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Abstract
Persistence of Poliovirus types 2 and 3 in waste-impacted sediment and water
Allison Kline
Chair of the Supervisory Committee:
John Scott Meschke, PhD

Department of Environmental and Occupational Health Sciences

The objective of this study was to evaluate the persistence of poliovirus type 2 (PV2) and
type 3 (PV3) in domestic wastewater and sediment. Microcosms containing (@) domestic influent
wastewater and (b) wastewater with a sediment matrix [1:1 waste biosolids and loamy sand]
were seeded with between 10° and 10° plaque-forming units either PV2 or PV3, and stored for
126 days at three temperatures (4°C, room temperature (RT), and 30°C). Viable PV in the liquid
of (a), and the sediment and liquid portions of (b) were sampled and plaques counted ten
separate time points [0, 1, 3, 7, 14, 21, 28, 42, 84 and 126 days] over 18 weeks using Buffalo-
Green Monkey Kidney [BGMK] plaque assay. The time points at which >99% reduction was
reached were determined. Both viable PV in the sediment portion of (b) reached >99% reduction
at 30°C, RT, and 4 °C at 28, 84, and >126 days respectively. At 126 days in sediment at 4°C, the
percent reduction of viable PV was 78.3% and 85.6% respectively. In the liquid portion of (b),
>99% reduction of both viable PV was reached for 30°C, RT, and 4°C at 14, 42 and >126 days
respectively. At 126 days in the liquid of (b) at 4 °C, the percent reduction of viable PV was
95.9% and 91.5% respectively. This study demonstrates that liquid vs sediment sample, and

temperature both play roles in PV viability.
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Literature Review

This study aimed to characterize persistence of poliovirus types 2 and 3 in waste-
impacted sediment and water in order to apply results to environmental surveillance of poliovirus
in Pakistan, a country still endemic to poliovirus. There are many factors that affect how a virus
persists, such as temperature, sample type, and pH, and there are also factors in Pakistan that
affect how the virus can circulate. Consistent migration between Afghanistan and Pakistan and
poor sanitation are two things discussed that may affect increased input of the virus into the
environment, which may affect whether environmental surveillance positives are from
persistence or increased input into the environment. Previous studies have focused on poliovirus
type 1 (PV1), and in sterile environments, demonstrating a need for PV2 and PV3 research that
focuses on waste-impacted environments, similar to what is found in Pakistan. With a high
asymptomatic rate of poliomyelitis and increased chance of silent transmission of PV,
environmental surveillance and the role of persistence of PV within it, are important to fully
understand to achieve eradication.

Vaccination

Vaccination for poliovirus was introduced in 1955 with the creation of the Inactivated
Polio Vaccine (IPV) by Jonas Salk, and 6 years later the live attenuated Oral Polio Vaccine was
introduced in 1961 by Albert Sabin (Baicus 2012). The introduction of the vaccine greatly
decreased incidence of poliovirus infection, for instance in the United States from 1955 — 1961
case incidence of poliovirus went down 94.2% (Baicus 2012). Once eradication seemed feasible,
the Global Polio Eradication Initiative (GPEI) was created in 1988 in order to achieve global
eradiation. Vaccination approaches have varied in different countries. In endemic areas, the

GPEI works partially through vaccination campaigns with trivalent OPV due to its effectiveness,



less expensive price compared to IPV, and ease of administration (Mast and Cochi 2017). With
OPV, there is a risk of mutation of the vaccine strain resulting in vaccine-derived poliovirus
(VDPV), which can cause PV infection (Minor 2009). After WPV2 was last seen in 1999 and the
risk of circulating VDPV type 2 causing acute flaccid paralysis, in April 2016, there was a global
switch from trivalent OPV to bivalent OPV (types 1 and 3), with targeted monovalent OPV
(mOPV) type 2 vaccination campaigns during VDPV type 2 outbreaks (Mast and Cochi 2017).
PV2 and PV3 are still a concern in countries affected by PV due to VDPV, and vaccination
campaigns affect input of PV into the environment.

Pakistan and Afghanistan

Pakistan is one of the three countries that is still considered endemic for wild poliovirus
(WPV) and subsequently a focus of eradication efforts (GPEI 2017). There has been a 96% polio
case reduction in Pakistan since 2014, with consistent positive environmental samples indicating
continued circulation in the environment. In 2019, there have been 17 cases of polio to date,
indicating the effects of continued circulation of PV (WHO 2017). Reasons for this continued
barrier to eradication of poliovirus in Pakistan include transmission from Afghanistan (also
considered endemic for WPV), incomplete vaccine dosage, particularly in rural areas with low
healthcare access, and poor sanitation, which could potentially lead to increased circulation
(Shah et al 2011).

Afghanistan has a similar case load to Pakistan, with 21 cases of WPV in 2018 and 3 in
2019 (WHO 2017). Cases from 2006-2010 showed clustering at the border between Afghanistan
and Pakistan and they are considered to be in the same epidemiological block, showing the
importance of migration transmission in eradication efforts (Shah et al 2011). In Pakistan, areas

with lowest vaccination rates, mainly rural, have been shown to have higher case loads, which



also corresponded with poor infrastructure and inaccessibility (Noori et al 2017, Shah et al
2011).

Poor sanitation may be leading to the increased circulation and persistence of poliovirus
in the environment (Rasheed et al 2009). High contamination in drinking water in Pakistan has
been associated with effects from natural disasters (Rasheed et al 2009). Poor living conditions
along with mismanagement of waste facilities, which are uncommon and/or do not function
properly (Rasheed et al 2009, Hisam et al 2014). Safe drinking water in Pakistan is available to
56% of the population, with even poorer coverage in rural areas (45%) (Farooq et al 2008). In a
review of Pakistani total coliform contamination in drinking water, it was found that 20-100% of
samples were contaminated with total coliforms, though level of contamination was not
provided. The number of samples contaminated depended on the region, but all regions sampled
were contaminated, demonstrating the wide-spread nature of fecal contamination in Pakistan
(Azizullah et al 2011). High fecal waste contamination in the environment in Pakistan suggests
increased levels of poliovirus occurring in the environment because it is fecal shed. Therefore,
environmental surveillance in these areas is important due to the high fecal contamination, and
persistence of poliovirus may impact this circulation due to continued input from wastewater.

Environmental Surveillance

Environmental surveillance of infectious poliovirus, as a supplement to the gold standard
surveillance of Acute Flaccid Paralysis (AFP) cases, has been set up as a system to monitor
poliovirus in the community (GPEI 2017). Up to 90% of people infected with polio are
asymptomatic (Racaniello 2006). This can potentially lead to undetected PV circulation within a
population. One model predicted that it takes an estimated 326 - 512 days from transmission

within the community until the first symptomatic case is detected by AFP surveillance systems
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(Bencsko and Ferenci 2016). This was also shown in a study of poliovirus in Hispaniola waters,
where it was determined that poor vaccination rates and poor surveillance of poliovirus cases and
environmental samples could result in undetected circulation of poliovirus in the environment for
up to 2 years before cases arose (Vinje et al 2004). Environmental surveillance is beneficial in
areas that have poor sanitation and subsequently high sewage contamination in water sources
(Ndiaye et al 2014). A study focused in Senegal from 2007-2013 found poliovirus in 34.3% of
sewage samples demonstrating that poliovirus presence can be significant in sewage impacted
waters and that environmental surveillance helps to understand circulation and distribution of
poliovirus in impacted areas (Ndiaye et al 2014). Other studies have established the importance
of source appropriation using molecular techniques on environmental surveillance positives to
determine source and geographic clustering (Vinje et al 2004, Manor et al 2007). One study in
Gaza was able to determine that it was re-importation not silent endemic circulation that allowed
for renewed transmission of WPV (Manor et al 2007). With up to 90% of cases being
asymptomatic and cases decreasing as eradication nears, molecular characterization of
environmental surveillance isolates will play an important role in informing eradication efforts
whether the source of environmental surveillance positives is from re-importation, silent
circulation or persistence.

The source of positive poliovirus environmental surveillance samples can be attributed to
a multitude of factors including re-importation as mentioned previously, but additionally
persistent shedding of infected individuals and environmental persistence can both contributed to
environmental surveillance positives. Previous studies have not agreed on the level of shedding
rates and duration of poliovirus in fecal samples from people vaccinated with live virus.

Alexander et al 1997 showed that concentration of the virus shed in feces immediately following
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vaccination rapidly drops in the first week (71-100% drop), and fewer than 20% of patients were
still shedding after 5 weeks (Alexander et al 1997). This differs with other studies that have
shown shedding of poliovirus lasting up to 6 months post-vaccination (Ferreyra-Reyes 2017) or
in another study even up to 22 months from a vaccine-derived strain (Hovi et al 2013). The latter
study demonstrates that long shedding or infection of vaccine derived asymptomatic poliovirus
may not be as rare as previously determined (Hovi et al 2013). Differences in type of vaccination
have been shown to affect shedding periods as well (Saleem et al 2018). In a study comparing
Inactivated Polio Vaccine (IPV), Trivalent Oral Polio Vaccine (tOPV) and monovalent Oral
Polio Vaccine (mOPV), it was found that after one week post-vaccination mOPV had a higher
proportion of continued shedding than tOPV at a p-value of <0.001 (Saleem et al 2018).
Understanding the shedding rates are important in understanding the contribution of shedding to
persistence and contribution to environmental surveillance samples positive for PV.

Persistence Factors

Temperature

Temperature has been found to be of great importance in predicting viral PV1 persistence
in the environment (Hurst et al 1980). Environmental temperatures above 55 C° rapidly
inactivate poliovirus in < 30 min versus die-off at 90 days at 10 °C, 20 °C, and 30 °C (Clarke et al
1961). Another study found that both in ground water and wastewater that die off was the
slowest define what slowest means at 10 °C, and that wastewater was protective of viability over
time defined when compared with groundwater (Nasser et al 1993). When comparing PV1
reduction in surface water, one study found average reduction rates of 0.14 log10 PFU/day in
4°C and 0.19 log10 PFU/day 25 °C (Bae & Schwab 2008). Another study characterizing WPV1

persistence in soil and on vegetables were still presence in soil > 96 d in the winter (-13.9 °C —
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26.7 °C), 11 days in the summer (15 °C - 34.4 °C) (Tierney et al 1977). Previous studies have
thus concluded that low temperatures are protective of PV viability.

Sample type

The persistence of PV in sediment and soil is largely dependent on soil properties as
demonstrated below. Sand has been shown to have a lower affinity for poliovirus with lower
adsorption percentages of PV to the soil in multiple studies and clay, high affinity with higher
adsorption percentages of PV to the soil (>99%) in multiple studies, and virus survival was
correlated significantly (P< 0.05) with adsorption to soil and saturation pH (Gerba et al 1975,
Hurst et al 1980). One study characterized reduction of WPV type 1 in different soil types and
found persistence in both clay and sand >24 weeks. However, PV1 was reduced more in sand vs
clay soil at 50 weeks, starting with 6 logs at week 1, 2.5 log reductions in sand vs 1.5 log
reductions in clay (Meschke & Sobsey 2003). Other studies suggest that there is longer
persistence, yet, when compared with water, sediment and different soils allow for longer
persistence of PV (Sobsey 1980, Gerba et al 1975, Labelle & Gerba 1980). In contrast the
saturation of water in sediment contributes to decreased survival over time more information
here (Hurst et al 1980). One study comparing PV1 in sediment and water showed persistence in
water lasting up to 9 days and persistence in sediment lasting >19 days (Rao et al 1984).

When comparing between surface water and groundwater, PV1 persists longer in
groundwater (Bae & Schwab 2008, Nasser et al 1993). Previous research demonstrates decreased
loss of PV1 with increased filtration or sterilization of water (Gerba et al 1975, Labelle & Gerba
1980, Sobsey et al 1980). These papers suggest that with PV 1, sediment type may be explain the
increased persistence in groundwater and demonstrates the importance of microbiological

activity in persistence of PV1.

13



pH

Viruses are greatly influenced by pH due to their isoelectric points, the pH value at which
the net zero surface charge of the virus changes. This will greatly impact the movement of the
virus in environmental media (Michen and Graule 2010). One isoelectric point of poliovirus has
been determined to be near neutral pH; one study characterizing Sabin types 1, 2, and 3 found
isoelectric points at pH of 7.4, 7.2, and 6.3 respectively (Thomassen et al 2013). The other
isoelectric point of PV has been found to be around pH 4.5 (Vrijsen et al. 1984). This can
influence virus adsorption to surfaces including sediment particles depending on pH, which may
influence the extent of persistence (Bitton 1975). In one study testing effects of pH on virus
adsorption to soil materials, it was found that poliovirus adsorption to sand when compared with
adsorption to clay was more impacted by pH. When comparing pH 7.5 to pH 3.5 poliovirus
adsorbed to sandy soil at 59% (7.5) and 97% (3.5) compared with clay soils with adsorption at
98% (7.5) and >99% (3.5) (Sobsey et al 1980). Poliovirus itself is stable at a wide range of pH
from 3.8 to 8.5 for 25 weeks, which may help increase its persistence in environmental media
(Pollard 1949).
Study Aims
Aim 1: Determine the Persistence of viable poliovirus types 2 and 3 in wastewater and

waste-impacted sediment

Aim 2: Compare persistence between temperatures and sample type

Materials and Methods
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Wastewater and Sediment sources

Approximately 6 L of wastewater was collected at the wastewater influent division
channel at West Point Treatment Plant [Seattle, WA, USA] on June 14 [PV3], and June 28, 2018
[PV2], and was kept in a 4 °C fridge between 0-4 d until use. Sediment was collected from
Alderwood, WA, USA where the soil is a gravelly-sandy-loam and was used for all samples.
Gravelly-sandy-loam was chosen due to its similarity to the textural composition of soil found in
Pakistan where poliovirus outbreaks still occur (Khan et al 2018). The sediment was mixed in a
1:1 ratio with waste solids obtained from West Point Treatment Plant in order to simulate
sediments in waste-impacted waters in Pakistan (Azizullah et al 2011, Nabeela et al 2014).
Microcosms

The relationship between plaque forming units [PFU] of PV2 and PV3, time [0 -126 d],
temperature [4, RT, 30 °C], type of sample (liquid or sediment) was tested using a longitudinal
experimental study. Controlled microcosms were set up at the three different temperatures. The
room temperature was measured using a temperature probe that measured temperature every 10
min and was varied between 19.6°C and 23°C. Microcosms were set up in sterile conical 50 mL
centrifuge tubes [VWR; Radnor, PA, USA] with each tube a time point and temperature.

Two different types of microcosms were prepared: tubes with domestic influent
wastewater only to test for PV persistence in the absence of sediment, and tubes with both
domestic wastewater and a sediment matrix [1:1] ratio of waste biosolids and gravelly-loamy-
sand]. Microcosms were prepared in plastic centrifuge tubes so that liquid and sediment could be
separated easily, as previous described (Hoglund et al 2002, Hurst et al 1980). Both waste solids
and soil were used as wet weight to emulate environmental conditions. Tubes with wastewater

and sediment that were referred to as mixed microcosm [MM] had 3 g of sediment to 10 mL of
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wastewater. The second microcosm type prepared contained 10 mL of wastewater and were
referred to as wastewater only [WWO]. The MM tubes were prepared in duplicate for each time
point and temperature and the WWO tubes were prepared singularly for each time point and
temperature. This resulted in 20 MM tubes per temperature for each of three temperatures for a
total of 60 tubes of MM microcosm tubes per run. Ten WWO tubes were prepared per
temperature for each of three temperatures for a total of 30 WWO microcosm tubes per run. A
full run of the experiment was performed separately each for PV2 and PV3. A second, smaller
scale duplicate run with both MM and WWO microcosms was performed with three time points
(0, 21, 84 days) each for PV2 and PV3 to confirm results.
Poliovirus

Sabin type 2 and Sabin type 3 vaccine strain poliovirus stocks were provided by Centers
for Disease Control (CDC) and were grown separately on Buffalo Green Monkey Kidney
(BGMK) cells through confluent lysis of cell monolayers (Melnick et al 1954). Grown stocks
were frozen in cell culture cryogenic plastic tubes [Midland Scientific, Denver, CO, USA] at -80
°C until use. PV2 and PV3 stocks were diluted 5-fold into a total of 10 mL of 1X Phosphate-
buffered saline (PBS) at pH 7.0 in order to achieve a concentration~ 1 x 10° PFU per 200 uL. All
90 tubes per run were seeded individually in order to ensure even distribution between samples
with 500 uL of the stock dilution and vortexed for 5 min in order to evenly distribute the virus
within the sample. All samples were then left to settle for 24 h at RT. After 24 h, 30 tubes were
incubated at room temperature, 30 tubes were refrigerated at 4°C, and 30 tubes incubated at 30
°C for each run. At day 0, tubes for day 0 (2 MM samples and 1 WWO sample) from each

temperature and sample type was incubated for 1 h at their respective temperatures either 4 °C,
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RT or 30 °C and then the day 0 time point was processed for quantification of PFU. Additional
samples were processed at days 1, 3, 7, 14, 21, 28, 42, 84, and 126.
Processing Sediment from MM microcosms

For detection and quantification of PV2 and PV3 in sediment, a method was adapted
from previously described methods used to isolate poliovirus from oyster tissue (Mullendore
2001, Sobsey 1978). The MM tubes were taken from their respective temperatures on sample
dates and were centrifuged for 20 min at 5,000 x G to separate liquid and sediment and 10 mL of
the liquid was pipetted off and placed in a new centrifuge tube for separate processing. The
sediments were processed after the liquid portion was removed using a 2M NaNOs3 in 3% beef
extract eluent at a 3:1 (W/V) ratio, vortexed for 5 min, and set to shake for 15 min to separate the
virus from the sediment. Samples were centrifuged at 5,000 x G for 20 min and the top liquid
was pulled off. Then a 3% sterile skim milk solution was added to the supernatant from the
eluent step at a 0.1% volume concentration, the pH was modified with SM HCL to a pH of
between 3-4 using pH strips and set to shake for 2 h as a flocculation step. After shaking,
samples were then centrifuged for 30 min at 3500 x G. The supernatant was poured off leaving
the floc, containing the virus, at the bottom and 5 mL of PBS was added to re-concentrate the
virus (Falman et. al 2019). A Vertrel XF [Miller-Stephenson, Danbury, CT, USA] extraction
was then done which is described as follows: 0.5X volume of Vertrel XF was added to samples,
samples were vortexed for 2 minutes, and centrifuged at 3,000 x G for 15 minutes, and then the
top supernatant was pipetted off carefully. A Vertrel XF extraction was done as a replacement

for chloroform extraction in order to remove organics from the sample (Mendez 2000).
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Processing Liquid from MM and WWQO samples

After the MM tubes were taken from their respective temperatures, and were centrifuged
for 20 min at 5,000 x G [Beckman Coulter Avanti Centrifuge J-20 XPI] to separate liquid and
sediment portions and then the 10 mL of the liquid portion for both MM and WWO tubes was
pipetted off and placed in a new centrifuge tube for separate processing. A Vertrel XF extraction
was done on the liquid portions of both MM and WWO tubes to remove organics as previously
described (Falman et al 2019, Mendez 2000). Then a skim milk secondary concentration step
was done as described in the sediment processing above.
Plaque Assay

BGMK cells were grown for exactly 4 days to 95% confluent monolayers in 25 cm?
polystyrene flasks with vented caps [Corning; Corning, New York, USA], and then transferred
into 9.5 cm?, 6-well tissue culture plates [Corning; Corning, New York, USA] before inoculation
with the sample (Dahling and Wright 1986). The MM and WWO samples were taken from the
4°C refrigerator and several ten-fold dilution series were made ranging from 10°to 104, with
time points farther out requiring less dilution. Each sample had three dilutions and time point
used in order to ensure it was within the limit of detection. For each dilution, in replicates of
three, a volume of 200 uL of sample was put on each well, and left to incubate for 1 h, swirling
every 15 min to ensure virus absorption and even distribution of virus onto the cells. Cells were
overlaid with a 3% Avicel overlay [FMC Health and Nutrition, Philadelphia, PA, USA]
(Matrosovich, et al 2006), which was made with 3% sterile Avicel in de-ionized water, 1% filter-
sterilized 200 mM L-glutamine [Corning, Corning, NY, USA], 1% filter-sterilized 35.6%
HEPES [Fisher Bioreagents; Pittsburgh, PA, USA], 0.5% filter-sterilized gentamicin sulfate

[Sigma-Aldrich; St. Louis, MO, USA], 0.5% filter-sterilized kanamycin sulfate [Sigma-Aldrich;
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St. Louis, MO, USA], 3% filter-sterilized 7.5% sodium bicarbonate [Sigma-Aldrich; St. Louis,
MO, USA], 1.2% filter-sterilized Minimum Essential Medium Eagle (MEM) [Sigma-Aldrich; St.
Louis, MO, USA], 1.2% filter-sterilized nystatin [Sigma-Aldrich; St. Louis, MO, USA], and 2%
Fetal Bovine Serum (FBS) [ATCC; Manassas, VA, USA] (Matrosovich, et al 2006). The
infected BGMK cells were incubated for 40-44 hours at 37°C and 5% CO», and then stained with
2% crystal violet in 20% methanol and the Plaques were counted and remaining PFU determined
for both PV2 and PV3 samples of the experiment (Falman et al 2019).
Analysis

Data from plaque assay results were analyzed through creation of a series of mixed linear
models in the nlme package in R (Pinheiro et al 2013) characterized as follows:

1. Six mixed linear models were run to evaluate the role of sample type in the persistence of
poliovirus within a temperature. Data was separated by PV type and then further
separated by temperature, and for each PV type and temperature within PV type the
following model was run:

E [log(PFUs)] = Bo + B1Xtime + B2Xsedimentt B3 Xwastewater-onty T B4X Time *sediment T B5Xtime*wastewater-only
+ Pitimet PiRunID T &jj

2. Six mixed linear models were run to evaluate the role of temperature in the persistence of
poliovirus within a sample type. Data was separated by PV type and then further
separated by sample type, and for each PV type and sample type within PV type the
following model was run:

E [log(PFUs)] = Bo + B1Xtime + B2Xroom temperaturet B3X30 degree + B4XTime*room temperature

B5Xtime*30 degree T Pitime™ PiRunID T E€j
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Slope values were obtained for each PV type, temperature and sample type and p-values
and 95% confidence intervals were determined for differences between temperatures within a
sample type and PV type, and differences between sample types within a temperature and PV
type. Using the models, a time until 99% reduction in PFU was determined.
Results
Plaque assay results
Table 1 summarizes results from the plaque assay with the time point tested (in days) at
which >99% reduction was observed for each serotype, temperature and environmental media
tested. At 4 °C >99% reduction of both the PV2 and PV3 was not reached within the 126-day
time period with the exception of the WWO sample in the PV3 (Table 1). The percent reductions
at 126 days and 4 °C for PV2 were 78.3% (sediment) (95% CI: 75.6 — 79.8%), 95.7%
(wastewater) (95% CI: 95.6 - 95.7%), and 98.6% (wastewater only) (95% CI: 98.5 - 98.7%). For
PV3 the reductions were comparable at 85.6% (95% CI: 84.1 - 86.7%)(sediment), 91.5
(wastewater) (95% CI: 91.46 - 91.58%), and 99.8% (wastewater only) (95% CI: 99.83 -
99.84%) (Table 2) PV2 and PV3 persisted longer in the MM liquid samples than in the WWO

liquid only. Graphs of die-off over time are displayed in Figures 1 — 6.
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Table 1: Plaque assay results at Number of days at which >99% PFU reduction was

reached
Time points tested: 0, 1, 3, Number of days at which >99% PFU
7,14, 21, 28,42, 84, 126 reduction was reached
Sample PV2 \ PV3
4 °C
Sediment >126 >126
Liquid >126 >126
Liquid only 126 >126
Room Temperature
Sediment 84 84
Liquid 42 42
Liquid only 21 14
30 °C
Sediment 28 28
Liquid 14 14
Liquid only 14 *NA

*PV3 30 °C Wastewater only sample was inhibited by Cytotoxic effects (CTE) and reached
90.1% PFU reduction in 3 days

Table 2: Plaque assay results at 126 days for 4 °C

Sample type 4 °C % reduction at 126 days
PV2 PV3
Sediment 78.3% 85.6%
Liquid 95.7% 91.5%
Liquid-only 98.6% 99.8%
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Figure 1: Run 1 of PV2 at 4°C
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Figure 2: Run 1 of PV2 at RT
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.
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Figure 3: Run 1 of PV2 at 30°C

30°C PV2

4l
=]
=9
~
S3 ——Sediment
& —-—Wastewater
=
——Wastewater only
2
1
0

0 20 40 60 80 100 120 140
Time Point (days)

Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.

Figure 4: Run 1 of PV3 at 4°C
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Figure 5: Run 1 of PV3 at RT
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Figure 6: Run 1 of PV3 at 30°C
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Plaque assay analysis

Slope values and associated p-values for differences based on slope determined from the
models are available in Tables 5, 6, and 7. Slopes become steeper with increasing temperature
and sediment slopes are steeper than liquid slopes (Table 3). P-values in Tables 4-5 show this to
be significant in that there are significant differences at a significance level set at <0.05 between
the die-off over time of PFU at almost every single interaction. The only exceptions were at 4°C
for PV3 when comparing sediment and wastewater there was no significant difference.
Additionally, when comparing between RT and 30°C in WWO samples for both PV2 and PV3,
no significant differences were seen. Models were then used to predict a time point at which 99%
reduction of PV would be reached and results are seen in Table 6. Table 7 displays the R? values
for each model.

Table 3: Slope values for associated mixed linear model

B4 0r B5s Term interpretation (Time*Sample type)
PV2 | PV3
4°C
Sediment -0.004 -0.006
Wastewater -0.011 -0.007
Wastewater only -0.016 -0.021
RT
Sediment -0.031 -0.033
Wastewater -0.091 -0.032
Wastewater only -0.202 -0.290
30 °C
Sediment -0.113 -0.099
Wastewater -0.133 -0.206
Wastewater only -0.334 -0.285
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Table 4: P-values for model differences between sample type within a temperature

P-values for B4or B5 Term (Time*Sample type)
| PV2 | PV3

4°C
Sediment : Wastewater 0.0012 0.4863
Wastewater : Wastewater only 0.0394 <0.0001
Wastewater only : Sediment <0.0001 <0.0001

RT

Sediment : Wastewater <0.0001 0.8869
Wastewater : Wastewater only 0.0036 0.0002
Wastewater only : Sediment <0.0001 0.0002

30 °C
Sediment : Wastewater 0.0123 <0.0001
Wastewater : Wastewater only <0.0001 0.0177
Wastewater only : Sediment <0.0001 <0.0001

Table 5: P-values for model differences between temperatures within a sample type

P-values for B4 or B5 Term (Time*Temperature)
PV2 | PV3
Sediment
4°C:30°C <0.0001 <0.0001
RT:4°C <0.0001 <0.0001
30°C:RT <0.0001 <0.0001
Wastewater
4°C:30°C <0.0001 <0.0001
RT:4°C <0.0001 <0.0001
30 °C: RT 0.0006 <0.0001
Wastewater only
4°C:30°C 0.0008 <0.0001
RT:4°C 0.0005 <0.0001
30°C:RT 0.1408 0.9276
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Table 6. Estimated time to 99% PFU reduction of PV

Time (days)
PV2 | PV3
4°C
Sediment 428 334
Wastewater 160 237
Wastewater only 115 69
Room Temperature
Sediment 63 91
Wastewater 22 42
Wastewater only 8 13
30°C

Sediment 17 20
Wastewater 13 2
Wastewater only 6 5

Table 7: R? values for models

R? Values for Linear Regression
Sample Type 4 RT 30
PV2 PV3 PV2 PV3 PV2 PV3
Sediment 0.613 0.5316 0.981 0.9431 0.8593 0.9166
Wastewater 0.7813 0.6937 0.998 0.8068 0.9453 0.9822
Wastewater only | 0.8936 0.6178 0.9338 0.8785 0.9933 0.9198
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Discussion

Previous studies

The results from this study are similar to previous research studying poliovirus
persistence using PV 1. In a persistence study with PV1 using sandy-loamy soil in anaerobic,
non-sterile conditions, it was found that one log10 reduction of PV1 was not reached at >75 days
at 1°C, with an estimated time at which one log10 reduction was reached at 323 days. One log10
reduction was reached 33 days at 23°C and 3.5 days at 37°C (Hurst 1988). In the same study in
sandy-loamy soil in anaerobic sterile conditions it was found that one log10 reduction of PV1
was not reached at 75 days at 1°C with an estimated time at which 1 log10 reduction was reached
at 688 days. One log10 reduction was reached at 30 days at 23°C and 1.7 days at 37°C (Hurst
1988). As discussed previously, soil type, pH and temperature have significant effects on
persistence and therefore direct comparisons of PV 1 persistence studies to this study are difficult
to interpret. However, Hurst 1988 is the most similar to the sediment conditions of this study and
therefore may be comparable. An estimated time to 99% reduction in the 4°C sediment in this
study for PV2 and PV3 were 428 and 334 days respectively. This indicates that previous studies
with PV1 are comparable to what is seen with PV2 and PV3, however, the addition of the impact
of waste is unclear. Yet, the addition of microbial activity when comparing the sterile vs. non-
sterile conditions demonstrated that microbial antagonism can contribute to decreased
persistence, indicating a lower persistence due to the input of sewage and increased microbial
activity (Hurst 1988). In Finland in 1988 after an outbreak and vaccination campaign, PV2 and
PV3 were detected in sewage after 3.5 months, while PV1 was no longer detected immediately
after the vaccination campaign ended, indicating the possibility that waste addition may have an

unknown impact on PV1 when compared with PV2 and PV3 (P&yry et al 1988). No study to date
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has compared persistence of PV1, PV2, and PV3 at one time. The creation of this study with a
soil type and environmental conditions similar to what is seen in Pakistan is important for being
able to apply it to environmental surveillance in Pakistan.

Temperature was found to be of significance in this study in determining length of
persistence and rate of die-off over time. This is consistent with previous literature, as discussed
previously, not only with PV1, but with other viruses. All are consistent with this study in that
low temperatures are protective of virus viability in the environment, and that increased
temperatures increase die-off (Pirtle et al 1991, Hurst et al 1980, Hurst 1988, Clarke et al, Nasser
et al 1993, Tierney et al 1977).

Environmental Surveillance implications

There were significant differences when comparing sediment and wastewater samples in
the MM and sediment and WWO samples, and there were significant differences when
comparing wastewater samples from the MM to the WWO samples (Table 4). This indicates that
sediment is protective of both PV2 and PV3 viability and that sediment resuspension in the
wastewater portion of the MM may be impacting increased persistence over time. Others have
hypothesized that the sediment protects the viral capsid when attached to sediment particles (Rao
et al 1984, Tierney et al 1977, Meschke and Sobsey 2003). This is important in the context of
environmental surveillance in that sediment resuspension could contribute to water samples
being positive for PV.

Linearity

A linear mixed model was used to interpret the data and used the entirety of the data for

both association and prediction. One assumption of a linear mixed model is that the data is linear,

which this study is limited by complete linearity of the data, which is shown when looking at
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Figures 1 — 6 and the R? values in Table 7. The 4°C models were slightly less correlated and less
linear when compared to other temperatures (Table 7). When using linear models, correlation is
more important for prediction than for association analyses (Shmueli 2010). Therefore, when
comparing the sample types and temperatures for significant differences in die-off of PV over
time, the differences in linearity would not affect the interpretation of the results. However, when
using the models to predict a time point at which 99% reduction was reached (Table 6), the
linearity becomes more important. In this case, however, when looking at Figures 1-6, lower
correlation values may have to do with quicker die-off in the beginning followed by slower die-
off towards the end of the 126 days. This would cause an underestimate of days at which 99%
reduction was reached, and the data should then be interpreted as such. Additionally, the low
sample number and only 10 time points taken limit the interpretation of the data, especially
towards 126 days. Future research can address more full characterization of the tail end of
persistence of poliovirus so interpretation of the time point at which complete die-off is reached

1S more accurate.
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Conclusion

This study’s characterization of PV2 and PV3 persistence displays the importance of
sediment and temperature in preserving the viability of poliovirus in the environment, which will
be able to inform environmental surveillance measures. Future work should evaluate persistence
of PV2 and PV3 for longer periods of time for cooler temperatures and focus more on
characterizing persistence as PFU nears zero in order to fully characterize die-off of poliovirus in
the environment. With the importance of environmental surveillance in eradication efforts, and
the importance of understanding persistence of poliovirus in environmental surveillance, as
discussed previously, the results from this study can help interpret environmental surveillance

positives.

31



References

Alexander, J. P., Gary, H. E., & Pallansch, M. A. (1997). Duration of poliovirus excretion and its
implications for acute flaccid paralysis surveillance: a review of the literature. The
Journal of Infectious Diseases, 175 Suppl 1, S176-182.

Azizullah, A., Khattak, M. N. K., Richter, P., et al. (2011). Water pollution in Pakistan and its
impact on public health — A review. Environment International, 37(2), 479-497.

Bae, J., & Schwab, K. J. (2008). Evaluation of murine norovirus, feline calicivirus, poliovirus,
and MS2 as surrogates for human norovirus in a model of viral persistence in surface
water and groundwater. Applied and Environmental Microbiology, 74(2), 477—484.

Baicus, A. History of polio vaccination (2012). World Journal of Virology.1(4), 108.
doi:10.5501/wjv.v1.i4.108

Bencsko, G., & Ferenci, T. (2016). Effective case/infection ratio of poliomyelitis in vaccinated
populations. Epidemiology & Infection, 144(9), 1933—1942.
https://doi.org/10.1017/S0950268816000078

Berg, G. (2018). Methods for Recovering Viruses From The Environment. CRC Press.

Bitton, G. (1975). Adsorption of viruses onto surfaces in soil and water. Water Research, 9(5),

473-484. https://doi.org/10.1016/0043-1354(75)90071-8

Biziagos, E., Passagot, J., Crance, J. M., et al. (1988). Long-term survival of hepatitis A virus
and poliovirus type 1 in mineral water. Applied and environmental
microbiology, 54(11), 2705-10.

Centers for Disease Control (CDC) (2017). Manual for the surveillance of vaccine-preventable

Diseases. https://www.cdc.gov/vaccines/pubs/surv-manual/chpt12-polio.html

32



Clarke, N. A., Stevenson, R. E., Chang, S. L., et al (1961). Removal of enteric viruses from
sewage by activated sludge treatment. American Journal of Public Health and the
Nations Health, 51(8), 1118-1129.

Dahling, D.R., Wright, B.A. (1986). Optimization of the BGM cell line culture and viral assay
procedures for monitoring viruses in the environment. Applied Environmental
Microbiology, 51(4), 790-812.

Falman, J.C., Fagnant-Sperati, C.S., Kossik, A.L., et al. (2019). Evaluation of secondary
concentration methods for poliovirus detection in wastewater. Food and
Environmental Virology, 11(1), 20-31.

Farrah, S. R., & Bitton, G. (1979). Low molecular weight substitutes for beef extract as eluents
for poliovirus adsorbed to membrane filters. Canadian Journal of Microbiology,25(9),
1045-1051.

Fattal, B., Katzenelson, E., Hostovsky, T. et al. (1977). Comparison of adsorption-elution
methods for concentration and detection of viruses in water. Water Research,11(11),
955-958. d0i:10.1016/0043-1354(77)90151-8

Ferreyra-Reyes, L., Cruz-Hervert, L. P., Troy, S. B., et al. (2017). Assessing the individual risk
of fecal poliovirus shedding among vaccinated and non-vaccinated subjects following
national health weeks in Mexico. PloS One, 12(10), ¢0185594.
https://doi.org/10.1371/journal.pone.0185594

Gerba, C. P., & Schaiberger, G. E. (1975). Effect of particulates on virus survival in seawater.

Journal - Water Pollution Control Federation, 47(1), 93—103.

33



Global Polio Eradication Initiative (GPEI) (2019). Explaining Environmental Surveillance.
World Health Organization. http://polioeradication.org/news-post/explaining-
environmental-surveillance/

Hisam A, Rahman MU, Kadir E, et al. (2014) Microbiological contamination in water filtration
plants in Islamabad. Journal of College of Physicians and Surgeons Pakistan, 24(5),
345-350.

Hoglund, C., Ashbolt, N., Stenstrom, T. A., et al. (2002). Viral persistence in source-separated
human urine. Advances in Environmental Research,6(3), 265-275.

Hovi, T., Paananen, A., Blomgvist, S., Savolainen-Kopra, et al. (2013). Characteristics of an
environmentally monitored prolonged type 2 vaccine derived poliovirus shedding
episode that stopped without intervention. PloS One, 8(7), €66849.
https://doi.org/10.1371/journal.pone.0066849

Huang, Q. S., Greening, G., Baker, M. G., et al. (2005). Persistence of oral polio vaccine virus
after its removal from the immunisation schedule in New Zealand. The Lancet,
366(9483), 394-396.

Hurst, C. J., Gerba, C. P., Cech, 1. (1980). Effects of environmental variables and soil
characteristics on virus survival in soil. Applied and environmental
microbiology, 40(6), 1067-79.

Hurst, C. J. (1988). Influence of aerobic microorganisms upon virus survival in soil. Canadian

Journal of Microbiology, 34(5), 696—699.

Khan, I.A., Arsalan, M.H., Ghazal, L., et al. (2018). Satellite based assessment of soil moisture

and associated factors for vegetation cover: a case study of Pakistan and adjoining

regions. Pakistan Journal of Botany, 50(2), 699-702.

34



LaBelle, R. L., & Gerba, C. P. (1980). Influence of estuarine sediment on virus survival under
field conditions. Applied and Environmental Microbiology, 39(4), 749-755.

Manor, Y., Blomgvist, S., Sofer, D., et al. (2007). Advanced environmental surveillance and
molecular analyses indicate separate importations rather than endemic circulation of
wild type 1 poliovirus in Gaza district in 2002. Applied and Environmental
Microbiology, 73(18), 5954-5958. https://doi.org/10.1128/AEM.02537-06

Mast, E. E., & Cochi, S. L. (2017). For the Record: A History of Polio Eradication Efforts -
Chapter 3 - 2018 Yellow Book | Travelers’ Health | CDC. From
https://wwwnc.cdc.gov/travel/yellowbook/2018/infectious-diseases-related-to-
travel/for-the-record-a-history-of-polio-eradication-efforts

Matrosovich, M., Matrosovich, T., Garten, W et al. (2006). New low-viscosity overlay medium
for viral plaque assays. Virology Journal, 63(3). https://doi.org/10.1186/1743-422X-3-
63

Melnick, J.L., Ramos-Alvarez, M., Black, et al. (1954). Poliomyelitis viruses in tissue culture.
Yale Journal of Biology and Medicine, 26(6), 465-485.

Mendez, L.I., Hermann, L.L., Hazelton, P.R., et al (2000). Journal of Virological Methods,
90(1), 59-67.

Meschke, J.S. & Sobsey, M.D. (2003). Comparative reduction of Norwalk virus,
poliovirus type 1, F+ RNA coliphage MS2 and Escherichia coli in miniature soil
columns. Water Science and Technology, 47(3), 85-90.

Michen, B., & Graule, T. (2010). Isoelectric points of viruses. Journal of Applied Microbiology,

109(2), 388-397. https://doi.org/10.1111/j.1365-2672.2010.04663

35



Minor, P. (2009). Vaccine-derived poliovirus (VDPV): Impact on poliomyelitis eradication.
Vaccine, 27(20), 2649-2652. https://doi.org/10.1016/j.vaccine.2009.02.071

Monpoeho, S., Maul, A., Mignotte-Cadiergues, B., et al. (2001). Best viral elution method
available for quantification of enteroviruses in sludge by both cell culture and reverse
transcription-PCR. Applied and Environmental Microbiology,67(6), 2484-2488.
doi:10.1128/aem.67.6.2484-2488.2001

Mullendore, J.L., Sobsey, M.D., Sheih, Y.S.C. et al. (2001). Improved method for the recovery
of hepatitis A virus from oysters. Journal of Virological Methods, 94(1-2), 25-35.

Nabeela, F., Azizullah, A., Bibi, R., et al (2014) Microbial contamination of drinking water in
Pakistan—a review. Environmental Science and Pollution Research, 21(24), 13929-
13942.

Nasser, A. M., Tchorch, Y., & Fattal, B. (1993). Comparative survival of E. coli, F-
bacteriophages, HAV and poliovirus 1 in wastewater and groundwater. Water Science
and Technology,27(3-4), 401-407. doi:10.2166/wst.1993.0381

Ndiaye, A. K., Diop, P. A. M., & Diop, O. M. (2014). Environmental surveillance of poliovirus
and non-polio enterovirus in urban sewage in Dakar, Senegal (2007-2013). The Pan
African Medical Journal, 19, 1-7. https://doi.org/10.11604/pam;j.2014.19.243.3538

Noori, N., Drake, J. M., & Rohani, P. (2017). Comparative epidemiology of poliovirus
transmission. Scientific Reports, 7(1), 17362. https://doi.org/10.1038/s41598-017-
17749-5

Pinheiro J, Bates D, DebRoy S, Sarkar D, & R Core Team (2013). nlme: Linear and Nonlinear
Mixed Effects Models. R package version 3.1-131, https://CRAN.R-

project.org/package=nlme.

36



Pirtle, E. C., & Beran, G. W. (1991). Virus survival in the environment. Revue Scientifique Et
Technique (International Office of Epizootics), 10(3), 733-748.

Poyry, T., Stenvik, M., & Hovi, T. (1988). Viruses in sewage waters during and after a

poliomyelitis outbreak and subsequent nationwide oral poliovirus vaccination campaign
in Finland. Applied and Environmental Microbiology, 54(2), 371-374.

Pollard, M., & Connolly, J. (1949). PH stability of MEFj poliomyelitis. Texas Reports on
Biology and Medicine. 7(1), 92-95.

Racaniello, V. R. (2006). One hundred years of poliovirus pathogenesis. Virology, 344(1), 9-16.
doi:10.1016/j.virol.2005.09.015

Rao, V. C., Seidel, K. M., Goyal, S. M, et al. (1984). Isolation of enteroviruses from water,
suspended solids, and sediments from Galveston Bay: survival of poliovirus and
rotavirus adsorbed to sediments. Applied and Environmental Microbiology, 48(2),
404-409.

Rasheed F, Khan A, Kazmi SU et al. (2009). Bacteriological analysis, antimicrobial
susceptibility and detection of 16S rRNA gene of Helicobacter pylori by PCR in
drinking water samples of earthquake affected areas and other parts of Pakistan.
Malaysian Journal of Microbiology 5(2), 123—-127.

Saleem, A. F., Yousafzai, M. T., Mach, O., et al. (2018). Evaluation of vaccine derived
poliovirus type 2 outbreak response options: A randomized controlled trial, Karachi,
Pakistan. Vaccine, 36(13), 1766—-1771.

Shah, M., Khan, M. K., Shakeel, S., et al. (2011). Resistance of polio to its eradication in

Pakistan. Virology Journal, 8, 457. https://doi.org/10.1186/1743-422X-8-457

37



Shmueli, G. (2010). To Explain or to Predict? Statistical Science,25(3), 289-310.
doi:10.1214/10-STS330

Skraber, S., Gassilloud, B., Schwartzbrod, L., et al (2004). Survival of infectious poliovirus-1 in
river water compared to the persistence of somatic coliphages, thermotolerant
coliforms and poliovirus-1 genome. Water Research, 38(12), 2927-2933.
doi:10.1016/j.watres.2004.03.041

Slade, J. S., E. B. Pike, R. P. Eglin, J. S., et al. (1989). The survival of human immunodeficiency
virus in water, sewage, and sea water. Water Science and Technology, 21(3), 55-59.

Sobsey, M. D., Wallis, C., & Melnick, J. L. (1975). Studies on the survival and fate of
enteroviruses in an experimental model of a municipal solid waste landfill and
leachate. Applied Microbiology. 30(4), 565-574.

Sobsey, M.D., Carrick, R.J., Jensen, H.R. et al. (1978). Improved methods for detecting enteric
viruses in oysters. Applied and Environmental Microbiology, 36(1), 121-128.

Sobsey, M. D., Dean, C. H., Knuckles, M. E., et al. (1980). Interactions and survival of enteric
viruses in soil materials. Applied and Environmental Microbiology, 40(1), 92—101.

Thomassen, Y. E., Eikenhorst, G. V., Pol, L. A., et al. (2013). Isoelectric point

determination of live polioviruses by capillary isoelectric focusing with whole column imaging
detection. Analytical Chemistry, 85(12), 6089-6094. doi:10.1021/ac400968q

Tierney, J. T., Sullivan, R., & Larkin, E. P. (1977). Persistence of poliovirus 1 in soil and on
vegetables grown in soil previously flooded with inoculated sewage sludge or
effluent. Applied and Environmental Microbiology; 33(1), 109—113.

Toole, M. J. (2016). So close: remaining challenges to eradicating polio. BMC Medicine, 14(1),

43. https://doi.org/10.1186/s12916-016-0594-6

38



Vinjé, J., Gregoricus, N., Martin, J., Gary, H. E., et al. (2004). Isolation and characterization of
circulating type 1 vaccine-derived poliovirus from sewage and stream waters in
Hispaniola. The Journal of Infectious Diseases, 189(7), 1168—1175.
https://doi.org/10.1086/382545

Vrijsen, R., Rombaut, B., & Boeye, A. (1983). pH-dependent aggregation and electrofocusing of
poliovirus. The Journal of General Virology, 64 (Pt 10), 2339-2342.
https://doi.org/10.1099/0022-1317-64-10-2339

Wait, D.A., & Sobsey, M.D. (1983). Method for recovery of enteric viruses from estuarine

sediments with chaotropic agents. Applied and Environmental Microbiology, 46(2),

379-385.

39



Appendix A: Extraction Method
Method

Multiple eluents were tested to determine the eluent which gave the best viral recovery in
sediment. Four separate eluents were examined for viral recovery and included a.) sterile Soy
milk b.) 2M NaNOs [Fisher Bioreagents; Pittsburgh, PA, USA] diluted in sterile 3% beef extract
[BD Biosciences; San Jose, CA, USA] c.) 2M Glycine [TCI American, Portland, OR, USA]
diluted in sterile 3% beef extract d.) sterile 2M Glycine diluted in 2M NacCl [Fisher Bioreagents;
Pittsburgh, PA, USA]. After it was determined that 2M NaNOj in 3% beef extract had the
highest recovery of 25.75% (Table 8). The pHs of 5.5, 7.5 and 9.5 were tested, and the highest
recovery at pH 7.5 and was subsequently used in the experiment (Table 9).

Determination of best eluent for the recovery of virus samples

The 2M NaNOs in 3% beef extract eluent had the highest recovery tested at 25.7%
recovery (Table 8). This recovery is comparable or higher than the current method used in
poliovirus environmental surveillance, which is two-phase separation, which has been shown to
have low recoveries in sewage samples averaging 5% in one study (Fattal et al 1977). Of the
three pHs tested, 5.5, 7.5 and 9.5, the 2M NaNOj eluent with pH 7.5 had the highest recovery of
19.5% compared to recovery rates of other tested pHs of 5.5 (3.8%) and 9.5 (15.2%) (Table 9).

A 2M NaNOs in 3% beef extract eluent at pH 7.5 was then used in the experiments.
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Table 8: Eluents tested on sediment recovery

Eluent Recovery

percentage

NaNOs3 + 3% beef extract | 25.75%

Glycine + 3% beef extract | 23.91%

Glycine + NaCl 2.45%

Soy Milk 13.28%

Table 9: pHs tested for NaNO3 + 3% beef extract sediment recovery

pH NaNOs Recovery percentage
5.5 3.77%

7.5 19.53%

9.5 15.20%

For the determination of best eluent for virus recovery, it was determined that a sodium
nitrate with 3% beef extract eluent at pH 7.5 had the highest recovery tested, which is seen in
other PV recovery methods from sediment (Wait and Sobsey 1983). In addition, PV recovery
methods have been shown to have consistent recovery with beef extract-containing eluents
(Monpoeho et al. 2001). It has been the hypothesis that is due to the inclusion of aromatic amino
acid content in beef extract and the neutral pH isoelectric point of poliovirus ¢(Farrah and Bitton
1979, Thomassen et al 2013). The method used in this study is comparable to two-phase
recovery, which is the approved method of the WHO for poliovirus environmental surveillance
(GPEI 2019). Two-phase recovery in waste-impacted water samples has had low recoveries

averaging at 5% (Fattal et al 1977).
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Appendix B: Supplementary Data

Recovery & Compartmentalization in the experiment
Compartmentalization of poliovirus in the MM is valuable to know when determining the
persistence in the wastewater portion of the MM when comparing it to persistence in the
wastewater of the WWO. Compartmentalization was determined using average recoveries for
each separate run of PV2 and PV3. Average recovery for each run was determined using the

formula below

Experimental PV PFU — Stock PV PFU
% Recovery = Stock PV PFU x 100

Average recoveries for PV2 and PV3 for each run are displayed in Table 10. Using the
average recoveries, compartmentalization was determined by dividing the sediment portion by
the sediment average recovery and the liquid portion by the average WWO recovery and then
dividing the MM liquid PFU by the total PFU sum in the microcosm. The average
compartmentalization of PV2 in liquid was 30.4 + 6.3%, and the average compartmentalization
of PV3 in liquid was 3.66 + 1.9%.

Table 10: Average recoveries for the first run of PV2 and PV3

Average Recovery in % recovered
PV2 PV3
MM: MM: WWO: MM: MM: WWO:
Sediment Wastewater | Wastewater | Sediment Wastewater | Wastewater
22.8+4.2 1.4+0.2 48+0.8 20.8 £ 3.8 0.5+£0.09 126+1.3
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Second Run

A second run of the experiment was conducted as described previously. Results from the
second run were not included in the analysis due interpretation inaccuracies from truncation of
the time points. Figures showing results from the second run are shown below in Figures 7-12.
General patterns of decrease in PFU over time are similar to what is seen in the original
experimental runs of PV2 and PV3 in that die off is slower at 4 °C, and in the sediment portions
of the MM microcosm.

Figure 7: Run 2 of PV2 at 4°C
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.
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Figure 8: Run 2 of PV2 at RT
Run #2: RT PV2
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.

Figure 9: Run 2 of PV2 at 30°C
Run #2: 30°C PV2
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.
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Figure 10: Run 2 of PV3 at 4°C
Run # 2: 4°C PV3
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.

Figure 11: Run 2 of PV3 at RT
Run # 2: RT PV3
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.
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Figure 12: Run 2 of PV3 at 30°C
Run # 2: 30°C PV3
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Dashed lines are 95% confidence intervals based on multiple wells plated during plaque assay.

Composition of the Biosolids

Composition of the biosolids was received from West Point Treatment plant and is seen in Table

11 below. Composition includes metals, pH, % Solids TS and % Solids VS.
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Table 11: Composition of

biosolids

WEST POINT BIOSOLIDS

COMPOSITION
Ag As Ba Be Cd Cr Cu Hg K Mg Mn
mg/kg mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg
3.2 4.63 160 | 0.12 1.8 | 29.4| 373| 068 | 1180 | 6010| 578
Mo Ni Pb Se Zn NH3 TKN TP BOD  pH
mg/kg mg/kg | mg/kg | mg/kg | mg/kg | mg/l | mg/l | mg/l | mg/l |su
7.8 204 | 57.8 6.2 | 787 | 2490 | 18293 | 4793 | 23225 | 8.91
%
% Solids ~ Solids
7S VS
26.8 | 69.87

47




