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Abstract 25 

Reclaimed water is an alternative water resource to mitigate water scarcity. To promote safe 26 

reuse, this paper aims to monitor the enteric virus concentration in the reclaimed water 27 

generated by two sewage treatment plants (STP) with different multibarrier technologies, and to 28 

assess if stringent treatment extent is required in a low-resource setting to achieve minimal viral 29 

risks arising from non-potable reuse. Through a 9-month surveillance, it was observed that a 30 

higher diversity and abundance of enteric DNA and RNA viruses were detected in treated 31 

wastewater generated from conventional activated sludge (i.e., site B) compared to that from 32 

membrane bioreactor-based STP (i.e., site A). To exemplify, enteric RNA viruses were detected 33 

in up to 1.13, 4.1, 4.9, 4.5, and 4.5 log10 copies/L for Aichi virus (AiV), rotavirus (RV), norovirus 34 

GI and GII (NoV GII, GII) respectively, at site B. For enteric DNA virus, up to 4.3 and 5.35 log10 35 

copies/L of adenovirus (AdV) and polyoma BK virus (BKV) were also found in site B. This is in 36 

contrast to the absence of AiV, RV and NoV detected in samples from site A. However, when 37 

translated to risks outcome from NoV GII, it was noted that recreational users at both sites A 38 

and B are exposed to acceptable disease burden (<10 -4 DALYpppy). Occupational workers at site 39 

B faced burden risk of 2.01 x 10-4 to 3.85 x 10-4 DALYpppy, which is slightly higher than the 40 

acceptable 10-4 DALYpppy but such level of risks can be reduced by minimizing exposure 41 

frequency and/or adoption of best management practices. Findings from this study suggests 42 

that additional implementation of treatment barriers that incur higher capital investment or 43 

energy costs in low resource countries may not be mandatory to mitigate risks arising from 44 

enteric viruses for non-potable reuse purposes studied here. 45 

 46 

 47 
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 48 
1. Introduction  49 

  50 

 Increasing human population imposes a significant pressure on water resources due to a 51 

corresponding increase in municipal water demand. To exemplify, regions in the southwestern 52 

United States, Australia, Middle East and the Mediterranean are experiencing water demand 53 

higher than their average water supplies (Rice et al., 2013). Yet to enhance livability in an urban 54 

environment, water resources remain to be devoted for use in landscaping irrigation to maintain 55 

green living spaces (e.g. recreational field, golf course, green landscapes etc.). The problem 56 

however is that up to 80% of the irrigation waters are lost into the atmosphere and cannot be 57 

easily recovered back through the local water cycle (Uddin, 2012). Hence, the use of freshwater 58 

for landscaping irrigation is often seen to conflict with water conservation. 59 

 To enhance both livability and water conservation, the use of reclaimed water for non-60 

potable irrigation purposes has been widely practiced. However, the main concern of 61 

wastewater reuse is the pathogens-associated risks to public health and environment. The 2006 62 

guideline by World Health Organization (WHO), which remains widely in use by many low 63 

resource countries today, considers bacteria, helminth, protozoa, and viruses such as 64 

adenovirus (AdV), rotavirus (RV), and noroviruses (NoV)) as biological risk factors for irrigation, 65 

although their threshold concentration has not yet been determined (World Health Organization 66 

(WHO), 2006). In contrast, the US Environmental Protection Agency (US-EPA) guideline for 67 

water reuse published in 2012 only considered presence of total coliform and E. coli and did not 68 

require the monitoring of enteric viruses as there are no earlier epidemiological studies within 69 

the US to support potential dissemination of viruses from reclaimed water (US E.P.A, 2012). 70 

However, in other geographical locations particularly in low resource places, human enteric 71 

virus can still potentially be a public health hazard associated with wastewater reuse depending 72 

on the exposure duration and the viral load present in the reclaimed water at the point-of-use.  73 
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 Different types of wastewater treatment processes may generate varied log enteric virus 74 

reduction, and hence result in varied concentrations of enteric viruses in treated wastewater 75 

(Hata et al., 2013; M. Kitajima et al., 2014; Rachmadi et al., 2018). For example, a membrane 76 

bioreactor (MBR)-based sewage treatment plant (STP) may remove up to 7 log of enteric 77 

viruses but a STP that utilizes activated sludge and trickling filter is only able to remove up to 4 78 

log of enteric viruses from the raw wastewater (Hata et al., 2013; Kitajima et al., 2014a; O’Brien 79 

and Xagoraraki, 2020). A previous meta-analysis study using aerobic MBR showed a 3.35 and 80 

2.71 log reduction of NoV GII and enteroviruses, respectively (Sano et al., 2016). On the other 81 

hand, activated sludge process only achieved 0.87, 1.48, and 1.35 log reduction  of rotavirus, 82 

NoV GI, and NoV GII, respectively (Sano et al., 2016). However, the trade-off when achieving a 83 

higher log removal of virus from wastewater is higher energy and operating costs associated 84 

with the treatment process. For example, an aerobic MBR usually incurs an additional 0.8-1.4 85 

kWh/m3 compared to the activated sludge processes (Martin et al., 2011). Such extent of tertiary 86 

treatment may not be suited for low resource countries that do not have the infrastructure and 87 

financial means but would still benefit from reusing treated wastewater to enhance livability.  88 

In this study, it is hypothesized that depending on the intended non-potable reuse 89 

purpose, certain multibarrier technologies available in conventional STPs (e.g. those that rely on 90 

activated sludge and disinfection) would already be sufficient to achieve the concentrations of 91 

human enteric viruses in reclaimed water that are within the acceptable risk level. To address 92 

this, we aim to first monitor the concentration of enteric viruses (e.g. norovirus, rotavirus, 93 

enterovirus, adenovirus, and polyomavirus) in treated wastewater generated by two STPs that 94 

applied different multibarrier technologies (e.g. conventional activated sludge vs. membrane 95 

bioreactor). In both instances, the reclaimed water from the STPs were used for landscaping 96 

irrigation in recreational spaces. We therefore further assessed the risk of enteric virus exposure 97 

via direct contact to the treated wastewater by benchmarking the calculated risk against the 98 

tolerable annual disease burden of 10-4 DALYpppy standard (Mara, 2011) . Findings from this 99 



5 

 

study would aid in a science-based decision-making process to determine if additional barriers 100 

in treatment technologies are needed to mitigate risks arising from enteric viruses in selected 101 

non-potable reuse purposes.  102 

 103 

2. Material and Methods 104 

2.1 Sampling sites description   105 

 Treated wastewater and irrigation water samples were taken from selective points at an 106 

artificial lake at the KAUST golf club (defined as site A) and an office-housing-recreational 107 

compound in Jeddah (defined as site B), Saudi Arabia (Fig S1). For site A, samples were 108 

obtained from three points, namely (i) manmade lake 1, which is used as an evaporation pond 109 

to store treated wastewater from the KAUST STP, (ii) manmade lake 4, an evaporation pond 110 

that is filled with ground water (Nicholas Davies, personal communication), and (iii) irrigation 111 

water directly from the sprinkler, which was directly pumped from lake 1. None of the reclaimed 112 

water in lake 1, 4 and sprinkler were further chlorinated on-site. The KAUST STP comprised of 113 

aerobic microfiltration MBR as the main biological treatment, followed by disinfection via 114 

chlorination with a dose of > 30 mg-min/L. The entire MBR has a hydraulic retention time of 115 

about 6.5 h and produces 4000 m3 of effluent daily. Further description about the KAUST STP 116 

can be found in an earlier publication (Jumat et al., 2017).  117 

For site B, samples were obtained from five points, namely (i) final chlorinated effluent 118 

discharge point at STP B in Jeddah, (ii) tanker trucks used to transport reclaimed water from  119 

WWTP B to site B, (iii) a 4000 m3 storage tank containing the reclaimed water pumped directly 120 

from tanker trucks, (iv) irrigation tank where chlorine is dosed at 7 mg/L of initial concentration, 121 

and (v) irrigation water directly from the sprinkler. The STP B achieves tertiary treatment of 122 

24,000 m3 wastewater daily by means of activated sludge processes followed by rapid sand 123 

filtration and chlorination (KAUST, 2012). To determine if there is any difference in the enteric 124 

virus concentration present in the untreated influent from both STP A and B, qPCR was carried 125 
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out using the same workflow as described in section 2.3, 2.5 and 2.6., except only 100-300 mL 126 

of raw wastewater was processed instead of the larger volumes typically needed for the treated 127 

wastewater. 128 

Monthly samples for treated wastewater were taken from mid-2019 to early 2020. Incoming 129 

water samples were collected in 20 L bottles that were washed and sterilized prior to collection. 130 

A total of 40-60 L were sampled at each sampling point from both sites, transported immediately 131 

to lab on the same day, stored at 4C, and processed in the laboratory within 5 d from sampling. 132 

A previous publication mentioned less than 0.01 and 0.04 log10 reduction per day of indigenous 133 

pepper mild mottle virus (PMMoV) and spiked poliovirus (PV), respectively, in non-autoclaved 134 

wetland water (Rachmadi et al., 2016). Another study with RNA virus also found that 11 days 135 

are needed for ca. 1 log10 reduction for SARS-CoV-2, an envelope virus that is relatively weaker 136 

compared to non-enveloped virus in water environment (Ahmed et al., 2020). Hence, although 137 

the storage duration prior to processing was not ideal, the viruses evaluated in this study are not 138 

anticipated to have experienced any significant degradation.  139 

 140 

2.2. Analysis of physicochemical water quality 141 

Physicochemical water quality parameters such as pH, total dissolved solid (TDS) were 142 

measured using Hanna HI 9813-6 (Hanna instruments, Woonsocket, RI). Total organic carbon 143 

(TOC) was measured with TOC-V cph total organic carbon analyzer (Shimadzu, Japan). The 144 

residual chlorine was measured with the US EPA DPD method with DR300 pocket colorimeter.  145 

 146 

2.3. Water samples concentration using electronegative filter 147 

 The water samples were concentrated using an electronegative filter as described 148 

previously (Katayama et al., 2002) with slight modifications. Briefly, 2.5 M of MgCl2 was added 149 

to water samples to obtain a final concentration of 25 mM. Three to five liters of the water 150 

samples were subsequently passed through an electronegative filter (cat. no. HAWP-090-00, 151 



7 

 

Billerica, MA) attached to a glass filter holder (Millipore XX101900 series). Magnesium ions 152 

were removed by passing 200 mL of 0.5 mM H2SO4 (pH <3.0) through the filter, and the viruses 153 

were eluted with 10 mL of 1.0mM of NaOH (pH >10). The eluate was recovered in a conical 154 

tube containing 50 μL of 100 mMH2SO4 (pH 1.0) and 100 μL of 100×Tris–EDTA buffer (pH 8.0) 155 

for neutralization, followed by further centrifugation using a Centriprep YM-50 to obtain a final 156 

concentrate volume of approximately 650-700 μL per sample. The concentrates were stored at 157 

−80 °C until further analysis.  158 

 159 

2.4. Determination of virus recovery efficiency and molecular process control for 160 

extraction-RT-qPCR 161 

To assess the efficiency of virus concentration method using electronegative membrane, 162 

a whole process control (WPC) was applied by spiking a known concentration of MNV into the 163 

water matrix before the filtration. WPC was only performed for the first and second batch of 164 

collected samples to determine if the virus recovery protocol adopted in this study was able to 165 

perform efficiently. When conducting WPC, we spiked MNV to the treated wastewater samples 166 

collected from sites, and then performed electronegative membrane filtration to obtain 10 mL 167 

eluate. This 10 mL eluate is further concentrated to about 650-700 µL using Centriprep YM-50 168 

(the ca. 700 µL collected at the end is termed as the concentrate). This concentrate was then 169 

extracted for RNA, reverse-transcribed for cDNA and used as template for qPCR. In this 170 

manner, MNV is quantified and checked against the known spiked MNV copy numbers to 171 

determine recovery efficiency of membrane filtration, concentration, RNA extraction and reverse 172 

transcription. 173 

To determine the viral nucleic acid loss during extraction and/or the occurrence of RT-174 

qPCR inhibitors, a second molecular process control (MPC) was conducted to determine the 175 

efficiency of extraction-reverse transcription (RT)-qPCR for each sample as previously 176 

described (Kitajima et al., 2014b). Briefly, we processed our treated wastewater samples 177 
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through electronegative membrane filtration and Centriprep YM-50 without spiking any MNV yet. 178 

MNV of known copy numbers was only spiked to the concentrate of 650-700 µL. RNA was then 179 

extracted, reverse-transcribed for cDNA and used as template for qPCR. MNV was quantified 180 

and checked against the known spiked MNV copy numbers to determine RNA extraction and 181 

reverse transcription efficiency. This second process control therefore allows us to determine if 182 

there is any inhibitor during RNA extraction, reverse transcription and qPCR for all the samples.  183 

Different batch of treated wastewater samples was applied for WPC and MPC, and the 184 

efficiency was also calculated independently. MNV was prepared and propagated in RAW 264.7 185 

cell host according to published protocols (Gonzalez-Hernandez et al., 2012). The efficiency (E) 186 

was calculated as follows: 187 

E = C / C0 x 100  ------------------------- (Equation 1) 188 

Where C represents the observed MNV-cDNA copy numbers per qPCR tube in a treated 189 

wastewater sample for WPC or first concentrate for MPC, and C0 represent the copy numbers 190 

originally spiked for WPC or MPC. We defined an E value higher than 30% to be acceptable for 191 

WPC (Hong et al., 2021)  and for MPC (Hata et al., 2013).  192 

 193 

2.5. Virus nucleic acid extraction and RT-PCR 194 

 Viral DNA and RNA were extracted from 140 uL of each final concentrate using QIAmp 195 

Viral RNA mini kit (Qiagen, Germany). Nucleic acid was eluted in 80 μL sterile water and used 196 

in reverse transcription (RT) based on Superscript III first strand synthesis supermix (Thermo 197 

Fisher Scientific, Waltham, MA). Briefly, 6 μL (up to 50 ng/L) of extracted RNA was added to 2 198 

μL annealing mixture containing 1 μL 5X annealing buffer and 1 μL random hexamer. Annealing 199 

was conducted at 65 °C for 5 min continued by cooling down on ice for at least 2 minutes. The 200 

annealed product was then mixed with 10 μL 2X first strand reaction mix and Superscript III 201 

enzyme mix, then incubated at 25 °C for 10 min, 50 °C for 50 min, and finally 85 °C for 5 min to 202 

inactivate the enzyme. The final cDNA product was kept in -20 °C until further analysis.  203 



9 

 

 204 

2.6. Quantification of viral genome by qPCR 205 

 TaqMan-based qPCR assays for viruses were performed on a QuantStudio 3 real time 206 

qPCR system (Thermo Fisher Scientific, Waltham, MA). For enteric DNA virus, adenovirus 207 

(AdV) and human polyomavirus BK (BKV) were monitored. For enteric RNA virus, Human 208 

norovirus genotype 1 and 2 (NoV GI, NoV GII), rotavirus (RV), Aichi virus (AiV), and enterovirus 209 

(EV) were detected. Reaction mixtures (25 μL) consisted of 12.5 μL Taqman fast advance 210 

qPCR mastermix (Thermofisher Scientific), 200 mM of forward and reverse primers, Taqman 211 

probe(s), and 2.5 μL cDNA template. The sequences of primers and probes, their final 212 

concentrations, and PCR amplification temperature profiles are listed in Table S1. The qPCR 213 

was done in duplicate setting for each cDNA template. The reaction mixtures were subjected to 214 

thermal cycling (initial denaturation at 95 °C for 5 min to activate DNA polymerase, followed by 215 

45-50 cycles of amplification with the target-specific temperature profile described in previous 216 

publications (Hata et al., 2013; Rachmadi et al., 2016)). Fluorescence readings were analyzed 217 

with QuantStudio design and analysis software version 1.5.1 (Thermo Fisher Scientific, 218 

Waltham, MA). The genomic copy numbers of each virus were determined based on a standard 219 

curve prepared with 10-fold serial dilutions of gBlock DNA fragment containing each viral gene 220 

to be amplified at a concentration of 102 to 107 copies per reaction. The copies number per 221 

reaction was calculated based on the DNA concentration determined by converting the 222 

oligonucleotide concentration (fmol) per μL into copy/L. Nuclease free water was used as 223 

negative controls. Quantification limit (LOQ) of 10 copies/reaction or Cq > 40 were used as the 224 

detection limit (LOD) for the RT-qPCR. 225 

 226 

 227 

2.7. Quantitative microbial risk assessment   228 
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QMRA was conducted using the two-dimensional Monte Carlo simulation package 229 

“mc2d” for R with 1001 iterations for both variability and uncertainty dimensions. In this 230 

package, distributions reflecting variability and uncertainty were separately sampled during the 231 

simulation. A norovirus QMRA model was developed based on previous study (Ito et al., 2017). 232 

Norovirus (NoV) was chosen as the model virus to examine due to various considerations, 233 

namely (i) their high association (17-20%) with acute gastroenteritis disease worldwide (Pires et 234 

al., 2015), (ii) high number of mortality victims (570-800 death annually in the US) and in total of 235 

more than 70,000 death for children under 5 years old (Liu et al., 2015), (iii) no available 236 

licensed vaccine for NoVs (Cortes-Penfield et al., 2017; Lopman et al., 2016), (iv) Lower HID50 237 

(50% human infectious dose) virus particles compared to 10-500 of TCID50 (median tissue 238 

culture infectious dose) for AdV 4, (v) higher probability of illness given infection (60%) 239 

compared to adenovirus (50%) (Yezli and Otter, 2011), and (vi) higher number of outbreak 240 

cases by new strains worldwide due to high mutation rate (Cuevas et al., 2016; Saito et al., 241 

2020; Victoria et al., 2009). A tolerable annual norovirus GII disease burden of 242 

10−4 DALYpppy was considered as an adequate margin for public-health safety related to 243 

waterborne diarrheal diseases. For the exposure assessment, the same scenario of incidental 244 

ingestion of treated wastewater will be applied when calculating the disease burden of worker 245 

and visitor exposed to norovirus GII at both sites A and B. For occupational workers (e.g. 246 

landscape farmers or WWTP personnel), it is assumed that the worker follows a work schedule 247 

of 5 d per week, has contact with the water for 3 h per day. The worker is assumed to work for 248 

220 days per year. Incidental ingestion of reused wastewater by worker was estimated to occur 249 

at a rate of 4 mL per day (Semerjian et al., 2018). 250 

For recreational visitors at both sites, the incidental ingestion of treated wastewater was 251 

estimated to occur at a rate of 2 mL per visit. This is based on an assumed 50 times lower 252 

volume than the accidental ingestion rate for an adult while swimming, which is 100 mL per 253 

swimming session (WHO, 2016). Visitors are assumed to visit each site twice a week for 254 
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maximum two hours duration per visit, during the 6 months of good weather in Saudi Arabia 255 

when outdoor temperature is not exceedingly hot. This meant an assumption of a total of 48 256 

days of exposure at the sites by recreational visitors.  257 

Fractional Poisson model described by Messner et al (Messner et al., 2014) was used as the 258 

dose response model for NoV GII with 0.722 fraction of susceptible subjects (P). Due to the 259 

uncertainty surrounding the aggregation or disaggregation of noroviruses in environmental 260 

waters, higher mean aggregate sizes () of 1106 were explored. 261 

Pfp (inf|exp) = P x (1- e –(/) )     -------------------- (Equation 2) 262 

Where  = C x V, is the exposed dose. It is calculated by multiplication of norovirus 263 

concentration (C) and V is volume ingested.  264 

Dose-dependent probability of norovirus illness for an individual was calculated using the 265 

following model (Teunis et al., 2009) 266 

P (ill|inf, exp) = 1 -  (1 +  x  )-r. -------------------- (Equation 3) 267 

Here, η (0.00255) and r (0.086) were used as defined in previous publication(Messner et al., 268 

2014) 269 

Illness probability among visitors and workers was calculated as follow 270 

P (ill|exp) = P (ill|inf, exp) x (Pinf|exp).  -------------------- (Equation 4) 271 

  272 

Pill = 1 - (1- P (ill|exp))n.  -------------------- (Equation 5) 273 

  274 

Where n is the number of exposure days per year.  275 

DALYpppy was estimated as the product disease burden per case of illness (DB) and the annual 276 

probability of illness.  277 

DALYpppy = Pill  x DB   -------------------- (Equation 6) 278 

 279 
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Where DB is a uniform distribution (3.71 x 10-4, 6.23 x 10-3) (Mok et al., 2014). Worst-case 280 

scenario was evaluated by using the highest DB. All steps related to calculation of DALYpppy was 281 

done in R software version 3.6 (http://www.r-project.org) as described in Supporting Information 282 

1. 283 

 284 

2.8 Statistical analysis  285 

All statistical analysis was performed using R software version 3.6 (http://www.r-286 

project.org) and Matlab R2018a software. The Wilcoxon rank sum test was used to determine 287 

for statistical difference in environmental parameters between site A and site B. To examine the 288 

correlation between virus log10 concentration and environmental parameter, Spearman rank 289 

order correlation test was employed. P value of less than 0.05 was considered as statistically 290 

significant and correlation coefficient (R) of >0.7, 0.4-0.6, and <0.4 was considered as strong, 291 

moderate, and weak correlation, respectively. To determine if there was a statistical difference 292 

between virus log10 concentration among sampling in each site A and B, the Kruskal-Wallis test 293 

was conducted with a significance level of  = 0.05. The Wilcoxon rank sum test was applied to 294 

examine the statistical difference between virus log10 concentration in the Site A and Site B as 295 

two independent samples with a significance level of  = 0.05.  296 

 297 

3. Results and Discussion 298 

3.1. Recovery efficiency and molecular process control for extraction-RT-qPCR 299 

A total of 7.72 log10 copies/L MNV was spiked into the treated wastewater. The overall 300 

recovery and RNA extraction efficiency of murine norovirus was ca. 79% for electronegative 301 

membrane, and falls within the range of 18-119.7% for electronegative membrane for surface 302 

water (Haramoto et al., 2018).  303 

http://www.r-project.org/
http://www.r-project.org/
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When MNV was spiked into concentrated samples as molecular process control, the percentage 304 

of MNV detected after extraction, RT and qPCR ranged from 24.8 to 43.9%. This recovery 305 

percentage is in agreement with a previous study that also used MNV as control for extraction- 306 

RT- qPCR process and reported a recovery of 30-65% (Hata et al., 2013; Rachmadi et al., 307 

2016). 308 

 309 

3.2. The effect of environmental factors on viral abundance  310 

 We collected a total of 94 samples, and measured pH, TDS, and TOC. These water 311 

quality parameters were correlated to viral abundance (log10 copies/L) using the Spearman rank 312 

order correlation analysis. The pH of lake and irrigation water from site A ranged from 7.2 to 313 

10.2 (Table S2), while the pH from sampling site B ranged from 7.3 to 8.3 (Table S3). There 314 

were statistical differences for TOC and TDS (Wilcoxon rank sum test, P=1.09 x 10-13, 1.21 x 10-315 

4, respectively) between the site A and B. The TDS and TOC of samples from site B were much 316 

higher compared to those in site A. The TDS for site A and B ranged from 2-7 and 500-1400 317 

mg/L, respectively (Table S2 and S3). TOC of samples from site A ranged from 1.98 to 3.47 318 

mg/L which was lower than that observed for samples from site B (ranging from 1.82 to 9.57 319 

mg/L). On the other hand, there are no statistical difference for both pH and residual chlorine 320 

between site A and site B (Wilcoxon rank sum test, P=0.43 and 0.11, respectively).  321 

 We conducted a correlation analysis between environmental parameters in all sites with 322 

log10 copies/L of virus concentration. There is moderate to high correlation between TDS and 323 

NoV GII as well as TDS and AdV, with Spearman coefficients of 0.54 and -0.708 (P value of 324 

0.047 and 0.002), respectively. Earlier studies revealed that the increasing TDS concentration 325 

may lead to higher virus absorption to particulates in water (Gerba and Betancourt, 2017; 326 

Sobsey et al., 1980). In addition, viruses in the water tend to aggregate or attach to suspended 327 

particles in the aquatic environment near or at their isoelectric point, and the association of 328 

viruses with particulates are known to enhance their survival and resistance to disinfectant. This 329 
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may account for a higher concentration of viruses detected in the disinfected treated water with 330 

higher TDS (Templeton et al., 2008; Zerda et al., 1985).  There was moderate correlation 331 

between TOC and EV (Spearman correlation of 0.47, P value of 0.07). Higher TOC content may 332 

give enteric viruses protection from disinfectant so it can also increase their survival in water 333 

matrices (Rachmadi et al., 2020).  334 

There is no/low correlation between pH and enteric virus present in water collected from 335 

site A and B. Enteric viruses can survive under a wide pH range (3-10) and is able to remain 336 

infective for up to 120 days in freshwater and sewage at 20 to 30 C of temperature, so pH may 337 

not play a role in enteric virus persistence (Fong and Lipp, 2005).  338 

 339 

3.3. Occurrence and abundance of enteric viruses in treated water 340 

 341 

3.3.1. Enteric DNA viruses 342 

We monitored the presence of AdV and BKV in the treated water of site A and site B. 343 

AdV has a double stranded (ds) DNA genome and therefore is considered as a UV-resistant 344 

virus (Eischeid et al., 2009; Eischeid and Linden, 2011). The virus consists of more than 50 345 

serotypes, each causing different symptoms, and is ubiquitous in water environments such as 346 

wastewater, wetland, and drinking water sources (Eischeid and Linden, 2011; Haramoto et al., 347 

2007; Oguma et al., 2016; A.T. Rachmadi et al., 2016a). Due to these reasons, AdV has been 348 

proposed as human pathogenic virus indicator in water. At site A, we found viral concentrations 349 

ranging from 2.2 to 3.8 log10 copies/L in samples positive of AdV (Fig 1A). An earlier study also 350 

reported 1 to 4 log10 copies/L of AdV in the chlorinated effluent sample collected from the 351 

KAUST WWTP (Jumat et al., 2017). Similarly, AdV concentration of 2.7-4.5 log10 copies/L were 352 

found at the MBR-based WWTP effluent in Michigan (Simmons et al., 2011). In contrast, AdV 353 

was detected only once at the Lake 4 in April which be a single outlier event. The lack of 354 

detection for AdV in Lake 4 and irrigation water from sprinkler may be due to high local ambient 355 
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temperature (>38 C) or acceleration of virus decay by other microbes in the lake water (Miki 356 

and Jacquet, 2008; Quiñónez-Díaz et al., 2001). Variation in abundance of AdV in lake 1 and 4 357 

do not exhibit a temporal trend, with no significant log10 reduction in AdV abundance observed 358 

from lake 1 to 4. There are no statistical difference between log10  concentration of AdV on Lake 359 

1, Lake 4, and irrigation water (Kruskal-Wallis test, P = 0.054).  360 

At site B, AdV The AdV concentration detected at site B ranged from 1.3 to 4.3 log10 361 

copies/L (Fig 1B). There are no statistical difference between log10 concentration of AdV among 362 

the site B sampling sites (Kruskal-Wallis test, P = 0.4664). Further test showed that there was a 363 

statistical difference between log10  concentration of AdV in site A and site B (Wilcoxon rank sum 364 

test , P = 8.65 x 10-4). An earlier study found 2.5 to 5.0 log10 copies/L, and 3-5 log10 copies/L 365 

from a reclaimed water and wetland receiving water from four different aerobic sludge-based 366 

WWTPs (Prado et al., 2019; A.T. Rachmadi et al., 2016a).  In particular, we took one sample of 367 

influent from STP B and determined 5.32 log copy/L of AdV in this sample. This suggests that 368 

AdV was removed by an average 2.45 log10 due to the multibarrier treatment technologies at 369 

STP B. Similarly, a 2.69 log10 reduction for AdV was shown for another WWTP in Japan that 370 

uses activated sludge (Hata et al., 2013). This is in contrast with the reported 1.7 to 4.8 log10 371 

reduction of AdV due to aerobic MBR-based treatment technologies at STP A (Jumat et al., 372 

2017), and a removal efficiency of 3 to 5 log10 for a WWTP employing full scale membrane 373 

bioreactors (O’Brien and Xagoraraki, 2020) .  374 

Polyomavirus BK (BKV) is a human-specific dsDNA virus which has been proposed as a 375 

sewage contaminant because it is present in high concentrations in water from different 376 

geographical areas and in human feces and urine (Rachmadi et al., 2016). Polyomavirus BK 377 

has prevalently caused nephropathy, hemorrhage, and high morbidity and mortality in 378 

immunocompromised patients (Fratini et al., 2013).  The virus has demonstrated a certain 379 

degree of resistance to high temperature, UV, chlorine and low pH (Rachmadi et al., 2016). Our 380 

results showed 25% (3/12) and 16% (2/12) positive BKV signal from lake 1 and irrigation water, 381 
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respectively, at 2.33 to 4.55 log10 copies/L (Fig 2A). There are no statistical difference between 382 

log10  concentration of BKV detected at both sampling points in site A (Kruskal-Wallis test, P = 383 

0.2082). However, no BKV was detected in lake 4 which is comprised of local groundwater.  384 

Higher BKV concentration was observed at site B than at site A.. BKV concentration of 385 

1.91 to 5.35 log10 copies/L was determined in treated wastewater samples collected from 386 

WWTP B (STP B), truck, storage tank, chlorinated irrigation tank, and irrigation water, 387 

respectively (Fig 2B). There are no statistical difference between log10  concentration of BKV on 388 

the site B (Kruskal-Wallis test, P = 0.6838) although log10  concentration of BKV in site B is 389 

significantly higher than that detected in site A (Wilcoxon rank sum test, P = 0.0014). Other 390 

studies also found up to 3 and 2 log10 copies/L of BKV removal from secondary effluent and  a 391 

wetland receiving water from four different aerobic sludge-based treatment plant (Kitajima et al., 392 

2014a; Rachmadi et al., 2016), suggesting that the non-membrane based barrier technologies 393 

do not remove BKV effectively.  394 

 395 

3.3.2. Enteric RNA viruses  396 

We monitored for the presence of AiV, RV, EV, NoV GI, and NoV GII. AiV is a single-397 

stranded, positive sense RNA virus belonging to the Korbuvirus and Picornaviridae family 398 

(Kitajima and Gerba, 2015). AiV has been detected globally in human fecal samples in Asia, 399 

Europe, South America, and Africa (Kitajima and Gerba, 2015) and has been proposed as 400 

human viral pathogen indicator due to their high positive rates (>45%) and high concentrations 401 

(> 2 log10 copies/L) in various types of water, including raw and treated sewage, reclaimed 402 

water, and river water (Alcalá et al., 2010; Kitajima et al., 2011; Lodder et al., 2013; Rachmadi 403 

et al., 2016). Despite its prevalence, no AiV was detected in all samples collected from site A. In 404 

contrast, AiV concentration was found ranged from 0.61 to 1.13 log10 copies/L (Fig 3), with a 0.5 405 

to 1 log10 reduction from the initial effluent water to the final irrigation water. However, there are 406 
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no statistical difference between log10  concentration of AiV among different sampling points on 407 

site B (Fig 3) (Kruskal-Wallis test, P = 0.8503).  408 

Previous review study summarized high AiV concentrations of 103 – 105 copies/L and at 409 

detection frequencies of > 60% for treated water sampled in US, Japan and France (Kitajima 410 

and Gerba, 2015). Similar to this study, the earlier treated water was from WWTPs that applied 411 

non-MBR based treatment technologies (e.g. activated sludge and biological trickling filter). 412 

These treatment technologies only achieved 0.94 log10 reduction (Kitajima et al., 2014a), and is 413 

consistent with our findings for STP B, in which 0.61 to 0.94 log10 reduction was observed based 414 

on one sampling time performed in January.  415 

RV is a member of the Reoviridae family and is recognized as a causative agent of 416 

severe gastroenteritis in infants, resulting in more than 138 million diarrhea cases worldwide 417 

(Khalil et al., 2015). Similar to AiV, there were no positive signals for RV at site A. At site B, no 418 

RV was detected in effluent of STP B and reclaimed water contained inside the tanker truck (Fig 419 

4). However, RV with concentrations ranging from up to 4.1 log10 copies/L was sporadically 420 

detected along the irrigation network (Fig 4). In instances of positive detection, there was no 421 

statistical difference between log10  concentration of RV among site B samples (Kruskal-Wallis 422 

test, P = 0.2467). An earlier study detected RV concentration at up to 4 log10 copies/L in the 423 

treated effluent in aerobic sludge STP (Kitajima et al., 2014b), and is similar to that observed in 424 

this study. However, the reason to account for ad-hoc detection at the point-of-use but not in the 425 

initial reclaimed water from STP B and in truck tankers is not known.  426 

 Enterovirus belongs to the Picornaviridae family and is a ssRNA virus with a size ranging 427 

from 22-30 nm in diameter (Kocwa-Haluch, 2001). Enterovirus serotypes are generally more 428 

resistant to free chlorine disinfectant than other enteric virus, and thus their persistence in 429 

treated water may pose a hazard to human health (Rachmadi et al., 2020). Enterovirus has 430 

been detected globally in multiple water environment such as raw sewage, treated water, and 431 

constructed wetland (Hata et al., 2013; Jumat et al., 2017; Kitajima et al., 2014a; Rachmadi et 432 
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al., 2016). At site A, viral concentration ranged from 1.7 to 3.3 log10 copies/L (Fig 5A). There was 433 

no statistical difference between log10 concentration of EV on the site A (Kruskal-Wallis test, P = 434 

0.3275). These results are consistent with a previous study that investigated the abundance of 435 

EV in the same KAUST STP, in which 4.11 to  5.86 log10 copies/L and 2.56 to 4.54 log10 436 

copies/L of EV were detected in the influent and effluent, respectively (Jumat et al., 2017). Other 437 

study found a lower EV concentration of 0.9 - 2.4 3 log10 copies/L at the MBR-based STP 438 

effluent in Michigan (Simmons et al., 2011).  There is up to 2.7 log10 reduction following the 439 

whole wastewater treatment process (Jumat et al., 2017) . A recent review on EV removal using 440 

submerged MBR also showed high removal of 6 log10 (O’Brien and Xagoraraki, 2020).  441 

EV was observed at site B with 2.2 to 4.9 log10 copies/L of concentration. There are no 442 

statistical difference between log10  concentration of EV among the different sampling points at 443 

site B (Kruskal-Wallis test, P = 0.6129). Further test also showed that there was no statistical 444 

difference between log10 concentration of EV on site B and site A (Wilcoxon rank sum test, P = 445 

0.0782). However, it was noted that up to 1.5 log10 reduction from the initial STP B (effluent 446 

water) to irrigation water was achieved due to chlorination, suggesting that chlorine remains 447 

effective in inactivating EV.  448 

 Human norovirus (NoV) is a non-enveloped ssRNA virus, with a diameter of 38 nm, 449 

isocahedral shape, and belongs to the family Caliciviridae (Carstens, 2010).  Human 450 

noroviruses caused major cases of acute nonbacterial gastroenteritis worldwide with more than 451 

1,753 outbreaks during 2015-2016 in the US and 2.400 outbreaks during 2010-2017 in Japan 452 

(CDC, 2018; National Institute of Infectious Disease Japan, 2018). Human norovirus are shed in 453 

high number in feces and are relatively stable in the environment for more than two weeks 454 

(Lopman et al., 2012; Teunis et al., 2015). There was no positive signal for NoV GI and GII at 455 

site A, including the single grab sample collected from STP A (data not shown). In contrast, at 456 

site B, NoV GI was found with concentrations ranged from 0.7 to 4.5 log10 copies/L (Fig 6A). 457 

There was no statistical difference between log10  concentration of NoV GI among sampling 458 
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points at site B (Kruskal-Wallis test, P = 0.6374). Other NoV GI detection study in secondary 459 

treated wastewater found a similar range of concentration, ranging from 8.34-8.81 x105 copies/L 460 

in Lisbon (Teixeira et al., 2020), to > 102 copies/L in the estuarine receiving wastewater effluent 461 

in Brazil (Farkas et al., 2018), and > 103 copies/L in secondary treated wastewater in Arizona.  462 

Meanwhile, NoV GII was found with concentration ranged from 1.3 to 4.5 log10 copies/L 463 

(Fig 6B). There was no statistical difference between log10  concentration of NoV GII among 464 

sampling points of site B (Kruskal-Wallis test, P = 0.5036). Other NoV GII detection study in 465 

secondary treated wastewater found a higher concentration of 2.29 x106 copies/L in Lisbon 466 

(Teixeira et al., 2020), up to 103 copies/L in the estuarine receiving wastewater effluent in Brazil 467 

(Farkas et al., 2018), 102 – 104 in wetland water receiving wastewater in Arizona (A.T. Rachmadi 468 

et al., 2016a), and up to 103 copies/L in secondary treated wastewater in Arizona (Kitajima et al., 469 

2014a).  470 

To our best knowledge, this is the first instance of molecular detection and calculation of 471 

NoV GI and GII in treated wastewater in Saudi Arabia. Previous studies demonstrated that the 472 

concentrations of NoV GI and GII increased in colder months in other geographical locations 473 

(Haramoto et al., 2006; Katayama et al., 2008). In contrast, our results did not show a clear 474 

seasonal pattern, which was also confirmed by another study (Masaaki Kitajima et al., 2014a), 475 

and is likely due to a low variation of temperature fluctuations in Jeddah, Saudi Arabia.  476 

In summary, there is a significant difference among the tested enteric virus abundance 477 

at site B (Anova test, =0.05, P = 4.27 x 10-5). The order of the highest abundance (mean 478 

value) among the enteric virus in site B are as follow, BKV > EV > AdV > NoV GII > NoV GI > 479 

AiV > RV. On the other hand, there was no significant difference between enteric virus 480 

abundance at site A (Anova test, =0.05, P = 0.3981). The order of the highest abundance 481 

(mean value) among the enteric virus in site A are as follow, EV> AdV >BKV.  482 



20 

 

There are no statistical difference of virus log10 concentration among sampling locations 483 

in site A. This is expected because there was no other intervention measures along the entire 484 

chain of point-of use. On the other hand, no statistical difference in term of virus log10 485 

concentration among sampling locations in site B is unexpected since this site utilizes chlorine 486 

with 7ppm of initial concentration. This might be caused by several factors such as a relatively 487 

high TDS and slightly higher TOC in treated water at site B that may cause faster chlorine decay 488 

due to the presence of organics that can impose a chlorine demand, or biofilm formation inside 489 

the storage and irrigation tanks which may protect the virus from inactivation (Deborde and von 490 

Gunten, 2008; Skraber et al., 2005) .   491 

 The statistical difference between log10 virus concentration in the site A and site B 492 

suggested that main biological treatment plays an important role in reducing the number of 493 

enteric viruses. Our results showed that aerobic MBR has higher virus removal capacity 494 

compared to aerobic sludge and resulted in a better effluent quality for downstream point-of-495 

use. This finding is further supported by a lack of statistical difference between the initial 496 

abundance of AdV, BKV, EV, AiV, NoV GI and GII in the influent entering into both STPs that 497 

supplied the treated wastewater to sites A and B (Figure S2) (Wilcoxon rank sum test, P-value 498 

of 1, 0.1, 0.1, 0.06, and 0.06, respectively). Hence, the difference observed in the enteric virus 499 

concentration present in the treated wastewater samples collected at both sites were unlikely 500 

due to the initial concentration of enteric viruses in the untreated wastewater, but rather due to 501 

the different multibarrier treatment efficiency to remove those viruses. A further evaluation is 502 

then made to determine the risk differences due to varying abundance of enteric virus in the 503 

final treated wastewater generated from MBR (i.e., site A STP) and activated sludge processes 504 

(i.e., site B STP). 505 

 506 

 507 

 508 
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3.4. QMRA calculation of NoV GII disease burden for workers and visitors  509 

Human norovirus, mainly the GII genotype was chosen for QMRA due to outbreak 510 

worldwide (Dinu et al., 2016; Lindesmith et al., 2008; Lu et al., 2015). We applied 10-4 DALYpppy 511 

as tolerable disease burden because the number has been proposed as an appropriate 512 

DALYpppy number for countries/region with a high disease burden although actual annual 513 

disease burden of diarrheal disease in developing countries is estimated to be 10-2 DALYpppy 514 

(Mara, 2011). Due to non-detection value in site A, we used NoV GII concentration from lower 515 

detection limit in our qPCR results for QMRA. In site B, the NoV GII data from STP B (the 516 

effluent water from STP B) was of approximately same concentration as that detected in the 517 

irrigation waters when NoV GII was present in the latter. Hence, NoV GII data from STP B 518 

effluent was used to consider worst case scenario in QMRA.  519 

Our results showed that the disease burden for both scenario of workers and visitors to site A 520 

was lower than the recommended DALYpppy, with value of 5.37 x 10-7 and 1.04 x 10-6 (Table 1), 521 

respectively. On the other hand, only DALYpppy from visitor scenario at site B is fulfilling the 522 

recommendation of 10-4 DALYpppy (5.93 x 10-8) while the disease burden for workers are slightly 523 

higher than the benchmarked tolerable disease burden of 10-4 (i.e., 2.01 x 10-4).  524 

 In this study, fractional Poisson model was used due to their ease in calculation, and 525 

allowed uses of dose that may not follow Poisson distribution or where aggregate sizes are not 526 

in log series distribution (Messner et al., 2014). It is important to note that different dose 527 

response model may result in different values of burden disease, although recent study did not 528 

find big difference among hypergeometric model and fractional Poisson model (Ito et al., 2017). 529 

In addition, our calculation is based on qPCR data, where not 100% of the calculated viruses is 530 

infectious so the calculated risk may be overestimated. However until now, quantification of 531 

infectious human norovirus particles using enteroids is not suitable yet so qPCR data remains 532 

the only feasible option for the current study (Ettayebi et al., 2016).   533 
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 It was observed that despite the use of non-membrane-based activated sludge process, 534 

the risk arising from NoV GII remains low for recreational users, and is in fact comparable to 535 

that achieved by the MBR system. This suggests additional barriers to further remove the 536 

viruses may not yield a significant reduction in the risks imposed on recreational users. 537 

However, the risks imposed on workers can be significantly reduced when multibarrier 538 

technologies like that of MBR are put in place. This difference in the risk level is due to the 539 

higher log10 reduction of virus achieved by MBR than activated sludge systems, and hence 540 

lower the abundance and frequency of virus detection in the final effluent. Our results showed 541 

virus reduction efficiency from STP applying aerobic MBR technology is higher compared to the 542 

STP applying activated sludge which is also reiterated by previous finding (Da Silva et al., 543 

2007). As the smallest pathogens (20 to 100 nm), viruses smaller in size to the pores of typical 544 

MBR membranes and are not likely to be removed sufficiently by size exclusion alone. A 545 

combination of different factors such as adsorption onto fouled membranes, inactivation by the 546 

membrane cake layer after long-term steady operation, attachment to solids (Cheng and Hong, 547 

2017; Chaudhry et al., 2015), and virophagy and other ecological factors within the biological 548 

tank (Smith, 1983) may have contributed to a better removal than that in a non-membrane 549 

based system.  550 

 551 

 552 

4. Conclusion 553 

A higher diversity and abundance of enteric DNA and RNA viruses were detected in 554 

treated wastewater generated from conventional activated sludge STP compared to that from 555 

MBR-based STP. To exemplify, treated wastewater sampled throughout the study period at site 556 

A has no detectable AiV and RV while both AiV and RV were detected at 0.61 to 1.13 log10 557 

copies/L, 1.5 to 4.1 log10 copies/L, respectively, in treated wastewater from site B. Furthermore, 558 

NoV GI and GII were also not detected at site A but both NoV were detected at concentrations 559 
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up to 4.5 log10 copies/L at site B. Despite the higher abundance of enteric viruses at site B, it did 560 

not translate to a significant risk to public health when the treated wastewater is used for 561 

irrigating recreational spaces. QMRA for NoV GII from site A and site B showed similar level of 562 

low risks (< 10-4 DALYpppy) on recreational users. However, QMRA suggests 2.01 x 10-4 to 3.85 563 

x 10-4 DALYpppy, which is slightly higher than the acceptable 10-4 DALYpppy, for workers on-site of 564 

B. However, such occupational risks can be easily reduced by minimizing exposure frequency 565 

and/or adoption of best management practices. Findings from this study suggests that additional 566 

implementation of barriers that incur higher capital investment or energy costs in low resource 567 

countries may not be mandatory to mitigate risks arising from enteric viruses for non-potable 568 

reuse purpose studied here. Instead, a well-functioning activated sludge process coupled with 569 

best management practices would already be sufficient to achieve a risk level acceptable for 570 

public health.  571 

 572 
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Table 1. Disease burden (DALYpppy) of NoV GII at site A and B for worker and visitor. The 578 

scenario for the workers and recreational users assumes 220 days and 48 days of working and 579 

visiting days per year that can result in exposure to the reclaimed water onsite. The incidental 580 

ingestion of treated wastewater was estimated to occur at a rate of 4 and 2 mL per day and visit 581 

for the workers and visitors, respectively. DALYpppy greater than the benchmarked level of 10-4 582 

are highlighted in bold.  583 

 584 

Scenario  

Mean DALYpppy  Mean DALYpppy  

Uniformly distributed disease 
burden 

Worst case scenario  

      

Workers in Site A 5.37 x 10-7 1.04 x 10-6 

      

Visitors in Site A  2.67 x 10-8 5.17 x 10-8 

      

Workers in Site B 2.01 x 10-4 3.85 x 10-4 

      

Visitors in Site B 2.98 x 10-8 5.93 x 10-8 

 585 

 586 

 587 

  588 
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Figure legends 589 

 590 

Figure 1. Copy number of Adenovirus, AdV per liter sampled from (A) lake 1 (black square 591 

dots), lake 4 (red square dots), and irrigation water (blue square dots) inside site A, (B) at the 592 

STP B (green square dots), truck (blue square dots), storage tank (red square dots), and 593 

irrigation water (purple square dots) inside site B.  594 

 595 

Figure 2. Copy number of human Polyomavirus BK (BKV) per liter sampled from (A) lake 1 596 

(black square dots), lake 4 (red square dots), and irrigation water (blue square dots) inside site 597 

A, (B) at the STP B (green square dots), truck (blue square dots), storage tank (red square 598 

dots), and irrigation water (purple square dots) inside site B.  599 

 600 

Figure 3. Copy number of Aichi virus (AiV) per liter sampled from the STP B (green square 601 

dots), truck (blue square dots), storage tank (red square dots), and irrigation water (purple 602 

square dots) inside site B  603 

 604 

Figure 4. Copy number of Rotavirus (RV) per liter sampled from the STP B (green square dots), 605 

truck (blue square dots), storage tank (red square dots), and irrigation water (purple square 606 

dots) inside site B. 607 

 608 

Figure 5. Copy number of Enterovirus (EV) per liter sampled from (A) lake 1 (black square 609 

dots), lake 4 (red square dots), and irrigation water (blue square dots) inside site A, (B) at the 610 

STP B (green square dots), truck (blue square dots), storage tank (red square dots), and 611 

irrigation water (purple square dots) inside site B.  612 

 613 

Figure 6. Copy number of Norovirus (NoV) per liter for (A) genotype I, and (B) genotype II, 614 

sampled at the STP B (green square dots), truck (blue square dots), storage tank (red square 615 

dots), and irrigation water (purple square dots) inside site B.  616 

 617 

 618 

 619 

 620 
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