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ABSTRACT

Human enteric viruses have been used as alternative indicators for water quality
monitoring since the current used bacterial indicators do not always corresponded with true
health risk. Effective laboratory methods for viral detection and concentration are essential
since these human enteric pathogens exist in an extremely low number in environmental
water. Our laboratory has recently established a molecular technique, i.e. PCR, for
effective concentration and sensitive detection of these viruses. However, this method has
limitations for differentiating between infectious and non-infectious viruses. Therefore,
this study is aimed to establish optimized laboratory conditions for concentration and
recovery of infectious viruses from environmental waters. For effective recovery of
concentrated infectious viruses from negatively charged filter membranes, three different
elution buffers: NaOH, KH,PO4 and beef extract (BE) solution were compared. And for
viral isolation and infectivity from shellfish tissues, PEG precipitation method and
ultracentrifugation method were compared by using Poliovirus type 1 as a viral model.
Viral infectivity was conducted through plaque formation assay and demonstrated that 3%
BE in 50 mM glycine is the most effective buffer for virus recovery (>90%). And over 77%
of infectious viruses were recovered from shellfish tissue homogenates through PEG 6000
precipitation.

The established viral plaque assay was also used to determine the stability of spiked



Poliovirus 1 under various experimental conditions including seawater, fresh water, PBS,
50% raw sewage, 50% sewage effluent, 100% raw sewage, 100% sewage effluent and also
in the indigenous bivalve mollusk tissue. It showed that Poliovirus 1 is less stable in sea
water than the other aquatic environments. Viral survival curves revealed no significant
difference in the stability of infectious Poliovirus 1 between raw sewage and sewage
effluent. However, they illustrated that Poliovirus 1 is more stable in 100% raw
sewage/sewage effluent than it in 50% raw sewage/sewage effluent.

Additionally, the indigenous shellfish (isognomon spp.) was observed to have an
accumulation function for infectious Poliovirus 1 in their tissue and could retain the virus
for a longer time than in the surrounding water which enhanced the use of shellfish as a
natural bio-indicator for environmental water quality monitoring.

This study has established optimized laboratory conditions for the concentration and
recovery of infectious enteric virus and the determination of viral stability in different
environments. This provides the essential information for the facilitation of current tests
using enteric viruses and shellfish as indicators for aquatic environmental monitoring and

for assessing contamination-associated health risks.
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Chapter 1

Introduction
1. Background
1.1 Recreational waters contamination and pathogens
Water-borne disease has been reported to relate with recreational water activities since the
1950s (Priiss 1998, Sinclair et al., 2009). There are around 3.5 million people infected by
waterborne disease every year due to swimming in contaminated water reported by the
United States Environmental Protection Agency (U.S.EPA) (Stoner and Merkel, 2004). As
known, there are many different sources resulting in pathogens in recreational water.
Besides water runoff and swimmers, the major source is insufficiently treated sewage or
sewage overflows discharged by the sewage treatment plants which could contribute to a
high risk of contamination in recreational water (U.S.EPA, 2006).
Most of the sewage collection pipes in U.S. are between 50 to 100 years old which convey
over 50 trillion gallons of the raw sewage every day (Stoner and Merkel, 2004). Although
there are explicit laws regulating the sewage treatment process, these aging pipes may
release untreated raw sewage directly into the environment. In addition, population growth
and climate changes also put great pressure to the sewage transportation and treatment
systems, which may lead to the sewer overflow as a public risk. For example, sewage
overflow, or broken sewer pipes was reported as the source of contamination for 74

closing/advisory days — 61% of the year’s total at Michigan’s beaches in 2002 (Stoner



and Merkel, 2004).

As one of the major pathogens, viruses living in the environmental water were first
isolated from water in 1930s. With technique development, more and more pathogenic
viruses have been discovered and confirmed to be associated with water contamination.
Reports of viral contamination outbreaks in recreational water were increased in the past
several years which may be due to the improvement on the detection methods and
increasing concerns of Centers for Disease Control and Prevention (CDC). However, a
recent article demonstrated that the number of the viral outbreaks actually increased over
the past years (Sinclair et al., 2009).

Viruses in the environmental water could directly come from the raw sewage such as
sewage overflow, leakage and broken sewer pipes. Besides, the discharge of the
incompletely treated sewage would be another important source for the virus
contamination. For instance, as a commonly used method to purify wastewater,
chlorination would not always work well to eliminate viruses. Moreover, ultraviolet light
(UV) was reported to be less effective to disinfect viruses when there are various solids in
the sewage water (Stoner and Merkel, 2004). It is well known that human enteric viruses in
the environmental water could cause many different diseases, most of which may result in
the enteric infections, e.g. gastroenteritis. (Fong and Lipp, 2005; Stone et al., 2004). Table

1 shows the most common enteric viral pathogens in the environmental water and related



diseases (Fong and Lipp, 2005; U.S.EPA, 2006).



Table 1. Diseases and symptoms caused by human enteric viruses.

Pathogens Disease Effects
Adenovirus Respiratory disease, Eye infectious, diarrhea
gastroenteritis and
conjunctivitis
Astrovirus Gastroenteritis Diarrhea, fever and vomiting
Calicivirus Gastroenteritis Vomiting, diarrhea
Coxsackievirus Coxsackievirus infections Fever, Hand, foot and mouth
disease and herpangina
Echovirus Respiratory disease Sore throat and cough
Hepatitis A and E Infectious hepatitis Fever, jaundice and abdominal
pain
Norwalk virus Gastroenteritis Diarrhea
Poliovirus Poliomyelitis Flu-like symptoms and
paralysis
Reovirus Respiratory disease, Diarrhea, vomiting
gastroenteritis
Rotavirus Gastroenteritis Diarrhea, vomiting




1.2 Water-borne disease occurrence and epidemiology

Water-borne disease increased constantly in the past decades (Bosch, 1998; Stone et al.,
2004; Sinclair et al., 2009). In 1990, Cheung et al. reported that more than 400,000 cases of
the water-borne disease resulted from the contaminated beach water in Hong Kong. In a
cohort study conducted by Fleisher et al. in 1998, it was shown that an exposure to the
marine water contamination for three years might result in 34.5% of gastroenteritis cases
and 65.8% of ear infections cases nationwide. In 2002, CDC built a surveillance system to
monitor water-borne diseases nationally showing that the sewage contamination led to
more than seven million cases of mild infection and more than half million serious
infections every year (Reichard et al., 1994). Studies on water-borne disease also
illustrated that outbreaks of water-borne gastrointestinal disease related to the recreational
water increased consistently from 1989 to 2002, within which the contribution of the viral
gastroenteritis went up from 11% to 44% (Sinclair et al., 2009).

The water-borne diseases also have a great impact on economics (Okoh et al., 2010, Stoner
and Merkel, 2004). With more and more Americans travelling to the coastal areas, the
trend of the recreational activities such as beach visits, swimming, snorkeling, scuba diving
and jet skiing, grew from 6% in 1995 to 183% in 2001. The EPA estimates that 28.3 million
jobs involving 54 billion dollars are provided by tourism related to the coastal areas every

year (Stoner and Merkel, 2004). However, with the increase of recreational water



contaminations, many beaches have to be closed for the etiological investigation. A report
showed that over 25,000 beaches were closed due to pollution in 2006 across the country
(Christy, 2007) which brought a direct negative impact on the coastal area economy and
productivity as well (Stoner and Merkel, 2004; U.S.EPA, 1999). The latest research
illustrated that there are several reasons for the increasing outbreaks caused by swimming
in the contaminated water as following:

First of all, the population growth brings much pressure on the sewage treatment system,
which might lead to an overuse and breakdown of the system. Also, the extreme
environmental condition caused by the climate change such as storms, landslides, and
typhoons might bring a very high risk of the sewage overflow. It was illustrated that
pathogens could be detected from the samples collected from the beach water in Southern
California, especially in the rainy seasons (Tsai et al., 1993).

Furthermore, due to the lack of regular recreational water quality monitoring programs at
both states and local levels in the U. S., reports of outbreaks might be hidden to the
government and the risk of disease might be underestimated (U.S.EPA, 1999). A report of
Washington State in 2000 showed that only 6 counties in Washington State had routine
monitoring programs for the public beaches while 16 counties rarely monitored the public
beach.

In addition, with a better understanding of water-borne disease, epidemiologists have a



clearer idea about the potential experimental bias which might influence the results (Pruss,
1998; Sinclair et al., 2009; U.S.EPA, 1999).

In related epidemiological studies, problems such as length of follow-up, water quality
definition, health outcome definition, local condition and tests for internal consistency of
results, might need to be overcome. The three major designs of the epidemiological study
have been used to investigate water-borne disease outbreaks, whereas the three designs
have their own limitations. For instance, loss of follow-up would be a big problem for the
prospective studies, while it might be hard to evaluate the water quality at the specific
exposure time when conducting the retrospective cohort studies. And the ethical problem
is always unavoidable in randomized control trails (Pruss, 1998).

Due to the specificity of the short contacting time and long incubation periods for the
water-borne diseases, people may not always correlate their disease to contaminated water
(Craun et al., 2005). In some cases, diseases could not be recognized until a secondly
person-to-person infection appears (Bosch, 1998). Furthermore, the pathogens in water
may result in varying symptoms including different severity levels of infections, which
mainly depend on characteristics of the subjects such as age, immune system and route of
the infection (Bosch, 1998). Based on the previous studies, it is concluded that outbreaks of
water-borne disease were very hard to investigate and monitor due to their diversification

from epidemiological thinking.



1.3 Currently used indicators for water quality monitoring

The U.S. EPA has established related criteria to monitor recreational water quality since
1976 (U.S.EPA, 1999) and provided grants to states and local level’s pollution control
agencies to establish monitoring programs. Since screening for every possible pathogen of
concern is unachievable, indicators of human fecal pollution are adopted to monitor water
quality. An ideal indicator should be absent in the unpolluted environment, should not
multiply when leaving host, should be easily detected by simple laboratory tools and is
normally not considered pathogen itself. However, at the present time no indicators in
common use meet all these criteria. (Bosch, 1998; Sloat and Ziel, 1992).

In 1976, EPA recommended to use fecal coliforms as the indicator organism. Escherichia
coli (E. coli) and enterococci were determined as the indicators in the new guidelines
published in 1986 which is still used today. These fecal indicator bacteria (FIB) have been
widely used for over 30 years in the U.S. since the established detection method is
inexpensive and widely available and FIB could detect potential pathogens under similar
environmental conditions (U.S.EPA, 2006). However, there are some limitations
associated with FIB which need to be emphasized. Firstly, bacteria indicators fail to
distinguish human and animal pathogens which might lead to an overestimate of the illness
risk (U.S.EPA 1999). Secondly, bacteria may multiply in water environment without hosts.

Another major inadequacy of bacteria indicators is that they are not always consistent with



the viral contamination in waters (Bosch, 1998; Fleisher et al., 1998; Fong and Lipp, 2005;
Griffin et al., 2003; Pruss, 1998; Sair et al., 2002; Sinclair et al., 2009). There are many
epidemiological studies showing that viral related outbreaks may occur when bacterial
indicators are absent, which highlights the necessity of establishing an appropriate
monitoring indicator for the viral contamination in environmental waters (Bosch 1998;
Okoh et al., 2010; Sinclair et al., 2009).

1.4 Alternative indicators for viral pathogens

As described previously, bacterial indicators are not always reliable for viral contamination
detection in the recreational water. Therefore, alternative indicators for viral pathogens in
water need to be established. Human enteric viruses including adenoviruses, astroviruses,
rotaviruses and enterovirus are the major pathogens in virus associated contaminations in
recreational water and are suggested as the potential alternative indicators conjunct with
FIB to monitor water quality (Fong and Lipp, 2005; Mcneil et al., 1999). It was reported
that enterovirus has already been used as a regular indicator for water monitoring in the
European Union countries (Lucena et al., 1986; Puig et al., 1994).Compared to bacteria,
human enteric viruses have several specific characteristics as noted below:

The first is that the dose of human enteric viruses for causing disease is much lower than
that of the bacteria, in some cases, only one viral unit could have caused infection in human.

The dose for 1% chance infection by exposure to 1 poliovirus is 32% to 67%, while only 3%



for rotavirus (Bosch, 1998; Fong and Lipp, 2005). A risk assessment conducted in 1993
showed that the illness risk was much less for bacteria than viruses when the same number
of pathogens is exposed (Haas et al., 1993).

Secondly, human enteric viruses are more stable and persistent than bacteria in the
environment waters and sewage. It is known that enteric viruses could survival in many
extreme situations such as pH value ranging from 3 to 10 and low temperature (Griffin et
al., 2003). As described previously, due to their small size, viruses may escape from some
wastewater treatment processes such as sedimentation, activated carbon treatment and
oxidation ponds (Okoh et al., 2010). It was also shown that the stable DNA or RNA
structures of virus could allow them to survive from UV treatment (Gerba et al., 2002). As
a conclusion, bacterial indicators degrade faster than viruses in both the environmental
water and sewage treatment processes (Bordalo et al., 2002; Solic and Krstulovic , 1992).
Furthermore, unlikely bacteria, human enteric viruses target solely on humans and are not
able to multiply in the environment once they leave the host which allow them to be good
indicators (Fong and Lipp, 2005).

Last but not least, human enteric viruses may cause serious disease. In addition to
gastroenteritis and diarrhea, enteric viruses could cause serious diseases related with other
systems of human which are shown in Table 1. In addition, virus related diseases generally

have longer incubation period than bacteria-associated disease which make them hard to
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be determined (Sair et al., 2002). Although human enteric viruses do not meet all the
criteria for an ideal indicator, they have shown a great potentiality to act as indicators for
monitoring water quality related to the viral contamination.

1.5 Human enteric virus used in this study

In this study, poliovirus type 1 was used as a viral model for all the experiments. Poliovirus
belongs to the family Picornaviridae and the genus of enterovirus, which is a
single-stranded RNA virus with 30 nanometres in diameter (John et al., 2005). Poliovirus 1
transmits by fecal-oral route and sometimes may be directly infected by skin contacting.
The clinical symptoms of poliovirus infection are not only limited to gastroenteritis, but
depend on which organs it infects (Destombes et al., 1997). It is known that Poliovirus
firstly attaches and replicates in the gastrointestinal system and once it travels to other
organs by blood, it may cause serious diseases such as poliomyelitis (Racaniello, 2006).
Although the vaccination of poliovirus has virtually protected people in the U.S., the
poliomyelitis is still a serious problem in some developing countries (Cliver, 1997). In the
past years, Poliovirus 1 was used as a viral model for virological research due to its
wide-existing in human sewage, easily detecting method and available culture cells (Pina
et al., 1998; Sair et al., 2002). Therefore, Poliovirus 1 is chosen as viral model in this

study.
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1.6 Virus detection methods

As a molecular method to detect the target DNA by producing multiple copies, the
polymerase chain reaction (PCR) has been used for viral detection since 1980s (Griffin et
al., 2003; Toze, 1999). PCR has been widely adopted as the viral detecting method due to
its less time consuming and easy operation (Chung et al., 1996; Hafliger et al., 1997). In
addition, PCR is able to target to specific DNA if appropriate primers are used, thus, most
of the human enteric viruses can be detected by PCR (Griffin et al., 2003; Toze, 1999).
Moreover, PCR is highly sensitive in that only 0.1 PFU of virus could be detected (Griffi et
al., 2003). Although PCR detection method offers a very useful and fast way for virus
detection from environmental waters, it has some disadvantages that may limit its
application.

First of all, the polymerase enzyme used in PCR process is sometimes susceptible to other
components in water such as human compounds, which might inhibit the PCR process and
finally causes a false-negative result (Toze, 1999). Secondly, various contaminations of
samples and reagents might cause false-positive results due to the high-sensitivity of PCR
(Fong and Lipp, 2005; Toze, 1999).

Last but not least, PCR is not capable to distinguish whether the target virus is infectious or
not. It was shown that DNA might keep stable in the cover of a dead virus, even be naked

outside the viral particle and directly presents in the water (Toze, 1999). Therefore, there
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may have a great possibility that PCR only detects RNA/DNA fragments but not infectious
viral particles in the sample (Toze, 1999). This drawback may lead to an overestimate of
the result because only infectious virus has pathogenicity and may cause diseases of
humans. Therefore, in order to evaluate the true health risk associated with recreational
water contamination, this study is aimed to develop an effective concentration and
recovery method for infectious virus from environmental waters.

At present, the cell culture is the most recognized laboratorial method to evaluate
infectious virus (Griffin et al., 2003). Although studies showed that the results of PCR
assay is sometimes consistent with cell culture detection methods (Limsawat and Ohgaki,
1997), it is still proven that PCR may give positive results even if virus become inactive
and undetectable by cell culture methods (Leveque et al., 1995). Cell culture was the most
widely used method for virus detection before the development of PCR, and is still the best
method to evaluate infectious virus from environmental water (Fong and Lipp, 2005).
Although the disadvantages of the cell culture are certain, for instance, it needs more labor
and consuming time than those of PCR technique (Griffin et al., 2003) and is unable to
provide available cell lines for all the virus (Pommepuy and Guyader, 1998), there are no
alternative methods to determine infectious viruses in environmental samples at present
(Griffin et al., 2003). Based on the above discussion, therefore, cell culture method was

employed to detect and evaluate the infectious viruses in this study.
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1.7 Shellfish as a natural bio-indicator for water quality monitoring

Bivalve mollusks are animals with two shell valves which are hinged together at one end
(Gerba et al., 1978). They are filter-feeding animals that are able to filter up to 1500 L of
water every day (Gerba et al., 1978; Winn, 1999). It is shown that when the bivalve
mollusks are presenting in polluted water, they can accumulate pathogens via filtering and
keep them in the digestive system for a long time. Therefore, shellfish are considered as a
vehicle of human enteric viruses (Comelli et al., 2008; Gerba et al., 1978; Lewis et al.,
1988).

Some studies demonstrated that the viral occurrence in water could not reflect its true
presence in the shellfish growing in the water (Sair et al., 2002; Uhrbrand et al., 2010). It is
reported that enteric viruses may present at a much higher level in shellfish than
surrounding water (Bosch, 1998), and are still detectable in shellfish tissue for 8 days after
disappearing in environmental water (Asahina, 2009). It has been shown that shellfish can
concentrate up to 100-fold of virus when comparing with surrounding water (Enriquez and
Gerba, 1992) which provide a more sensitive method for infectious viral detection than
directly processing the waters. This study is aimed to establish an effective viral extraction
and concentration method from shellfish tissue in order to use it as a natural bio-indicator

to assess water contamination.
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2. Significance

The establishment of rapid and efficient laboratory methods for infectious viral
concentration and recovery from environmental water and shellfish was designed to lay a
solid base for monitoring infectious virus in recreational water, and support the notion of
using human enteric virus as a potential indicator to monitor and assess recreational water
quality in the future.

It is noted that although the current recreational water quality criteria which rely solely on
the FIB is not always reliable for monitoring infectious viral contamination outbreaks, it
is the only monitoring system so far that is based on epidemiological studies for
waterborne disease prediction. The finding of our study as an alternative monitoring
indicator is considered as complementary and supportive of current system, which
provides the initiation step for infectious viral monitoring in recreational waters. The
development and utilization of this study which helps to establish an alternative water
quality monitoring system for infectious viral detection may provide a better understanding
of the prevalence of fecal contamination in the recreational water not only in Hawaii, but

worldwide.
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Specific aims

Establishment of optimized laboratory conditions for efficient concentration and
elution of infectious Poliovirus 1 from the environmental water.

Establishment of optimized laboratory methods for effective extraction and recovery of
infectious Poliovirus 1 from tissue of shellfish collected in Hawaii water.

Evaluation of stability of Poliovirus 1 in different liquid environmental conditions.
Evaluation of the bioaccumulation function of Poliovirus 1 in shellfish tissue under

laboratory conditions.
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Chapter 2

Establishment of optimized laboratory conditions for efficient
concentration and elution of infectious poliovirus 1 from environmental
waters

1. Introduction

Human enteric viruses have been proposed as alternative indicators for water quality
monitoring. However, due to their extremely low number presenting in the environmental
water, the development of an effective concentration and sensitive detection method is
urgently needed.

There are a variety of methods for viral concentration from water which can be generally
classified into three major categories by rationale: Adsorption-elution method,
precipitation method and ultracentrifugation method (Bosh, 1998). Among these methods,
adsorption-elution is widely applied to detect the viral contamination and was adopted as a
standard assay for the drinking water monitoring by U.S. EPA in 1996 due to its high
recovery rate and convenient process.

The adsorption-elution method is designed as a filtration system with filter membranes and
elution buffers which are applied to adsorb and elute the viral particles, respectively.
Katayama et al. in 2002 developed a viral concentration and elution method which is
passing spiked sea water through a type-HA negatively charged membrane and eluting the
viruses with | mM NaOH. Based on his study, the cations such as Mg”" and AI* in the
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seawater would bind the virus to the negatively charged membranes due to electrostatic
interaction. After an acid rinse step, the viral net charge would convert to positive which
permit the virus to attach to the membrane directly. Once the alkaline elution buffer is
applied, the virus would convert to net negative charged and be eluted out from the
membranes (Patricia et al., 1983).

This method has been shown to be a very effective way to concentrate viruses from large
volume of water by PCR. However, as described previously, PCR could not differentiate
between infectious and non-infectious viruses, and few studies have been done focusing on
concentrating infectious viruses from the water (Haramoto et al., 2009). Therefore, this
study is designed to establish optimal laboratory conditions by evaluating different elution
buffers and protocols currently in use for infectious viral concentration and elution to
maximize recovery of infectious viruses from environmental water samples.

2. Materials and methods

2.1 Comparison of different water sample elution processes.

2.1a Poliovirus 1 spiked, type-HA membrane filtration and acid rinse

To establish an efficient method to concentrate infectious viruses from sea water, 1 ml
poliovirus 1 stock with a viral titer of 1.1 x 10° FPU/ml was spiked into 1 liter pure
seawater (from Waikiki aquarium, Honolulu) to obtain a concentration of 1.1 x 10° FPU/ml.

Sea water was then concentrated by a filtration system modified based on Katayama et al.’s
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study in 2002, which was composed with 2 L-volume filtration funnels, the manifold, the
negative charged type-HA filter membranes (Millipore Corporation, MA) with 0.45 um
pore size and 47 mm in diameter and the vacuum pump. The seawater was pumped through
the type-HA membrane after adding MgCl, with a final concentration of 25 mM. The
membranes were then rinsed with 200 ml 0.5 mM H,SO4 (pH 3.0) to remove cations.

2.1b Filtration-elution from membrane

The membranes were removed together with filtration units and transferred upon same
sized sterile flasks. 5 ml of the elution buffer was added into the filtration funnel and
contacted with the membranes for 5 minutes. After filtering through the membranes by
pumping, the eluant was collected into the flasks and then transferred to 15 ml
centrifugation tubes. Three selected elution buffers: 1 mM NaOH (pH 10.8), 3% Beef
Extract in 0.05 M glycine (pH 9.5) and 0.05 M KH,PO4, 1 M NaCl (pH 9.2) were
compared to define the optimal effective procedure for recovery of infectious virus. For
elution buffer NaOH, 1 ml 10X TE buffer (pH 8.0) and 50 ul 100 mM H,SO4 (pH 1.0) were
prior added into the flasks to neutralize NaOH.

2.1c Elution through membrane shaking

After the acid rinse, the membranes were removed from the filtration system, and cut into
three equal pieces with sterile scissors, then transferred to three 15 ml centrifuge tubes

containing three different elution buffers respectively. The 15 ml centrifuge tubes were
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then shook on a vortex adapter combined with an analog vortex mixer (VWR, CAT No.
588160121, U.S.A) at speed = 6 for 30 minutes at 4°C. The eluant was then centrifuged at
3000 rpm for 5 min and supernatant was collected and stored at -80°C until use.

2.2 Comparison of different elution buffers and concentrations

Three membranes were processed at the same time in order to compare different
concentrations of three elution buffers. After the acid rinse, the membranes were cut into
nine identical pieces and applied with different concentrations of the elution buffers: 1 mM,
5 mM, 7 mM of NaOH, 1%, 3%, 5% of Beef Extract, and 1 mM, 5 mM, 10 mM KH,PO,,
respectively.

2.3 Optimization of method through membrane shaking

The optimal condition was also determined by comparing different shaking time periods
(10min, 20min, 30min, 60min, 90min and 120min). After filtering through spiked sea
water and the acid rinse, the membrane was transferred into a 15 ml centrifugation tube
containing 5 ml of the optimal elution buffer and shook on a vortex mixer at speed 6. 0.5 ml
of the eluant was collected from the centrifugation tube at each selected time point: 10 min,
20 min, 30 min, 60 min, 90 min and 120 min. The eluant was then centrifuged at 3000 rpm
for 5 min and supernatant was collected and stored at -80°C until use.

2.4 Cell culture-based infectivity assay-plaque assay

2.4a Cell culture and passage
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All operations were conducted inside a cell-culture hood (Steril GARD III Advance®, The
Baker Company, Sandford, ME). Green Africa monkey kidney Vero cells (ATCC,
Manassas, VA, Cat, No. CCL-81TM) were used for all experiments. Cells were cultured
with MEM medium (Minimum Essential Medium Eagle, Manassas, VA 20109), 10%
heat-inactivated FBS (fetal bovine serum, HyClone, UT) and 1% PS solution (100U/ml
penicillin, 100U/ml streptomycin sulfate) in T-75 ¢m” cultural flasks (Greiner Bio-One,
Germany) in a humidified 5.0% CO; incubator at 37°C.

Vero cells were passed every 3-4 days by trypsinizing with 5 ml of trypsin-versine solution
[10 ml 10X Trypsin (Sigma-Aldrich, St. Louis, MO), 0.2 g EDTP (Sigma-Aldrich, MO),
0.01 g phenol red (Sigma-Aldrich, MO), 0.2 g KCL (Sigma-Aldrich, MO), 1.15 g
Na,HPO4 (Sigma-Aldrich, MO), and 1 L ddH,0O], after incubating for 3 minutes, the cell
monolayer was detached from the flask, the sides of the flask were tapped to remove any
remaining adherent cells. Then cell suspension was removed from the flask to a 15 ml
centrifuge tube followed by centrifuging at 1,000 rpm for 5 minutes. The supernatant was
discarded and pellet was resuspended in 3.5 ml MEM medium. 0.5 ml of the cell
suspensions was placed back into the flask again and MEM medium was added to a final
volume of 10 ml. The flask was placed back into the incubator at 37°C with 5.0% CO,. The
pH value of medium in flasks was adjusted by HEPES buffer (Mediatech, VA) or 7.5%

(w/v) NaHCO; (Mediatech, VA).
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2.4b Viral isolates

Poliovirus 1 was originally obtained from Dr. Philip C. Loh (University of Hawaii, Manoa).
Poliovirus 1 was propagated in Vero cells in this study. All the experimental tests involving
the use of viruses were performed in a cell culture hood (Labconco Purifier Class II
Biosafety Cabinet Delta Series, Labconco, MO) equipped with a UV sterilization lamp.
2.4c Viruses propagation

Vero cells were passed as previously described, after cell monolayer has formed, medium
was removed from the flasks within 24 hours. 1 ml of 10° to 10* FPU/ml Poliovirus stock
was immediately added into the flask. The flask was then incubated at 37°C for 1 hour with
gently rocking side-to-side every fifteen minutes. The inoculum was then removed, instead,
10 ml of MEM medium with 2% FBS was added into the flask. Then the flask was
incubated for 24 hours at 37°C to allow poliovirus infecting Vero cells. When 90% of the
cell appeared cytopathic effects (CPE), the flask was immediately transferred into -80°C
refrigerator and stored until the medium was frozen. The flask was then thawed at room
temperature. After the medium was completely thawed, the flask was placed into -80°C
refrigerator again. The freezing-thawing process was repeated three times to release
viruses from the cells. The content was transferred to a 15 ml centrifuge tube and
centrifuged at 3,000 rpm for 5 minutes. The supernatant was finally collected and aliquoted

at 0.5 ml/tube in 1.5 ml centrifugation tubes. All the viral aliquots were stored in -80°C
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refrigerator, and the titer of viral aliquots was determined by plaque assay.

2.4d Samples pretreatment

All samples were pretreated with Antibiotic Incubation Medium (2 mM P/S/G, 25ug/ml
Amp B, and 500ug/ml Gentamicin, with 1x MEM medium) (AIM) at ratio of 1:2 and
incubated at 4°C for 2-4 hours before applying plaque assay.

2.4e Cell plating

The cells were passed as previously described, and the cell suspension was counted on a
hemacytometer (Hausser Scientific, PA) then seeded into a 6-well plate at 3 x 10° cells/well.
The plate was then incubated at 37°C for 24 hours until a 90% cell monolayer was
formatted.

2.4f Viral serial dilutions preparation

Before infection, 10-fold dilutions of Poliovirus were prepared in FBS-free MEM from
107" to 10, Basically, 100 ul of viral sample was mixed with 900 ul of FBS-free MEM.
Each serial dilution was made by mixing 100 ul of the previous dilution with 900 ul of
FBS-free MEM.

2.4g Virus infection

The medium in 6-well plate was aspirated, and serial viral dilutions were added into wells
at 200 ul/well. (Figure 1). One of the wells in each plate was considered as the negative

control by adding 100 ul of FBS-free MEM only. The plate was then incubated at 37°C for
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1-2 hours for viral adsorption to the cells. Within this time period, the plate was gently
rocked from side to side every fifteen minutes. After virus absorption period, the viral
dilutions were removed from the wells, 2 ml of the Agar (Sparks, MD21151, U.S.A. Cat.
No. 0140-01) and MEM with 2% FBS mixture were added to each well. The plate was
incubated for 24 hours to allow cytopathic effect (CPE) to appear. Until CPE was observed,
crystal violet staining solution [6.0g crystal violet (Sigma-Aldrich, St. Louis, Mo, Cat. No.
C-3886), 400 ml formaldehyde 37% w/w (Sigma-Aldrich, St. Louis, Mo, Cat. No.
252549-4L) and 600 ml ddH,0)] was added to each well and the plate was stained at room
temperature for 24 hours.

2.4h Viral recovery yield calculation

Plaques were counted visually and used to calculate the virus titer. Virus Titer (PFU/ml) =
[# plaques counted X dilution factor] / amount of virus dilution used.

2.4i Samples process

All the samples were evaluated by plaque assays to determine the viral titer. 12-well plates
were used for water samples infectivity assay and for each dilution, 3 wells were repeated.
2.5 Data analysis

By using SPSS software, one-way ANOVA was performed to all the data of plaque assays,

with a p-value equals 0.05.
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Figure 1. Plating scheme for plaque assay.
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3. Results

3.1 Evaluation of Poliovirus 1 stock titer

In this study, the Poliovirus type 1 isolated from the human species was used as viral stock.
The titer of the Poliovirus stock was experimentally determined by plaque assay. Figure 2
shows the poliovirus-induced Vero cells in the 6-well plate indicating a linear correlation
between the virus dilution and the viral plaque production.

3.2 Vero cells infection by Poliovirus 1

Figure 3 displays the result of the infected Vero cells after 24 hours incubation in a
humidified 5.0% CO, incubator at 37°C. Obviously, Vero cells have appeared CPE after 24

hours incubation which indicates that Vero cells are susceptible by Poliovirus Type 1.
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Figure 2. Poliovirus stock titer performed in 6-well plate of Vero cells.
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Figure 3. Vero cells pre- and post-infection with Poliovirus 1. 1: Vero cells before infection
2: Vero cells 24 hours after infection

32



3.3 Comparison of two viral elution methods and three elution buffers

Table 2 and Figure 4 illustrate the comparison of the recovery rate under the
filtration-elution and shaking elution methods with three different elution buffers. It is
found that all the three elution buffers have a similar recovery rate around 26% where p =
0.921 indicating no significant difference among three elution buffers by using the
filtration-elution method. In comparison, the recovery rate prominently increases to
91.07+8.92% by applying the shaking method with beef extract. Table 2 also shows that no
more than 28% of infectious viruses are recovered by NaOH, which indicates that NaOH
may not perform a good function for the viral elution for both filtration-elution and shaking
method. There is no CPE observed in Figure 4 when KH,PO,4 was applied in the shaking
elution method which demonstrates that KH,PO4 might not be effective for the infectious
viral elution under such condition.

3.4 Laboratory conditions optimization for shaking elution method

3.4a Comparison of different concentrations of elution buffers

Table 3 and Figure 5 show the comparison of different concentrations of each elution
buffer under shaking elution condition. It is found that 1 mM NaOH could yield a higher
recovery rate (15.69+0.92%) than that of other concentrations of NaOH (p < 0.001).
However, the recovery rates for all the concentrations of NaOH are below 20% which

indicates that only less than 20% of infectious Poliovirus 1 is recovered from the sea water
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by NaOH. At the meantime, Figure 5 illustrates that the recovery rate of 3% Beef Extract is
91.08+8.92%, which is much better than that of 1% Beef Extract (p = 0.001), but not
significant difference with 5% Beef Extract (p = 0.721). Combining the results under
elution buffers of NaOH and KH,PO, at different concentrations, it reaches a conclusion
that 3% Beef Extract is considered as the most effective elution buffer for eluting
Poliovirus 1 from the sea water.

3.4b Comparison of different shaking time periods

Table 4 and Figure 6 display the recovery rate of different shaking time periods by using
the shaking elution method. Although there is no significant difference among the
recovery rates of shaking time period from 20 minutes to 90 minutes (p = 0.543), an
overall p-value of 0.048 indicated that they are significantly higher than the other time
periods. It is found that the recovery rate is 90+8.4% for 30 minutes period which is the
highest among all the compared periods indicating that 30 minutes would be the most

effective shaking time period.
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Table 2. Comparison of different elution methods and elution buffers for Poliovirus 1 from

sea water.
Filtration-Elution Method Shaking Elution Method
Elution Buffer Mean Titer Virus Input Recovery Mean Titer ~ Virus Input Recovery
(PFU/mI) (PFU/mI) Rate (%) (PFU/mI) (PFU/mI) Rate (%)
1mM NaOH 1.62 x 10° 596x10°  27.13x8.04 240 x 10* 1.53x 10° 15.69+0.92
3% BE 1.87 x 10° 7.15x10°  26.11+4.98 1.63 x 10° 1.83 x 10° 91.07+8.92
50mM KH,PO, 1.85x 10° 7.15x 105 25.87+2.62 0 1.83x 10° 0

Table 3. Comparison of different concentrations of three elution buffers.

Elution Buffer Concentration Mean Titer Recovery Rate
(PFU/mI) (%)
1 mM 2.40 x 10 15.69+0.92
NaOH 5 mM 1.87x 10" 12.20+2.01
7 mM 0.62 x 10* 4.03+0.96
1% 1.17x 10° 63.75+8.92
Beef Extract 3% 1.63 x 10° 91.08+8.92
5% 1.58x 10° 86.52+12.18
10 mM 0 0
KH,PO, 50 mM 0 0
100 mM 0 0
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Table 4. Optimization of membrane shaking time in 3% Beef Extract.

Shaking time Mean Titer (FPU/ml) Recovery (%)
Stock 4.67x 10° /
10 min 3.07x 10° 0.67+0.025
20 min 4.07x 10° 0.87+0.065
30 min 420x 10° 0.90+0.084
60 min 3.97x 10° 0.85+0.059
90 min 3.47x10° 0.74+0.061
120 min 2.87x 10° 0.61+0.038
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4. Discussion

Current studies on detection of the viruses from water are usually largely dependent on
PCR techniques to detect the viral nucleic acid. However, PCR method could not be used
for the detection of infectious viruses since it cannot distinguish between the infectious and
non-infectious virus as mentioned in the introduction. Since even one infectious viral
particle may be able to cause human disease (Bosch, 1998), it is an urgent need for
establishing a sensitive method for effective concentration of infectious viruses from water.
In order to concentrate the infectious virus from water, we improved the method developed
by Katayama et al., in 2002 and the newly developed laboratory protocol was able to
recover more than 90% of the infectious Poliovirus Type 1 from the sea water indicating
the effectiveness of this optimized method for infectious viral concentration from water.

As shown in Table 2, the filtration-elution method is able to elute about 26% of the
infectious viruses from the sea water while the shaking elution method obtains a value as
high as 91%. Per discussion on the methodology, it seems that the increase in the recovery
rate between these two methods results from the increase of the contacting time between
small volume of elution buffers and membranes. In fact, it only took less than 1 minute for
5 ml of the elution buffer to go through the membrane in the filtration-elution method while
the shaking elution allowed the elution buffer to contact the membrane for at least 30

minutes.
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The shaking elution method used in this study could elute and recover 91% of infectious
Poliovirus 1 from sea water. However, in Katayama et al.’s study, it showed a 94%
recovery rate for the same case but using QPCR method. As described previously, QPCR
can provide a more sensitive quantitative result but it cannot distinguish infectious virus
from non-infectious virus, while the cell culture technique we used could directly address
this problem by showing the recovery of infectious virus. Based on the present findings
from our experimental tests, this study demonstrated that the shaking elution method
developed in this study could be applied to effectively elute and recover the infectious virus
from the sea water samples.

Among the selected elution buffers, 3% beef extract in 0.05M glycine was determined to be
the most effective elution buffer in comparison with those of NaOH and KH,PO,, which is
consistent with the previous reports (Brassard et al., 2005; Monpoeho et al., 2001). It is
also found that 30 minutes was determined as the most effective time period for shaking
membrane in 5 ml 3% of Beef Extract. Our result indicates that the shaking time period less
than 30 minutes might not be sufficient enough to elute out all the virus particles from the
membrane, while the period greater than 30 minutes would not allow to get high recovery
efficiency which may be due to the partial damage of the membrane and viral aggregation
to membrane debris.

Our study also showed that KH,POj,is a poor elution buffer with a very low efficiency in
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virus recovery. It was reported that some solutions fail to elute viruses from membrane at
high pH value which is difficult to explain simply by electrostatic interactions between
virus and membranes (Farrah et al., 1981). The hydrophobic interaction also plays an
important role in the process of viral elution from membranes. Shields et al. described in
1982 that KH,PO4 is a kind of antichaotropic ion, which could protect hydrophobic
interaction, thereby electrostatic interaction between virus and membranes could not be

disrupted and the elution of infectious virus from the membrane is minimal.
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Chapter 3
Establishment of optimized laboratory methods for effective extraction

and recovery of infectious poliovirus 1 from tissue of shellfish collected in
Hawaiian waters

1. Introduction

From 1960s, many methods have been developed for extracting and concentrating
infectious viruses from shellfish tissue such as acid adsorption, alkaline buffers elution,
proteinase K method, polyethylene glycol (PEG) precipitation and ultracentrifugation
(Comelli et al., 2008; Lewis et al., 1988; Loisy et al., 2005; Sobsey et al., 1975).
However, most of the methods focus on extraction of viral nucleic acid and involve some
process which may destroy and inactivate viable virus, making them inappropriate for
concentrating infectious virus. At present, PEG precipitation and ultracentrifugation have
proven as the most effective methods used for infectious viral concentration from shellfish
tissue (Lewis et al., 1988; Myrmel et al., 2004; Uhrbrand et al., 2010). Therefore, these two
methods have been chosen in this study for concentrating Poliovirus 1 in the indigenous
shellfish (isognomon spp.)

PEGs are water-soluble, non-ionic polymers that are able to attract viral particles and help
to separate them from shellfish tissue (Vajda, 1978), while the ultracentrifugation method

is aimed to directly centrifuge virus down by using extremely high speeds. Both of the two
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methods have been evaluated and optimized in this study to yield a high recovery rate.

2. Materials and Methods

2.1 Shellfish sampling and process

Bivalves isognomon spp. Were collected from Kahala Beach, Honolulu. The outer shells
were wiped thoroughly with 70% isopropyl alcohol and then shucked by a sterile knife.
Shellfish tissue was weighted and collected in a 50 ml centrifuge tube at 5 grams/tube.

2.2 Different virus concentration methods comparison

2.2a Ultracentrifugation

Five grams tissue was blended for 30 seconds with the Brinkman blender (Polytron PT-MR
3000, Littau-Switzerl) after diluted at ratio 1:7 (w/v) with 10% tryptose phosphate
broth/0.05M glycine buffer (pH9.5). The homogenate was spiked with 1 ml of 1 x 10° to
10° FPU/ml of Poliovirus 1, then transferred into a 50 ml beaker and stirred on ice for 1
hour followed by centrifuging at 10,000 x g for 20 minutes at 4°C. The supernatant was
collected and adjusted the pH value to 7.0-7.5, followed by ultracentrifuging at 44,000 rpm
for 2 hours at 4°C by using a Beckman 70.1 TI rotor. The supernatant of the
ultracentrifugation was discarded and the pellet was resuspended in 5 ml PBS. The final
concentrate was stored at -80°C until use.

2.2b PEG precipitation

The process for shellfish tissue homogenization was the same as the ultracentrifugation
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method described previously. After stirring on ice for 1 hour, the homogenate was
centrifuged at 5000 rpm for 40 minutes at 4°C. The supernatant was collected and adjusted
the pH value to 7.0-7.5, followed by adding 8% PEG 6000 (EMD, CAS 25322-68-3, Made
in Germany) (w/v). The PEG-viral solution was vortexed heavily until the PEG dissolved,
and rotated on a Barnstead rotator (Dubuque, IOWA 52001, U.S.A) overnight at 4°C. The
solution was then centrifuged at 10,000 x g for 1 hour at 4°C. The pellet was resuspended
in 5 ml PBS and stored at -80°C until use.

2.3 Optimization of PEG method conditions

2.3a PEG concentration optimization

Comparative study of different PEG concentrations was conducted in this study to obtain
the most optimal condition for viral exaction from shellfish. The spiked tissue homogenate
which blending with 10 grams of shellfish tissue and 70 ml of TPB buffer (at 1:7 w/v) was
transferred into a 100 ml beaker and stirred for 1 hour on ice, then centrifuged at 5,000 rpm
for 40 min at 4°C. The supernatant was aliquoted into 5 portions and transferred into five
50 ml centrifugation tubes, PEG 6000 at concentrations: 5%, 8%, 10%, 12%, 15% (w/v)
were added into the tubes, respectively, followed by rotating overnight at 4°C. After
centrifugation at 10,000 x g for 1 hour at 4°C, the pellet was resuspended in 5 ml PBS for
each concentration and stored at -80°C until use.

2.3b Tissue/TPB buffer dilution ratio optimization
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4 tubes of 5 grams shellfish tissue were diluted at ratios of 1:1, 1:2, 1:5, 1:7 (w/v) with 10%
tryptose phosphate broth/0.05M glycine buffer (pH9.5), respectively, followed by the
homogenizing process and 1 ml of Poliovirus 1 stock with viral titer of 1 x 10° to 10°
FPU/ml was spiked into each tube. The homogenate was then applied to PEG precipitation
method.

2.4 Samples pretreatment

All samples were pretreated with Antibiotic Incubation Medium (2 mM P/S/G, 25ug/ml
Amp B, and 500ug/ml Gentamicin, with 1x MEM medium) (AIM) at 1:2 at 4°C for 2-4
hours before plaque assay.

2.5 Cell culture-based infectivity assay-plaque assay

All the comparisons of different methods and conditions were applied to plaque assay to
evaluate the viral titer. The cell preparation and plaque assay process were the same as

described previously.
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3. Results

3.1 Comparison of different virus concentration methods

Table 5 shows the comparison of the recovery rate of Poliovirus 1 concentrated from
shellfish tissue conducted by two different methods, i.e., PEG precipitation method and
ultracentrifugation method. The recovery rate for PEG precipitation method and
ultracentrifugation method are found to be 77.84% and 51.55%, respectively, which
indicates that PEG precipitation method is significant better than ultracentrifugation
method (p<0.001).

3.2 Optimization of PEG method conditions

3.2a PEG concentration

Table 6 and Figure 7 show the comparison of the recovery rate among different PEG
concentrations (5%, 8%, 10%, 12% and 15%) (w/v). It is displayed that the recovery rate of
the infectious viral concentration from the shellfish tissue increases as the increase of
concentration of PEG 6000 and it reaches to the highest point of 81.76% when the
concentration of PRG 6000 is equal to 12% (w/v). Moreover, there is no significant
difference between the recovery efficiency of 10% and 12% of PEG 6000 (p = 0.991) at
which the recovery rate is much better than that of other concentrations (p = 0.001).
Therefore, 10% of PEG 6000 is applied in this study to minimum the potential cytotoxicity

caused by PEG.
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3.2b Tissue/TPB buffer dilution ratio optimization

Table 7 and Figure 8 show the comparison of the viral recovery rate performed by PEG
precipitation method with different dilution ratios of tissue with TPB buffer. It is found that
the highest recovery rate of 86% appears when the shellfish tissue was diluted with TPB
buffer at 1:2 (w/v) which might recover significant more infectious Poliovirus 1 comparing

with other ratios (p = 0.009).
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Table 5. Comparison of two different extraction methods for infectious Poliovirus 1 from

shellfish tissue.
Shellfish Extraction Methods
Methods Mean Titer Virus Input Recovery Rate
(PFU/mI) (PFU/mI) (%)
PEG 6000 1.30 x 10° 1.67 x 10° 77.84+10.71
Ultracentrifugation | 1.72x 10° 3.33x 10° 51.55+6.4

Table 6. Comparison study of different PEG 6000 concentrations.

PEG Viral Input Mean Titer of Recovery Rate
concentration (FPU/mI) recovery (%)
(%) (wiv) virus(FPU/ml)
5 2.65x 10° 1.40 x 10° 52.83+7.55
8 2.65x 10° 1.53x 10° 57.86+5.76
10 2.65x 10° 1.87 x 10° 79.43+6.50
12 2.65x 10° 1.73 x 10° 81.76+2.72
15 2.65x 10° 0.87 x 10° 65.41+8.71
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Table 7. The comparison study of different dilution ratios of shellfish tissue and TPB
buffer.

Dilution Ratio Viral input Mean Titer of
(wiv) (FPU/mI) recovery virus Recovery Rate (%)
(FPU/mI)
1:1 5.78 x 10° 3.00 x 10° 51.92+8.65
1:2 5.78 x 10° 5.00x 10° 86.54+15.38
1:5 5.78 x 10° 2.77x 10° 47.88+11.13
1:7 5.78 x 10° 2.93x 10° 50.77+8.71
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4. Discussion

Previous studies reported that PEG precipitation is an effective method which has been
used widely to concentrate infectious virus from tissue homogenates of shellfish. By
using PEG precipitation, Zhou et al., obtained an average recovery rate of 89% and 91%
for infectious rotavirus concentrating from oysters and clams, respectively in 1991.
Jaykus et al, recovered 25-35% of Poliovirus 1 from oysters in 1996, while Lewis
recovered 60-70% of Poliovirus 1 from pacific oysters and green-lipped mussel at the
same year. In our study, 77% of infectious Poliovirus 1was successfully concentrated
from the indigenous shellfish species (isognomon spp.), and the recovery rate has
increased to 86% after optimizing the laboratorial conditions. It is observed that the
recovery rates obtained by PEG precipitation method for infectious viral extraction from
shellfish tissue vary from study to study, which might result from the different type of
virus and shellfish species.

Gerba et al. in 1978 proposed a perspective that the shellfish tissue might contain cytotoxic
components leading to a reduction of CPE occurrence in plaque assay. The shellfish
species used in this study is isognomon spp., belonging to the family Pteriidae. They are
not suitable for commercial consumption due to their small size and meat weight (average
Scm in diameter and 1.5 grams of tissue per shellfish) comparing with other oysters and

clams. Because of their small size, it is hard to separate the digestion system from the
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whole body of shellfish. Therefore, instead of processing only the digestion system which
was adopted in some other studies, the whole tissue of the indigenous shellfish was
processed in our study which may possibly involve some impurities and bring potential
harms to cell culture.

Additionally, because of its epifauna habitats, isognomon spp. usually lives on the surface,
under the bottom or between slits of the big rocks close to the shallow seashores around the
Oahu island, where it is easy for people to access. Compared to the shellfish used in other
studies which were obtained from shellfish farms or laboratories, isognomon spp. live in a
more complicated environment which may introduce more natural microorganism into
their body. Based on Gerba’s opinion, the recovery rate for infectious viral concentration in
isognomon spp. might be limited by the impurities and unknown microorganism in their
tissue.

Although the recovery rate could not reach as high as that of some studies reported, the
method established in this study is still considered as an effective concentration method for
infectious virus from the indigenous shellfish isognomon spp. in Hawaiian aquatic
environment.

It is well known that PEG as a high-molecular-weight polymer could separate and
precipitate small particles and the demand of final concentration of PEG in eluant would be

associated with the size of target viruses. Our study showed that the most effective
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concentration of PEG 6000 for participating Poliovirus 1 from isognomon spp. is 10 to
12%, and this result is consistent with the report conducted by Lewis et al., in 1988 that
the optimized concentration of PEG for extracting HAV from shellfish was 12% due to the
similar size between Poliovirus 1 and HAV.

As a rapid, efficient method for concentrating infectious virus from shellfish tissue, the
PEG participation method optimized in this study would enhance the use of the indigenous
shellfish species, i.e., isognomon spp. as a natural bio-indicaor for infectious virus

detection in Hawaiian environmental water.
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Chapter 4

Evaluation of stability of Poliovirus 1 in different liquid environmental
conditions

1. Introduction

Virus cannot grow without the hosts, however, they can persist in the environment for a
certain period. Therefore, the transmission and survival of viruses are not only associated
with their interaction with hosts, but also with environmental factors. Virus can survive
without nutrients and keep infectious in different environmental conditions for a long time,
which may result in many viral related outbreaks occurring without expectation (Rzezutka
et al., 2004).

It is known that the longer time the virus could survive in the environment, the more
chances they would obtain to transfer from one host to another (Rzezutka et al., 2004).
Many environmental factors could influence the chances such as pH value, temperature,
suspended solids, UV light and moisture (Fong and Lipp, 2005). It is necessary to
understand the stability of enteric virus in environmental waters, also the influences of the
environmental factors. This study will provide a clear notion of the potential health risk
with pollutants, and is helpful to confirm the tools which are aimed to break the chain of
viral transmission in order to decrease the chances for transmission (Rzezutka et al., 2004).
This study is focused on the stability of Poliovirus 1 in different types of waters: PBS,

seawater, freshwater and different percentage of raw sewage and sewage effluent. It is
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anticipated that the study is able to give important information regarding viral stability in
different aquatic conditions and facilitate our test to use enteric viruses as an indicator and
assess contamination associated health risk.

2. Materials and Methods

2.1 Poliovirus 1 spiked process

500 ml of each liquid was contained in a 1 L conical flask and incubated in
incubator(Thremo Electron corporation, REVCO, U.S.A.) at 20°C. Poliovirus 1 stock was
spiked into each liquid with slightly shaking and stirring to reach a final titer of 1.4 x 10°
FPU/ml. The top of the flasks were covered with tinfoil paper.

2.2 Different liquids comparison

Three different liquids were compared: seawater, freshwater and PBS. Seawater was
obtained from Waikiki aquarium, Honolulu and was tested to confirm without infective
poliovirus 1. Freshwater was obtained from tap water and also tested to confirm to be
poliovirus-free.

2.3 Different percentages of raw and effluent sewage comparison

Raw sewage and sewage effluent which collected from Sand Island Wastewater Treatment
Plant (SIWTT), Honolulu were added into an equal volume of 250 ml of sea water to reach
a total volume of 500 ml. With the addition of 500 ml raw sewage and sewage effluent

(Table 8), the stability of Poliovirus 1 was compared in these four liquids.
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2.4 Water sample collection

1 ml of each liquid solution was sampled at specific time point: T =1, 3, 5, 7, 10, 15, 20, 25
and 30 (day), and store at -80°C until use. During sampling, the flask was slightly shook
and stirred to mix the solution in order to increase the sampling accuracy. The samples
were then centrifuged at 3,000 rpm for 5 minutes, and supernatant was collected.

2.5 Samples pretreatment

All samples were pretreated with Antibiotic Incubation Medium (2 mM P/S/G, 25ug/ml
Amp B, and 500ug/ml Gentamicin, with 1x MEM medium) (AIM) at 1:2 at 4°C for 2-4
hours before plaque assay.

2.6 Cell culture-based infectivity assay-plaque assay

All the comparisons in different liquids were applied to plaque assay to evaluate the viral

titer. The cell preparation and plaque assay process were the same as described previously.
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Table 8. Components of different percentages of sewage waters.

Liquid 1 Liquid 2 Liquid 3 Liquid 4
Sea water 0 50% 0 50%
Raw sewage 100% 50% 0 0
Effluent sewage | 0 0 100% 50%
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3. Results

3.1 Survival of Poliovirus 1 in different liquids comparison

Table 9 shows the stability of Poliovirus 1 in three different liquids environment, sea water,
fresh water and PBS while Figure 9 display the plots of the survive of Poliovirus 1 in these
three liquids which Logio (Vi/Vo) expresses the log relation between Viand Vy standing for
the virus titer at time t and time zero, respectively. The rate constants (slopes) of the
survival curves are considered as the corresponding decreases in logjo units per day
(Ogorzaly et al., 2010). The time for a loss in titer of 90% of the input virus is designated as
Too (Fujioka et al., 1980). It is found that Poliovirus 1 is extraordinary stable in PBS which
inactive only 1 log)o unit after 20 days. The stability of Poliovirus 1 in sea water is similar
as that of PBS in the first 7 days. After this point, however, the viral amount in sea water
falls dramatically and yields a Tog on Day 10 and no infectious virus could be detected after
Day 15. In contrast, Poliovirus 1 is much more stable in freshwater than in seawater. It
demonstrates that there is a slight decrease in fresh water after Day 7 and Ty in fresh water
is obtained on Day 20.

3.2 Comparison of the survival of Poliovirus 1 in different percentages of raw and

effluent sewage
Table 10 and Figure 10 show the results of the stability of Poliovirus 1 in different

environments, i.e. 100% raw sewage, 100% sewage effluent, 50% raw sewage in sea water
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and 50% sewage effluent in sea water. It is found that the behavior of the stability in 100%
raw sewage is similar to that of 100% sewage effluent, and the same for 50% raw sewage
and 50% sewage effluent. Moreover, the stability would not have a big difference at Day 6
among these four samples which indicating that the stability seems to be independent of the
water environment on Day 6. Obviously, the log relationship as displayed in Figure 10
illustrates that the slope at the interval between Day 0 to Day 6 is much sharper than that of
the interval greater than Day 6. Table 11 shows the rate constants splitting into two time
intervals for these four samples and the overall slopes obtained by the linear regression. It
is found that within the first six days, the constants for all the solutions are between -0.1 to
-0.2, which indicates a 0.1 to 0.2 log; unit decrease of viral titer per day. While after Day 6,
the slopes become much gentle which are between -0.05 to -0.07 indicating that only 0.05
to 0.07 log)o is decreased every day in this time interval. It is also found that the Poliovirus
1 is more stable in 100% raw/effluent sewage than in 50% raw/effluent sewage when the
overall slopes are compared. Extra five days were observed for Poliovirus 1 staying in 100%
raw/effluent sewage than in 50% raw/effluent sewage which also demonstrates a better

stability of Poliovirus in 100% raw/effluent sewage.
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Table 9. Poliovirus 1 stability in different water conditions.

Mean Titer in | Mean Titer in Fresh | Mean Titer in PBS
Time Sea Water (10* | Water (10°FPU/mI) (10°FPU/mI)
FPU/mI)
Day 0 14.00£1.00 13.67+0.58 13.67+0.58
Day 1 9.00+1.73 7.00+2.00 8.00+1.00
Day 3 6.87+0.60 6.57+£0.57 6.43+0.45
Day 5 6.53+0.42 6.50+0.44 6.10+0.26
Day 7 4.87+0.21 5.77+0.12 5.63+£0.25
Day 10 0.03+0.01 2.30+0.17 4.37+0.38
Day 15 0 1.87+0.23 3.57+0.15
Day 20 0 1.07+0.29 2.63£0.15
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Table 10. Stability of Poliovirus 1 in different percentages of sewage waters.

Time Mean Titer in 100% | Mean Titer in 100% | Mean Titer in 50% | Mean Titer in 50%
Raw (10* FPU/mI) Eff (10 FPU/mI) Raw(10* FPU/mI) Eff (10* FPU/mI)

Day 0 5.933+0.252 5.800+0.100 5.933+0.321 5.900+0.300

Day 1 1.200+0.10 0.967+0.351 3.967+0.208 2.967+0.379

Day 2 1.100+0.173 0.600+0.200 3.533+0.416 2.467+0.231

Day 3 0.553+0.038 0.357+0.060 2.433+0.153 2.233+0.306

Day 4 0.550+0.036 0.420+0.020 2.300+0.265 2.167+0.153

Day 5 0.480+0.026 0.400+0.010 0.700+0.157 0.863+0.111

Day 6 0.433+0.040 0.403+0.035 0.503+0.114 0.747+0.070

Day7 0.397+0.025 0.403+0.025 0.310+£0.036 0.380+0.026
Day10 0.380+0.026 0.400+0.010 0.103+0.023 0.153+0.021

Dayl15 0.300+0.036 0.380+0.020 0.063+0.006 0.103+0.021

Day20 0.173+0.021 0.167+0.015 0.03+0.000 0.037+0.012

Day25 0.050+0.010 0.033+0.015 0 0

Day30 0 0 0 0

Table 11. Rate constants of the relation between Logio (V¢/Vy) and time in different

percentages of sewage water.

Sample From 0 to 6 day From 6 to 30 day Overall

100% Raw -0.161 -0.054 -0.059
100% Eff -0.157 -0.058 -0.056
50% Raw -0.175 -0.058 -0.090
50% Eff -0.136 -0.065 -0.087
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Figure 9. The survival functions of Poliovirus 1 in different water conditions.
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Figure 10. The survival function of Poliovirus 1 in different percentages of sewage waters.
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4. Discussion

In this study, the stability of Poliovirus 1 in different aquatic environments has been
determined. Although the viral stability might be affected by other environmental factors
such as temperature, sea water source and virus types, it is concluded that virus may
survive for a shorter time in sea water than that of fresh water and PBS, which is the same
as previous studies (Bosch, 1995; Callahan et al., 1995; Stoner and Merkel, 2004). It is
found in our study that Poliovirus 1 is the least stable in sea water that reduces 3 log)o in
10 days, which consistent with Callahan et al.’s study published in 1995 showing a 4 log;o
reduction of Poliovirus 1lin one week in sea water. The reason for the instability in sea
water was reported that a variety of potential antiviral microorganisms in sea water might
inactivate virus particles by breaking the viral proteins and thus digesting the exposed viral
RNA (Abad et al., 1994; Bosch et al., 1993; Fujioka et al., 1980; Rzezutka et al., 2004).

In this study, stability of Poliovirus 1 was also investigated in 100% raw sewage, 100%
sewage effluent, 50% raw sewage in sea water and 50% sewage effluent in sea water. All
experimental results show the same behavior that the decrease rate of Poliovirus 1 stability
is 2 to 3 times higher in the interval from Day 0 to Day 6 than that of the interval after Day
6, which indicates that Poliovirus 1 has a prominent reduction (1 log;o) in the first 6 days,
but thereafter a rapid gentle inactivation occurred with an approximately decrease rate of

0.06 log) per day in the four solutions.
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The overall slopes for the stability of Poliovirus 1 in different percentages of sewage
environments illustrate that the decrease rate in 50% raw/effluent sewage is significantly
higher than that of 100% raw/effluent sewage. This result could be explained by the
following two reasons:

First, there are many naturally or artificially occurring sediments in both raw sewage and
the sewage effluent which may have a protective effect for virus. It was shown that
infectious virus could settle in the bottom’s sediments of water for days to months,
especially when it attaches with the solids in sewage (Stoner and Merkel, 2004). A study in
2003 reported that viable virus could survival in sediments up for 17 months (Griffin et al.,
2003), while another study demonstrated that Poliovirus 1 survived for one-week longer
in seawater with sediments than in seawater without sediments, and explained it as
sediment could trap virus in surface openings or stabilizing them by electrostatic forces
(Smith et al., 1978). In our study, the shaking of the conical flask during water sampling
process which is aimed to minimum the experimental bias caused by viral settlement on
sediments would release virus back from sediments to the water, thus, to obtain an
accurate result on Poliovirus 1stability in sewage.

Second, the sea water mixed with the 50% raw and effluent sewage would also contribute
to the inactivation of virus. It was illustrated that the virus-inactivating agents of a

microbiological nature may exist in both clean and sewage-polluted seawater (Fujioka et
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al., 1980; Rzezutka et al., 2004). In a summary, this study demonstrated that sea water
could provide a steady inactive function to infectious virus, on the other hand, raw sewage
and sewage effluent could be considered as viral carriers during the transmission process of

infectious viruses.
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Chapter 5

Evaluation of the bioaccumulation function of Poliovirus 1 in shellfish
tissue under laboratory conditions

1. Introduction

Shellfish as filter-feeding animals are able to filter gallons of water every day. Therefore,
they are considered as a kind of vehicles of enteric viruses (Canzonier, 1971). As discussed
previously, we have already established the protocols for effective concentration of
infectious enteric virus in shellfish tissue. However, the accumulation and persistence of
Poliovirus 1 in the indigenous shellfish, isognomon spp. are still not clear. Numerous
studies have confirmed the function to accumulate pathogens in some species of shellfish
(Gerba and Coyal, 1978; Sair et al., 2002; Richard, 1985). Therefore, it is very necessary to
confirm and evaluate the accumulation ability of the indigenous shellfish species:
isognomon spp. by comparing the viral titer in shellfish with that of surrounding water in
order to facilitate the use of indigenous shellfish as a bio-indicator for Hawaiian
environmental water quality monitoring. The study is also aimed to confirm the optimized
methods established previously.

2. Materials and Methods

2.1 Shellfish sampling and Poliovirus 1 spiking

50 to 60 shellfish were sampled from Kahala Beach, Honolulu, and placed in a
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50x26x27cm glass vat containing 11.6 L of sea water and 5.8 L of freshwater. Poliovirus 1
stock was spiked to reach a final titer of 1 x 10* FPU/ml. A small water filter (Whisper,
Tetra Sales, U.S.A.) was used to keep water flow-running during the whole experiment.
2.2 Samples collection and process

Two to four shellfish (total 5 grams) and 1 ml of the sea water were collected at specific
time points(T=1,2,3,4,5,6,7,9,11,15 day), the shellfish samples were processed using the
PEG precipitation method we established and optimized previously. Water samples were
centrifuged at 3,000 rpm for Sminutes and then the supernatant wastreated with AIM at
1:2 for 2-4 hours and stored at -80°C until use.

2.3 Cell culture-based infectivity assay-plaque assay

All the comparisons were applied to plaque assay to evaluate the viral titer. The cell

preparation and plaque assay process were the same as described previously.
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3. Results

Table 12 shows the viral titer of Poliovirus 1 as the increase of time in the shellfish
isognomon spp. and its surrounding water, separately. While Figure 11 displays the plots
of their relationships. The concentration of Poliovirus 1 in the surrounding water remains
in a decreasing range and declined to zero in 11 days after the beginning of the
experiment. Poliovirus 1 in the shellfish tissue could be initially detected on Day 2 in this
experiment, rises sharply in the first 4 days, and then goes down to zero on Day 15.

In Figure 11, the concentration of Poliovirus 1 accumulated in the shellfish (isognomon
spp.) is smaller at the beginning and then greater on Day 3 than that of its surrounding
water. It is shown that the concentration of Poliovirus 1 in the shellfish tissue arrives at
the maximum value on Day 4 as high as 3.27 x 10" FPU/ml which is 23 times greater than
that of its surrounding water on the same day. Additionally, there is a small peak which

the value is equal to 20% of the maximum peak observed in the depuration period.
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Table 12. Survival of Poliovirus 1 in shellfish tissue and surrounding water.

Mean Viral Titer in Water

Mean Viral Titer in

Time
(10° FPU/mI) Shellfish (10° FPU/mI)

Day 0 11.33+2.08 0
Day1 7.67+1.53 0
Day?2 3.77+0.67 0.57+0.06
Day3 2.7040.40 4.70+0.36
Day4 1.43+0.12 32.67+2.08
Day5 0.83+0.15 22.67+3.79
Day6 0.27+0.12 3.40+0.26
Day7 0.17+0.15 7.33+0.58
Day9 0.10£0.10 3.60+0.26
Day 11 0 1.13+0.21
Dayl15 0 0.53+0.29
Day19 0 0
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Figure 11. Graph of the stability of Poliovirus 1 in shellfish tissue and surrounding water.
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4. Discussion

It was reported that shellfish could display a process of viral accumulation and
elimination when it presents in the polluted water (Gerba and Coyal, 1978). Therefore, the
indigenous shellfish isognomon spp. was applied to confirm the accumulation ability by
spiking Poliovirus 1 into the surrounding water in this study. It was found that the
concentration of Poliovirus 1 accumulated in the shellfish arrives at the value of 3.27 x
10* FPU/ml within 2 days and the uptake rate is 1.6 x 10* FPU/(ml-day) obtained by the
linear regression.

The regression analysis of Poliovirus 1 concentrations in shellfish vs. time during the
depuration phase of the data set according to first order kinetics give rate constant equal
to —0.12/day. Thus, the decrease in Poliovirus 1 concentration during depuration can be
represented by, Vi = Vg 10('0'120, where V, is the Poliovirus 1 concentration (FPU/ml) in
the shellfish at time t (day), Vo is the Poliovirus 1 concentration in the shellfish at the
beginning of the depuration period, and -0.12/day is the first order rate constant.
According to this model, Poliovirus 1 concentration decreases to 50% of the maximum
peak 2.49 days from the beginning of the depuration period which is 7.49 days after the
initial time of this experiment.

Poliovirus 1 has performed a process of accumulation and elimination in the isognomon

spp.’s tissue, however, the step-by-step progression of viruses from environmental sea
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water into the shellfish tissue has not been followed precisely. To our best knowledge, it
was confirmed that the increase virus in shellfish tissue is resulted from bio-accumulation
because the multiplication of virus has not been demonstrated in shellfish tissue (Berg,
1978).

The accumulating rate of viral particles in shellfish is affected by many factors such as
salinity, temperature, turbidity, shellfish species and also dependent on whether water was
still water and flow-running water. In this study, the accumulation rate for the isognomon
spp. was determined as 1.635 x 10" FPU/ (ml-day). During the depuration period, the
decrease curve of shellfish isognomon spp. was described as the first order depuration
which the log; linear regression rate constant is given as -0.121 log;,/day, and shellfish
is able to retain Poliovirus 1 for 11 days. Obviously, Poliovirus 1 is more stable in
shellfish than in its surrounding water since the half-loss of virus (1.63 x 10* FPU/ml) in
shellfish was observed at Day 7.49 while the viral titer in water was only around 0.1 x 10°
FPU/ml at the same time. Chou et al., demonstrated that the external particles will not
enter the digestive system and are directly discharged to the environment when shellfish
reaches the feeding capacity of them (Chou et al., 2005). Based on this assumption, it is
possible that shellfish would start to accumulate virus again once the viral concentration
in their tissue reduces to a certain level during the depuration period. Therefore, in this

study, the small peak occurred during the depuration period is considered as the viral
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re-adsorption of shellfish isognomon spp.. Actually, oscillations of bacteria/toxin content
in shellfish tissue during the depuration period were also observed in some studies (Chou
et al., 2005; Selegean et al., 2001). With the eliminating of the viral concentration in
surrounding water, the oscillations trend to reduce and then disappear.

In a conclusion, this study demonstrated that shellfish isognomon spp. has a significant
accumulation function of infectious Poliovirus with an accumulate rate of 1.635 x 10*
FPU/ (ml-day), and Poliovirus 1 is proved more stable in shellfish than in its surrounding
water. Since shellfish do not normally contain infectious virus inside their tissue, the
presence of infectious virus in shellfish might indicate a recent environmental
contamination, which makes the shellfish isognomon spp. a more sensitive and rapid

indicator for infectious virus monitoring in Hawaiian aquatic environments.
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Chapter 6

Conclusions

In this study, an alternative monitoring system applying direct detection of infectious
enteric virus in recreational waters have been successfully established.

In order to extract infectious virus from sea water, the filtration-based concentration
method by using negatively charged type HA membranes, the shaking elution method and
cell culture technique for evaluating viral titer were combined to develop an effective
laboratory protocol which could successfully extract more than 90% of infectious
Poliovirus 1 from sea water.

PEG precipitation method was applied and optimized as an effective concentration
method which could recover more than 77% of infectious Poliovirus 1 from the
indigenous shellfish (isognomon spp.) tissue.

The stability of Poliovirus 1 in different aquatic environments and in shellfish was also
determined, which demonstrated that Poliovirus 1 is the most unstable in sea water
among all the liquids. Also Poliovirus 1 could survival for a longer time in 100% sewage
water than that of 50% sewage water. However, there is no evidence illustrating a
significant difference between Poliovirus 1 stability in raw sewage and sewage effluent.

The indigenous shellfish (isognomon spp.) was confirmed to have the bio-accumulation
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function for infectious Poliovirus 1, and also to retain the virus in their tissue for a longer
time than that of its surrounding water.

The optimized infectious virus concentration protocols would be used for monitoring
recreational water quality, which provide accurate and sensitive information about both
qualitative and quantitative data for infectious virus presence and indicate potential
contamination and public health risk of exposure. The stability studies have facilitated our
test to use enteric viruses and shellfish as indicators to monitor the recreational water

quality and assess the contamination associated health risk to the exposed swimmers.
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