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Water impact statement 

Poor drinking water quality remains an important cause of diarrheal diseases in developing areas, 

especially for children under the age of five. Biosand filters (BSFs) are a promising technology 

to reduce the level of pathogens in drinking water. However, there is a lack in understanding of 

how BSFs work and what factors control BSF efficacy. In this study, we showed, for the first 

time, that divalent cation concentrations can influence MS2 bacteriophage reduction by BSF and 

that BSF can effectively reduce 99.99% of rotavirus, a common diarrhea-causing enteric virus in 

water. The results presented here contribute to the formulation of recommendations on the use of 

BSF to reduce diarrheal disease incidence in developing countries.  
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ABSTRACT 25 

Diarrheal diseases caused by pathogens remain a significant cause of death in developing areas, 26 

especially for children under the age of five. Biosand filters (BSFs) are a promising technology 27 

implemented worldwide that can effectively reduce levels of bacteria and bacteriophages. 28 

However, besides echovirus, the efficacy of enteric virus reduction in BSFs has not been studied. 29 

Furthermore, how divalent cation concentrations in the source water used in BSFs influences 30 

virus reduction is not clearly understood. In this study, three bench-scale BSFs were fed daily 31 

with groundwater containing divalent cations or cation-free buffered solution to determine MS2 32 

or rotavirus reduction as a function of filter depth, residence time, media ripening, and water 33 

source. An integrated cell culture and RT-qPCR assay was developed to quantify rotavirus 34 

reduction in water samples collected from the filters. Rotavirus reduction obtained by 35 

experiments performed in groundwater increased with depth and reached a cumulative average 36 

of 5-log10 (99.999%) reduction after 31 days. Experiments with 1 mM NaHCO3 spiked with MS2 37 

averaged 1.2-log10 reduction after 42 days, and there was not an increasing trend of reduction as 38 

a function of depth. Finally, MS2 experiments performed in groundwater reached a cumulative 39 

average of 5.36-log10 reduction by a BSF that has been in operation for 684 days, but the 40 

reduction also did not increase as a function of depth. Overall conclusions include that 1) at the 41 

same filter age and using the same water source, rotavirus reduction was higher than what was 42 

previously seen with MS2, indicating that MS2 is a conservative surrogate for rotavirus, 2) MS2 43 

reduction efficacy was related to the divalent cation concentrations of the influent water for an 44 

unripened filter, and 3) residence time was crucial for increasing virus reduction in all 45 

experiments. This is the first study to determine the efficiency of rotavirus reduction in BSFs, 46 
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which is an essential first step in understanding the extent to which BSFs can reduce human 47 

enteric viruses, and hence decrease diarrheal disease incidence.   48 
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INTRODUCTION 49 

It is estimated that 663 million people worldwide still lack access to improved drinking water 50 

sources.1 There are 4 billion cases of diarrheal diseases worldwide annually caused by 51 

consumption and use of unimproved drinking water sources and sanitation facilities.2  Diarrheal 52 

diseases are a leading cause of child morbidity and mortality in impoverished areas, and this 53 

remains a significant public health issue.3 Rotavirus is the leading cause of diarrhea in the world 54 

for children under the age of 5, which led to 450,000 deaths in 2008.4 It has been shown that 55 

household water treatment technologies can help to lower diarrheal disease incidences by 30-56 

40%.5, 6 One of the most promising point-of-use technologies currently available is the Centre for 57 

Affordable Water and Sanitation Technology (CAWST) V10 concrete biosand filter (BSF), an 58 

intermittently-run slow sand filter, which can produce 20-40 L of safe drinking water per day.6 59 

The filter is easy to implement, use, and maintain, and is relatively cheap ($12-50/filter).7 60 

Twelve liters of source water is poured into the top of the filter and flows through the filter with 61 

gravity. The filter is designed and operated so that the 12 L of water sits within the pore spaces 62 

for a residence time period of 16-32 hours8, which is within the 1-48 hour range recommended 63 

by CAWST.9 It is possible that small quantities of the 12 L could stay in the filter longer due to 64 

mixing within the standing head and storage within the standing head, gravel underdrain, and 65 

outlet tube, as shown in a previous study.10 Another 12 L of water is poured into the filter and 66 

pushes the filtered water out of an outlet tube into a storage container.  67 

BSFs have been shown to reduce turbidity levels to under 2 NTU and bacteria by >4-68 

log10.
11, 12 In addition, BSFs that were in operation for 240-300 days showed 4-log10 reduction of 69 

MS2, a surrogate for enteric viruses.8, 13 Even after only 4 weeks of BSF experiments using 70 

groundwater, MS2 reduction reached 4-log10, as long as the sand media depth was at least 44 cm 71 
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and there was 15.5-31 hours of residence time for the water in the filter.8 This finding contrasts 72 

with other studies using surface waters that observed low reduction of less than 1-log10 after four 73 

weeks, even with 55 cm sand depth and 24 hours of residence time14 and 60 cm sand depth and 74 

an average of 15.6 hours of residence time.12 The reasons for the wide range of MS2 reduction in 75 

previous studies8, 11-15 are not clear and need to be elucidated to better understand BSF operation 76 

and efficacy. Some hypotheses for these differences have been suggested previously. The sand 77 

source that was used for the two long-term studies8, 13 was tested for metal oxides (Al, Fe, Mg, 78 

Ca, and Zn), which could enhance MS2 adsorption due to positively charged sand surfaces. 79 

Using inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis and 80 

concentrated hydrofluoric acid solution to digest the sand media, only low concentrations of 81 

metal oxides were detected,8 suggesting that it was not the sand source that caused high MS2 82 

reduction in these studies. Another recent study16 compared MS2 reduction using one water 83 

source and two different types of sand (Accusand and granite), both of which had between 1.4-84 

519 times higher concentrations of metal oxides than what was used in the two long-term studies. 85 

The granite had 136-423 times higher concentrations of metal oxides than the Accusand, and 86 

there was significantly higher MS2 reduction (p<0.01) shown for the granite (0.62-log10) than the 87 

Accusand (0.37-log10). The difference in MS2 reduction levels indicates that high concentrations 88 

of metal oxides play a role in increasing MS2 reduction. It has also been hypothesized that 89 

sustained filter ripening occurring in long-term BSFs8, 13 could have continued to improve MS2 90 

reduction compared to the more typical duration of laboratory BSF experiments of 6-10 weeks.16 91 

However, one of these long-term BSF studies showed that MS2 reduction can meet 4-log10 92 

reduction in 4 weeks,8 which indicates that other factors, such as microbial communities that 93 

develop in the BSF, affect MS2 reduction as well. Because granular filtration also depends on 94 
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interactions between the particles and the filter media,17 the variability in influent water 95 

chemistry used in different studies may affect MS2 reduction. Although most previous BSF 96 

studies included some water chemistry data, they did not consider water chemistry as a factor 97 

affecting MS2 reduction. Two studies using Newmark groundwater, which has high divalent 98 

cation concentrations (0.6-1.5 mM Ca2+ and 1.0-2.3 mM Mg2+) saw MS2 reduction reaching 4-99 

log10.
8, 13 Viruses are uniquely mobile in water, and previous studies have shown that the 100 

interactions between different viruses and silica surfaces depend on water chemistry. MS2, 101 

ΦX174, and human adenovirus did not significantly adsorb to sand particles when only 102 

monovalent cations were present,18, 19 but the presence of Ca2+ enhanced adsorption of rotavirus, 103 

adenovirus, and poliovirus to silica surfaces.19, 20 High divalent cation concentrations have also 104 

been shown to enhance MS2 adhesion to organic matter coated sand surfaces.21, 22  105 

While divalent cation concentrations have been shown to influence virus adsorption to 106 

sand, they have not been studied as a factor impacting virus reduction in BSFs, especially for 107 

unripened filters where microbial communities have not been developed inside the filter. 108 

Previous studies showed that microbial communities influence virus reduction, especially for 109 

ripened filters.8, 13, 15 However, virus reduction levels are low for unripened filters, and this study 110 

determined the effect of divalent cation concentrations on virus reduction in unripened filters. 111 

Another main limitation in current BSF studies is that besides echovirus, no other enteric viruses 112 

have been studied in BSFs, which is a significant constraint to fully understanding BSF efficacy 113 

in environmental conditions. This study addressed these two limitations by evaluating the 114 

following as a function of filter depth, media aging, and residence time: rotavirus reduction in 115 

Newmark groundwater for an unripened filter, MS2 reduction in divalent cation-free water (1 116 
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mM NaHCO3) for an unripened filter, and MS2 reduction in Newmark groundwater for a ripened 117 

filter of 650-684 days.  118 

MATERIALS AND METHODS 119 

2.1 Cell and Virus Selection 120 

MS2 bacteriophage (ATCC 15597-B1) was obtained from the American Type Culture Collection 121 

and was propagated and replicated, as described previously.23 Briefly, Escherichia coli (ATCC 122 

15597) was propagated in tryptic soy broth solution, inoculated with MS2, and incubated at 123 

37°C. MS2 was then purified by sequential centrifugation (Eppendorf centrifuge 5416) at 5000 124 

rpm (g x 100) for 15 minutes at 20°C, then filtered through a 0.2-µm low-protein-binding 125 

polycarbonate track-etched membrane (Whatman Nucleopore, USA), and finally purified and 126 

concentrated using polyethylene glycol (PEG) following a previously described protocol.24 The 127 

PEG method for virus concentration is a well-established method and has a recovery of 75%-128 

87%.25, 26 The purified MS2 stock, concentrated to ~1012 plaque forming units (PFU) per mL, 129 

was stored in 1 mM NaCl at 4°C. Enumeration of MS2 samples was performed using the double 130 

agar layer procedure.23 Dilutions with 30 to 300 plaques were used to calculate the PFU per mL 131 

(PFU/mL).  132 

Group A rotavirus OSU strain (ATCC VR-892) was propagated in and extracted from 133 

MA-104 Clone 1 (ATCC CRL-2378.1) monkey kidney cells, as described elsewhere.27, 28 134 

Rotavirus (RV) purification was performed following the same protocol as for MS2, except the 135 

purified RV stock (~107 focus forming units (FFU) per mL or FFU/mL) was stored in 1 mM 136 

NaCl and 0.1 mM CaCl2 solution at 4°C to prevent outer capsid protein denaturation. 137 

Enumeration of RV samples were performed using an integrated cell culture and reverse 138 

transcription quantitative PCR (ICC-RT-qPCR) method developed, as described in detail below.  139 
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 140 

2.2 Biosand Filter Experiments 141 

Three 4-inch diameter PVC BSFs with a 55 cm sand height were constructed for MS2 and RV 142 

reduction experiments. Seven sampling ports were installed in each filter before packing at the 143 

following sand depths (cm): 5.4, 10.9, 16.3, 21.7, 32.6, 43.4, and 54.3. The sand and gravel in 144 

the filters were washed, sieved, and packed according to CAWST recommendations, except that 145 

the maximum sand size was 0.6 mm, the effective diameter (d10) was 0.35 mm, and the 146 

maximum flow rate was 0.51 L/min.9 The upper and lower layers of gravel (1-6 mm and 6-12 147 

mm diameters, respectively) were used to support the sand layer. The sand had an effective 148 

diameter (d10) of 0.35 mm and a uniformity coefficient (UC) of 1.72. A diffuser plate placed 5 149 

cm above the top of the sand layer reduced the speed of water flow. The maximum loading head 150 

of the filters was 12.5 cm. One of the filters was constructed and used in a previous study, which 151 

had a pore volume of 2.1 L.8 Tracer tests to verify plug flow and determine pore volumes in the 152 

two newly constructed filters were performed using four or five pore volumes of 0.1 mM NaCl, 153 

as described elsewhere (Figures 1aS and 1bS).8, 11, 13 The dosing volume used for each filter was 154 

equal to the pore volume of the sand and gravel for each filter.  155 

Feed water for two of the filters was Newmark groundwater (pH 7.8-8.1), which has been 156 

well characterized in previous studies.8, 13 One of these filters (pore volume 2.2 L) was used to 157 

determine RV reduction up to 31 days of use, and the other filter (pore volume 2.1 L) was used 158 

to determine MS2 reduction after 650 days of use. A third filter (pore volume 2.0 L) was fed 159 

with a cation-free buffered solution (1 mM NaHCO3 in nanopure water, pH 8.1) for up to 42 160 

days. 1 mM NaHCO3 was prepared by adding 168 mg of NaHCO3 into 2.0 L of nanopure water. 161 

In order to determine if high divalent cation concentrations of 0.6-1.5 mM Ca2+ and 1.0-2.3 mM 162 
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Mg2+, as measured by ICP-OES, in the influent water source affects MS2 reduction, MS2 163 

reduction experiments as a function of depth and residence time were performed using 1 mM 164 

NaHCO3, which has similar pH as the groundwater. The high hardness of this groundwater 165 

source (116 mg/L as calculated using 1.5 mM Ca2+ and 2.3 mM Mg2+) comes from exposure to 166 

limestone in the aquifer, not exposure to the sand media used to pack the filters. MS2 and RV 167 

were spiked into the feed waters at concentrations of 108 PFU/mL and 106 FFU/mL, respectively. 168 

Due to the difficulty in propagating RV, experiments on RV reduction were only conducted with 169 

an unripened BSF fed with groundwater for 31 days. Maximum filter flow rates were taken 170 

during each feed. Short residence time (average of ~10 min) samples were collected once the 171 

feed water finished flowing through the filter. Long residence time samples were collected 172 

immediately prior to another filter feed, ~20-29 hours after short residence time samples were 173 

collected. Seven port samples were collected from the sampling ports at both short and long 174 

residence times. An effluent sample was collected for long residence time through the outlet 175 

tube. All sample volumes were 1 mL, collected in 1.7 mL autoclaved centrifuge tubes, and stored 176 

in 4°C until further processing, but no longer than 48 hours after sample collection. Control tests 177 

to determine natural degradation of 108 PFU/mL of MS2 and 106 FFU/mL RV in groundwater 178 

placed at room temperature for 24 hours were performed. Negligible natural degradation of RV 179 

in groundwater, natural degradation of MS2 in NaHCO3, and 1-log10 of natural degradation of 180 

MS2 in groundwater were observed. Replicate filters for different treatments were not 181 

constructed due to the large physical space required for these filters, especially for those that 182 

were operated for years. This is a limitation of the study and future work should include replicate 183 

columns when feasible. In this study, experiments were repeated as frequently as possible, and 184 
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dependent samples t-tests were used to statistically analyze the effects of different solutions on 185 

virus reduction trends. 186 

 187 

2.3 ICC-RT-qPCR for Rotavirus Quantification 188 

2.3.1 Principle of ICC-RT-qPCR 189 

The two most common methods for quantifying RV are cell culture (focus forming assay or 190 

FFU) and RT-qPCR. FFU involves immunostaining MA-104 cells infected by RV through 191 

binding of antibodies, an enzyme, and a dye. Stained cells are quantified through counting under 192 

an optical microscope. While this method is well established, it is expensive and has a high 193 

detection limit (100 FFU/mL) due to the limited ability to count the infected cells under a 194 

microscope. This weakness prevents the application of the culture-based infectivity method in 195 

our large-volume, bench-scale BSF experiments. RT-qPCR determines copies of RV present 196 

through quantification of cDNA transcribed from RNA. A weakness of the RT-qPCR method is 197 

that it detects both infectious and non-infectious RV. For this study, an integrated cell culture 198 

and RT-qPCR (ICC-RT-qPCR) method was established to quantify infectious RV. The method 199 

is based on a calibration curve comparing infectious RV (log10FFU/mL) vs. normalized log10 200 

copy number of replicated RV genomes per cell, which allows for quantification of only 201 

infectious RV.  202 

Two control tests were performed to test the feasibility of the ICC-RT-qPCR method. 203 

First, the Newmark groundwater used in this study causes the MA-104 cells to detach when 204 

using the FFU method, making it impossible to accurately infect the cells with RV. Hence, the 205 

first control test was to ensure that cell detachment would not occur when using the ICC-RT-206 

qPCR method. The second control test was to determine if any components in Newmark 207 
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groundwater inhibit qPCR. A stock of cDNA containing the NSP3 gene used for RV 208 

quantification was diluted into two sets, one with nuclease-free water and one with groundwater, 209 

from the stock solution (1011 copies/µL). The dilutions for 101-109 copies/µL for both sets were 210 

used to create calibration curves and to compare the efficiencies and Ct values.  211 

2.3.2 Concentrating Rotavirus in Groundwater Samples 212 

Prior to infecting confluent MA-104 cells, all 16 RV samples collected for each set of data (short 213 

residence time samples: influent and Ports 1-7; long residence time samples: effluent and Ports 214 

1-7) from the column were concentrated to increase the detection of RV when performing ICC-215 

RT-qPCR. 0.5 M NaCl (Fisher, Molecular Biology Grade) and 10% weight/volume polyethylene 216 

glycol (PEG 6000, Calbiochem, Molecular Biology Grade) were added into each sample tube. 217 

The samples were rotated at 15 rpm in 4°C for 30 minutes, then centrifuged at 11,500 g for 60 218 

minutes. The supernatant for each sample was pipetted out while being careful not to disrupt the 219 

pellets. Finally, 100 µL of 1 mM NaCl + 0.1 mM CaCl2 was added to the centrifuge tubes and 220 

the samples were rotated at 15 rpm in 4°C overnight.  221 

2.3.3 Infecting MA-104 Cells with Rotavirus Samples for ICC-RT-qPCR 222 

To prepare the samples collected from the filter for ICC-RT-qPCR, 10 µg/mL trypsin was added 223 

to each sample. In addition to these samples, trypsin was also added to a 100 µL sample 224 

containing 102 FFU/mL diluted from the original RV stock that was used to spike the feed 225 

waters. The FFU assay was used to determine the concentration of this sample and the original 226 

RV stock at the time of each BSF experiment. The results of this FFU assay were used to 227 

establish a calibration curve of infectious RV vs. copy numbers of replicated RV genomes per 228 

host cell determined by ICC-RT-qPCR for each experiment. Specifically, four 100 µL samples 229 

of the original RV stock of ~107 FFU/mL were sequentially diluted 101, 103, 105, and 107 times, 230 
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and the FFU/mL of these solutions were used as the Y axis for a calibration curve of infectious 231 

RV vs. copy numbers of replicated RV genomes per host cell.  232 

All samples were incubated at 37°C and 5% CO2 for 30 minutes to allow for activation of 233 

RV. After this incubation, 100 µL of serum-free Eagle’s minimum essential medium (MEM) was 234 

added to each sample. This gave a total volume of 200 µL per sample for a total of 21 samples 235 

per set of data. 21 wells out of a 24 well plate of confluent MA-104 cells were rinsed twice with 236 

500 µL phosphate buffered saline (PBS) per well to remove unbound cells. 150 µL of serum-free 237 

MEM + RV + trypsin solution was added to each of the 21 wells. The samples were incubated at 238 

37°C for 30 minutes to allow RV binding and penetration. The cells were then rinsed twice with 239 

500 µL serum-free MEM per well to remove unbound viruses. 500 µL of serum-free MEM was 240 

added into each well and the samples were incubated at 37°C and 5% CO2 for 18 hours for RV 241 

replication.  242 

2.3.4 Collection of MA-104 Cells for GAPDH Gene Quantification 243 

After the 18 hours of incubation, one well in the 24 well plate of confluent MA-104 cells was 244 

used to create a calibration curve to determine the total number of cells exposed to the infectious 245 

RV. This well was rinsed twice with 500 µL serum-free MEM to remove unbound cells. 200 µL 246 

of 0.25% EDTA-trypsin was added to the well and the cells detached while incubating for five 247 

minutes in 37°C and 5% CO2. After detachment, 500 µL of serum-free MEM was added to the 248 

cells and was pipetted up and down to mix sufficiently. 10 µL of this solution was pipetted onto 249 

a hemocytometer to count the number of cells in the solution. Another 150 µL of cells + serum-250 

free MEM was collected for RNA extraction.  251 

2.3.5 Extracting RNA from Cells Infected with Rotavirus 252 
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350 µL of TKR lysis buffer from E.Z.N.A Total RNA I (Omega Bio-Tek) extraction kit was 253 

added into each well, which lysed and detached the cells from the bottom of the wells. RNA was 254 

extracted from the virus-infected cells following the manufacturer’s instructions. Total RNA for 255 

each sample was eluted with 40 µL of nuclease-free water and samples were stored at -80°C 256 

until further processing. All samples were only freeze-thawed one time to prevent instability of 257 

RNA. The extracted RNA from the MA-104 cells was subjected to qPCR to track the GAPDH 258 

housekeeping gene of the host cells. 259 

2.3.6 Quantification of NSP3 and GAPDH Gene in RV Samples 260 

RV quantification through ICC-RT-qPCR presented as FFU/mL was normalized by the number 261 

of MA-104 cells per well. In order to determine the RV stock concentration, a calibration curve 262 

was prepared by making ten-fold dilutions of a plasmid cDNA standard (2207 bp) of 1012 263 

copies/µL containing the RV NSP3 gene (212 bp) to concentrations between 103 and 108 264 

copies/µL (Figure 2S). These concentrations were used as the linear range of quantifiable copy 265 

numbers established by the calibration curve. Ct values obtained from the BSF samples also fell 266 

within the standard concentration range. The primers and standards ordered from Integrated 267 

DNA Technologies were used to quantify RV, as described previously.29 268 

The number of MA-104 cells per well cannot be assumed to be the same in each well. 269 

Hence, in order to accurately quantify the amount of RV infecting the MA-104 cells per well, the 270 

number of cells per well also needed to be quantified. Counting the number of cells for hundreds 271 

of wells per experiment through the hemocytometer would have been too labor-intensive. Instead 272 

the GAPDH housekeeping gene was tracked through qPCR based on the fact that there are two 273 

GAPDH housekeeping genes per cell.30 The GAPDH primers adapted from a previous study31 274 

were GAPDHF (5′-AATCCCATCACCATCTTCCAG-3′) and GAPDHR (5′-275 
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AAATGAGCCCCAGCCTTC-3′). Using the cell counts from the hemocytometer as a basis of 276 

the cell concentration per well (~107 copies/µL), a calibration curve to quantify the GAPDH 277 

gene was made consisting of ten-fold dilutions (concentrations between 103 and 107 copies/µL) 278 

of the extracted RNA from the cells-only well (Figure 3S). For each sample, the NSP3 and 279 

GAPDH genes were quantified in the same thermal cycle. Dilutions of the four primers and 280 

cDNA standard were stored in -20°C and were thawed on ice prior to each RT-qPCR run.  281 

2.3.7 RT-qPCR Protocol 282 

RT-qPCR was performed in 384 well optical reaction plates using a Bio-Rad iTaq Universal 283 

SYBR Green One-Step Kit and an Applied Biosystems 7900HT Fast Real-Time PCR System 284 

(Carl R. Woese Institute for Genomic Biology, Urbana, IL 61801). Each reaction consisted of 10 285 

µL of total volume: 7 µL of RT-qPCR mastermix and 3 µL of RNA template. Two mastermix 286 

solutions were made: one for the NSP3 gene and one for the GAPDH gene. The solutions 287 

consisted of a mixture of 1X iTaq universal SYBR green reaction mix, 1X iScript reverse 288 

transcriptase, nuclease-free water, and 300 nM each of forward (JVKF) and reverse (JVKR) 289 

primers for NSP3 or 178 nM each of forward (GAPDHF) and reverse (GAPDHR) primers for 290 

GAPDH. The same thermal cycling conditions used for both primer sets were as follows: 10 min 291 

reverse transcription step at 48°C, 1 min denaturation and iTaq activation step at 95°C, 35 cycles 292 

of denaturing at 95°C for 15 s, annealing at 54°C for 20 s, and extension at 60°C for 30 s. A 293 

dissociation cycle of 15 s at 95°C, 15 s at 54°C, and 15 s at 95°C was performed to assess for 294 

nonspecific amplification. Each RNA sample was run in triplicates and the average Ct value 295 

between the triplicates was used to calculate copy numbers. A negative control was included in 296 

every RT-qPCR run using the nuclease-free water used to make the mastermix solutions.  297 

2.4 Data Analysis 298 
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Ct values were obtained in triplicates for all samples: influent, effluent, ports, cDNA calibration 299 

curve, cell calibration curve, RV stock calibration curve, and negative control. The average Ct 300 

value between the triplicates was used for quantification of NSP3 and GAPDH genes.  301 

 302 

RESULTS AND DISCUSSION 303 

3.1 ICC-RT-qPCR for Rotavirus 304 

For the calibration curves obtained for the NSP3 and GAPDH genes (Figures 2S and 3S), the 305 

ranges of efficiencies were 86-101% for JVK and 88-118% for GAPDH. The detection limit for 306 

a Ct value of 35 was between 20 copies/µL and 80 copies/µL for JVK and GAPDH primers, 307 

respectively. The R2 values of the calibration curves were consistently between 0.98-0.99 for 308 

both JVK and GAPDH primers. Using these JVK and GAPDH primer calibration curves and the 309 

FFU concentrations of the RV stock, a calibration curve comparing infectious RV 310 

(log10FFU/mL) vs. log10 normalized copy number of replicated RV genomes per cell is produced 311 

for each experiment (Figure 1a). This calibration curve was used to quantify only infectious RV 312 

for BSF virus reduction experiments. By determining the normalized log copy number of 313 

replicated RV genomes per cell for each of the 16 samples collected per experiment, we used the 314 

calibration curve (Figure 1a) to determine the log(FFU/mL) of each sample. Eight RV 315 

experiments were performed in this study, and each experiment produced a calibration curve that 316 

showed that 1 FFU/mL could be achieved. The R2 values for the calibration curves ranged from 317 

0.84-0.99. Figure 1a is an example of a calibration curve from one experiment. Based on this 318 

calibration curve, the detection limit of this ICC-RT-qPCR was 1 FFU/mL, which is lower than 319 

that of the traditional FFU method (100 FFU/mL). This lower detection limit allowed us to 320 

quantify RV reduction using the bench-scale BSF.  321 
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The results of the control experiments to check for PCR inhibition by Newmark 322 

groundwater are shown in Figure 1b. The efficiencies and values for the dilutions with both 323 

nuclease-free water and groundwater were similar, suggesting that components in the 324 

groundwater did not inhibit qPCR. The Ct values for both sets of experiments were correlated 325 

with the copy numbers. The slopes of these correlation lines were statistically similar (p=0.41). 326 

The efficiencies for the qPCR runs were 98% for nuclease-free water and 95% for groundwater. 327 

These results showed the lack of qPCR inhibition by groundwater.  328 

 329 
 330 
 331 
 332 
 333 
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 335 
 336 
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 341 
 342 
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 358 
Figure 1. a) Calibration curve comparing infectious RV in log (FFU/mL) vs. normalized log 359 
copy number of replicated RV genomes per cell, which allows for quantification of only 360 
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infectious RV, b) Calibration curves comparing cDNA for the NSP3 gene in Newmark 361 
groundwater (GW) and nuclease-free water (NFW). 362 

 363 
3.2 Rotavirus Reduction in Newmark Groundwater 364 

The reduction of RV spiked in Newmark groundwater was observed as a function of depth and 365 

residence time. Figure 2 shows RV reduction in Newmark groundwater as a function of filter 366 

depth from Days 1-31. Samples were taken from seven ports for both SRT (~10 min) and LRT 367 

(24 hours). RV reduction reached a cumulative average of 3.54-log10 for SRT and 4.92-log10 for 368 

LRT, which meets U.S. EPA and WHO standards for virus reduction. Similar to the MS2 369 

reduction shown in Newmark groundwater for the PVC port column in a previous study,8  RV 370 

reduction followed an exponential increase of reduction as a function of depth for SRT 371 

(R2=0.97). Although there was not an exponential increase of reduction as a function of depth for 372 

LRT (R2=0.40), there was still significantly higher reduction seen during LRT than SRT. These 373 

patterns are demonstrated through dependent samples t-tests performed, showing that RV 374 

reduction was significantly different (p<0.05) for all ports except between Ports 1 and 2, 1 and 3, 375 

2 and 3, 2 and 4, and 5 and 6 for SRT. For LRT, RV reduction was only significantly different 376 

(p<0.05) between Ports 1 and 4, 1 and 7, and 3 and 7. Overall, increased residence time and 377 

increased sand media depth improved RV reduction due to longer contact time between the water 378 

and the sand media. This observation suggests the important role of physical factors on virus 379 

reduction in agreement with previous studies.8, 13, 16    380 

Even without ripening, RV reduction reached 3-log10 in the first 5 cm of the filter (Port 1) 381 

alone for LRT, which is 1-log10 more than what was seen in MS2 reduction in Port 1 for LRT.8 382 

The extent of RV reduction in groundwater after 31 days for Port 1 is similar compared to the 383 

cumulative average MS2 reduction in groundwater after 240 days for Port 1. This suggests that 384 

high levels of virus reduction may not be entirely dependent on filter ripening, as shown in a 385 
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previous study for MS2,8 but could occur for certain viruses and filter usage conditions. For 386 

example, it has been shown previously that RV aggregates and adsorbs to silica surfaces in high 387 

concentrations of divalent cations.20 Thus, different factors, such as depth of the filter and the 388 

hardness of the source water, are important for virus reduction for an unripened filter.  389 

 390 

Figure 2. Cumulative average log10 reduction of rotavirus in Newmark groundwater as a 391 
function of filter depth and short residence time (~10 min) and long residence time (24 hours) for 392 
Days 1-31.  393 
 394 

There are limited studies looking at enteric virus reduction in slow sand filtration. 395 

Although the results from the studies vary, important conclusions can be drawn. In one study, 396 

reovirus reduction reached at least 4-log10 after 7, 91, and 147 days when using river water as a 397 

water source in a 15 cm diameter filter with a 90 cm sand depth and up to 8 hours of hydraulic 398 

residence time.32 The study also showed insignificant differences in reduction between ripened 399 
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and unripened filters. The long filter depth could have played a role in the high reduction even 400 

before ripening, especially since it was shown that the majority of the reduction took place 401 

within the top 42 cm of the filter. In another study, poliovirus reduction varied between 0.1-log10 402 

and 4-log10 depending on water source, sand type, and flow rate.33 Through this current study 403 

and previous studies, it can be concluded that certain filter characteristics such as water source 404 

and filter depth influence enteric virus reduction efficacy, especially for an unripened filter. The 405 

higher RV reduction observed in an unripened filter in this study compared to the lower MS2 406 

reduction observed in an unripened filter8 using the same setup shown previously suggests that 407 

MS2 is a conservative surrogate for RV. Because of this and the limited ability to propagate RV, 408 

we next determined the role of divalent cations on MS2 reduction in an unripened filter.   409 

3.3 Short Term MS2 Reduction in 1 mM NaHCO3  410 

Figure 3 shows the reduction of MS2 in 1 mM NaHCO3 as a function of filter depth from Days 411 

11-42, which encompasses an unripened filter and the start of the ripened period for the filter. 412 

Samples were taken from seven ports for both short residence time (SRT) of ~10 min and long 413 

residence time (LRT) of 20-25 hours. MS2 reduction reached a cumulative average of 0.35-log10 414 

for SRT and 1.2-log10 for LRT. Performing dependent samples t-tests showed that MS2 415 

reduction was not statistically different (p>0.05) between most ports for both SRT and LRT 416 

except between Ports 2 and 3 and Ports 2 and 4 for SRT and between Ports 1 and all other ports 417 

for LRT.  This low level of MS2 reduction is consistent with the results obtained by a BSF that 418 

was run with Cane Creek Reservoir water for 42-52 days.15 Similarly, in another study using Lac 419 

St Louis lake water in Quebec, MS2 reduction observed as a function of depth showed reduction 420 

averaging between 1-log10 and 2-log10 throughout the filter.14 The MS2 reduction level obtained 421 

with 1 mM NaHCO3 shown in Figure 3 and with surface water sources14, 15 was much lower than 422 
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what we found using groundwater with the same setup as this study.8 It is noted that MS2 423 

reduction in 1 mM NaHCO3 was higher than in previous studies using surface waters. A possible 424 

reason is because surface water has organic matter, which can compete with MS2 for available 425 

adsorption sites on the sand media. This phenomenon was shown in a previous studies 426 

comparing MS2 and natural organic matter adsorption onto hematite23 and interactions between 427 

MS2 and silica surface under environmentally relevant conditions.34 428 

These varying levels of MS2 reduction using different water sources suggest that the 429 

divalent cation concentration present at up to 1.5 mM Ca2+ and 2.3 mg Mg2+ in the groundwater 430 

influenced MS2 reduction efficacy for an unripened filter. MS2 has an isoelectric point of 3.6,23 431 

and the quartz sand packed in BSFs has an isoelectric point of 2.44.35 If the source water has a 432 

pH of 7.5-8.0, there is electrostatic repulsion between negatively charged MS2 and negatively 433 

charged sand. However, charge neutralization of MS2 by divalent cations21 can reduce the 434 

repulsion between MS2 and the sand surface, allowing higher MS2 reduction in groundwater 435 

compared to reduction in 1 mM NaHCO3 and surface waters, which are assumed to be relatively 436 

soft compared to groundwater.36 Finally, it is important to note that although the MS2 reduction 437 

for SRT is negligible, observing over 1-log10 reduction with 20-25 hours of residence time shows 438 

the significance of physical reduction that occurs in the filter with sufficient residence time, 439 

similar to what was shown in a previous study.8  440 
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 441 

Figure 3. Cumulative average log10 reduction of MS2 in 1 mM NaHCO3 as a function of filter 442 
depth and short residence time (~10 min) and long residence time (20-25 hours) for Days 11-42.  443 
 444 

3.4 Long-term MS2 Reduction in Newmark Groundwater  445 

Field studies 10-12 years after project implementation have found BSFs still in use.37 While it is 446 

encouraging to see that people continue to use their filters, no laboratory studies have determined 447 

pathogen reduction efficacy in a filter that has been used for more than 300 days. It is important 448 

to determine how pathogen reduction efficacy changes with time to better understand the 449 

mechanism of pathogen reduction in the filter. This is the first study to determine the efficacy 450 

and trend of MS2 reduction for a BSF that has been run for more than 650 days. Figure 4 shows 451 

MS2 reduction in Newmark groundwater as a function of filter depth from Days 650-684. 452 

Samples were taken from seven ports for both SRT (~10 min) and LRT (24-29 hours). MS2 453 

reduction reached a cumulative average of 0.52-log10 for SRT and 5.36-log10 for LRT. MS2 454 
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reduction was only statistically different between Ports 2 and 3, 4, 5, 6, and 7 for SRT (p<0.05), 455 

and between Ports 7 and 2, 3, 4, 5, and 6 for LRT (p<0.05). 456 

 457 

Figure 4. Cumulative average log10 reduction of MS2 in Newmark groundwater as a function of 458 
filter depth and short residence time (~10 min) and long residence time (24-29 hours) for Days 459 
650-684. Note that MS2 decays 1-log10 naturally over 24 hours. 460 

 461 
In this study, the same PVC port filter was used as in a previous study8 for MS2 reduction 462 

experiments for Days 9-28, which has a shorter SRT (~10 min) compared to a full-scale BSF 463 

(~45 min). Also reported in the previous study was the concrete port filter that ran for 240 days 464 

and showed an average cumulative MS2 reduction of 5.16-log10 for SRT and 5.64-log10 for 465 

LRT.8 Although both the PVC port filter used in this study and the concrete port filter used in the 466 

previous study8 were fully ripened, there was significantly lower MS2 reduction for SRT for the 467 

PVC port filter. This observation could suggest that a SRT period of 10 min is not enough time 468 

for significant MS2 reduction to occur when the filter has ripened, even when using water that 469 
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has high divalent cations. The filter’s flow rates that were slightly higher (average 0.44 L/min, 470 

maximum 0.51 L/min) than what CAWST recommends (0.4 L/min) could also explain why the 471 

MS2 reduction was low for SRT. The higher flow rates indicate that the results in this study are 472 

conservative compared to what could be seen at lower flow rates. The experiments in this study 473 

did not compare BSF performance in the lab with performance in the field, but were instead 474 

performed to better understand factors that affect virus reduction. In another study that used Lac 475 

St Louis, similar reduction levels (~0.5-log10) were observed at different depths throughout a 10 476 

cm diameter acrylic filter on Day 60 with residence time of 4 hours, but reduction levels reached 477 

around 2-log10 with 24 hours of residence time,11 once again showing how residence time can 478 

impact reduction regardless of the water source used.  479 

Furthermore, for the concrete port filter, there was increasing cumulative MS2 reduction 480 

as a function of depth for both SRT and LRT, where the most significant reduction occurred in 481 

the first 5 cm of the filter.8 However, as shown in Figure 4, for the PVC port filter, there was no 482 

significant increasing or decreasing trend for both SRT and LRT. One possible reason why MS2 483 

reduction did not increase with depth could be because of a shift in microbial community 484 

structure throughout the filter. Previously, it was shown that the highest abundance and diversity 485 

of species populated the first 5 cm of the filter, allowing for the most reduction in the biolayer.8 486 

Perhaps with time (>650 days), the microbial communities shifted and evened out throughout the 487 

filter. This hypothesis could be tested by studying the microbial communities throughout the 488 

filter. While this was not done within this study because it would destroy the experimental filters, 489 

future work should focus on understanding further how microbial communities influence long-490 

term virus reduction, which is important for communities where BSFs are the main technology 491 

for drinking water treatment. Nevertheless, based on the results presented in this study that MS2 492 
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reduction can reach U.S. EPA and WHO standards only with long residence times, BSF users 493 

should operate the filters with the typical 16-32 hours of residence time8 to ensure that more 494 

effective virus reduction takes place. 495 

  496 

CONCLUSIONS 497 

 Overall, this study shed light on two major limitations in previous BSF studies. First, this 498 

was the first study to determine the efficacy of enteric virus reduction in BSFs. After 31 days, 499 

RV reduction reached 4.92-log10, which exceeds U.S. EPA and WHO standards. This level of 500 

reduction was seen when using Newmark groundwater as the source water, and is comparable to 501 

previous studies looking at reovirus and poliovirus reduction in slow sand filtration. Based on the 502 

results presented here that RV reduction by BSF can approach 5-log10, it is recommended that 503 

filter users use the CAWST V10 BSF, especially with groundwater used as the source water. In 504 

addition, an ICC-RT-qPCR method was developed to more efficiently and effectively quantify 505 

RV reduction in the BSF samples. Second, this study showed that the water chemistry of the 506 

influent source waters affects MS2 reduction efficacy for an unripened filter. While MS2 507 

reduction using Newmark groundwater that has high divalent cation concentrations exceeded 508 

U.S. EPA and WHO standards of 4-log10 reduction in a previous study,8 MS2 reduction using 1 509 

mM NaHCO3, which has no cations, showed only a low reduction of 1.2-log10. Although there 510 

are other differences between the groundwater and the buffered solution, the main factor that 511 

controls virus adsorption to silica surfaces in an unripened filter is the presence of divalent 512 

cations in the groundwater, as shown in our previous studies.20-22 For a ripened filter, divalent 513 

cations may not play as large of a role as microbial communities would in increasing virus 514 

reduction.  515 
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 Future work should focus on the following experiments to more comprehensibly 516 

understand how viruses are reduced in BSFs. First, RV reduction efficacy was only studied for 517 

the BSF’s unripened period. While this is invaluable data, showing that enteric viruses can be 518 

reduced effectively by BSFs, long term studies of RV and short and long term studies of other 519 

enteric viruses are needed to fully understand the efficacy of enteric virus reduction in BSFs. 520 

Furthermore, these experiments should explore different water sources, especially those that 521 

mimic field conditions, and water chemistry should be systematically characterized. Only two 522 

water sources have been characterized in BSF studies8 and a few water sources have been 523 

characterized for slow sand filtration.32, 33 In addition, studies on how sand media composition 524 

containing other minerals such as calcites or dolomites found in limestone should also be 525 

conducted to determine whether other sand media serve as a more favorable media for virus 526 

reduction. Finally, microbial community analysis of filters operated under field conditions 527 

around the world, similar to what was done for the first time on one BSF in a previous study,8 528 

and pathogen reduction efficacy experiments of these filters should be conducted to better 529 

understand the mechanism of virus reduction in the filter. Results from these experiments would 530 

help to improve the BSF and quality of life of BSF users.  531 
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