the WWTP, disease in-

ubation period, DENV shedding rate, and the average flow of wastew-

ter in WWTP. Critical research gaps, such as the decay of DENV in

ewer lines due to pH, biofilms, and biotic interactions, still exist ( Fig. 2 ).

uantifying the decay rate of DENV reduces bias in estimating disease

ncidence or predicting viral disease fluctuation in a community. WBE

tudies involve quantification of indicator non-pathogenic viruses, such

s PMMoV and crAssphage along with the target virus as an internal

ontrol to assess viral recovery or as a population normalizing factor

 Haramoto et al., 2020 ; Wilder et al., 2021 ). Any change in the concen-

ration of PMMoV and crAssphage can indicate a change in fecal matter

oncentration in raw wastewater. Normalization of target virus concen-

ration to an indicator virus enables data comparison between cities,

ancels the effect of population change or any storm events affecting

arget virus detection, and helps deal with non-detects (left-censored

ata) to observe the trend of diseases in long-term epidemiological stud-

es. Like indicator viruses, a consensus on a suitable urine biomarker for
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ormalization of viruses found in wastewater shed primarily via urine

s required. Twelve urinary biomarkers have been previously proposed

 Rico et al., 2017 ; Daughton, 2012 ; Chiaia et al., 2008 ; Chen et al.,

014 ); of which, cotinine and caffeine are most beneficial ( Rico et al.,

017 ) due to the high usage of nicotine and caffeine products, stability

n wastewater under different temperatures, and low intra- and inter-

ay variation in concentrations. A threshold value for urinary biomarker

oncentration should be established to confirm the acceptable urine

omposition in wastewater. Quantification of indigenous viruses is still

dvised whenever surrogate viruses as a WPC are not spiked into water

amples to assess viral recovery. 

In regions without extensive sewer lines connected to a central-

zed WWTP, urine-diverting dry toilets (UDDTs) are heavily promoted

 Etter et al., 2011 ). UDDTs facilitate source separation of urine and feces

nd allow phosphorous recovery from urine for agricultural purposes.

DDTs are installed as mobile public toilets or in agricultural areas of

he Kathmandu Valley. In Australia, wastewater samples collected from

ircraft and cruise ships have been analyzed, showing that wastewater

esting and clinical testing can be employed together to detect SARS-

oV-2 infections among travelers ( Ahmed et al., 2020 ). Similarly, mo-

ile public UDDTs in the Kathmandu Valley can also be sampled for

pidemiological studies. 

A limitation of this study is that it solely focuses on qPCR and dPCR

s the core analytical technologies for detecting DENV despite the re-

ently increased usage of metagenomics approach to detect known and

ew viruses in untreated wastewater ( Ng et al., 2012 ). Primers and

robes to detect all strains of DENV-1–4 worldwide have been devel-

ped, enabling rapid detection of DENV economically by qPCR and

PCR ( Santiago et al., 2013 ). We also acknowledge that wastewater

urveillance for dengue is a relatively new approach and challenging

ith little significance in hyperendemic regions where all four serotypes

xist. However, in regions, such as the Kathmandu Valley, where dengue

as only recently introduced, clinical surveillance is weak, and wastew-

ter surveillance for polio is carried out ( Garg et al., 2018 ), additional

urveillance of DENV can be beneficial. 

. Conclusions 

Our study is the first to investigate DENV in wastewater; however,

ENV RNA was not detected in any sample tested. Regardless, the pres-

nce of DENV RNA in urine and saliva and the nature of DENV RNA to

ersist in wastewater over varying temperatures suggest that wastew-

ter surveillance deserves further investigation as a novel approach to

onitor dengue outbreaks. The absence of a well-established method

or concentrating DENV in wastewater means existing methods that can

oncentrate large volumes of wastewater and incorporate both solid

nd liquid fractions of wastewater for viral recovery should be evalu-

ted in future research. Appropriate WPC and MPC should be added,

nd nucleic acid should be extracted using kits with fewer steps that

lso facilitates removal of PCR inhibitors. With these guidelines, a re-

iable protocol can be developed to detect DENV and its serotypes in

astewater which will contribute significantly in regions where dengue

as recently introduced, clinical surveillance is weak, and wastewater

urveillance for polio is carried out. 
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