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Human enteric viruses are responsible for the majority of acute waterborne diseases. 

Most people affected are children under five years old. Symptoms of disease can include 

diarrhea, gastroenteritis, and paralysis. However, human infections can also be asymptomatic, 

which allows viruses to go undetected and circulate within the environment. Environmental 

surveillance is a tool that can supplement disease-based surveillance by sampling, concentrating, 

and analyzing sewage and other environmental surface waters for pathogens. Polioviruses and 

group A rotaviruses are enteric viruses of major global public health concern and water has been 

implicated in their transmission. Environmental surveillance for the detection of poliovirus has 

expanded in recent years to supplement clinical detection of wild polioviruses and vaccine-

derived polioviruses in support of polio eradication efforts. Surveillance of other enteric viruses 
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typically relies on disease-based surveillance and any environmental surveillance employed is 

for a limited sampling period. Recently, the introduction of new live, attenuated rotavirus 

vaccines has created a need for environmental monitoring to characterize rotavirus strains in 

wastewater. The epidemiology of these strains is useful to inform vaccine efficacy. This research 

focused on addressing environmental sampling needs. First, the evaluation and optimization of a 

secondary concentration step for improved detection of poliovirus in wastewater is presented. 

Next, environmental surveillance sampling is applied to enable molecular characterization of 

group A rotavirus strains in circulation in three communities in Nairobi, following the 

introduction of the Rotarix® vaccine in Kenya. A skimmed-milk flocculation (5%) method is 

identified as an economically feasible, time efficient, and high recovery secondary concentration 

method for poliovirus detection. Genetic characterization in selected Nairobi communities 

reveals a diversity of rotavirus strains in post-vaccine Kenya, with the emergence of serotype G3. 

Environmental surveillance for non-polio enteric viruses is often ad hoc to support outbreak 

investigations or inform vaccine efficacy. Though, it is expected to expand in coming years as 

better detection methods are developed and the global community pursues eradication of more 

vaccine preventable diseases.  
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1. Introduction 

Human enteric viruses are responsible for the majority of acute waterborne diseases 

worldwide (Fong and Lipp, 2005; Wyn-Jones and Sellwood, 2001). Human infections are often 

asymptomatic, but can induce various symptoms, including diarrhea, gastroenteritis, and even 

paralysis. Morbidity and mortality are most common and severe among the 

immunocompromised, pregnant women, children, and the elderly (Gerba et al., 1996). Enteric 

viruses often multiply within the gastrointestinal tract of their hosts and are then shed in the feces 

in high numbers (typically between 105  to 1011 viruses/g stool) for up to several months (Salim, 

et al., 1990; Blacklow & Greenberg 1991). Consequently, enteric viruses have been found to 

persist in water after treatment at wastewater treatment plants and are frequently detected in 

surface waters in developing countries (Petrinca et al., 2009).  

 Surveillance of disease typically relies on clinical case reporting. Infected, symptomatic 

individuals with access to and who seek health care are accounted for in clinical surveillance 

systems. However, those who are infected and asymptomatic or do not access health care can 

shed virus into the waste stream and are not captured in disease-based surveillance (Manor et al., 

2014; Asghar et al., 2014; Mangal et al., 2013). Environmental surveillance complements 

clinical surveillance by testing wastewater and wastewater-impacted surface waters for the 

presence of viruses (Hovi et al. 2012; GPEI, 2015).   

 

1.1 Environmental surveillance 

 Environmental surveillance of enteric viruses consists of sampling, concentrating, and 

analyzing sewage and other environmental surface waters for pathogen(s) of interest. Monitoring 

the environment is useful to detect the presence of viral circulation in a region and subsequently 
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inform population risk. Monitoring individuals occurs through evaluation of clinical specimens, 

while monitoring a population occurs through the evaluation of sewage samples representative of 

the population. Furthermore, understanding the epidemiology and circulation of an enteric virus 

can prompt health officials to implement supplementary activities (i.e. immunization campaigns) 

before clinical cases emerge. Strain-specific information can also provide insights into 

vaccination coverage and virus mutations after the introduction of a vaccine. Environmental 

surveillance of enteric viruses, including poliovirus, rotavirus, Hepatitis A virus, Hepatitis E 

virus, norovirus, and nonpolio enteroviruses have been conducted in sewage, river, and estuarine 

samples for detection and characterization (Asghar et al., 2014; Pellegrinelli et al., 2013; Yanez 

et al., 2014; Hellmer et al., 2014; Zheng et al., 2013; Lu et al., 2015; Hazam et al., 2010). Viral 

environmental sampling is labor intensive, costly, and requires routine sampling. Consequently, 

most enteric virus surveillance in water is short-term (e.g. one year) because environmental 

surveillance is used in response to a suspected outbreak or to monitor for a limited time 

following an outbreak. The exception is environmental surveillance of poliovirus. In the global 

effort to eradicate poliovirus, routine surveillance in environmental wastewater and wastewater-

impacted surface waters is used to monitor transmission in communities as a supplement to 

diseased-based clinical surveillance. Environmental surveillance continues to expand to help 

identify remaining poliovirus in endemic areas, as a warning of new importations, and 

elimination of vaccine viruses (WHO, 2013). Similarly, there is an expectation environmental 

surveillance activities will expand for other vaccine preventable diseases, like gastrointestinal 

disease from rotavirus.   

Poliovirus and rotavirus are two enteric viruses of major global public health concern and 

water has been implicated in their transmission (Leclerc et al., 2002; Lodder et al., 2012). 
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Poliovirus is the only human enteric virus close to eradication. In 2016, there were only 37 wild 

poliovirus (WPV) and 5 vaccine-derived poliovirus (VDPV) cases globally (GPEI, 2017) 

compared to 215,000 estimated rotavirus cases (WHO, 2016d). However, both viruses are 

transmitted via the fecal-oral route and the majority of those infected are asymptomatic (Hovi et 

al., 1986; Minor, 2016; Estes and Kapikian, 2007). Accordingly, environmental surveillance can 

provide valuable data of viral circulation in the absence of clinical cases.  

 

1.2 Specific Aims 

The research that will be presented is focused on development of environmental surveillance 

sampling methods for enteric viruses, specifically poliovirus and applications for rotavirus 

characterization. The specific aims are 

1. To adapt and identify secondary concentration methods suitable to improve detection of 

poliovirus type 1 (PV1) in wastewater samples initially concentrated using positively-

charged ViroCap™ filters. 

2. To adapt and optimize the skimmed-milk flocculation method and compare PV1 

recovery, cost feasibility, and time efficiency with the polyethylene glycol (PEG)/sodium 

chloride (NaCl) precipitation method for secondary concentration of wastewater samples, 

initially concentrated using ViroCap filters. 

3. To characterize group A rotavirus (RVA) strains in circulation in the environment in 

three urban communities in Nairobi following the introduction of the Rotarix® vaccine in 

Kenya. 
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Chapter 2: Poliovirus 

2.1 Introduction 

In 1988, the Global Polio Eradication Initiative (GPEI) launched as a public-private 

partnership to eradicate poliomyelitis (polio) worldwide (WHO, 2016b). Polio is caused by 

poliovirus infection and mainly affects children under five years old, elderly, and 

immunocompromised individuals (Gerba et al., 1996). Poliovirus is a single-stranded, positive-

sense RNA virus with about 7500 nucleotides and is classified within the Human Enterovirus C 

species of the picornaviridae (Minor, 2016). The non-enveloped virus is generally shed for three 

to six weeks and often longer for immunocompromised individuals compared to healthy infected 

individuals (Melnick, 1996; Tebbens et al., 2013; Burns et al., 2014). There are three serotypes 

(1, 2, and 3) for which an inactivated polio vaccine (IPV) and a live attenuated oral polio vaccine 

(OPV) were developed by Jonas Salk and Albert Sabin, respectively (Salk et al., 1954; Sabin et 

al., 1985). Both vaccines have significant roles in the polio eradication plan. The OPV is widely 

used in endemic and at-risk areas for poliovirus transmission because the attenuated vaccine-

virus can provide passive immunization (Minor, 2016). The IPV is used in areas where polio has 

been eliminated and so there is low risk for transmission due to better mucosal immunity 

provided by the IPV (Onorato et al., 1991; WHO, 2013).  

Although the OPV can serve an important protective function, there is a potential for 

excreted vaccine-virus to survive, be transmitted by the fecal-oral route, and circulate within 

community surface waters. The more it circulates among human hosts, the more it replicates and 

exchanges genetic material. This increases the likelihood of a mutation into a VDPV that has the 

potential to cause paralysis (Shaghaghi et al., 2016; Jorba et al., 2016; Tebbens et al., 2006). 

There are three types of VDPV: circulating vaccine-derived poliovirus (cVDPV), 
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immunodeficiency-related vaccine-derived poliovirus (iVDPV), and ambiguous vaccine-derived 

poliovirus (aVDPV) (GPEI, 2017). In under-immunized populations with continued person-to-

person transmission of VDPVs, the circulating vaccine-virus can mutate and reacquire 

neurovirulence. This can ultimately lead to an outbreak of paralytic cases and is called cVDPV. 

People with severe immunodeficiencies are unable to clear an intestinal OPV infection (typically 

cleared in healthy people within six to eight weeks) and consequently can have prolonged 

intestinal replication of viruses. Therefore, they excrete iVDPVs for long periods of time. 

Finally, aVDPVs represent VDPVs isolated from people with no known immunodeficiency or 

from sewage of an unknown source.  

Until April 2016, a trivalent OPV was used to protect against all three poliovirus 

serotypes (WHO, 2016c). However, the type 2 vaccine strain (Sabin virus) mutates more rapidly 

than the type 1 and 3 vaccine strains (WHO, 2016a). Therefore, it is more common for the type 2 

vaccine strain to become virulent. This, combined with the last known case of wild PV type 2 

occurring in 1999, contributed to its removal from OPV (Hagan et al., 2015). There is a planned 

cessation of the bivalent OPV in 2019 so the OPV will be entirely replaced with IPV (WHO, 

2013). 

The number of poliovirus cases has fallen by over 99% since the founding of GPEI, with 

endemic cases remaining in Afghanistan, Pakistan, and Nigeria (WHO, 2017). An estimated one 

in 200 people infected with poliovirus exhibit the hallmark symptom of infection – acute flaccid 

paralysis (AFP) (WHO, 2017). Disease-based clinical surveillance through AFP case 

identification is the gold standard for polio surveillance (WHO, 2013). The global effort to 

eradicate polio relies on the strength of environmental poliovirus surveillance data to confirm the 

presence of WPV and VDPV in the absence of clinical cases and offers insights into the 
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international spread of poliovirus. Typical environmental viral monitoring involves primary 

concentration and sometimes secondary concentration methods for detection. 

Early concentration methods of enteric viruses in water were developed in the 1960s and 

1970s. These initial methods were limited because they generally processed only small sample 

volumes (~ 1 L) (Ikner et al., 2012). Aqueous polymer two-phase separation, hydroextraction, 

soluble ultrafiltration, and ultracentrifugation are among the small volume concentration 

methods that have been shown to recover enteric viruses, including poliovirus, but they are not 

considered feasible for large volume processing (Shuval et al., 1967, 1969; Hill et al., 1971; 

Gartner, 1967; Nupen, 1970; Cliver & Yeatman, 1965; Grabow, 1968; Rao and Labzoffsky, 

1969). More recently, these methods are often used following primary concentration as a 

reconcentration step for viral detection, which will further be referred to as secondary 

concentration. The primary concentration methods used today typically use electropositive or 

electronegative filtration media to process large volumes (up to 1,000 L) of water (Ikner et al., 

2012; Abbaszadegan et al., 1993). As eradication nears, poliovirus is expected to circulate in low 

numbers. The overall sensitivity of detection is affected by the sample volume collected and 

concentration methods employed.  

The WHO Guidelines for Environmental Surveillance of Poliovirus provide 

recommendations for concentration of poliovirus from sewage. Grab sample collection was an 

early approach for viral evaluation and is the featured sampling method for environmental 

surveillance (WHO, 2003). This method processes 500 mL from a 1-L grab sample. The 

widespread use of this method is attributed to the reasoning that wastewater contains high viral 

loads because of the large quantities of enteric viruses shed in feces and so a 500-mL sample is 

adequate for positive detection. However, as poliovirus nears eradication, there are fewer 
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infectious viral particles present in many waste streams. The bag-mediated filtration system 

(BMFS) was developed to concentrate larger volumes in the field and in low-resource settings 

(Fagnant et al., 2014). The BMFS uses the VIRus ADsorption and ELution (VIRADEL) method 

based on electrostatic interactions between electronegative poliovirus with the positively-charged 

ViroCap filter for primary concentration of poliovirus. The method has been field-validated in 

Kenya and Pakistan for environmental surveillance of poliovirus in selected source waters. The 

method was compared to the recommended WHO grab sample which was concentrated by 

aqueous polymer two-phase separation by which a 500 mL sample is mixed with dextran and 

polyethylene glycol, let to stand overnight, and the lower concentrated phase is collected (7-12 

mL) (WHO, 2003). The BMFS has used PEG/NaCl precipitation, as described in methods 2.4.5, 

different from two-phase separation, for secondary concentration.  

In addition to PEG/NaCl precipitation, other viral secondary concentration methods have 

demonstrated a range of recoveries. Methods based on organic flocculation, aluminum hydroxide 

precipitation-hydroextraction, adsorption-elution, ultrafiltration, and ultracentrifugation have 

been used as secondary concentration techniques for poliovirus (Ikner et al., 2012). Many of the 

early studies looked at secondary concentration of poliovirus from tap water. Since the water 

matrix for wastewater, where poliovirus is most prevalent, is characterized by high organic 

matter, applicable concentration methods should be optimized to maximize the effective volume 

assayed while taking into account organic inhibitors that could affect viral recovery efficiency.  

This study sought to compare PEG/NaCl precipitation to four secondary concentration 

methods with potential feasible, simple, and inexpensive applications for environmental 

surveillance of poliovirus. Beef extract-Celite (Dahling and Wright, 1986b; Rhodes et al., 2011; 

Melnick, 1996), flat disc filtration, skimmed-milk flocculation (Calgua et al., 2008), and 
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concentration by InnovaPrep® Concentrating Pipette were adapted as secondary concentration 

methods following primary concentration using ViroCap filters.  

 

2.2 Materials and Methods 

2.2.1 Virus preparation and cell culture 

 PV1 was used in this study. Stocks of PV1 vaccine strains were prepared by confluent 

lysis of buffalo green monkey kidney (BGMK) cell monolayers (Sobsey et al., 1978). PV1 was 

provided by Mark Sobsey (University of North Carolina) while BGMK cells were initially 

provided by Dan Dahling (United States Environmental Protection Agency). Viruses were 

extracted with Vertrel XF (E. I. du Pont de Nemours and Company, Wilmington, DE, USA) and 

purified stocks stored at -80ºC. BGMK cells were grown in 75-cm2 flasks or 9.5-cm2 wells 

containing Eagle’s minimum essential media (Corning, 10-010-CV) supplemented with 10% 

fetal bovine serum (ATCC 30-2020). 

 

2.2.2 Water samples 

Ten-liter samples of influent wastewater were collected from a wastewater treatment 

plant in Seattle, WA. The water matrix was stored at 4°C, used within 24 hours, and mixed well 

before use. 

 

2.2.3 Primary concentration by BMFS  

For each experiment, 10-L water samples were processed through positively charged 

ViroCap filters using a peristaltic pump and eluted in a 1.5% beef extract/glycine solution. A 

peristaltic pump was used rather than the BMFS to conserve resources and laboratory space. The 
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pump essentially mimics the BMFS gravity filtration process deployed in the field. The 2” 

ViroCap filters have an average pore size of 2-3 µm, and contain glass microfibers coated with 

alumina nanofibers (Fagnant et al., 2014; Karim et al., 2009). After filtration, filters were stored 

at 4ºC for up to 4 hours and then eluted by adding sterile 1.5% beef extract (BBL™ Beef Extract 

Powder, Bection, Dickinson, and Company, Sparks, MD), 0.05 M glycine buffer (TCI G0099, 

Tokyo, Japan), pH 9.5 with a 30-minute filter contact time. Eluates were immediately pH-

adjusted to 7.0-7.5 using 1 M HCl and 1 M NaOH. Eluates were stored at -20ºC until secondary 

concentration. As PV was eliminated from the United States and PV vaccination is a standard 

protocol for children under the age of five, it was assumed the eluates contained no poliovirus 

and therefore used them as the sample matrix for subsequent experiments. The sample matrix 

will herein be referred to as eluate stocks.  

 

2.2.4 Secondary concentration preliminary investigations 

Preliminary investigations involved adaptation of each method for use with primary 

concentrate from ViroCap filters. The following secondary concentration methods were tested: 

1) beef extract-Celite; 2) flat disc filter; 3) InnovaPrep Concentrating Pipette; 4) skimmed-milk 

flocculation; and 5) PEG/NaCl precipitation in preliminary investigations. The secondary 

concentration step was evaluated independent of the primary concentration process. During this 

evaluation, 100-mL eluate stocks were spiked with approximately 103 plaque forming units 

(PFU) PV1. These were mixed thoroughly by shaking (10-15 minutes, 200 RPM, room 

temperature [20 - 25°C]).  
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2.2.4.1 Beef extract-Celite  

To concentrate the spiked eluate stock by the beef extract-Celite method, 0.1 g celite 

(Sigma Aldrich Celite® 577, fine, St. Louis, MO) was added per 100 mL of sample and the 

samples were shaken (room temperature, 10 minutes, 200 RPM). The samples with Celite added 

were filtered by vacuum filtration using an AP20 filter (2.0 µm pore size, glass fiber filter with 

binder resin, Millipore Corp, Bedford, MA). The viruses were eluted from the Celite by passing 

10 - 20 mL 1 X phosphate-buffered saline (PBS) (pH 9.0) through the filter. This final PBS 

eluate was collected in a fresh, sterile flask, adjusted to a pH of 7.0 - 7.5 using 1 M HCl and 1 M 

NaOH, and assayed.  

 

2.2.4.2 Flat disc filter  

For secondary concentration using a flat disc filter, the spiked eluate stock was diluted 

with an additional 500 mL of autoclaved DI water and adjusted to pH 7.0 - 7.5 using 1 M HCl 

and 1 M NaOH. The sample was filtered by vacuum filtration through a flat disc filter (90-mm 

diameter ViroCap filter, Scientific Methods). Next, a 1.5% beef extract, 0.05 M glycine, pH 9.5 

solution was added to the filter inlet. Only 10 mL of beef extract/glycine solution were needed 

for full filter contact. After a 30-minute contact time, the secondary eluent was filtered.  The 

filtrate was collected in a glass flask, pH adjusted to 7.0 - 7.5 using 1 M HCl and 1 M NaOH, 

and assayed. Due to flaws in the filter housing, including leaking because the device could not be 

fully sealed, the filtration process was simulated using a vacuum-filtration set-up with the same 

positively charged filter adsorption – elution process. In the simulation, the 90-mm filter was cut 

to fit in a 60-mm diameter magnetic flat disc filter holder. The spiked eluate stock was filtered by 

vacuum-filtration. The filter paper was then removed using sterile forceps and placed in 10 mL 
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1.5% beef extract, 0.05 M glycine, pH 9.5 solution for 30 minutes. Elution was performed by 

placing the filter paper back on the funnel, pouring the beef extract/glycine solution onto the 

filter, and collecting by vacuum-filtration.   

 

2.2.4.3 InnovaPrep Concentrating Pipette 

Concentration by the InnovaPrep Concentrating Pipette was performed using 

ultrafiltration hollow fiber polysulfone pipette tips (InnovaPrep CC08022, 0.2 µm, 82 cm2, 

Drexel, MO). The spiked eluate stock from influent wastewater was used for four experiments, 

while spiked 1.5% beef extract, 0.05 M glycine, pH 7 solution and 1 X PBS (pH 7.4) were used 

as proxy matrices for the remaining preliminary experiments. For all experiments, 100 mL of the 

spiked matrix (eluate stock, beef extract/glycine solution, or tap water) was divided into two 50-

mL aliquots for processing. Each 50-mL stock was concentrated by a hollow fiber polysulfone 

pipette using the InnovaPrep Concentrating Pipette. The ultrafiltration hollow fiber polysulfone 

pipette tips were unable to process more than 50 mL of primary concentrate eluate stock per 

pipette, even when instrument settings were optimized to increase the flow buffer. The filters 

also clogged after processing 50 mL of the beef extract solution and PBS. The manufacturer’s 

factory settings were used for the four experiments that processed the spiked eluate stocks and 

PBS. The spiked beef extract solution samples were processed with the following custom 

instrument settings. Valve open: 35; valve closed: 100; pulse count: 2; flow buffer: 12; and 

extraction delay: 6 (note: the manufacturer did not assign units to these settings and therefore no 

units are provided). Following concentration, one to six extractions were performed using one of 

four elution fluids prepared by InnovaPrep: 0.075% Tween 20 PBS (HC08000), 0.075% Tween 

20 Tris (HC08001), 0.075% Tween 20 PBS, pH 9.5 (custom order), and Dulbecco’s Modified 
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Eagle’s Medium (DMEM) (custom order). Extraction fluid was collected, diluted in up to 12.3 

mL 1 X PBS, pH 7.4, and assayed.   

 

2.2.4.4 Skimmed-milk flocculation (1%) 

For concentration by skimmed milk flocculation, first 1 mL of 1% w/v skimmed-milk 

solution (Oxoid, Ltd., Hants, UK) was added per 100 mL of the spiked eluate stock (Calgua et 

al., 2008). Next, the sample was pH adjusted to 3.0 – 4.0 using 1 M HCl. This acidification step 

created a flocculation process by which the skimmed-milk, other eluate stock particulates, and 

PV1 clumped together into a floc. Samples were shaken (room temperature or 4ºC, 200 RPM) 

and shaking times were evaluated (4 hours, 8 hours, and overnight [18 hours]). Samples were 

centrifuged (4500 x G, 30 minutes, 4ºC) and the supernatant was carefully removed. In some 

cases, the supernatant was evaluated in the viral plaque assay. The pellets were resuspended in 1 

X PBS (pH 7.4, 10 to 20 mL), vortexed (5 - 10 minutes, maximum speed) until resuspended, and 

assayed. 

 

2.2.4.5 PEG/ NaCl precipitation 

To the spiked eluate stock, 14 g PEG 8000 (Acros Organics, Geel, Belgium) and 0.2 M 

NaCl per 100 mL sample were added and shaken vigorously (~5 minutes) at room temperature 

until dissolved. The samples were then shaken (4ºC, 200 RPM, overnight [18 hours]). Samples 

were centrifuged (4500 x G, 30 minutes, 4ºC), and the supernatant was carefully removed. The 

pellets were resuspended in 1 X PBS (pH 7.4, 10 to 20 mL), vortexed (5 - 10 minutes, maximum 

speed) until resuspended, and assayed. 
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2.2.5 Secondary concentration comparisons 

Two competitive secondary concentration methods were compared for recovering PV1 

from wastewater concentrates. These experiments evaluated the secondary concentration step 

only. Following primary concentration, eluates were pooled, mixed by hand, and divided into 

aliquots of 100-mL eluate stocks. Each eluate stock was seeded with 100-µl PV1 for 

approximately 103 PFU PV1 in the eluate. The samples were thoroughly mixed by shaking (10-

15 minutes, 200 RPM, at room temperature). Secondary concentration methods evaluated were 

PEG/NaCl precipitation and skimmed-milk flocculation (5% w/v). The skimmed-milk 

flocculation method was also optimized to reduce sample processing time while maintaining 

high virus recovery.  

 

2.2.5.1 PEG/NaCl precipitation 

PEG/NaCl precipitation samples were processed as in Section 2.2.4.5. 

 

2.2.5.2 Skimmed milk flocculation (5%) 

For concentration by skimmed milk flocculation, some samples were first amended with 

3.33g artificial sea salts (Sigma-Aldrich, Co., S9883, St. Louis, MO) to 100-mL eluate stock. 

Then 1-mL of a 5% w/v skimmed-milk solution (Oxoid, Ltd., Hands, UK) was added to the 100-

mL spiked eluate stock. Next, the sample was pH adjusted to 3.0 – 4.0 using 1 M HCl to produce 

flocs, as described in Section 2.2.4.4. Samples were shaken (room temperature, 2 hours, 200 

RPM). Samples were centrifuged (4500 x G, 30 minutes, 4ºC) and the supernatant was carefully 

removed. The pellets were resuspended in 1 X PBS (pH 7.4, 10 to 20 mL), vortexed (5 - 10 

minutes, maximum speed) until resuspended, and assayed. 
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2.2.6 Skimmed-milk flocculation (5%) centrifuge speed evaluation 

 The same method for skimmed-milk flocculation (5%) was used as described previously 

in Section 2.2.5.2 with the exception of the centrifuge speed. Experiments evaluated centrifuge 

speeds at 3500, 4000, and 4500 x G for any effect on the PV1 recovery outcome for the 

skimmed-milk flocculation method.  

 

2.2.7 Purification 

Secondary concentration comparison samples in Section 2.2.5 and 2.2.6 (skimmed-milk 

flocculation 5% and PEG/NaCl precipitation) were purified by Vertrel XF extraction. A 1:10 

ratio of Vertrel XF was added to samples. Samples were vortexed for five minutes, placed on ice 

for three minutes, and then vortexed for five minutes before centrifugation (15 minutes, 4ºC, 

3000 x G). Directly following centrifugation, the supernatant was removed and centrifuged (15 

minutes, 4ºC, 3000 x G). Finally, the supernatant was removed and assayed. 

 

2.2.8 Viral plaque assay 

Viruses were enumerated by plaque assay on 95% confluent BGMK cell monolayers 

using Avicel (FMC Health and Nutrition, Philadelphia, PA, USA) as overlay media 

(Matrosovich et al., 2006). All assays were performed in duplicate using 200 µl of relevant 

dilutions in 1 x PBS (pH 7.4) onto 9.5 cm2 wells. Infected cells were incubated (37°C, 5% CO2, 

40-48 hours) and stained (2% crystal violet in 20% methanol). Plaques were counted for 

infectious virus enumeration.  
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2.2.9 Recovery Calculation 

The cell culture assay involves counting plaques for infectious virus enumeration. PV1 

concentration in the sample and titer was calculated using a weighted average (Equation 1). The 

total PV1 in the sample and titer were calculated by multiplying the final concentration and 

volume (Equations 2, 3). PV1 percent recovery was calculated by dividing the recovered viral 

PFUs from the total PV1 dosed by the seeded viral PFUs (Equation 4).  

 

Equation 1 

𝑉𝑖𝑟𝑎𝑙𝑡𝑖𝑡𝑒𝑟 =  
𝑇𝑜𝑡𝑎𝑙 𝑃𝐹𝑈

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑
 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑡𝑜 𝑓𝑖𝑟𝑠𝑡 𝑝𝑙𝑎𝑡𝑒𝑑 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

Viraltiter (PFU/mL) =PV1 concentration in final sample volume; total PFU (PFU) = plaque counts among seeded or 

recovered sample dilutions; total volume plated (mL) = volume plated onto BGMK cells.  

 

Equation 2 

𝑃𝐹𝑈𝑠𝑒𝑒𝑑𝑒𝑑 =  𝑃𝑉1 𝑠𝑡𝑜𝑐𝑘 𝑡𝑖𝑡𝑒𝑟 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑒𝑒𝑑𝑒𝑑 (𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑎𝑠 𝑛𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦) 
 

PFUseeded (PFUs) = PV1 seeded into sample; PV1 stock titer (PFU/mL); volume seeded (mL) 

 

 

 
Equation 3 

𝑃𝐹𝑈𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑  =  𝑣𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑥 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 

PFUrecovered (PFU) = PV1 recovered from final sample; viral titer of sample (PFU/mL); sample volume (mL) 

 

Equation 4 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝑃𝐹𝑈𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑃𝐹𝑈𝑠𝑒𝑒𝑑𝑒𝑑
𝑥 100 
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2.2.10 Statistical Analysis 

Unpaired Student’s t-tests were used to compare recoveries between different methods. 

 

2.2.11 Controls 

Negative controls of 1 X PBS, beef extract/glycine solution, and unseeded control 

volumes of eluate stocks were plated (200 µL) onto BGMK cells to ensure absence of culturable 

enteric viruses. A dilution series of frozen PV1 stock was assayed as a positive control and to 

compare seeded values with recovered values.  

 

2.3 Results 

2.3.1 Preliminary Experiment Results 

Analysis of PV1 recovery from the preliminary evaluation of secondary concentration 

methods showed highest recovery values with PEG/NaCl precipitation and skimmed-milk 

flocculation (Figure 1). Average PV1 percent recoveries and 95% confidence intervals are 

reported for the five evaluated methods: beef extract-Celite (41.77 ± 20.66); flat disc filter (17.24 

± 9.95); InnovaPrep Concentrating Pipette for all samples (24.65 ± 24.03); skimmed-milk 

flocculation (1%) (78.92 ± 21.03); and PEG/NaCl precipitation (68.97 ± 33.42) (Table 1). The 

four InnovaPrep Concentrating Pipette experiments that processed primary concentrate eluate 

from influent wastewater had the lowest recoveries with an average recovery of 0.32% using 

Tween/Tris elution to extract PV1 from the ultrafiltration pipette material. The spiked PBS 

samples concentrated by the InnovaPrep Concentrating Pipette (n=4) had a 2.97% average PV1 

recovery. PV1 recovery using the InnovaPrep Concentrating Pipette to process the beef 

extract/glycine solution samples (n=6) was higher (average 55.32%) and used 1 X PBS, pH 9.5 
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(n=5) and DMEM (n=1) elution for viral extraction from the pipette. The beef extract solution 

processed samples required up to six extractions. Each extraction uses approximately 1 – 1.5 mL 

of elution fluid (fluid is stored in pressurized CO2 cans provided by InnovaPrep).  

 

 

Figure 1 Average PV1 recovery for preliminary secondary concentration methods 

Error bars represent 95% confidence intervals.  
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Table 1 PV1 recovery for preliminary secondary concentration methods  

 
Method  PV1 recovery 

 n Mean (%) 95% LCL (%) 95% UCL (%) 

Beef extract-Celite 10 41.77 21.10 62.43 

Flat disc filter 3 17.24 7.29 27.18 

InnovaPrep Concentrating Pipette 14 24.65 0.62 48.68 

Skimmed-milk flocculation (1%) 16 78.92 57.89 99.96 

PEG/NACL precipitation 4 68.97 35.55 102.39 

LCL = lower confidence limit; UCL = upper confidence limit.  

 

In preliminary experiments, the 1% skimmed-milk flocculation method (n=16) had an 

average PV1 recovery of 78.92% for all shaking incubation times and temperatures. This method 

was performed using 4-hour and 18-hour (overnight) shaking incubation times. All 4-hour 

experiments were shaken at room temperature (n=6) and the 18-hour experiments were evaluated 

at room temperature (n=7) and 4°C (n=3). The average four hour, overnight room temperature, 

and overnight 4°C PV1 recoveries (%) were 115.88 ± 40.20, 51.98 ± 8.41, and 67.89 ± 19.69, 

respectively (Figure 2).  
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Figure 2 PV1 recovery from skimmed-milk flocculation (1%) by shake time and temperature  

Error bars represent 95% confidence intervals.  

 

There was no purification step performed for the preliminary experiments. As a result, 
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skimmed-milk flocculation samples (18.75%), and three out of five PEG/NaCl precipitation 

samples (60%). Less than half of all the wells in the assay were cytotoxic so these results were 
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from analysis due to high cytotoxicity in the assays. The flat disc filter and InnovaPrep 

Concentrating Pipette samples had no observed cytotoxicity. 

The preliminary results determined the beef extract-Celite, flat disc filter, and InnovaPrep 
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and had higher PV1 recoveries than the other two non-competitive methods. However, compared 

to the PEG/NaCl precipitation and skimmed-milk flocculation (1%), the recovery values were 

lower. Although there were only three samples processed for the flat disc filter method, the 

initial recovery values were the lowest of the five methods and simulating the flat disc method 

using vacuum filtration was challenging. Since the flat disc filter leaked, the simulation was 

necessary. This required manually lifting the filter paper off of the filter column and soaking it in 

beef extract solution. It is possible this lifting and soaking process did not accurately simulate the 

actual filter and may have affected recovery in the transport process. The InnovaPrep 

Concentrating Pipette demonstrated improved recoveries with use of PBS, pH 9.5 elution fluid, 

although recovery values were inconsistent and these recovery values were from beef extract 

solution samples, not primary concentrate eluate from filtered influent wastewater. In addition, 

the instrument’s inability to filter more than 50 mL of sample required an added ultrafiltration 

pipette tip and more elution fluid per sample. Consequently, the InnovaPrep Concentrating 

Pipette incurs higher costs and is unable to effectively and consistently reconcentrate PV1 in 

samples.  
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2.3.2 Competitive Method Comparison Results  

Since PEG/NaCl precipitation and skimmed-milk flocculation methods were deemed 

competitive, continued investigations compared the two methods. In a comparison of the two 

competitive methods, mean PV1 recovery (%) in PEG/NaCl precipitation (n=8) yielded 59.53 ± 

16.04 and skimmed-milk flocculation (5%) including samples amended with sea salts and 

without (n=16) yielded 88.50 ± 15.18 (Figure 3). Skimmed-milk flocculation (5%) had 

significantly higher PV1 recoveries than PEG/NaCl precipitation (p=0.030).   

 

 

Figure 3 Comparison of competitive methods: skimmed-milk flocculation (5%) and PEG/NaCl precipitation 

Skimmed-milk flocculation values include experiments with and without sea salt amendments. Error bars represent 95% 

confidence intervals.  
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recovery for 5% skimmed milk flocculation without the sea salt addition (n=8; 106.11 ± 20.58) 

than the same method with the sea salts (n=8; 70.9 ± 14.97) (Figure 4). Comparing each of these 

individually to PEG/NaCl precipitation, only the non-sea salt amended skimmed-milk 

flocculation (5%) samples were significantly higher (p=0.004). 

   

 
Figure 4 Comparison of competitive secondary concentration methods by sea salt amendments 

Error bars represent 95% confidence intervals.  

 

2.3.3 Skimmed-milk flocculation (5%) centrifuge speed 

The 5% skimmed-milk flocculation process was further investigated by centrifuge speed 
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at 3500 x G, 4000 x G, and 4500 x G. Only two samples were processed for each rate of 

centrifugation so results, however, these experiments showed the lower speeds yielded higher 

PV1 recoveries.  The 3500, 4000, and 4500 x G experiments showed an average PV1 (%) 
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Figure 5 Skimmed-milk flocculation (5%) centrifuge speed analysis 

Error bars represent 95% confidence intervals.  
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affected the poliovirus binding to the Celite. This may explain why our mean PV1 recovery was 

lower (41.77%) than the Rhodes et al. reported recovery from tap water (89.5%).  

The flat disc filter method was developed to further concentrate PV1 using an additional 

adsorption-elution step. Simulating the flat disc method using vacuum filtration was challenging. 

Since the flat disc filter housing leaked, the simulation was necessary. This required manually 

lifting the filter paper off the filter column and soaking it in beef extract solution. It is possible 

this lifting and soaking process did not accurately simulate filter adsorption and may have 

affected recovery in the transport process. In addition, suspended organic particles from the 

influent wastewater samples could have been recovered with PV1 in the primary concentration 

process. Since the elution volume used in secondary concentration was only 10 mL, it is possible 

the presence of these particles caused preferential adsorption to the organic particles so they 

desorbed rather than go through the positively charged filter. Neither the flat disc filter nor 

InnovaPrep Concentrating Pipette methods showed cytotoxicity in the viral plaque assay. 

Organic inhibitors may have been trapped on the filters in each method due to low elution 

efficiency since neither method had high PV1 recoveries. 

We did not expect the InnovaPrep Concentrating Pipette to be a cost-efficient method for 

small-scale sample processing because the initial investment in the instrument was $10,000. Still, 

we weighed the costs with the anticipated benefits of automation and rapid processing. There 

were limitations inherent in the instrument’s automation step. After adjusting flow buffer settings 

for concentration, the ultrafiltration pipette tip was only able to concentrate 50 mL of sample. 

After 50 mL, the sample could be eluted by extraction, and another ultrafiltration pipette tip 

could be inserted to concentrate an additional 50 mL of sample. At the time of these experiments, 

ultrafiltration pipette tips cost $25 each. In addition, using two pipette tips required use of 
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additional elution fluid for extraction, and were available only from the manufacturer at $23 each 

(15 – 20 extractions per can). This also increased the processing time and reduced the likelihood 

of PV1 recovery because recovery depended on eluting the virus off two pipette tips for a 100 

mL sample. Thus, there was greater likelihood of losing virus to the pipette tips because there is 

a greater surface area for the viruses to contact and there was a larger dilution factor in using two 

pipette tips as opposed to one. In considering field study applications, it is possible the sample 

volume used for secondary concentration may be greater than 100 mL and would affect cost, 

method efficiency, and viral recovery.     

 The skimmed-milk flocculation method simplified the procedure described by Calgua et 

al. (2008). Our adapted preliminary (1%) method reduced the total processing time to four hours 

and used a lower centrifuge speed for easier adoption by laboratories with lower speed 

centrifuges. The optimized method increased the skimmed-milk powder solution to 5% (w/v) to 

investigate if a two-hour shaking time would be feasible. Increasing the skimmed-milk solution 

was intended to increase the number of available flocs to which PV1 could bind. By comparing 

the results from the preliminary (1% for four hours) and optimized (5% for two hours) methods, 

the preliminary method appears to demonstrate a higher mean PV1 recovery (115.88%) (p=6) 

than the optimized method (88.50%) (n=16). The two were not significant from another 

(p=0.135). However, cytotoxicity observed in the viral plaque assay from the preliminary 

method may have skewed the recovery values in its favor as these samples required assaying a 

higher dilution factor, thereby reducing the effective volume assayed and sensitivity. The 

optimized method incorporated a purification step to reduce the potential for cytotoxicity in the 

viral plaque assay. Therefore, the results from two methods are not directly comparable. A future 

study may consider comparing the two concentrations at the two-hour processing time. The 
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addition of artificial sea salts to some samples demonstrated lower recovery for PV1, but we did 

not measure conductivity of the initial matrix to observe differences among salt concentrations. 

Since wastewater composition can vary by time and location, laboratories would have to measure 

conductivity regularly if salt composition were to be determined as a necessary component in 

future studies. This may be useful in considering improved viral detection, but we did not 

explore it in this study due to laboratory efficiency considerations. Future investigations in the 

use of sea salt in for skimmed-milk flocculation may consider evaluating the effects based on the 

type of sea salts used and the conductivity of each sample matrix. All of the skimmed-milk 

flocculation experiments used pH strips with a range 0 – 14. Thus, there was inherent pH 

variability in the organic flocculation step when we acidified the sample. We decided to use 

disposable pH strips instead of a pH meter for biosafety and feasibility purposes. Using a pH 

meter for this step would require a regular decontamination step and access to a pH instrument. 

The centrifuge speed evaluation for this method suggests reducing the centrifuge speed to 3500 x 

G will not lower PV1 recovery. These initial speed investigations indicate a lower speed may 

improve recovery. Future experiments could consider lowering the speed to evaluate viral 

recovery.  

  The PEG 8000 used in PEG/NaCl precipitation is more expensive and difficult to acquire 

in many countries outside of the United States. This study used PEG 8000 because it was 

available in the laboratory, but there may be differences observed in PEG 6000, the commonly 

used molecular weight elsewhere. This presents an opportunity evaluate PEG/NaCl precipitation 

using PEG 6000 and comparing to skimmed-milk flocculation (5%) in the future.  

 There were general limitations across all methods evaluated. The influent wastewater was 

collected from the same wastewater treatment plant, but at varying times of day across different 
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seasons from 2015 – 2016. Changes in sewage composition may affect the method recoveries. 

Though, we tried to control for this by using the same composite eluate samples for the 

skimmed-milk flocculation (5%) and PEG/NaCl precipitation comparison experiments. Viral 

aggregation and the assay methodology may explain the greater than 100% PV1 recovery values. 

Aggregation is common in laboratory settings when investigators spike virus to wastewater 

samples. We did not include a pre-filtration step of the spiked PV1 to reduce aggregation effects. 

There are inherent limitations to the viral plaque assay for poliovirus detection in wastewater 

(WHO, 2003). Dahling and Wright (1986b) optimized the BGMK cell line to provide a more 

effective enterovirus assay of waterborne viruses. This study used BGMK cells to enumerate 

poliovirus. Since the cell line is not selective for poliovirus, it is possible non-polio enteroviruses 

were present in the influent wastewater and were detected in the plaque assay. We assayed the 

unseeded eluate stocks, but since the entire sample is not used in the assay, non-polio 

enteroviruses could have been responsible for plaque formation in some experiments. The well 

plate size affects plaque-forming growth and counting can be subjective, leading to reporting 

errors. As noted earlier, cytotoxicity skewed the recovery values, especially when compared to 

plaque assay results without cytotoxicity. Despite these imperfections, compared to polymerase 

chain reaction (PCR), the plaque assay shows virus viability, enables a larger assay volume, and 

is important for understanding viral circulation. Finally, if we had assayed samples in triplicate 

instead of duplicate, we would have strengthened our statistical findings.   

 Given the high PV1 recovery achieved from the skimmed-milk flocculation (5%) 

method, in addition to the low cost of materials, general accessibility of laboratory equipment 

required, and short processing time, we recommend skimmed-milk flocculation (5%) be 

validated in the field for PV1 detection. When compared to PEG/NaCl precipitation, there is a 
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clear cost benefit in moving forward with skimmed-milk flocculation (Table 2). Lower costs and 

access to materials is important in any laboratory, but they are even more important in low 

resource settings with limited funds and supplies. Furthermore, in tropical settings, it can be 

difficult to keep samples cold. Since the skimmed-milk flocculation method eliminates the need 

for samples to be shaken at 4°C, the method is likely more feasible in these settings than 

PEG/NaCl precipitation. Nevertheless, it is important to recognize room temperature can be 

higher than 20 - 25°C in warmer climates. Therefore, laboratories in warmer climates may need 

to set-up a temperature chamber to maintain 20 - 25°C during the shaking process. Achieving 

temperature control within this range is still more feasible than at 4°C.  

 

Table 2 Cost benefit of PEG/NaCl precipitation vs. skimmed-milk flocculation methods 

Method Cost Time Standardization Temperature 

PEG/NaCl 

precipitation 

PEG is reportedly 

more expensive in 

other countries 

Standard shaking 

time is overnight 

(18-hours) 

Variations in 

molecular weight 

and PEG 

manufacturers 

4°C overnight 

Skimmed-milk 

flocculation 

Skim milk powder 

is < 1% the cost of 

PEG needed per 

sample analyzed 

Shortened shaking 

time to 2-hours 

Variation in 

skimmed-milk 

manufacturers 

Room temperature 

(20 - 25°C) 

 

 

This study was limited in the evaluation of viral recovery using only PV1, because 

poliovirus type 2 and poliovirus type 3 are still circulating. A secondary concentration method 

for poliovirus detection should be able to detect the three serotypes. Therefore, future studies 

should evaluate poliovirus recovery of all three. Nevertheless, field testing is recommended in 

the near-term to compare with PEG/NaCl precipitation and two-phase separation.  
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3. Rotavirus 

 

3.1 Introduction  

Group A rotaviruses (RVs) can cause severe and fatal diarrhea in children under five 

years of age worldwide (Tate, 2016). The RV genome consists of 11 segments of double-

stranded RNA and each encodes one protein, except segment 11 which can code for two proteins 

in some RV strains (Estes and Desselberger, 2012). Of these proteins, six are structural and the 

others are non-structural. VP4 and VP7 are two outer capsid, structural proteins that constitute a 

dual classification system for RV types. The VP4-specific types are termed P-types and the VP7-

specific types are termed G-types (Estes and Kapikian, 2007) . Globally, human infections have 

been mainly caused by six rotavirus genotypes, G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and 

G12P[8] (Dóró et al., 2014). Circulation of rotavirus types can vary across geography, income, 

and season (Bowen et al., 2016; Bányai et al., 2012). 

In July 2014, Kenya introduced the GlaxoSmithKline Biologicals’ monovalent, live, 

attenuated human rotavirus vaccine, Rotarix® (G1 serotype and P[8] genotype) into the 

Expanded Programme of Immunization (PATH, 2016; Ruiz-Palacios, 2006). Prior to the 

introduction of the vaccine, G1, G8, G9, and P[8] were the dominant strains circulating in 

eastern Kenya (Kiulia et al., 2014). Between 2009 and 2011, G12 was detected in the country for 

the first time. Between 2007 and 2008 types G1, G9, G10, G11, and G12 were detected in an 

urban wastewater stream in Kibera, with G12 (100%) and G1 (90%) predominating (Kiulia et al., 

2010). Kibera, in the Nairobi area, is recognized as the largest informal settlement in Kenya with 

informal structures, poor sanitation, and roaming animals (i.e. pigs, chickens, and dogs).  Kibera 

is predominantly a refugee community, as is the Eastleigh community nearby. 
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The United Nations High Commissioner for Refugees (UNHCR) estimates there are 

553,912 refugees in Nairobi (UNHCR, 2017). Urban refugees are often highly mobile and 

reluctant to seek healthcare services out of fear of deportation (Pavanello et al., 2010). This 

presents a challenge for surveillance of disease. In 2008, the World Health Organization (WHO) 

coordinated a Global Rotavirus Surveillance Network by bringing together existing surveillance 

networks to establish a standardized global sentinel hospital surveillance network for RV disease 

(Agocs et al., 2014; WHO, 2008). The data collected from the global network help document and 

describe rotavirus infections from children who are symptomatic and seek care. However, 

clinical surveillance is not able to capture RV infected individuals who are asymptomatic and 

others who do not utilize health services. Environmental surveillance (ES) complements clinical 

surveillance by RV detection in a community’s wastewater. Understanding the circulating RVA 

strains can impact understanding of the efficacy of current RV vaccines.  

Rotarix vaccination in Kenya grew from 277,675 children in 2014 to 1,017,042 in 2015 

(WHO, 2016d). As a result of increasing vaccination coverage, genotyping circulating rotavirus 

is useful to evaluate vaccine-associated changes in genotype distribution within communities. 

This study sought to characterize the RVA strains in circulation in the environment in three 

urban communities in Nairobi following the introduction of the Rotarix vaccine in Kenya. 

 

3.2. Methods 

3.2.1 Water Samples 

From April 2015 to September 2015, water samples (n=55) were collected, at 

approximately two week intervals, from four sampling locations in Nairobi, Kenya. The sites 

included two sewer sample sites (Eastleigh A and Eastleigh B) from a neighborhood that 
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predominantly houses a refugee community, a fecally contaminated stream running through the 

large informal settlement, Kibera, and a latrine waste stream located in the informal settlement of 

Mathare (Starehe).  

 

3.2.2 Concentration  

Samples were processed and viruses were recovered using the newly developed bag-

mediation filtration system (BMFS). Briefly, using the BMFS, 2.9 ± 0.4 L of water samples were 

filtered through positively-charged ViroCap filters (Scientific Methods, Inc., Granger, IN). 

Viruses were eluted from the filters using a 1.5% beef extract (BBLTM Beef Extract powder; 

Becton, Dickinson and Company, Sparks, MD) 0.05 M glycine (Merck KGaA,, Darmstadt, 

Germany), buffer pH 9.5 with a 30 minute filter contact time before being eluted using a 

peristaltic pump (Fagnant et al., 2014). Viruses were further concentrated by PEG/NaCl 

precipitation (14% (w/v) PEG 6000 [Merck] and 0.2 M NaCl [Merck]) to a final volume of 

10mL in 1 X PBS (pH 7.4) (Sigma-Aldrich Co., St. Louis, MO) (Fagnant et al., 2014). 

 

3.2.3 Genetic detection of RVAs 

3.2.3.1 Nucleic acid extraction 

Nucleic acid was extracted from 1-mL virus concentrate using the semi-automated Nucli-

SENS® EasyMAG® instrument (BioMérieux, Marcy l’Etoile, France) as per manufacturer’s 

protocol. Prior to nucleic acid extraction, 10 μL of mengovirus ((1 x 105 genome copies [gc])/10 

μL) was added to each sample as an extraction control (Le Guyader et al., 2009). The extraction 

efficiency was determined by comparison of the cycle threshold (Ct) of the initial input versus 

that of the sample.  
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3.2.3.2 Detection 

Mengovirus (5-µL extracted nucleic acid) was detected qualitatively by real-time reverse 

transcription-polymerase chain reaction (RT-PCR) using a commercial kit 

(mengo@ceeramTools™ Kit, Ceeram s.a.s, La Chappelle-Sur-Erdre, France). Rotavirus (5-µL 

extracted nucleic acid) was detected qualitatively using a commercial kit with an internal 

amplification control (rotavirus@ceeramTools™ Kit, Ceeram s.a.s, La Chappell-Sur-Erdre, 

France) as per manufacturer’s instructions. 

 

3.2.3.3 Genotyping  

Molecular methods developed for typing RVs from clinical specimens were applied for 

the characterization of the VP7 and VP4 genes from the environmental RVA strains. Rotavirus 

strains were typed by semi-nested RT-PCR methods with primers specific for regions of the 

genes encoding the VP7 (G-type) and VP4 (P-type) proteins (Appendix A) (WHO, 2009).  

 

3.2.3.3.1 First Step Amplification 

Unless stated to the contrary, all reagents were supplied by Promega Corp. Madison, WI.  

In brief, the first round reaction (primary amplification): Enzyme reverse transcriptase and gene-

specific primers (VP7 primers: sBeg9 and End9; VP4 primers: con2 and con3) were used in the 

first step amplification to convert viral RNA to cDNA. Each 10 pmol primer was mixed with 10 

µl of extracted double-stranded RNA, heated for 2 minutes at 95°C, transferred to ice, and then 8 

µl of reverse transcriptase (RT) mix was added and incubated for 60 minutes at 42°C. The 

following RT mix was used: 10 mM deoxynucleotide triphosphates, Protoscript II RT Reaction 

Buffer 5X, 0.1 M 10X DTT (New England Biolabs Inc., Ipswich, MA), Protector RNase 
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inhibitor – cDNA Synthesis Transcriptor 1st strand (Roche Diagnostics GmbH, Mannheim, 

Germany), and Protoscript II RT (New England Biolabs Inc.). The cDNA was amplified by Taq 

polymerase by adding 10 µl of the cDNA products to 40 µl of the following PCR mix: 10 mM 

deoxynucletide triphosphates, 5X Go Taq Flexi buffer, 25 mM MgCl2, and Go Taq G2 Flexi 

DNA polymerase. Initial denaturation for 1 minute at 95°C was followed by 35 cycles of 1 

minute at 95°C, 1 minute at 42°C, and 1 minute at 72°C, with a final extension step of 7 minutes 

at 72°C.  

 

3.2.3.3.2 Nested and Genotyping 

The second nested PCR typing step utilized G- and P-specific primers to generate 

amplicons to be analyzed based on size. The RT-PCR products were used as a template for a 

seminested PCR using VP7 primers 9con1 and EndA. An additional seminested multiplex PCR 

was subsequently applied by using primers specific for genotype regions of the VP7 (Gouvea et 

al., 1994; Iturriza-Gomara, et al., 2004) and VP4 (Gentsch et al., 1992) genes. Seminested and 

typing multiplex reactions were done using the following PCR mix: 10 mM deoxynuclelotide 

triphosphates, 5 x Go Taq Flexi Buffer (Promega), 25 mM MgCl2 (Promega), 1 µl of each 

10pmol primer, and Go Taq G2 Flexi DNA polymerase (Promega). Initial denaturation for 1 

minute at 95°C was followed by 35 cycles of 1 minute at 95°C, 1 minute at 42°C, and 1 minute 

at 72°C, with a final extension step of 7 minutes at 72°C. Finally, 10 µl of the nested RT-PCR 

products were separated on a 1.5% agarose gel using a 100-bp DNA marker and visualized by 

ethidium bromide staining.  
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3.3 Results 

Analysis by real-time RT-PCR showed 89% (49/55) of the samples positive for RVA. Nested 

RT-PCR detected prevalent RVA genotypes G1 (73%), G3 (63%), G8 (16%), G9 (51%), G10 

(6%), G12 (8%), P[4] (6%), P[6] (4%), P[8] (90%), and untypeable (3%) (Table 3). G1, G3, G9, 

and P[8] predominated. The fecally-contaminated stream and sewer sites shared the detected G-

types and P[8]. The P[4] and P[6] types were only detected in the stream sites (Kibera and 

Starehe).  
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Table 3 Rotavirus genotype prevalence detected from stream or sewer samples in Nairobi, Kenya 

 Sampling Site Site Type Total 

Eastleigh A Eastleigh B Kibera Starehe Stream Sewer All Sites 

G types n=10 n=11 n=15 n=13 n=28 n=21 n=49 

G1 8 (80%) 7 (64%) 11 (73%) 10 (77%) 21 (75%) 15 (71%) 36 (73%) 

G3 8 (80%) 7 (64%) 6 (40%) 10 (77%) 16 (57%) 15 (71%) 31 (63%) 

G8 2 (20%) 2 (18%) 2 (13%) 2 (15%) 4 (14%) 4 (19%) 8 (16%) 

G9 6 (60%) 4 (36%) 9 (60%) 6 (46%) 15 (54%) 10 (48%) 25 (51%) 

G10 1 (10%) 0 (0%) 1 (7%) 1 (8%) 2 (7%) 1 (5%) 3 (6%) 

G12 1 (10%) 1 (9%) 1 (7%) 1 (8%) 2 (7%) 2 (10%) 4 (8%) 

Untypeable 0 (0%) 0 (0%) 2 (13%) 0 (0%) 2 (7%) 0 (0%) 2 (4%) 

P types n=10 n=11 n=15 n=13 n=28 n=21 n=49 

P[4] 0 (0%) 0 (0%) 2 (13%) 1 (8%) 3 (11%) 0 (0%) 3 (6%) 

P[6] 0 (0%) 0 (0%) 2 (13%) 0 (0%) 2 (8%) 0 (0%) 2 (4%) 

P[8] 10 (100%) 11 (100%) 11 (73%) 12 (92%) 23 (82%) 21 (100%) 44 (90%) 

Untypeable 0 (0%) 0 (0%) 1 (7%) 0 (0%) 1 (4%) 0 (0%) 1 (2%) 

Also analyzed for G2, G4, P[9], P[10], P[11], and P[14] types 

 

3.4 Discussion 

We were able to characterize RVA strains from wastewater samples in selected Nairobi sites 

and provide an epidemiological baseline of RVA strain circulation in the environment. The 

results inform circulation for the representative population. Since the study’s sampling sites are 

not representative of Nairobi’s entire population, it is possible there are correlating changes in 

strain diversity in communities with high Rotarix coverage.  

There was high detection of RVA in these communities. Vaccination coverage in these 

specific communities is unknown. In general, immigrant populations at sites contribute to low 
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vaccination rates. We suspect rotavirus vaccination coverage at these four sample sites was low 

in 2015, because total coverage across Kenya was only 19% the first year following the vaccine 

introduction (WHO, 2016d). As vaccination coverage in Kenya increases over time, it is useful 

to compare site specific coverage and compare to the circulating strains. Since these sites 

represent predominantly refugee communities with poor sanitation, population dynamics likely 

plays a role in continued circulation, in addition to vaccination status.  

Prior to Rotarix introduction in Kenya, dominant strains were G1, G8, and G9 (Kilulia et al., 

2014; Agutu et al., 2017; Page et al., 2010). Prevalence of these serotypes in the sample 

communities is consistent with pre-vaccine reports. The emergence of G12 in Kenya was first 

detected in Kenya during a 2009-2010 surveillance period and corresponds to detection of G12 at 

all four sites (Kiulia et al., 2014). G3 was briefly predominant in Kenya from 1999-2000, but 

reported prevalence prior to Rotarix introduction had declined (Kiulia et al., 2008). This study 

observed G3 consistently detected in samples and supports G3 emergence detected in a Nairobi 

hospital study in 2012 (Agutu et al., 2017).  

In sub-Saharan Africa, G2 is routinely detected with G1, although in Kenya G2 has only 

been detected at low levels and infrequently (Mwenda et al., 2010). Our findings are consistent 

with the previous findings in Kenya, as we did not detect G2 in any samples (Agutu et al., 2017; 

Nyangao et al., 2010; Kiulia et al., 2014). Surveillance in communities after the introduction of 

the Rotarix vaccine has detected G2P[4] genotypes at a higher prevalence compared to previous 

strain diversity (Kirkwood et al., 2011). Since we suspect low vaccination coverage in the 

communities represented by our samples, it makes sense these strains were not prevalent.   

Predominance of the Rotarix vaccine strains, G1 and P[8], in our study may be indicative of 

the Rotarix vaccine, but results are limited by non-specific vaccine genotyping methods. Given 
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the pre-vaccine observations of dominant G1 and P[8] genotypes and low vaccination coverage, 

we do not expect these strains are vaccine-related.    

The diversity of RVA genotypes, including animal type G10, may be explained by frequent 

mobility of people in these communities, poor sanitation, and close contact with domesticated 

animals. Therefore, continuous surveillance of mammalian and human RVA strains is important 

to understand strain shifts and the risk for direct interspecies transmission events. 

Rotarix has demonstrated efficacy against severe rotavirus gastroenteritis caused by unrelated 

serotypes (Ward et al., 2009, Correia et al., 2010; Steele et al., 2012; Linhares et al. 2008). If 

vaccination coverage is low across the study populations, we expect increased strain diversity 

with increased immunization coverage. Still, there are programmatic and social challenges to 

increase coverage in these communities (Cherian et al., 2012). In order to better understand 

vaccination coverage and effects among refugee predominant populations, environmental 

surveillance will be a useful tool to monitor for strain changes and vaccine efficacy.  

 

3.5 Conclusion 

The prevalence of non-vaccine strains may be explained by site population dynamics and 

poor environmental conditions. Pre-vaccine data from wastewater and clinical specimens 

highlight the circulation of non-vaccine RV strains within these areas in Kenya. Serotype G3 had 

not previously been detected in Nairobi, but these results demonstrate it has emerged as a 

dominant circulating strain. Compared to clinical specimens, wastewater provides a more 

accurate representation of the RVA strains circulating in a community. Environmental samples 

can also indicate emerging strains before the presentation of disease. Therefore, ongoing 
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environmental strain surveillance is needed to assess the effect of RV vaccination, especially in 

impoverished areas with a large migrant population.  
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APPENDIX A 

 

VP7 Primers 

Primer Sequence 5’ – 3’ 
Position 

(nt) 

Amplicon 

Length 

First Round  

sBeg9 ggC TTT AAA AgA gAg AAT TTC 1 – 21  1062bp 

End9 GGTCACATCATACAATTCTAATCTAAG 

1062 - 

1036 

27 mer 

Second Round PCR (nested)  

9con1 TAGCTCCTTTTAATGTATGG 37 – 56 20 mer, 904bp 

EndA ATAGTATAAAATACTTGCCACCA 922 – 944 23 mer 

Genotyping Round (Gouvea and Iturriza-Gomara)  

G8 aAT8v GTCACACCATTTGTAAAYTCAC 178 – 199 767 bp 

G1 aBT1 CAAGTACTCAAATCAATGATGG 314 – 335 631 bp  

G2 aCT2 CAATGATATTAACACATTTTCTGTG 411 – 435 534 bp  

G3 mG3 ACGAACTCAACACGAGAGG 250 – 269 692 bp  

G4 aDT4 CGTTTCTGGTGAGGAGTTG 480 – 498 465 bp  

G9 mG9 CTTGATGTGACTAYAAATAC 757 – 776  188 bp  

G10 mG10 ATGTCAGACTACARATACTGG 666 – 687 276 bp  

G12 G12b GGTTATGTAATCCGATGGCG 504 – 524 438 bp 

 EndA ATAGTATAAAATACTTGCCACCA 922 – 944   
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VP4 Primers 

Primer Sequence 5’ – 3’ 
Position 

(nt) 

(Amplicon) 

Length 

First Round   

con3 TGGCTTCGCTCATTTATAGACA 11 - 32 22mer, 876bp 

con2 ATTTCGGACCATTTATAACC 868 - 887 20mer  

Second Round PCR (nested)  

VP4F TATGCTCCAGTNAATTGG 132 – 149  18mer, 663bp 

VP4R ATTGCATTTCTTTCCATAATG 775 – 795 21mer  

Genotyping Round (Gentsch)  

P[8] 1T-1V TCTACTGGATCGACGTGC 339 – 356  213 bp  

P[4] 2T-1 CTATTGTTAGAGGTTAGAGTC 474 – 494 351 bp  

P[6] 3T-1 TGTTGATTAGTTGGATTCAA 259 – 278 135 bp  

P[9] 4T-1 TGAGACATGCAATTGGAC 385 – 402 259 bp  

P[10] 5T-1 ATCATAGTTAGTAGTCGG 575 – 594  462 bp  

P[11] mP11 GTAAACATCCAGAATGTG 305 – 323  180 bp  

P[14] p4943 GGTGTAGTTCCTGCGTA 538 – 554  414 bp  

 VP4F TATGCTCCAGTNAATTGG 132 – 149   

 

 


