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Preface to ”Enteric Viruses in Aquatic Environments”

Enteric viruses, such as noroviruses, adenoviruses, and rotaviruses, are excreted into feces of

the infected individuals and can be transmitted through a fecal-oral route via contaminated food and

water. Thus, it is important to understand the prevalence of enteric viruses in aquatic environments,

along with their behaviors during water and wastewater treatment processes. The development

of methods for concentrating, detecting, and quantifying enteric viruses in environmental samples

is still a challenging issue as no gold standard methods have been established. Recent viral

metagenomic studies have demonstrated great genetic diversity of enteric viruses, identifying novel

viruses. Studies on indicators of enteric viruses and even on viral indicators of fecal contamination

are also necessary for better management of microbial water quality.

This Special Issue on ”Enteric viruses in aquatic environments” addresses cutting-edge research

and review articles from leading scientists in the field of water and environmental virology.

Eiji Haramoto, Masaaki Kitajima

Special Issue Editors
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Assessing the Occurrence of Waterborne Viruses in
Reuse Systems: Analytical Limits and Needs

Charles P. Gerba and Walter Q. Betancourt *

Water and Energy Sustainable Technology (WEST) Center, The University of Arizona,
2959 W. Calle Agua Nueva, Tucson, AZ 85745, USA
* Correspondence: wbetancourt@email.arizona.edu; Tel.: +1-(520)-621-6163

Received: 16 June 2019; Accepted: 19 July 2019; Published: 22 July 2019

Abstract: Detection of waterborne enteric viruses is an essential tool in assessing the risk of waterborne
transmission. Cell culture is considered a gold standard for detection of these viruses. However, it
is important to recognize the uncertainty and limitations of enteric virus detection in cell culture.
Cell culture cannot support replication of all virus types and strains, and numerous factors control
the efficacy of specific virus detection assays, including chemical additives, cell culture passage
number, and sequential passage of a sample in cell culture. These factors can result in a 2- to 100-fold
underestimation of virus infectivity. Molecular methods reduce the time for detection of viruses
and are useful for detection of those that do not produce cytopathogenic effects. The usefulness
of polymerase chain reaction (PCR) to access virus infectivity has been demonstrated for only a
limited number of enteric viruses and is limited by an understanding of the mechanism of virus
inactivation. All of these issues are important to consider when assessing waterborne infectious
viruses and expected goals on virus reductions needed for recycled water. The use of safety factors
to account for this may be useful to ensure that the risks in drinking water and recycled water for
potable reuse are minimized.

Keywords: virus; infectivity; cell culture; molecular methods; wastewater; reuse

1. Introduction

Quantifying the number of infectious viruses in water and wastewater is necessary to determine
the risks associated with exposure (e.g., ingestion) and in determining the degree of treatment needed
to reduce these risks to an acceptable level [1–3]. For example, the state of California requires a
12-log10 reduction of all human enteric viruses in recycled waters for potable reuse applications [4]. To
achieve this goal, knowledge of the number of infectious viruses in wastewater before treatment is
needed. Infectious viruses are defined as those capable of replicating in cell culture and thus, have the
potential to replicate in humans and animals and cause disease. In this review, the term infectivity
is used in reference to the ability of methods to measure infectious viruses. This requires methods
that can determine the number of infectious viruses. The purpose of this review is to provide an
understanding of the limitations of current methods for assessing the infectivity of waterborne enteric
viruses. We believe that this is essential for interpreting the data on viruses in water for persons
involved in assessing needed technology for the treatment of recycled water for reuse applications
while considering the associated risks.

Before the development and application of molecular methods for the assessment of virus
occurrence in water, animal cell culture was the only practical method available. Virus growth in cell
culture indicates the potential for the virus to replicate in humans and cause disease. Enteroviruses
were found to readily grow in cell culture from the earliest days of techniques for maintaining animal
cells in the laboratory. Because they were so easily cultivated, most of our historic knowledge on

Pathogens 2019, 8, 107; doi:10.3390/pathogens8030107 www.mdpi.com/journal/pathogens1



Pathogens 2019, 8, 107

enteric virus behavior in water and removal by water/wastewater treatment processes is based on
enteroviruses. The safety associated with vaccine poliovirus strains allowed for bench- and pilot-scale
testing of treatment processes under controlled conditions. However, enteroviruses have rarely been
associated with waterborne disease, and today, we know they are only a small fraction of the viral
community found in wastewater that is capable of causing illness in humans [3,5]. This has been in part
revealed through the application of the quantitative polymerase chain reaction (qPCR) assay and more
recently by viral sewage metagenomics [6–9]. Unfortunately, these methods cannot directly detect
the infectivity of waterborne viruses. Various approaches have been developed to assess infectivity
of waterborne enteric viruses using molecular methods, but they are specific to the virus and the
mechanism of virus inactivation [10–12]. The mechanism of virus inactivation may vary by the type
of virus, disinfectant, and other methods which may make the virus incapable of replication [13,14].
Thus, there is no universal method which can substitute for cell culture assessing viral infectivity in
humans and animals.

2. Factors Affecting Virus Infectivity in Cell Culture

2.1. Type of Cell Culture (Continuous vs. Primary)

Two types of cell culture have been used for the detection of viruses in water. Primary cell
cultures originate directly from the organs of animals and humans. The most commonly used cell
cultures in virology derive from primates, including humans and monkeys; rodents, such as hamsters,
rats, and mice; and birds, most notably chickens [15,16]. Moreover, cells from a primary culture
may be subcultured to obtain a large number of cells. Cultures established in this fashion from
primary cell cultures are called secondary cultures [16]. They can only be passaged for a limited
number of cell generations (usually 20 to 100) after which the cells cease to divide, then degenerate
and die, a phenomenon called crisis or senescence. On the other hand, continuous cell lines may be
passaged indefinitely as they originate from transformed cells that are no longer subject to senescence.
Continuous cell lines are relatively easy to maintain because they can be passaged indefinitely and
are the cell line of choice today for environmental virology research. Primary cells from human and
nonhuman primates are the most sensitive to the widest variety of viruses which infect humans since
these cells maintain many of the important markers and functions seen in vivo [17,18]. However,
primary cells are not in common use today. Continuous cell lines from human and nonhuman primates
are usually more restrictive to the types of viruses they can propagate (Table 1). This is because the cell
surface must have specific receptors for the attachment and replication of the virus. The continuous
cell line, Buffalo green monkey (BGM), was selected for use by the United States Environmental
Protection Agency because certain coxsackieviruses (CV) and polioviruses (PV) grew well in this cell
line, producing cytopathogenic effects with similar sensitivity to virus growth in primary cells [19].
BGM cells were found to be the most sensitive continuous cell line for the detection of enteroviruses [20]
and have become the most commonly used cell line for the detection of enteric viruses in water
and wastewater in the United States for over 30 years. While laboratory strains of echovirus will
grow in this cell line, its use with environmental samples tends to favor the isolation of group B
coxsackieviruses [20,21]. This may be due to the more rapid growth of group B coxsackieviruses in
BGM cells [20]. An exhaustive comparison of cell lines and enteric virus susceptibility (16 cell lines
against 105 different virus types) demonstrated a great deal of variability in cell susceptibility to virus
type [22]. They found that not a single cell line could detect all enteroviruses, even of the same genus.
In addition, with the control of poliovirus infections in the developed world and the elimination of
the oral live poliovirus vaccine, vaccine strains of poliovirus are now absent in wastewater in most
developed countries. Because live attenuated viruses replicate in the gut of vaccine recipients and
spread person to person within a community, poliovirus was a common isolate in wastewater and
sewage-polluted waters when vaccination was common from the mid-1950s until the mid-1990s in the
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United States. This is not surprising as vaccine poliovirus strains were selected for their ability to grow
in high titers in cell culture.

Table 1. Susceptibilities of cell culture lines most commonly used for isolation and detection of
waterborne enteric viruses.

Cell Line ADENO CV-A CV-B ECHO PV REO ROTAV ASTROV

Human Embryonic Kidney ++ + + + +

A549 ++++

Buffalo Green
Monkey (BGM) + + ++++ ++ +++ +++

Human
rhabdomyosarcoma - ++ - ++ ++

Caco-2 * + + ++ ? + + + +

PLC/PRC/5 ** ++ ++ ++?

HEL-299 *** ++ ++ ++ - +

RD + ++ - ++ + +

Note: The number of + signs indicate the relative degree of replication of the virus in the specific cell line. A
“–“sign indicates no replication. *[23] **[24,25] ***[26] ADENO: Adenovirus; CV-A: Coxsackievirus A; CV-B:
Coxsackievirus B; ECHO: Echovirus; PV: Poliovirus; REO: Reovirus, ROTAV: Rotavirus; ASTROV: Astrovirus, RD:
Rhabdomyosarcoma titers in cell culture. Thus, it should be recognized that much of our information on viruses in
water and the effectiveness of treatment processes comes from a very limited group of enteroviruses. The question
mark indicates potential replication of the virus in the corresponding cell line.

The number of times a cell line has been passaged in the laboratory may also affect the ability of
the virus to replicate (Table 2). Certain variants of the cells may be selected for over time because of
their more rapid growth, which may be less or non-permissive to the replication of the virus.

Table 2. Factors that influence the infectivity of viruses in cell culture.

Factor Remarks References

Type of virus Not all viruses can be grown in cell culture [26]

Type of cell line Not all viruses can be grown in the same cell culture [26]

Number of times cell line has been
passed in the laboratory

Cells may lose their sensitivity to virus infectivity
after prolong passage in the laboratory; this may be

virus-specific
[26,27]

Laboratory grown versus
naturally occurring viruses

Laboratory grown viruses have been adapted for
rapid growth and infectivity in cell culture. [28]

Effectiveness of host cell repair
enzymes

Host cell repair enzymes can repair damage to
double-stranded DNA viruses after exposure to UV

light. This may vary with cell line
[29]

Observation time for production
of CPE This may take days to weeks [30]

Over time cell cultures become less efficient for replication of certain types of viruses [26]. Previous
studies reported that BGM cells became less efficient to coxsackievirus B3 (CVB3) and CVB4 but were
still sensitive to poliovirus 1 [27]. This questions the use of positive virus controls in environmental
assays. Use of any specific strain of a laboratory grown virus does not mean the cell line has not lost its
ability to replicate viruses of the same group or naturally occurring viruses of the same type.

In the case of the double-stranded DNA adenovirus, it has been found that replication of the virus
after ultraviolet light exposure is dependent upon the ability of the cell line to repair damage to the
DNA [31]. UV light causes crosslinking of the DNA and can be repaired by enzymes in the host cell.
This ability depends on the cell line, with some being more effective than others [31].
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2.2. Cytotoxicity in Cell Lines

Virus concentrates from different water matrices (e.g., surface water, sewage, secondary or
tertiary treated wastewater, groundwater) can contain compounds toxic to cell cultures used for the
detection of infectious viruses. The cytotoxicity may be associated with metals, complex mixtures of
compounds associated with microalgae or plants as well as the reagents used for virus concentration
and recovery [32–34]. Numerous methods have been applied for reducing cytotoxicity associated
with the produced concentrates including sample dilution, washing cell monolayers with saline
solution after inoculation, freon extraction, and cationic polyelectrolyte precipitation or high-speed
centrifugation followed by filtration of the samples through positively charged depth filters [35–37].
Studies have also revealed that sample concentrates toxic to cells may not be necessarily inhibitory to
the RT-PCR analysis [38].

2.3. Virus Type

Viral growth in cell culture is limited by the ability of virions to attach to specific receptors on
the surface of animal cells and their ability to replicate within the cells. For the enteroviruses and
many of the enteric viruses, this results in morphological changes induced in individual cells or groups
of cells by virus infection that can be easily recognized by light microscopy and collectively called
cytopathic or cytopathogenic effect (CPE). However, there are viruses whose replication may be limited
to one or a few adjacent cells with no obvious cytopathogenic effects [15]. Alternative approaches,
such as immunofluorescence, immunoperoxidase, electron microscopy or polymerase chain reaction
(PCR) assays, have been used for detection of viruses that produce CPE slowly or not at all in cultured
cells [15,28]. How this limited growth can be equated to the risk of infection and illness in humans
is uncertain. Continuous cell lines are not necessarily reflective of the cells within the human host
and the ability of the virus to destroy cells or establish themselves as subclinical or latent infections.
For example, coxsackieviruses may establish lifelong latent infections in humans [39].

Cell culture is also less permissive for the growth of naturally occurring viruses than
laboratory-grown viruses. Viruses grown in the laboratory have been selected for their rapid growth in
cell culture and the number of virions observed under an electron microscope versus number observed
by CPE or plaque-forming units (PFU) is usually 1:2 to 1:100 depending on the virus and method of
assay [40,41]. In the case of naturally occurring viruses in stool samples, this ratio may be as great as
1:46,000 [42,43]. The particle-to-PFU ratio of poliovirus ranges from 30 to 1000, which is similar for
other members of the Picornaviridae family [42]. Passage of naturally occurring viruses in cultured cells
usually results in the significant lowering of this ratio [43] as mutants, which replicate in the specific
cell line selected. Comparing the ratio of viral particles to genomes detected by molecular methods has
also been attempted. However, several limitations exist, e.g., not all virus types grow in one type of
cell culture, and there are differences in the quantitative precision of the methods for estimation of
virus particles and viral genomes. Previous studies attempted to determine the ratio of enteroviruses
detected by reverse transcription-PCR versus the number of infectious viruses determined in the
cell culture [44]. The ratio of virus genomes to infectious virions reported in the study was 1:200.
This ratio is likely significantly underestimated because the cells were only observed for 5 days for
CPE, and not all enteroviruses can grow in this cell line. Another study comparing integrated cell
culture-PCR (ICC-PCR) and real-time quantitative PCR (qPCR) in sewage polluted waters found
that greater numbers of adenoviruses were detected by ICC-PCR [45]. Using the improved cell line
(293 CMV) for detecting enteric human adenoviruses (HAdVs), the replication of HAdV in the cell
line was determined by measuring the production of viral mRNA and determining the levels of viral
DNA [46]. The results of the study demonstrated the effectiveness of the new transactivated 293 CMV
cell line for improved propagation and detection of HAdVs from environmental samples. The ratio of
infectious adenovirus with the improved cell line varied from 1:13.7 to 1:22 [46]. In a similar study, it
was found that the ratio of infectious adenovirus by cell culture infectivity determined by the detection
of viral mRNA production varied from 1:11 to 1:381 in untreated sewage [47].
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The degree of viral aggregation may also influence the underestimation of infective viruses in a
sample. Aggregated viruses in cell culture are often only counted as one infectious virus as a result
of only one countable plaque [48]. However, they may represent thousands of potentially infectious
viruses and have a greater probability of infection when ingested [49].

Another complicating factor is that one group of viruses may grow faster than another or interfere
with the replication of another group of viruses [50], which again underestimates the true number of
infectious viruses able to replicate in one specific cell line.

3. Impact of Assay Methods on Virus Detection

The three most common methods for quantitative detection of virus replication in cell culture
are the total culturable virus quantal assay (TCVQA) which requires computation of a most probable
number (MPN), the plaque assay which quantifies the number of plaque-forming units in a virus
sample as plaque-forming units (PFU), and the 50% tissue culture infective dose (TCID50) assay that
quantifies the amount of virus required to produce CPE in, or kill 50% of virus-inoculated cultured
cells in a multi-welled plate [16,51]. The TCVQA has been used for detection of enteric viruses in
wastewater, but not all viruses will plaque or may require mixed cell types or pretreatment of cells
before inoculation to form plaques [24]. Other limitations of the method include the difficulty to keep
the monolayers beyond 5 to 7 days under an agar overlay, inability to perform a second passage, and
laboratory strains which produce CPE in cell culture may not form plaques [21]. Numerous methods
have been developed to determine the replication of viruses within cell culture (Table 3). None of
these methods can detect all of the infective viruses in an environmental sample, even if the cell line
is susceptible to the virus. As a first step, the virus must come into contact with a receptor on the
cell membrane. Thus, the size of the inoculum (e.g., volume) of the sample, as well as a means to
enhance contact with the cell membrane, are important steps in the efficiency of the assay for detecting
infectious viruses. A previous study found that the optimal inoculum volume for poliovirus type
1 was one mL per 25 cm2 of cell monolayer [28]. A marked decrease in the number of plaques was
observed when over 1 mL of sample was inoculated on this surface area. The numbers of infectious
viruses can also be increased by using roller bottles [52]. Secondary passage on fresh cells, use of
suspended cell culture, rotating or shaking the liquid in the cell culture flasks during incubation [53],
and use of suspended-cell may increase the number of viruses detected. All of these methods increase
the probability of contact of the virus with receptors on the cell surface, i.e., the suspended virus
must come into contact with cells. However, the increase in titer or probability of isolation may be
virus and type dependent. For example, the suspended cell culture technique was found to increase
the titer of poliovirus type 1 almost 10 fold but had no significant effect on echovirus 1 titer in BGM
cells [15]. The appearance of CPE also varies greatly with naturally occurring viruses taking longer
than laboratory-grown viruses. This is because laboratory-grown viruses have been selected for rapid
growth in cell culture, as previously discussed. While CPE for vaccine strain of poliovirus may take
only 48 hours, natural isolates of other enteroviruses may take five days or longer. A previous study
demonstrated that going from a two-week incubation to three weeks resulted in a 100-fold increase
titer in adenovirus 2 [30]. In the case of adenovirus 2 exposed to UV light, the increase in titer was
140-fold. This suggests that the longer incubation period allows for greater time for the cell enzymes
to repair UV light damage of adenovirus. The most common methods to assess viral infectivity are
shown in Table 3. All of these involve the use of cell culture except PCR. The use of the plaque-forming
unit method previously mentioned, which involves an agar overlay of the cell monolayer to reduce
virus spreading, results in a more precise quantification of viruses able to form plaques. This is true of
naturally occurring viruses which can require a second passage or even a third passage before the
production of CPE.

A variety of additives (Table 4) have been used to enhance viral infectivity in cell culture
and to increase the range of susceptibility to a greater range of viral types [22]. For example,
use of 5-ido-2’-deoxyuridine will result in plaque formation of adenovirus 1 and echoviruses [24].
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Incorporation of enzymes is also known to enhance the infectivity of reoviruses in cell culture [40].
A secondary passage of environmental samples is often necessary for observation of CPE for some
viruses [28]. This is because of the slower growth of naturally occurring viruses in cell lines and that not
all the viruses in the sample will come into contact with the monolayer. Additional studies indicated
that removal of the inoculum of poliovirus 1 from a cell flask containing a monolayer onto a fresh
monolayer resulted in a 10-fold increase in titer of the virus (2300 to 24,000 most probable number) [41].
Passage a third time resulted in an additional increase in titer. For example, we have never observed
the production of reovirus CPE in BGM cells in wastewater samples until a second or third passage [54].
Techniques using antibodies and PCR have the advantage of detecting virus replication without
the production of CPE. Specific antibodies or primers are required for virus detection. PCR has the
advantage in that replication of groups of viruses (i.e., enteroviruses, adenoviruses, rotavirus, etc.) can
be identified, even if limited replication has taken place. Pool sera from multiple individuals has been
used to determine the replication of viruses by an immunoperoxidase method, which increased the
scope of viruses replicating in cell culture [28].

Table 3. Most common methods used to assess viral infectivity in cell culture from
environmental samples.

Method Reference

Plaque form unit (PFU) [28]
Most probable number by cytopathogenic effects (MPN) [28]

Tissue culture infectious dose 50% (TCID50) [28]
Integrated Cell Culture polymerase chain reaction (ICC-PCR) [55]

Detection of messenger RNA [47]

Table 4. Methods used to enhance cell culture infectivity to increase in virus numbers quantified.

Method Virus Increase in titer Reference

5-iodo-2’-deoxyuridine enteroviruses Range of 0.7- to 3.3-fold increase in titer
depending on virus type [24]

Suspended cell culture
agar method

Various enterovirus,
wastewater and river

water, and filtered water

Average 5.6-fold by plaque-forming unit
method; range 0.1 to 23.3; 10 to 100 fold
with BGM cells with polluted river water

[21,26]

Double agar overlay Various enteroviruses
and sewage isolates

7.7- to 12-fold over monolayer
depending upon the virus [56]

Rocking Poliovirus 1
16% to 23% more plaques for rocked

flasks. Increases rate of virus adsorption
to cells

[53]

Adsorption time Poliovirus 1 Maximum at 2 hours: ~2.5-fold from 30
min to 2 hrs for rocked flasks [53]

Soluble proteins Poliovirus 1
80% reduction of plaques in the presence

of 3% beef extract compare to
phosphate-buffered saline

[53]

Size of inoculum Poliovirus 1
Inoculum of greater than one ml/25 cm2

resulted in decreasing numbers of
plaques and MPN

[28,53]

Flask vs. roller
bottlePlaques vs. CPE Poliovirus 1 Greater sensitivity when detecting low

levels of virus in a sample [52]

Sequential passage Poliovirus 1 Titer can increase by 10- to 100-fold [41,52]

4. Molecular Methods for Assessing Virus Infectivity

4.1. Integrated Cell Culture-Polymerase Chain Reaction

Various molecular methods have been developed to more rapidly determine the growth of viruses
in cell culture and ultimately for the detection of viruses, which may not produce CPE or exhibit
limited growth [55,57–59]. This still requires that each inoculated cell culture flask be tested and that
primers for each group of virus to be tested are available. The major advantage of this method is
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that replicating viruses can be detected in less time than observation of CPE or plaques and they
can detect viruses which do not produce CPE. Generally, virus replication can be detected in 2 to
5 days after inoculation but depends on the virus type [60]. In the United States, a study found that
the use of ICC-PCR resulted in an increase in positive samples of surface water from 17.2% (5/29) by
CPE to 93.1% (27/29) [61]. Studies conducted in South Korea [62] also reported greater isolation of
naturally occurring enteric viruses by ICC-PCR and detection of enteric viruses in treated tap water
that was previously negative by CPE. Similarly, a study conducted in New Zealand [45] reported
greater numbers of viruses detected in surface waters using ICC-PCR than by qPCR.

Assays targeting viral messenger RNA for detection of human adenoviruses in environmental
samples have been developed [47,63] but have not been widely applied in ambient waters. In addition,
a molecular beacon-based real-time PCR assay has been applied to identify intact enteroviral particles
combined with a reporter cell system to determine viral replication. The reporter assay depended upon
fluorescence emitted by single-stranded dual-label antisense oligonucleotide probes (i.e., molecular
bacons) upon binding to the specified target (e.g., mRNA) [64,65].

4.2. Direct Molecular Methods for Detecting Virus Infectivity

Various methods have been developed to determine the potential infectivity of enteric viruses
directly by molecular methods. The potential application of these methods and their limitations have
been reviewed [59,66,67]. The success of such methods depends on knowledge of the mechanism of
inactivation of a particular virus and the site of action of a particular disinfectant [2,68]. Different virus
types and strains may have different sites of action for a particular disinfectant. Thus, one method that
may work for RNA viruses may not work for dsDNA viruses. In addition, complicating this approach
is that some viruses, such as adenoviruses, rendered non-infectious by ultraviolet light can use host cell
enzymes to repair DNA damages on their genome [31,68]. Inactivated viruses can still cause infection
in cells through multiplicity reactivation [69]. This occurs when two viruses with their nucleic acids
damaged in different regions of their genomes infect the same host cell resulting in a complete genome
capable of replication.

Intercalating dyes, such as propidium monoazide (PMA) and ethidium monoazide (EMA) in
conjunction with qPCR (PMA-RT-qPCR and PMA-qPCR for RNA or DNA viruses, respectively),
have been used to determine the potential infectivity of enteric viruses in water [11,70,71]. Treatment
of virus suspensions with platinum (IV) chloride (PtCl4) has also been applied to discriminate
between potentially infectious and thermally inactivated enteric hepatitis viruses in environmental
samples [12,72,73]. Two hypotheses underlay the use of intercalating dyes (i) a virus with a damaged
capsid is not infectious, (ii) intercalating dyes can reach and bind the genomes to block specifically
the amplification of defective particles [68]. However, the success of these methods depends on
knowledge of the mechanism of inactivation of a particular virus and the site of action of a particular
disinfectant [2,68,74].

Another qPCR-based framework has been described and used to estimate virus infectivity [75].
The framework quantifies damage to the entire genome based on the qPCR amplification of smaller
sections, assuming single-hit inactivation and a Poisson distribution of damage. The framework offers
the potential to monitor the infectivity of viruses that remain nonculturable or not easily grown in cell
culture, such as norovirus.

5. Conclusions

Determining the concentration of infectious enteric viruses in water reuse systems will likely be
problematic into the near future. No one cell culture system can detect all of the infectious viruses
that may be present in an environmental sample. However, advances in molecular biology which
allow us to detect the genome of viruses known to infect humans and animals in environmental
samples have revealed that the number of viruses may be 100 to 1000 greater than that detected by
cell culture [3,76]. This requires us to reassess what proportion of these viruses that are potentially
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infectious so that we can adequately assess the risk and design treatment systems to reduce the
risk of exposure. The ratio of virus genome detected versus those detected by viral culture will be
greatly affected by wastewater and wastewater treatment processes and will not be a constant value.
For example, different disinfectants will affect different virus types differently (e.g., different sites of
action on the viral capsid or genome), and the presence of resistant mutants or viruses capable of the
use of host cell enzymes for repair (infectivity can be affected by choice of cell line). Perhaps the best
approach at present is to use molecular methods to assess the presence of enteric viruses in untreated
wastewater where most viruses can be expected to be infectious. This has been the approach for
treatment requirements in water reuse applications for potable and non-potable purposes, including
irrigation of crops traditionally consumed raw [4,77].

Another approach to consider is the use of a safety factor when estimating the true concentration
of an infection virus in an environmental sample. This might be useful since no one method can
detect all of the likely infectious virus present in environmental samples. When estimating risk from
chemicals, it is common to take into consideration the uncertainty of using data on toxicity developed
in animals to humans and the lack of data. Usually, safety factors of 10 to 100 are used to estimate
acceptable levels of risk. While this may be useful for estimating levels of infectious virus in raw
wastewaters, it becomes more problematic when dealing with treated wastewater and environmental
waters. However, considering the factors outlined in this review affecting assays for enteric viruses
that a safety factor of 10 would not be unreasonable.
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Abstract: Tanker water is used extensively for drinking as well as domestic purposes in the Kathmandu
Valley of Nepal. This study aimed to investigate water quality in terms of microbial contamination
and determine sources of fecal pollution within these waters. Thirty-one samples from 17 tanker
filling stations (TFSs) and 30 water tanker (WT) samples were collected during the dry and wet
seasons of 2016. Escherichia coli was detected in 52% of the 31 TFS samples and even more frequently
in WT samples. Of the six pathogenic viruses tested, enteroviruses, noroviruses of genogroup II
(NoVs-GII), human adenoviruses (HAdVs), and group A rotaviruses were detected using quantitative
PCR (qPCR) at 10, five, four, and two TFSs, respectively, whereas Aichi virus 1 and NoVs-GI were
not detected at any sites. Index viruses, such as pepper mild mottle virus and tobacco mosaic
virus, were detected using qPCR in 77% and 95% out of 22 samples, respectively, all of which were
positive for at least one of the tested pathogenic viruses. At least one of the four human-associated
markers tested (i.e., BacHum, HAdVs, and JC and BK polyomaviruses) was detected using qPCR
in 39% of TFS samples. Ruminant-associated markers were detected at three stations, and pig- and
chicken-associated markers were found at one station each of the suburbs. These findings indicate that
water supplied by TFSs is generally of poor quality and should be improved, and proper management
of WTs should be implemented.

Keywords: fecal-source marker; index virus; microbial contamination; pathogenic virus; tanker water

1. Introduction

Kathmandu, the capital city of Nepal, faces a severe scarcity of water in terms of both quality and
quantity [1–4]. Kathmandu Upatyaka Khanepani Limited (KUKL), the sole organization responsible
for supplying piped water into the valley, can only supply 111 million liters per day (MLD) and 71 MLD
in wet and dry seasons, respectively, while the actual demand approaches 377 MLD [4]. Therefore,
to meet daily requirements for domestic water, households in the valley are compelled to employ
alternative water sources [5]. Commonly used alternative water sources include groundwater (e.g.,
shallow dug and deep tube wells, and stone spouts), jar water, tanker water, and surface water sources,
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such as springs and rivers. Tanker water is a major component of the valley’s water market [6], as is so
in other countries, such as Bangladesh, Indonesia, Pakistan, the Philippines, and Thailand [7]. Water
tankers play an important role in transporting large volumes of water abstracted from ground and
surface sources to communities and households lacking the infrastructure or that are deprived of water
sources [6,8–10]. The sources of tanker water in the valley range from surface water to shallow or deep
borings, whereas the treatment procedures usually applied by TFSs vary from aeration, sedimentation
and filtration (generally by pressurized sand filters), to use of bleaching powders [6]. The number of
tanker water consumers has been gradually increasing and has increased rapidly following the Gorkha
Earthquake of 2015 [5]. Currently, 22% of households are using tanker water, of which 18%, 60%, 97%,
and 95% use it for drinking, cooking, bathing, and laundry, respectively [5].

A previous study [11] reported the detection of fecal indicator bacteria and pathogens as well as
ruminant fecal markers in tanker water supplied to a household. A recent study showed that 77% of
tanker water samples collected in the valley exceeded the Nepal Drinking Water Quality Standard
guideline for total coliform count [12]. Such findings have indicated possible public health risks
associated with using tanker water.

Viruses such as pepper mild mottle virus (PMMoV) and tobacco mosaic virus (TMV) have been
proposed as potential indicators of pathogenic viruses [13]. Pathogenic viruses, including Aichi virus
1 (AiV-1), human adenoviruses (HAdVs), enteroviruses (EVs), noroviruses of genogroups I and II
(NoVs-GII), and group A rotaviruses (RVAs), have been studied to estimate the concentration of
pathogenic viruses in various water sources [13,14]. However, data regarding tanker water are limited.
Thus, there is a need to investigate microbial contamination and sources of fecal pollution in TFS
samples and water distributed by WTs.

Prevention of potential disease outbreaks can be achieved by identifying sources of fecal
contamination and formulating appropriate pollution mitigation strategies. Sources of fecal
contamination can be identified by the application of a technique called microbial source tracking (MST),
which accurately and reliably identifies the hosts responsible for fecal pollution [15,16]. Host-associated
Bacteroidales assays—BacHum (human-associated) [17], BacR (ruminant-associated) [18], and
Pig2Bac (pig-associated) [19] and mitochondrial DNA (mtDNA) markers (bovine-, dog-, and
pig-associated) [20,21], as well as viral markers specific for humans (HAdVs) [22], JC and BK
polyomaviruses (JCPyVs and BKPyVs) [23], chicken (chicken parvoviruses (ChkPVs) [24], and pig
(porcine adenoviruses (PoAdVs) [25])—are commonly used for source tracking.

Based on this background, the current study aimed to assess the prevalence and abundance of
pathogenic viruses and indicators of pathogens in order to identify sources of fecal contamination in
TFSs and WT samples in the Kathmandu Valley.

2. Results

2.1. Detection of Fecal Indicator Bacteria and Index Viruses

Table 1 shows the positive ratios and concentration ranges of fecal indicator bacteria and index
viruses (PMMoV and TMV) within water samples from TFSs and WTs. Escherichia coli and total
coliforms were detected in 52% and 87% of 31 TFS samples, respectively, and were more frequent
in WT samples. The mean concentration of E. coli in WT samples was 0.37 log greater than that in
TFS samples, although the difference was not significant (independent t-test; p > 0.05). PMMoV and
TMV were detected in 71% and 90% out of 31 TFS samples, respectively, whereas in WT samples,
PMMoV and TMV were detected in 73% and 97% out of 30 samples, respectively. Of the 22 samples
that were positive for at least one pathogenic virus, PMMoV and TMV were detected in 77% and 95%
of samples, respectively. The E. coli concentrations were 0.0–4.0 and 0.0–3.5 log most probable number
(MPN)/100 mL in TFSs and WT samples, respectively. Similarly, out of the two index viruses tested,
TMV was detected with the highest concentration (6.3 log copies/L) in WT samples, whereas PMMoV
was detected with the lowest concentration (1.7 log copies/L) in TFS samples. E. coli was detected in
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44% (7/16) and 60% (9/15) of TFS samples during the dry and wet seasons, respectively, whereas it was
detected in 65% (11/17) and 77% (10/13) of WT samples during the dry and wet seasons, respectively.
Although the difference was not significant, the mean concentration of E. coli in WT samples during
the wet season was 0.78 log greater than that within the dry season (independent t-test; p > 0.05).

Figure 1 shows the E. coli concentration of water samples in the corresponding TFSs and WTs
(27 pairs). In most cases, the E. coli concentration of WT samples was greater than that of corresponding
TFS samples, although the mean concentrations did not differ significantly between WT (0.8 ± 1.6 log
MPN/100 mL) and TFS samples (0.5 ± 1.8 log MPN/100 mL) (paired t-test, p > 0.05). Forty-six percent
(6/13) of E. coli-negative TFS samples were positive for E. coli in the corresponding WT samples.

Chlorine is a widely used disinfectant employed within water treatment procedures in the valley.
We examined the relationship between the E. coli-positive ratio and the concentrations of free and
combined chlorine within TFS samples. Figure 2 shows the positive ratios of E. coli in water samples
from TFSs in different categories of free (Figure 2a) and combined (Figure 2b) chlorine concentrations.
The positive ratios of E. coli gradually decreased with an increase in free and combined chlorine
concentrations, except for the category of 0.00–0.05 mg/L free chlorine. The concentration of total
chlorine in this category was 0.01–0.59 mg/L. When water samples were divided into three categories
based on total chlorine concentration, the positive ratios of E. coli were 60% (6/10), 64% (7/11), and 30%
(3/10) for 0.01–0.04, 0.05–0.34, and 0.35–1.42 mg/L of chlorine concentration, respectively.

Figure 1. E. coli concentrations in tanker filling station and water tanker samples.
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Figure 2. E. coli concentrations plotted against (a) free chlorine concentration categories and (b) combined
chlorine concentration categories in tanker filling station samples.

2.2. Detection of Pathogenic Viruses

Table 2 shows the results of testing for six pathogenic viruses—AiV-1, EVs, HAdVs, NoVs-GI
and GII, and RVAs—analyzed for TFS and WT samples. Of the 17 TFSs, EVs, NoVs-GII, HAdVs, and
RVAs were detected at 10, five four, and two TFSs, respectively. Between two and four pathogenic
viruses were detected at six TFSs. Among all the pathogenic viruses tested, EVs were the most
prevalent viruses in TFS samples, with a positive ratio of 35% (11/31), followed by NoVs-GII (23%,
7/31), HAdVs (13%, 4/31), and RVAs (6%, 2/31). On the other hand, NoVs-GII were most frequently
detected in WT samples (20%, 6/30), followed by EVs (13%, 4/30), RVAs (10%, 3/30), and HAdVs (7%,
2/30). The detection frequency of EVs was significantly higher in TFS samples (35%, 11/31) than in WT
samples (13%, 4/30) (χ2-test; p < 0.05). However, no significant differences in the detection frequencies
of NoVs-GII (χ2-test; p > 0.05), HAdVs, and RVAs (fisher exact-test; p > 0.05) between TFS and WT
samples were observed. At least one pathogenic virus was detected in 45% (14/31) of TFS samples and
27% (8/30) of WT samples. Furthermore, NoVs-GII were detected at two TFSs continuously during
both seasons. However, AiV-1 and NoVs-GI were undetected in any of the sampled TFSs and WTs.
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2.3. Detection of Host-Associated Fecal Markers

Microbial source tracking was conducted for TFS samples using previously validated host-
associated Bacteroidales [26], mtDNA, and viral markers. Table 3 shows the results of the detection
of fecal markers in the TFS samples. The frequency of at least one human-associated marker (39%,
12/31) detection was significantly higher than ruminant-associated marker (14%, 3/22) (χ2-test; p < 0.05).
Chicken- and pig-associated markers were detected in 3% (1/31) and 5% (1/22) of TFS samples,
respectively. Dog-associated markers were not detected in any of the TFS samples. At least one human-
and ruminant-associated markers were detected at 10 and 3 out of 17 TFSs tested, respectively. Human-
and animal-mixed fecal contamination was observed at two TFSs. For one TFS, contaminations from
all the tested hosts were judged, with the exception of dog. Animal-associated fecal markers were
detected at three TFSs, all of which were located in the peri-urban area where agriculture and livestock
farming are common. At least one pathogenic virus was detected in 69% (9/13) and 33% (6/18) of
samples that tested positive and negative for fecal markers, respectively. At least one fecal marker was
detected at nine (75%) out of 12 TFSs within which pathogenic viruses were detected. In addition,
human-associated fecal markers were continuously detected at two TFSs during both seasons.

Table 3. Detection of fecal-source markers in tanker filling station samples.

Fecal Markers
Detection % (No. of Positive

Samples/No. of Tested Samples)
Concentration d

(log copies/L)

Human-

BacHum a 5 (1/22) 6.3
HAdVs b 13 (4/31) 3.6–4.9
BKPyVs b 29 (9/31) 4.9–5.7
JCPyVs b 10 (3/31) 5.0–5.9

At least one human marker 39 (12/31) 3.6–6.3

Ruminant-
BacR a 14 (3/22) 5.4–5.9

Bovine mtDNAc 0 (0/22) NAe

Pig-
Pig2Bac a 5 (1/22) 6.1
PoAdVs b 0 (0/31) NA

Swine mtDNA c 0 (0/22) NA

Dog- Dog mtDNA c 0 (0/22) NA

Chicken- ChkPVs b 3 (1/31) 3.4
a Bacteroidales marker; b Viral marker; c Mitochondrial DNA marker; d Range of concentrations among positive
samples; e NA, not applicable.

3. Discussion

Fifty-two percent (16/31) of TFS samples were contaminated with E. coli, indicating poor
performance of the treatment plants. E. coli detection in 70% (21/30) of WT samples with
concentrations higher than the World Health Organization (WHO) guideline values for drinking water
(<1 MPN/100 mL) indicated the unsuitability of this tanker water for drinking purposes [27]. When
the relationship between E. coli detection and free or combined chlorine concentrations was examined,
there was a decreasing trend in the positive ratios of E. coli as the concentrations of free and combined
chlorine increased. However, there was a low positive ratio of E. coli in the category 0.00–0.05 mg/L
of free chlorine, which could be due to the presence of combined chlorine. This result suggested
that chlorine application could be a useful measure for lowering the concentration of E. coli in WTs.
Although the difference was not significant, the concentrations of E. coli in WT samples were higher
compared with their corresponding TFS samples. E. coli was detected in 46% (6/13) of WT samples
that were negative for the corresponding TFSs. These results indicated that tankers are not disinfected
and/or cleaned regularly. A similar result was obtained in Lebanon, where eight tankers had higher
concentrations of fecal coliforms than their water sources [28].

High positive ratios for the potential indicators of pathogenic viruses, PMMoV and TMV, in TFS
and WT samples indicated that other water-transmitted viral pathogens, such as astroviruses and
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hepatitis A and E viruses, could be present, for which testing was not performed in this study. Group
A rotaviruses, which are the major causative agent of gastroenteritis in Nepal [29–31], were detected in
10% (3/30) of WT samples. Previous studies have reported the detection of pathogenic viruses—such
as AiV-1, EVs, HAdVs, NoVs-GI, NoVs-GII, and RVAs—in groundwater and river water in the valley,
which are the major sources of tanker water [1,13,14,32,33]. A tap water sample supplied by a tanker
in the valley was found to be contaminated with pathogens, including HAdVs and Vibrio cholerae,
further indicating the unsuitability of tanker water for drinking purposes [11]. In addition, NoVs-GI
and HAdVs were also detected in two and one samples, respectively, out of five water tankers sampled
in the valley, and enteric viruses were found to be responsible for gastroenteritis in children suffering
from diarrhea [33]. A previous study reported a high risk of diarrheal infections for consumers of raw
vegetables washed with tanker water or other water sources in the valley [34]. High positive ratios
of fecal indicator bacteria and pathogenic viruses in TFS samples show that the employed treatment
systems were not sufficient to eliminate the pathogens tested.

When the possible sources of such pathogenic viruses and fecal indicator bacteria in these water
samples were analyzed by an MST technique, 39% (12/31) and 14% (3/22) of water samples were
judged to be contaminated with human and ruminant feces, respectively. The detection of ruminant
fecal markers has been previously reported in tanker water [11]. This could be due to the use of
groundwater and surface water by the TFSs, in which human and animal fecal contaminations have
been reported [11,35,36]. A previous study reported the possible transmission of enteric viruses from
feces to children consuming water from sources contaminated by these viruses [33]. The detection
of pathogenic viruses and fecal markers in the same sample indicated that these viruses might have
originated from the feces of humans and animals. The detection of the animal fecal markers, mostly in
samples originating from the peri-urban areas of the valley, could be due to the land use pattern of
those areas where agriculture and farming are commonly practiced [35]. In Cambodia, animals were
found to be responsible for the fecal pollution of water sources in agricultural areas [37], and livestock
ownership is significantly associated with water contamination in Ghana and Bangladesh [38]. These
results indicate a high risk to public health, which requires immediate action for control and prevention
of possible disease outbreaks.

Groundwater, a major source for tanker water in Nepal [6,9], is contaminated by human and
animal feces [26,35]. Despite an effort to ban on the implementation of deep tube wells within a
200 m distance of riverbanks, some TFSs are still found near riverbanks. Mixing of river water with
nearby groundwater has been previously reported [39]. These reasons may contribute to the poor
microbial quality of tanker water. This study showed that an increase in the concentrations of free and
combined chlorine was associated with decreased concentrations of E. coli in WT samples, suggesting
that chlorine application could be one of the measures used to lower the concentration of E. coli in WTs.

In conclusion, this study reports that the water supplied to the TFSs and WTs to the public are
contaminated with fecal indicator bacteria and pathogenic viruses. This study also highlighted the
use of host-associated Bacteroidales, mtDNA, and viral genetic markers to identify the sources of fecal
pollution. The major source of microbial contamination was judged to be human feces, indicating
that better infrastructure and management practices should be implemented. The increased microbial
contamination present in WTs compared with that of TFS samples suggests the importance of regular
cleaning and disinfection of the WTs.

4. Materials and Methods

4.1. Collection of Water Samples

Altogether, 31 TFS water samples were collected from 17 TFSs during the dry (March; n = 16) and
wet (August; n = 15) seasons of 2016, and from 30 WTs during the dry (n = 17) and wet (n = 13) seasons
of the same year. The water supplied by the tanker water treatment plants or TFSs to the tankers or the
vehicles that carry water are referred to as TFS samples, and the water distributed by these vehicles

19



Pathogens 2019, 8, 81

to the public are referred to as WT samples. Water samples were collected in two 100 mL and five
1 L plastic bottles, which were washed with pure water prior to autoclaving, for each of the TFS and
WT samples. Chlorine concentrations of WT samples were measured using a portable water analyzer
colorimeter (HACH, Loveland, Co, USA). All samples were stored cold, transported to the laboratory,
kept at 4 ◦C, and processed within 4 h.

4.2. Detection of Total Coliforms and E. coli

Total coliforms and E. coli were determined by the MPN method using a Colilert reagent (IDEXX
Laboratories, Westbrook, CA, USA), as described previously [14,40].

4.3. Concentration and Extraction of Bacterial, mtDNA, and Viral Markers and Viruses

Bacterial and mtDNA were extracted using a CicaGeneus DNA Extraction Reagent (Kanto
Chemical, Tokyo, Japan), as previously described [26,35]. Briefly, 100 mL of a water sample was filtered
using a disposable filter unit preset with a nitrocellulose membrane (diameter, 47 mm; pore size,
0.22 μm; Nalgene, Tokyo, Japan). The filter membrane was transferred into a 50 mL tube and 5 mL of
Tris–EDTA buffer (pH 7.4) was added. The resuspended sample was processed after repeated shaking
and mixing by vortexing. A final volume of 300 μL of DNA extract was obtained by processing 160 μL
of the resuspended sample with 20 μL of Buffer A and 200 μL of Buffer B.

An electronegative membrane-vortex method [41] was used as described previously with some
modifications for virus concentration of the water samples [13,14,36]. Briefly, for the concentration
step, 50 mL of 2.5 mol/L MgCl2 was added to the 5 L water sample and filtered using a mixed
cellulose-ester membrane (pore size, 0.8 μm; diameter, 90 mm; Merck Millipore, Billerica, MA, USA).
Filter membrane was removed from the filter holder and vigorous vortexing of the membrane was
performed with elution buffer in a 50 mL plastic tube to recover an eluate (~15 mL), as mentioned
previously [13,14]. Subsequently, the eluate was centrifuged at 2000 × g for 10 min at 4 ◦C, followed by
filtration of supernatant using a disposable membrane filter unit (pore size, 0.45 μm; diameter, 25 mm;
Advantec, Tokyo, Japan). Finally, the filtrate was further concentrated using a Centriprep YM-50
ultrafiltration device (Merck Millipore) to obtain a virus concentrate, following the manufacturer’s
protocol. Viral DNA was extracted using a QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) from
200 μL of viral concentrate to obtain 200 μL of DNA extract. Similarly, a QIAamp Viral RNA Mini Kit
(QIAGEN) was used to obtain a 60 μL RNA extract from 140 μL of viral concentrate, following the
manufacturer’s protocol. Both DNA and RNA extractions were performed using a QIAcube automated
platform (QIAGEN). Thirty microliters of viral RNA was subjected to reverse transcription using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) to obtain
60 μL of cDNA.

4.4. Detection of Viruses and Fecal Markers

The effect of qPCR inhibition was evaluated in this study as recommended elsewhere [42].
Porcine teschovirus (PoTeVs), as a control, was inoculated into DNA extract and recovered by qPCR.
For quantitative PCR (qPCR), 2.5 μL of template DNA/cDNA was added to a mixture of 22.5 μL
containing 12.5 μL Probe qPCR Mix (Takara Bio, Kusatsu, Japan), 7.0 μL PCR-grade water, 1.0 μL each
of 10 pmol/μL forward and reverse primers, and 1.0 μL of the 5 pmol/μL TaqMan (MGB) probe. Table 4
shows the sequences of primers and probes used in this study. For the quantification of genomes, a
Thermal Cycler Dice Real Time System TP800 (Takara Bio) was used. The thermal cycle conditions
for all the tested assays (BacHum [17], BacR [18], Pig2Bac [19], Bovine- and Swine-mtDNA [20],
Dog-mtDNA [21], AiV-1 [43], BKPyVs and JCPyVs [44], ChkPVs [24], and PoAdVs [25]) were as
follows: 95 ◦C for 30 s, followed by 45 cycles at 95 ◦C for 5 s, and 60 ◦C for 30 s, except for EVs [45,46],
PMMoV [47,48], RVAs [49], and TMV [50] (60 ◦C for 60 s), HAdVs [51], NoVs-GI, and NoVs-GII [52]
(58 ◦C for 30 s), and PoTeVs [53] (56 ◦C for 30 s). For the determination of the genome copy number of
each virus, a standard curve was plotted using six 10-fold serial dilutions of artificially synthesized
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plasmid DNA containing the amplification region. The amplification efficiencies of standard curves
ranged from 78% to 123%. The calculated mean efficiency of process control was 141 ± 32% (n = 30),
suggesting that there was no inhibition during qPCR.

In all qPCR runs, unknown and standard samples and negative controls were run in duplicate.
A negative control was included in every run. The sample was judged positive if the respective marker
was detected in at least one of the two wells with the threshold cycle value of ≤40.

4.5. Statistical Analysis

An independent t-test was used for the comparison of the E. coli concentrations between WT and
TFS samples and for comparing the concentrations of E. coli in WT samples between dry and wet
seasons. In addition, a paired t-test was used to compare the concentrations of E. coli between WT
and corresponding TFS water samples. The detection frequencies of pathogenic viruses in TFS and
WT samples were compared using χ2 and Fisher Exact tests. Similarly, the χ2 test was used for the
comparison of the detection frequencies of human- and ruminant-associated markers in TFS samples.
For negative samples, the one-tenth value of the limit of detection (1 MPN/100 mL for E. coli) was used.
For statistical analyses, SPSS version 23 (IBM Corporation, Armonk, USA) was used, and values were
considered significant at p < 0.05.

Table 4. Primer and probe sequences used in this study.

Assay Primer/Probe Sequence (5′–3′) Product
Length (bp)

Reference

AiV-1
Forward primer GTCTCCACHGACACYAAYTGGAC

108–111 [43]Reverse primer GTTGTACATRGCAGCCCAGG
TaqMan MGB probe FAM-TTYTCCTTYGTGCGTGC-MGB-NFQ

BacHum
Forward primer TGAGTTCACATGTCCGCATGA

82 [17]Reverse primer CGTTACCCCGCCTACTATCTAATG
TaqMan probe FAM-TCCGGTAGACGATGGGGATGCGTT-TAMRA

BacR
Forward primer GCGTATCCAACCTTCCCG

118 [18]Reverse primer CATCCCCATCCGTTACCG
TaqMan MGB probe FAM-CTTCCGAAAGGGAGATT-MGB-NFQ

BKPyVs
Forward primer GGCTGAAGTATCTGAGACTTGGG

78 [44]Reverse primer GAAACTGAAGACTCTGGACATGGA
TaqMan probe FAM-CAAGCACTGAATCCCAATCACAATGCTC-TAMRA

Bovine-
mtDNA

Forward primer CAGCAGCCCTACAAGCAATGT
191 [20]Reverse primer GAGGCCAAATTGGGCGGATTAT

TaqMan probe FAM-CATCGGCGACATTGGTTTCATTTTAG-TAMRA

ChkPVs
Forward primer AGTCCACGAGATTGGCAACA

82 [24]Reverse primer GCAGGTTAAAGATTTTCACG
TaqMan probe FAM-AATTATTCGAGATGGCGCCCACG-TAMRA

Dog-
mtDNA

Forward primer GGCATGCCTTTCCTTACAGGATTC
109 [21]Reverse primer GGGATGTGGCAACGAGTGTAATTATG

TaqMan probe FAM-TCATCGAGTCCGCTAACACGTCGAAT-TAMRA

EVs
Forward primer CCTCCGGCCCCTGAATG

195
[45]

Reverse primer ACCGGATGGCCAATCCAA
TaqMan probe FAM-CCGACTACTTTGGGTGTCCGTGTTTC-TAMRA [46]

HAdVs
Forward primer GCCACGGTGGGGTTTCTAAACTT

132 [51]Reverse primer GCCCCAGTGGTCTTACATGCACATC
TaqMan probe FAM-TGCACCAGACCCGGGCTCAGGTACTCCGA-TAMRA

JCPyVs
Forward primer GGAAAGTCTTTAGGGTCTTCTACCTTT

89 [44]Reverse primer ATGTTTGCCAGTGATGATGAAAA
TaqMan probe FAM-GATCCCAACACTCTACCCCACCTAAAAAGA-TAMRA

NoVs-GI
Forward primer CGYTGGATGCGNTTYCATGA

85 [52]Reverse primer CTTAGACGCCATCATCATTYAC
TaqMan probe FAM-AGATYGCGATCYCCTGTCCA-TAMRA

NoVs-GII
Forward primer CARGARBCNATGTTYAGRTGGATGAG

98 [52]Reverse primer TCGACGCCATCTTCATTCACA
TaqMan probe FAM-TGGGAGGGCGATCGCAATCT-TAMRA
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Table 4. Cont.

Assay Primer/Probe Sequence (5′–3′) Product
Length (bp)

Reference

Pig2Bac
Forward primer GCATGAATTTAGCTTGCTAAATTTGAT

117 [19]Reverse primer ACCTCATACGGTATTAATCCGC
TaqMan MGB probe FAM-TCCACGGGATAGCC-MGB-NFQ

PMMoV
Forward primer GAGTGGTTTGACCTTAACGTTTGA

68
[47]

Reverse primer TTGTCGGTTGCAATGCAAGT [48]
TaqMan MGB probe FAM-CCTACCGAAGCAAATG-MGB-NFQ [47]

PoAdVs
Forward primer AACGGCCGCTACTGCAAG

68 [25]Reverse primer AGCAGCAGGCTCTTGAGG
TaqMan MGB probe FAM-CACATCCAGGTGCCGC-MGB-NFQ

PoTeVs
Forward primer CACCAGCGTGGAGTTCCTGTA

66 [53]Reverse primer AGCCGCGACCCTGTCA
TaqMan probe FAM-TGCAGGACTGGACTTG-TAMRA

RVAs
Forward primer CAGTGGTTGATGCTCAAGATGGA

131 [49]Reverse primer TCATTGTAATCATATTGAATACCA
TaqMan probe FAM-ACAACTGCAGCTTCAAAAGAAGWGT-TAMRA

Swine-
mtDNA

Forward primer ACAGCTGCACTACAAGCAATGC
197 [20]Reverse primer GGATGTAGTCCGAATTGAGCTGATTAT

TaqMan probe FAM-CATCGGAGACATTGGATTTGTCCTAT-TAMRA

TMV
Forward primer CAAGCTGGAACTGTCGTTCA

120 [50]Reverse primer CGGGTCTAAYACCGCATTGT
TaqMan probe FAM-CAGTGAGGTGTGGAAACCTTCACCACA-TAMRA

FAM, 6-carboxyfluorescein; MGB, minor groove binder; NFQ, nonfluorescent quencher; TAMRA, 5-carboxytetramethylrhodamine.
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Abstract: Concentrations of rotavirus A, in sewage and oysters collected weekly from September 2014
to April 2016 in Japan, were investigated using RT-qPCR; results showed up to 6.5 log10 copies/mL
and 4.3 log10 copies/g of digestive tissue (DT) in sewage and oysters, respectively. No
correlation was found between rotavirus concentration in sewage and oysters and cases of
rotavirus-associated gastroenteritis.
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1. Introduction

Rotavirus is the major cause of acute gastroenteritis that leads to deaths in infants and young
children worldwide. Before vaccines were introduced, rotavirus caused 20–40 deaths annually in the
U.S. alone, and mortality was much higher in sub-Saharan Africa and South Asia [1,2]. Moreover,
rotavirus was associated with up to 88% of all hospital-associated diarrheal episodes in Japan, before
the introduction of vaccines, and led to 2–18 deaths every year [3,4]. While rotavirus can infect all
age groups, young groups are mainly affected. Among 4072 rotavirus-associated gastroenteritis cases
during the period of 2005−2010 in Japan, approximately 75% were 0- to 2-year-old babies [5]. Various
vaccines have been licensed worldwide, including Rotarix, RotaTeq, Rotavac, and Rotasiil [6]. The first
two have been commercially available in Japan since November 2011 and July 2012, respectively, for
voluntary vaccination. Previous research has shown a decline of rotavirus deaths in 2013, after entering
the vaccine era, but mortality in children <5 years remained high globally (197,000−233,000 deaths
estimated) [7]. While norovirus has been well recognized to contaminate oysters, causing high levels
of gastroenteritis in temperate regions during winter months, rotavirus was also detected in 0.3% to
16.7% of cases with oyster-associated gastroenteritis [8,9]. Although rotavirus has been detected in
farmed oysters at rates of 3.3%–44.4% [9–11], information about their level of contamination in the
environment and its seasonal variation remains limited. In this study, we performed long-term weekly
monitoring of oysters at a cultivation site in Japan, tracking changes in viral loads across different
seasons. The incidence of rotavirus in sewage in the same area was also simultaneously monitored,
since it is likely to be the main source of rotavirus content in the oysters.

Pathogens 2019, 8, 89; doi:10.3390/pathogens8030089 www.mdpi.com/journal/pathogens27
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2. Results and Discussion

Data related to rotavirus A contamination in sewage and oyster samples, as well as to gastroenteritis
cases, are presented in Figure 1. Among the samples collected between 24 September 2014 and
21 April 2016, the highest rotavirus concentration obtained from sewage and oyster samples was
6.5 log10 copies/mL and 4.3 log10 copies/g of digestive tissue (DT), respectively. Approximately
62.2% (46 of 74 weeks) of sewage and 57.8% (37 of 64 weeks) of oyster samples were positive for
rotavirus, which is much higher than the positivity rates reported in previous studies. In Thailand,
rotavirus was detected in 27.1% (16 of 59), 9.1% (5 of 55), and 5.4% (5 of 110) of river water, irrigation
canal water, and cultured oyster samples, respectively [10]. A wide range of positivity rates for
rotavirus has been reported in oysters from different regions. Approximately 3.3% (5 of 150) of farmed
oysters in China were found to be contaminated with rotavirus [11], whereas a comparatively higher
positivity rate (44.4%, 4 of 9) was found in oysters, related to an outbreak in Southern France [9].
However, we cannot deny the possibility that the positivity rate was influenced by differences in our
detection methodologies.

Figure 1. Rotavirus A concentration in sewage and oyster samples together with the number of
rotavirus-associated gastroenteritis cases (green columns) in Miyagi, Japan. Empty circles and empty
triangles represent half of the detection limit (LOD) in sewage and oysters, respectively, where rotavirus
may exist, but below the detection limit. The weeks in which no oyster sample was collected or was
tested positive due to low murine norovirus (MNV) recovery rate are considered invalid and left blank;
The corresponding number of genomes for quantification cycles (Cq values) of 40 varied across qPCR
runs, and the weight of digestive tissue was different in each oyster sample. Thus, LOD for each
sewage and oyster sample was different; half of LOD has been shown in the figure for convenience
of presentation.

Humans, who consume oysters grown in contaminated water, are at a risk of rotavirus infection.
Rotavirus concentrations reached 2.3 log10 PFU/g DT in oysters cultured for 48 h in artificial seawater,
containing 104 PFU/mL of the rotavirus strain Wa [12]. In Japan, 1 of 286 fecal specimens was found to
be positive for rotavirus in 88 oyster-associated gastroenteritis outbreaks [8]. Approximately 16.7%
(2 of 12) of patients with shellfish-associated gastroenteritis shed rotaviruses, along with other viruses,
such as astrovirus, Aichi virus, and enterovirus [9]. Our cross-correlation analysis found that log
transformed norovirus GII concentrations in sewage and oysters was significantly correlated with the
number of gastroenteritis cases in the same study area [13]; however, none of the cross-correlation
coefficients in this study was statistically significant at the 95% confidence level. There are several
possible explanations for this inconsistency. First, the number of rotavirus-associated gastroenteritis
cases, reported each week, was small, ranging from 0 to 11, and 56.8% of the weeks (42 of 74) reported
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no patient with rotavirus-associated disease, according to the Infectious Diseases Weekly Report of
Miyagi Prefecture [14]. Second, shedding of rotavirus from domestic animals could cause a high
load of rotavirus in seawater and oysters, whereas only those shed by humans could be detected
in sewage, since over 99% of animal wastes do not enter municipal sewage system in Japan [15].
On the other hand, infants that receive rotavirus vaccine can shed up to 107 copies in one gram of
stool [16]; rotavirus vaccine (rotarix)-derived strains were found in six stool samples from pediatric
clinics in Japan [17]. Therefore, there is a chance that feces from 5- or 6-month-old vaccinated babies
also enter sewage, adding to the complexity of rotaviruses shed from humans. Third, despite the high
concentration of rotavirus in seawater, caused by its low removal efficiency by wastewater treatment
processes compared to that of norovirus [18,19], different stabilities were observed for different viruses
in seawater [20], and different accumulation efficiencies in oysters were observed for different virus
strains [21]. This could explain the weak correlations observed in this study. Weekly variation of
rotavirus concentrations in sewage and oysters provide new insights into the distribution of rotavirus
in wastewater, marine water, and shellfish.

3. Materials and Methods

Municipal sewage (1 L) and oyster (9 in number) samples were collected weekly (73 weeks in
total) from Miyagi Prefecture, Japan, between 24 September 2014 and 21 April 2016. Virus particles
were concentrated from sewage samples by polyethylene glycol precipitation [22]. Digestive tissue
(DT) of each individual oyster was excised, and the virus extracted following a previously described
protocol [23]. Approximately 1.5 mL viral supernatant was generated from each oyster. Three
supernatants were pooled to form one oyster composite, and 3 oyster composites from each week were
used for RNA extraction. Viral RNA was extracted from sewage and oyster samples as described
earlier [23]. Complementary DNA (cDNA) was generated via reverse transcription using the iScript
Advanced cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) and a T100 thermal cycler (Bio-Rad),
following the manufacturer’s instructions. Rotavirus A was quantified from the cDNAs by quantitative
real-time PCR (qPCR) targeting rotavirus on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad),
using previously developed primers and probes [24]. Murine norovirus (MNV) was added to samples
during the viral extraction step as a whole-process control [22]. Samples with MNV recovery rates
higher than 1% were considered valid [25]. Quantification by qPCR was performed in accordance
with the minimum information for the publication of real-time quantitative PCR experiments (MIQE)
guidelines [26], and samples with quantification cycles (Cq values) below 40 were considered positive
for rotavirus.

Lag time (±7 weeks) was studied between log-transformed rotavirus concentrations in sewage and
oyster samples (collected weekly) and the number of rotavirus-associated gastroenteritis cases reported
weekly by 5 pediatric sentinel clinics in Miyagi Prefecture [15], using cross-correlation analysis [27].
A time-series cross-correlation coefficient of ±7 weeks was calculated to identify correlation between
the following events: (1) Occurrence of gastroenteritis cases, (2) shedding of viruses from infected
individuals into sewage, and (3) contamination of oysters with viruses. In samples where rotavirus
was not detected positively, the incidence of rotavirus was estimated to be half of the limit of detection
(LOD) to permit cross-correlation analysis [28,29].
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Abstract: The ambient air from wastewater treatment plants has been considered as a potential
source of pathogenic microorganisms to cause an occupational risk for the workers of the plants.
Existing detection methods for enteric viruses from the air using a liquid as the collection medium
therefore require special care to handle on-site. Knowledge accumulation on airborne virus risks
from wastewater has been hindered by a lack of portable and handy collection methods. Enteric
viruses are prevalent at high concentrations in wastewater; thus, the surrounding air may also be
a potential source of viral transmission. We developed a portable collection and detection method
for enteric viruses from ambient air and applied it to an actual wastewater treatment plant in Japan.
Materials of the collection medium and eluting methods were optimized for real-time polymerase
chain reaction-based virus quantification. The method uses a 4 L/min active air sampler, which
is capable of testing 0.7–1.6 m3 air after 3–7 h sampling with a detection limit of 102 copies/m3

air in the field. Among 16 samples collected at five to seven locations in three sampling trials
(November 2007–January 2008), 56% (9/16) samples were positive for norovirus (NV) GII, with the
highest concentration of 3.2 × 103 copies/m3 air observed at the sampling point near a grit chamber.
Adenoviruses (4/16), NV GI (6/16), FRNA bacteriophages GIII (3/16), and enteroviruses (3/16) were
also detected but at lower concentrations. The virus concentration in the air was associated with that
of the wastewater at each process. The results imply that the air from the sewer pipes or treatment
process is contaminated by enteric viruses and thus special attention is needed to avoid accidental
ingestion of viruses via air.

Keywords: virus; aerosols; pathogenic microorganisms; real-time PCR

1. Introduction

Wastewater treatment plants are considered as potential sources of pathogenic bioaerosols [1].
Several studies have demonstrated that high amounts of microorganisms are present not only in the
wastewater but also in bioaerosols generated from wastewater treatment processes [2–4]. Bioaerosols
are suspected to have adverse health effects on the neighboring residents of wastewater treatment
processes [2] or wastewater treatment plant (WWTP) workers [5]; however, there are limited studies
about the detection of enteric viruses from bioaerosols [2,6]. These studies used cell culture assays
and detected enterovirus (EV) and reovirus which did not reflect the actual occurrence of viruses
because most viruses are practically difficult to propagate in cell lines. Moreover, the research field
for bioaerosol monitoring has predominately focused on the detection of fungal spores and bacteria,
where the analysis of samples depends on total-count or culture techniques.

Enteric viruses are shed in the feces of infected patients; thus, they are frequently detected at
high concentrations in wastewater samples [7]. They are transmitted mainly through the fecal–oral
route via contaminated food and water, but some epidemiological reports have shown that enteric
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viruses, especially noroviruses (NVs), can cause outbreaks through aerosols released from vomit [8,9].
Quantitative polymerase chain reaction (qPCR) has been widely used to detect enteric viruses in
wastewater because some enteric viruses such as human NVs cannot routinely be propagated in cell
lines [10]. Furthermore, the PCR assays have the advantages of specificity, sensitivity, and rapidity in
the detection; hence, this can be a reliable method for detecting viruses in bioaerosols.

A previous study detected noroviruses from the air using dust filter (PTFE filter with the pore
size 1 μm), while the method was not optimized for virus detection and the detection rate was low
(only one in four field samples) [4]. Another recent study detected rotavirus and adenovirus (AdV)
quantitatively with a liquid collector and cascade sampler using PCR [11]. However, knowledge is
limited partly due to the complicated sampling method. The lack of a portable collection method
hampers knowledge accumulation on airborne virus risks from wastewater. The reliable existing
method uses liquid for collection [12], but this is not convenient for sampling as it requires a regular
power supply (AC 100–200 V), which is not always available in the field or specific locations of WWTPs.

Also, the liquid medium requires special care to be handled on-site to avoid contamination.
Collection media for air sampling is vulnerable to contamination since viruses that originate from
wastewater are abundant in the environment in WWTPs. Operation at an unevenly leveled location or
transportation from the field to the laboratory can also cause the liquid to spill from its container. There
was also an attempt to use membranes for sampling in previous literature [6]. However, it was not
optimized for detecting viruses and for PCR detection processes. Therefore, it is important to develop
and test a handy, battery-driven sampling method using a membrane optimized for qPCR.

The objective of this study was to develop a mobile sampling device and sampling procedure
for the detection of enteric viruses in bioaerosols by PCR-based assay, and to apply the method at an
actual WWTP. In this course, we developed a novel mobile sampling method and verified it via field
sampling at an actual WWTP.

2. Materials and Methods

2.1. Development of Collection Method and Laboratory Evaluation

A mixed cellulose membrane (HA 0.45 μm, Millipore) was used as collection media with glycine
buffer (pH 9.5) to elute the viruses as previously tested among various membrane materials and pore
sizes [13]. The membrane was placed in a sterilized 47 mm monitor holder. The HA membrane was
proofed to be effective in collecting enteric viruses in the water sample and in eluting the viruses
in alkaline solution [14]. The developed method was evaluated by comparing it with an existing
liquid collection method (Figure 1). For the liquid collector, we used an SKC Biosampler in which the
air was in contact with the liquid circulating inside the container as the standard collection device
for viruses among various liquid collectors [12]. The SKC Biosampler was operated with a vacuum
pump at a flow rate of 12.5 L/min. In this experiment, two pumps were prepared separately; one for
bubbling the viruses and another for sampling such that the airflow rate for bubbling was the same
between the newly developed method and the SKC Biosampler. F-specific RNA coliphage Qbeta [15],
Poliovirus (LSc-2ab Sabin strain), and murine NV (S7-PP3 strain, isolated in Japan) were used to test
the recovery media. The coliphages were propagated in bacterial host Eschelichia coli (E. coli) K-12 F+
(A/λ) in LB broth solution, followed by filtration with the membrane (pore size 0.45 μm). Poliovirus
and murine NV (MNV) were propagated in RAW264.7 cells as previously described [16] to obtain
4.8 × 109–3.4 × 1011 plaque-forming units per mL. The titer of the phage and virus stock solution was
determined by plaque assay using a double agar overlay method. Then the virus stock solutions
(0.1–10 mL) were inoculated into 1 L of sterilized phosphate buffer solution. A 100 mL portion of the
inoculated solution was aerated in a 250 mL gas washing bottle by a vacuum pump at a flow rate
of 4–12 L/min to generate the virus-containing aerosols. A portable sampling mini-pump (Shibata)
and low-volume air sampler (AirCheck HV30) were used for aspiration. The generated aerosols were
transported by silicon tubes directly to the collection apparatuses.
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Figure 1. Experimental settings for comparison with the existing sampling method.

2.2. qPCR Assay

A 140 μL of the eluate was used for the RNA extraction process by Qa IAamp viral RNA mini
kit (Qiagen, Japan) to obtain a final volume of 60 μL. Then the samples were subjected to a reverse
transcription step using the High Capacity cDNA RT kit with RNase (Applied Biosystems) following the
manufacturer's protocol. Five microliter portions of cDNAs were quantified by real-time quantitative
PCR using the ABI PRISM 7500 sequence detection system (Applied Biosystems). The sequence of
primers and probes [14,17–19] and thermal conditions of real-time PCR are shown in Table S1.

2.3. Sampling at the Wastewater Treatment Plant

Air and water samples were collected from a wastewater treatment plant located in Japan with a
capacity of 450,000 m3/day, adopting the conventional activated sludge (AS) treatment. The treatment
process consists of a grit chamber, AS chamber, final settlement chamber, and chlorine contact chamber.
The wastewater was mostly made up of domestic sewage since the catchment area of the plant was
residential. The plant was located in a residential area and thus all treatment facilities were in the
buildings to prevent the odor from getting outside. The AS chamber was covered and equipped with
an exhaust duct. The air in the exhaust duct from the AS chamber and the grit chamber was treated
with a wet type air scrubber (mist separator) followed by a biological deodorization chamber and an
activated carbon deodorization chamber. The treated air was exhausted from an exhaust tower at a
public park.

Figure 2 represents the sampling points at each treatment process. Air at the AS chamber (A)
was taken by silicon tube from an inspection hole on top of the chamber cover. The sampling point
of the air was approximately 80 cm above the liquid surface of the AS. Air from the exhaust duct (B)
and treated air (D) was also taken by silicon tube from an odor inspection hole of the duct. The drain
sample from the wet type air scrubber (C) was taken in liquid form. Points F and G were right above
the inflow screen of the grit chamber. Point F was at the floor level on the grating while G was sampled
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at 1.2 m above the ground using a tripod (Figure S1). Ambient air in the AS building (E) and the grit
chamber building (H) were also sampled at a 1.2 m height from the ground. Access to points F and G
was controlled only for the workers, while points E and H were in the middle of the factory, accessible
to visitor tours. There was no other source of droplets or aerosols of wastewater than those at the
sampling points. All the sampling points were inside the building where the outside wind did not
affect the sampling procedure. The air temperature inside the building was not an extreme condition;
the temperature at point A was measured to be 25.0 ◦C (November 2007), 17.6 ◦C (December 2007),
and 16.5 ◦C (January 2008). The ambient air temperature was measured at some sampling points for
reference purposes, recording 24.2 ◦C at site E in November 2007 and 13.5 ◦C at Site F in January 2008.

Figure 2. Schematic of wastewater treatment plant treatment flow and sampling points. A; Activated
sludge chamber, B; Exhaust air duct, C; Drainage of mist separator, D; Treated air, E; Ambient air at
activated sludge building, F; Grit chamber (Floor Level + 0 m near wastewater inflow screen), G; Grit
chamber (Floor Level + 1.2 m near wastewater inflow screen), H; Ambient air at grit chamber building.

3. Results and Discussion

3.1. Evaluation of the Developed Sampling Method

From the three trials for both the developed HA vortex method and the liquid collector, the
captured virus amounts showed similar collection capacities; there were no significant differences for
captured viruses per m3 of air between the methods (Table 1). The recovery ratio was not obtained
because the dispersion ratio of viruses from the bubbled water was unknown. MNV tended to be
recovered more than EV and bacteriophages (Qβ). The difference in recovery by the virus species may
be due to the mechanisms by which viruses were transported from the liquid to air. The tendency for
the transportation of the virus from the aqueous phase to air is unclear on the laboratory scale. The
previous study showed that the hydrophobicity of the enteric viruses was different among species [20].
The hydrophobic particles are more likely to be aerosolized (transported to air–water interfaces).
Results from the field also support that the difference in transportation capacity from seawater to air
among various taxa of bacteria was due to different levels of hydrophobicity [21].
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3.2. Application to Wastewater Treatment Plant

Table 2 shows the results of virus detection from the air and the AS or raw sewage at all sampling
points and periods. AdV, NV GI, and NV GII were detected in all water and sludge samples. The
detection rate of viruses in the air at sampling points A, B, and F was 89% (8/9) (Table S2). NV GII
showed the highest concentration among the viruses tested, with the highest concentration observed
at the grit chamber (F, 6.0 × 102 copies/m3 in geometric mean, n = 3), followed by the AS chamber (A,
2.4 × 102 copies/m3, n = 2).

Table 2. Virus concentrations in sewage and activated sludge.

Trial Sample Water Type
Virus Concentration, Copies/mL Water

AdV NV GI NV GII FG3 EV

Nov-07 Activated Sludge 1.1 × 102 4.1 × 101 1.0 × 103 1.7 × 103 1.2 × 102

Dec-07
Activated Sludge 9.7 × 101 7.4 × 102 9.4 × 103 4.0 × 102 2.5 × 102

Drain from Mist
Separator 5.2 × 10-1 1.7 × 100 1.5 × 102 3.8 × 100 +

Jan-08 Activated Sludge 1.6 × 103 5.5 × 102 1.4 × 104 4.0 × 102 1.6 × 103

Jan-08 Raw Sewage 4.4 × 103 4.1 × 102 2.5 × 104 1.3 × 103 2.5 × 103

Jan-08 Drain from Mist
Separator ND 1.1 × 101 9.4 × 102 1.1 × 101 7.8 × 100

Note: +; Detected but not quantified. NV GI; Norovirus genogroup I, NV GII; Norovirus genogroup II, AdV;
Adenovirus (all serotypes), FG3; F+-specific RNA coliphage serotype 3.

Figure 3 shows the quantified virus concentration at each site. The exhaust air shows high NV GII
concentration (1.0 × 102 copies/m3, n = 2) before air treatment (B), but NV was not detected after air
treatment (D). EV was detected only once from the post-treatment air, though the level was below
the quantification limit. Exhaust air treatment effectively reduced the virus in the air, which was
also supported by the fact that the viruses were detected from the drain of the air scrubber (Table 2).
Viruses (NV GI, NV GII, EV and FG3) were observed in the ambient air in the grit chamber building
(H, 6.3 × 102 copies/m3). Sampling location H was in the aisle, where there was no machinery or
wastewater surface within 2–3 m. The detection of viruses in distant locations such as E and H suggests
that the viruses may be aerosolized and dispersed in the building.

Detected locations and sampling periods of NV GI and GII were consistent. For instance, the
result of NV GII was always positive if that of NV GI was positive (6/6). Furthermore, NV GI showed
the highest concentration at points F and G in December 2017, when the NV GII concentration was
the highest. NV GI was quantified in only two samples. On the other hand, AdV was observed in
the sample in which NV GII was not detected. In this sample, false-negative results may have been
obtained for NV GII because of the problem in the sampling method (see Section 3.4, a comparison
with a liquid sampler, for discussion).

High virus concentration at the grit chamber building implies that risk is relatively higher at the
place that is in contact with raw sewage, as compared to the location of the treatment process in the
AS chamber. Virus aerosols may be supplied from raw water pipes because of the pumping at the
upstream of the pipeline, or aerosolized at the mechanical stress at the mechanical screen, which is the
location where regular monitoring and maintenance is necessary to precwent garbage from clogging
the screen. The risk for WWTP workers is normally controlled because the maintenance personnel
usually wear masks and other protective equipment. However, those risk control measures have not
been evaluated considering the possible ingestion of enteric viruses from the air. Although our results
do not give a comprehensive risk evaluation, they at least show that the protection measures at the grit
chamber or near the raw sewage inflow should be prioritized to avoid the unintended ingestion of
enteric viruses from sewage.
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Figure 3. Virus detection at the wastewater treatment plant. Note: All data are shown in geometric
means of several sampling trials (see Figure S2 for detailed data). NV GI; Norovirus genogroup I,
NV GII; Norovirus genogroup II, AdV; Adenovirus (all serotypes), FG3; F+-specific RNA coliphage
serotype 3.

3.3. Comparison of Virus Concentration in the Water and Air

The virus concentration in the AS was compared with that in the air at sampling points near the
wastewater or the AS (A, B, and F) (Figure 4). There was a moderate to strong correlation between the
log-transformed virus concentration in the liquid phase of the AS and the virus concentration in the air
(r = 0.74, Pearson’s correlation test p < 0.001).

The overall correlation between the air and the liquid phase implies that the virus concentration
in the air was quantified properly. Given that all conditions in the AS are controlled, the virus
concentration in the air should be well correlated with the liquid phase. It is true that the correlation is
not always consistent; the NV GII concentration in the AS was higher in January than in December,
while the concentration in the air (sampling point A) was lower in January. This result may imply
that the virus concentration in the AS was not the only factor to be transmitted through the air. For
instance, the strength of aeration in the AS chamber may increase the rate of the virus droplet or aerosol
generation. Further study is needed to substantiate the accuracy of the virus detection method in
controlled settings in a laboratory experiment.
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Figure 4. Correlations between virus concentration in activated sludge (liquid phase) and in the air.
Notes: The plots on the horizontal axis represent samples not detected. [ ]: Under the quantification
limit (detected but not quantified; the plot gives the detection limit value). NV GI; Norovirus genogroup
I, NV GII; Norovirus genogroup II, AdV; Adenovirus (all serotypes), FG3; F+-specific RNA coliphage
serotype 3.

3.4. Comparison with Liquid-Based Sampler

The results in the two sampling periods (December 2007 and January 2008) from the air above the
AS chamber (at point A) were compared (Table 3). There are cases in which either our method or the
liquid collector was negative while the other was positive.

Table 3. Comparison between the developed method (HA vortex) and liquid collector.

Sampling Period

Site A (Copies/mL)

HA Vortex Liquid Collector

NV GI NV GII FGIII NV GI NV GII FGIII

December-07 + 1.8 × 102 - - + -
January-08 - - - 1.2 × 103 3.1 × 103

Note: + Detected but not quntified.

There was a case in which our method was not as good as the liquid collector. For instance, NV
GII was detected by both the HA vortex method and the liquid collector in December 2007, while it
was detected only by the liquid collector in January 2008. It was observed at the laboratory that, two to
three hours after the sampling, only the membrane sample at site A in January 2008 was wet. The
surface of the membrane was obviously wet and its color was changed (slightly transparent). The
reason for the wet membrane condition may be due to increased water droplets from the AS caused by
the operating conditions, or the aeration intensity of the AS chamber may have been high. The wetness
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obstructed the membrane’s pores and possibly the air shortcut in the apparatus. Higher humidity in
the air may also have affected the collection ratio because humidity moisturizes the membrane surface
and may change the electrostatic condition of the membrane. From this result, it should be noted
that our collection method may not be stable if the environmental conditions change. Alternatively,
the diameter of droplets and aerosols may affect the collection efficiency because the pore size of the
membrane was much larger than the viruses. In this sense, a negative result for the virus cannot
guarantee the absence of viruses in the air. On the other hand, only our HA vortex method detected
NV GI and a higher concentration of NV GII in December 2007.

The results show that our HA vortex method is comparable to the existing liquid collector
concerning the detection of viruses in the air. In addition, the HA vortex method was capable of
sampling the air for a longer period than the liquid collector; the liquid collector is normally capable
of sampling for only 30 min for fear the liquid will evaporate. Although further study is needed to
overcome the false-negative case, it can be easily avoided since it was visibly identifiable by the wet
condition of the membrane after sampling. Also, the wet condition of the membrane only happened
in a case where samples were taken from an AS chamber with actively aerated water, which thus
produced many water droplets. This condition is not likely to arise in ambient air sampling. Therefore,
considering sampling ease, our method is superior to the existing method because the sampling media
is a solid membrane that can easily be handled and transported.

4. Conclusions

We developed a mobile virus collection method for sampling enteric viruses from the air (HA
vortex method), which was optimized for detection by PCR. The method was confirmed to have a
similar virus collection ability to that of the existing collection method using liquid media during the
laboratory test. Further study is, however, required to improve the collection method since it showed
a false-negative result in a field sample when the membrane was wet. The failed case was visibly
identifiable due to the membrane surface conditions. To assure the reproducibility of the results, careful
checking the membrane condition after the sampling is necessary when the method is applied to a
highly humid sampling location. Despite this weakness, the portable detection method we presented
has a high potential for the detection of viruses both in the laboratory and the field. The collection
media is solid, light, and handy and the method avoids on-site manipulation, which may pose a risk
of contamination to the samples. The method has an advantage for WWTP sampling because of the
virus-abundant nature of its environment. The developed handy and portable method will encourage
the study of enteric viruses from the air, which is an understudied research topic.

The developed method was applied to a WWTP in Japan and successfully detected enteric viruses
in the air which pose an occupational risk for the wastewater treatment plant workers. As the air
scrubber removes the viruses dispersed from the WWTP, the risk to neighbors can be controlled by
conventional odor control measures. Among all the treatment processes, NV GII was detected in the
highest frequency and concentration at the grit chamber. The research suggests that the air near raw
sewage has a higher risk of dispersing viruses than the air generated by treatment processes such as
AS. It is recommended that appropriate protective measures be taken against the unintended ingestion
of enteric viruses from the air, especially near raw sewage.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/3/131/s1,
Table S1: Sequences of primers and probes for real-time PCR, Table S2: Detection of viruses from the wastewater
treatment plant (detail), Figure S1: Photo of sampling (at the wastewater treatment plant).
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Abstract: Gastroenteritis viruses in wastewater reclamation systems can pose a major threat to public
health. In this study, multiple gastroenteritis viruses were detected from wastewater to estimate the
viral contamination sources in a wastewater treatment and reclamation system installed in a suburb
of Xi’an city, China. Reverse transcription plus nested or semi-nested PCR, followed by sequencing
and phylogenetic analysis, were used for detection and genotyping of noroviruses and rotaviruses.
As a result, 91.7% (22/24) of raw sewage samples, 70.8% (17/24) of the wastewater samples treated by
anaerobic/anoxic/oxic (A2O) process and 62.5% (15/24) of lake water samples were positive for at least
one of target gastroenteritis viruses while all samples collected from membrane bioreactor effluent
after free chlorine disinfection were negative. Sequence analyses of the PCR products revealed that
epidemiologically minor strains of norovirus GI (GI/14) and GII (GII/13) were frequently detected
in the system. Considering virus concentration in the disinfected MBR effluent which is used as
the source of lake water is below the detection limit, these results indicate that artificial lake may
be contaminated from sources other than the wastewater reclamation system, which may include
aerosols, and there is a possible norovirus infection risk by exposure through reclaimed water usage
and by onshore winds transporting aerosols containing norovirus.

Keywords: waterborne gastroenteritis viruses; fecal source tracking; wastewater reclamation;
viral contamination

1. Introduction

Wastewater treatment and reclamation systems using membrane technologies such as membrane
bioreactor (MBR) are becoming increasingly employed in mitigating the shortage of clean water
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sources [1,2]. However, usage of reclaimed wastewater may increase the exposure risk of humans to
pathogenic microorganisms, if the wastewater treatment system is not capable of effectively removing
these microorganisms [3].

Indicator microorganisms are available to assess and guarantee the microbiological quality of
water, because the presence of such indicator microorganisms points to the possible existence of
similar pathogens and represents a failure in the treatment system which affects the final effluent [4,5].
Fecal indicator bacteria (FIB) (total coliforms, fecal coliforms, Escherichia coli, fecal streptococci and
spores of sulphite-reducing clostridia) have been used to assess the water quality and treatment
performance for decades [5]. However, FIB could not identify the sources of the contamination and
there are many complexities related to the extra-enteric ecology of FIBs including environmental
persistence and particle association [6,7]. It is unclear how to estimate the contribution of different
sources of feces when sources are mixed, which would further hinder the water quality management
and health risk evaluation.

As an alternative, specific microbial source-tracking (MST) markers have been suggested as
suitable indicators for evaluating the contamination and treatment performance. crAssphage is one of
the suggested human specific contamination markers and found to have geographical and temporal
differences [8,9]. Bacteroidales and Lachnospiraceae which contain host-specific microorganisms are
also suggested as alternative indicators [10]. Some studies have suggested waterborne gastroenteritis
viruses as MST markers due to their prevalence in host feces and stringent host specificity [11–14]
which provides information on pathogen status that is not provided by indicator bacteria and
bacteriophages [6].

Even though usage of gastroenteritis viruses as MST markers in evaluating the fecal contamination
has been documented, studies in evaluating the suitability of viral indicators to evaluate treatment
unit performance are scarce. Especially, in systems like MBR which use size separation as one
major virus removal mechanism, microbes with larger diameter sizes (>1 μm), including bacteria
(FIB included) and protozoa, can be effectively removed with microfiltration while viral pathogens
which are smaller than bacterial pathogens (< 100 nm) could easily pass through the MBR facilities
if they are not attached to larger particles, and are much more environmentally resistant than the
indicator bacteria [15–18]. It is further evinced by the absence of correlations between FIB and enteric
viruses in MBR effluents [19,20]. Therefore, it is necessary to identify waterborne gastroenteritis viruses
circulating in membrane-based wastewater reclamation systems which can be used as indicators to
evaluate the treatment unit performance to ensure that reclaimed wastewater is microbiologically safe
and not posing infectious risks.

In this study, phylogenetic analysis of multiple waterborne gastroenteritis viruses was applied
to estimate contamination sources in a wastewater treatment and reclamation system with a hybrid
process of anaerobic/anoxic/oxic (A2O) combined with a membrane bioreactor (MBR). Noroviruses and
rotaviruses were selected because they were of great significance in disease transmission [21]. The extent
of the viral pollution in the system was evaluated by the frequency of positive samples for viral genes
from the wastewater samples. The genetic diversity of these viruses was determined by nucleotide
sequencing and phylogenetic analysis in order to identify prevalent genotypes and their persistence,
which were the underlying evidence for estimating the contamination sources of these gastroenteritis
viruses. To the best of our knowledge, a comprehensive study of this kind, by the inclusion of human
viruses in wastewater, has rarely before been performed in northwestern China.

2. Results

2.1. Occurrence of Viral Genes in Wastewater Samples

We analyzed the quantity of human norovirus GI, GII and rotavirus and their removal in a
wastewater treatment plant utilized in a University Campus. Wastewater influent contained septic tank
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effluents, kitchen wastewater and greywater. Wastewater was treated using fine screen, A2O treatment
and MBR. Effluent wastewater was discharged in to a recreational lake.

Concentration of complex environmental samples might also simultaneously concentrate the
PCR inhibitory substances, thus resulting in interference in virus detection. To increase sensitivity, the
nested/semi-nested PCR was employed. The results of inhibition test indicated that PCR inhibitors
possibly existing in wastewater did not affect the virus detection from the collected samples (data
not shown). The occurrences of viruses in samples collected from different sites were summarized in
Table 1. High level of fecal contamination in the study area was revealed by the high percentages of
positive samples for norovirus and rotavirus. After analyzing 96 wastewater samples, norovirus GI
and GII were found in 52% (50/96) and rotavirus in 32% (31/96) of samples (Table 1).

Table 1. Occurrences of waterborne gastroenteritis viruses in wastewater samples.

Virus

Sampling Locations % (Positive/Total Samples)
Total Detection Rate for

Each Virus (%)Mixed Raw
Sewage

A2O Effluent
MBR Effluent after

Disinfection
Lake Water

HuNoV GI 67 (16/24) 45 (11/24) 0 (0/24) 38 (9/24) 38 (36/96)

HuNoV GII 79 (19/24) 50 (12/24) 0 (0/24) 33 (8/24) 41 (39/96)

HRVs 75 (18/24) 29 (7/24) 0 (0/24) 25 (6/24) 32 (31/96)

Total Detection Rate for
Each Sampling Site (%) 92 (22/24) 71 (17/24) 0 (0/24) 63 (15/24) 56 (54/96)

The number of viruses detected in wastewater samples from different sites was variable. Only one
virus was detected in 16% (15/96) of samples, including 5 raw sewage samples, 4 A2O effluent samples
and 6 lake water samples. More than one virus type was found in 29% (28/96) of samples, including
16 raw sewage samples, 7 A2O effluent samples, and 5 lake water samples. These indicate that
different families of gastroenteritis viruses are co-circulating in the study area. For mixed raw sewage
collected after the fine screen, 22 samples (92%) were positive for viruses; norovirus GI/GII was
found in 83% (20/24) and rotavirus in 75% (18/24). Gastroenteritis viruses in raw sewage must have
originated from black water from toilet flushing and grey water from washing, which are potentially
contaminated by feces or vomit from infected humans. For the A2O effluent samples, 17 samples
representing 71% (17/24) were positive; norovirus were found in 71% (17/24) and rotavirus in 29% (7/24).
For lake water, 14 (58%) samples were positive for viruses. Norovirus was found in 54.2% (13/24) while
rotavirus was found in 25.0% (6/24).

2.2. Phylogenetic Analysis of Norovirus

The norovirus sequences detected in wastewater samples were distributed between the two
genogroups. 72% (36/50) of the sequences were similar to GI while 78% (39/50) belonged to GII,
whereas 50% (25/50) of them were positive for both GI and GII. Figures 1 and 2 illustrate the result
of phylogenetic analysis for capsid region in norovirus genes obtained from wastewater samples.
Multiple genotypes of norovirus (GI.3, GI.4, GI.6, GII.3, GII.4 (Den Haag), GII.6 and GII.13) circulating
in the study area between human populations and wastewater were detected. The high similarity in
identities between norovirus genes detected from multiple samples collected from different sampling
sites in this area might suggest that the samples might be contaminated by human noroviruses from
the same original source—the residents in the study area.
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Figure 1. The phylogenetic tree based on partial sequences of the capsid gene of norovirus GI. The tree
was constructed by the maximum-likelihood method with 1000 bootstrap replicates using MEGA7 and
depicted using iTOL4. The obtained sequences were expressed as the abbreviation of sampling site +
month + time. Numbers at each branch indicate bootstrap values for the clusters supported by that
branch (>0.7). Numbers at each branch indicate bootstrap values for the clusters supported by that
branch. Sapovirus was used as an out group. Reference sequences are shown in bold face.
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Figure 2. The phylogenetic tree based on partial sequences of the capsid gene of norovirus GII. The
tree was constructed by the maximum-likelihood method with 1000 bootstrap replicates using MEGA7
and depicted using iTOL4. The obtained sequences were expressed as the abbreviation of sampling site
+month + time. Numbers at each branch indicate bootstrap values for the clusters supported by that
branch (>0.7). Numbers at each branch indicate bootstrap values for the clusters supported by that
branch. Sapovirus was used as an out group. Reference sequences are shown in bold face.

2.3. Molecular Detection and Characterization of Rotavirus

Group A rotavirus has been shown to be the most prevalent rotavirus in children and adults
over the world [22,23]. Therefore, these viruses are considered of great epidemiological importance.
Human rotaviruses (HRVs) were characterized with genotype-specific primers for VP7 (G genotype).
The phylogenetic analysis was performed for the PCR products derived from wastewater samples
(Figure 3), which indicated that all clones were highly homologous to human rotavirus isolates.
The most frequent G type detected was type G9, followed by G2 and G3.
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Figure 3. The phylogenetic tree based on partial sequences of the VP7 gene of rotavirus. The tree
was constructed by the maximum-likelihood method with 1000 bootstrap replicates using MEGA7
and depicted using iTOL4. The obtained sequences were expressed as the abbreviation of sampling
site +month + time. Numbers at each branch indicate bootstrap values for the clusters supported by
that branch (>0.7). Numbers at each branch indicate bootstrap values for the clusters supported by
that branch. Human Rotavirus B (RVB) was used as an out group. Reference sequences are shown in
bold face.

3. Discussion

We confirmed the presence of human noroviruses (GI and GII) and rotaviruses in the influent
wastewater, fine screen effluent, A2O treatment effluent, and the lake water receiving the wastewater
effluents. The lower virus detection rate observed after the A2O treatment process compared to raw
sewage may be owing to the attachment to wastewater solids and the presence of antiviral components
in the activated sludge [24–27]. Gastroenteritis viruses were not detectable in the samples of MBR
effluent after free chlorine disinfection. MBR combined with chlorine treatment may have significantly
contributed to the reduction of virus particles, or at least the MBR with chlorine treatment may decrease
the virus quantity to a very low extent which was below the detection limit [28]. However, 54% of the
lake water samples were positive for viruses, implying that the MBR effluent disinfected with free
chlorine may not be the source of virus contamination in the lake water.

The results of phylogenetic analysis revealed that the artificial lake was contaminated by multiple
human viruses. In this case, sewage pipe leakage and overflows are not likely to cause such
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contamination due to the adequately designed capacity and the proper maintenance of the water
distribution system. Secondary contamination of lake water may occur from unidentified nonpoint
sources. As the lakes are open water bodies in the local water system, they were vulnerable to
contamination generating from natural processes (such as surface runoff, water air transfer and wild
animals) or human activities [29,30]. As non-point sources of gastroenteritis viruses, rain water inflow
and aerosol blowing into the lakes may be considered as possible reasons. Furthermore, it would be of
particular concern because the microbial aerosols containing viral particles could be formed during
water reclamation, and exposure to reclaimed water can pose a potential health risk [31]. On the
other hand, onshore winds around 4 m/s can contain 5.3 ± 1.2 × 104 m−3 of viruses [32]. These results
underscore the possible impact of viral exposure by reclaimed water consumption, and by being
exposed to winds containing aerosols and suggests that the control of non-point viral sources, and
storage and safe use of reclaimed water should be the focus of wide attention.

The sequence diversity of human noroviruses, especially for the capsid region, from environmental
samples has been reported in several studies [33–35]. The isolation of both GI and GII strains in this
study would indicate the co-existence of extensive recessive infections for both genogroups which may
not be included and documented in previous epidemiological surveys. However, results similar to
our present study have been obtained in some environmental studies [36,37]. Thus it might indicate a
distinct genogroup prevalent bias between clinical samples and environmental samples [38,39]. It has
been demonstrated that the viral loads of GI in fecal samples was reported less than one percent of that
of GII and GI is generally more resistant to wastewater treatment and disinfection than GII [38,39],
suggesting the differences in environmental occurrence and persistence of GI and GII strains [40].
Although there was no documentation about the viral infection in the studying area, the report of Xi’an
Center for Disease Control and Prevention showed that HuNoV GII was more prevalent than HuNoV
GI in clinical samples (data not shown). However, human norovirus strains detected in wastewater
may reflect more accurate actual circulation among population rather than clinical survey, because
wastewater receive viruses shed from patients with both symptomatic and asymptomatic infections.
Thus, the findings indicate the possibility that norovirus GI strains might be more widely spread
among humans than previously thought. Other explanations such as seasonal or geographic variation
in viral RNA levels could not be excluded either.

Number of rotavirus A genotypes (G1, G2, G3, and G9) were detected during the sampling
period and G9 was predominant. Previous surveys confirmed the circulation of multiple rotavirus A
genotypes in the same area in the same year [22] even though the predominant rotavirus genotype
varied in different geographical regions [41–43]. The phylogenetic analysis of rotavirus also suggests
that the viruses detected in this study might originate from infant, children or healthy carriers, and
thus their contamination sources or transport routes could be different from those of fecal indicators
usually originating from adults.

It has been recognized that enteric viruses are more stable than indicator bacteria in water
and sewage, constituting not only a potential hazard but also a good tracer for fecal pollution
source tracking [14,44,45]. Wastewater treatment plants (WWTPs) have played an important role
in microbiological reduction, minimizing the risks associated with pathogen circulation into the
environment [3,18]. However, little is known about the comparative persistence or survival of
source-specific markers and strains, and the available data for markers ranging from E. coli to
Bacteroidales and phage markers indicate strongly that survival is not proportional [46]. The general
trend is that the dominance of environmental strains differ from strains in the host. Due to the
inherent difficulty in finding a correlation between environmental contamination and cases of infection,
microbiological monitoring of the environment might be more helpful for source tracking and water
safety control rather than risk assessment [47,48]. In addition, limited waterborne viral outbreaks
usually occurred at distance from the original source of contamination. This study provides novel
evidence of the prevalence and genetic diversity of waterborne gastroenteritis viruses and the potential
of human noroviruses for microbial source tracking due to its host-specificity and higher sensitivity
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of (semi-)nested PCR (detection about 100 copies/reaction) [49,50]. Attention should be paid to the
emerging health threat due to the different predominant types of the targeting viruses observed in
the study.

Furthermore, although direct sequencing analysis with well-purified PCR amplicons could be
useful for providing information on viral identification in wastewater [37], the potential that the
results may have a bias in interpreting the genetic diversity of the viral types might not be neglected.
This might be resulted from the inhibition effect as the recovery rate of water concentration [3] and
the affinity selection of PCR reaction might be type and strain different for viruses [51]. This more
comprehensive analysis of the relative abundance and occurrence of viruses in wastewaters may allow
for the development of more conservative viral tracers and complementary indicators to further ensure
the microbial safety of wastewater reclamation systems.

4. Materials and Methods

4.1. Sample Collection

To investigate waterborne gastroenteritis viral pollution, four kinds of wastewater samples were
collected four times per month for a 6-month sampling period (from Feb. to Jul., 2012, the total
sample number is 96) in a wastewater treatment and reclamation system in Xi’an Si-yuan University.
The university is located in the south-eastern suburb of Xi’an in Northwest China. WWTP is a
hybrid of anaerobic/anoxic/oxic (A2O) combined with a membrane bioreactor (MBR) (As shown
in Figure 4) [52,53]. The influent is a mixture of black water from toilet flushing, grey water from
miscellaneous uses, and kitchen wastewater from the university canteens. The reclaimed water is
supplied to the lakes in the campus which have both the functions of landscaping and storage reservoirs
where the water is further supplied to buildings for toilet flushing and/or to the green belt for gardening
and irrigation. All samples were collected on clear weather days, stored in sterilized plastic bottles on
ice, and delivered to the laboratory within several hours after collection.

 

Figure 4. Sampling locations in the local wastewater treatment and reclamation system. Four types of
wastewater samples were mixed raw sewage samples collected after fine screen (FS), the effluent of
A2O treatment tank (AO), MBR effluent after disinfection (MBR) and lake water (LW).
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4.2. Recovery of Viral Particles and Nucleic Acid Extraction

Since the density of waterborne gastroenteritis viruses is presumed to be very low in water, an
efficient viral concentration method is required [49]. It is important to recognize that there is no single
method yet by which it is possible to recover all enteric viruses with high efficiency from diverse types
of water samples [49]. On the basis of the properties of urban sewage and viral particles, the methods of
aqueous polymer two-phase separation (polyethylene glycol precipitation, PEG precipitation) and/or
virus adsorption elution (VIRADEL) using electronegative membrane filters (mixed cellulose ester)
were applied to concentrate viruses from different types of wastewater samples in the study [49].
For high turbidity (>100 NTU) samples such as raw sewage collected after the fine screen and the
effluent of A2O treatment tank, 250 mL of each was concentrated by PEG precipitation method [54,55].
For low turbidity (<100 NTU) samples such as the effluent of MBR and the lake water, 2 L of each
was concentrated by VIRADEL method [56] followed by PEG precipitation. Viral concentrates were
resuspended in 1 mL distilled deionized water (DDW) and immediately processed for nucleic acid
extraction or stored at −80 ◦C until use.

Viral RNA was extracted from sample concentrates with QIAamp® Viral RNA Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s instructions. Complementary DNA (cDNA) was
synthesized from 10 μL out of 60 μL of the extracted RNA with DNase treatment and subsequent
reverse transcription (RT) reaction using PrimeScript® RT reagent Kit with gDNA Eraser (Takara,
Dalian, China) according to the protocol described by the manufacturer. The synthesized cDNA was
stored at −80 ◦C for further analysis.

4.3. Molecular Detection and Characterization of Enteric Viruses

The detection and characterization of waterborne gastroenteritis viruses were performed with a
combination of several molecular techniques which allowed both sensitive and precise identification of
predominant human pathogenic viruses occurring in urban sewers. The capsid encoding region with
higher host-specificity was chosen for nested or semi-nested PCR detection of HuNoVs and HRVs
(Table 2). The molecular characterization of HuNoVs and HRVs was performed by sequencing and
phylogenetic analysis of the second round of PCR amplicons. For the first PCR round, 2 μL of cDNA
was added to a reaction mixture consisting of 0.25 μL of Ex Taq (Takara, Dalian, China), 2.5 μL of
10× Ex Taq Buffer, 2 μL of deoxynucleoside triphosphate (dNTP) mixture, and 400 nM of each PCR
primer, and all mixed with DDW to obtain a total volume of 25 μL. For the second PCR round, the
same concentration of reagents was used with 2 μL of 1000-fold dilution of the first PCR product
added to the PCR tube. Primer sequences and positions, and cycling conditions for detection and
characterization of each viral group are shown in Table 1. Positive and negative controls (clinical
samples for each virus type and RNA/DNA-free water) were included in all PCR runs. PCR products
were analyzed by gel electrophoresis on a 1.5% (wt/vol) strength agarose gel, stained with GelRedTM

Nucleic Acid gel stain (Biotium, Fremont, CA, USA), and visualized by UV illumination. When no
amplification products were observed, two-fold and four-fold dilutions of the identical wastewater
sample were prepared and applied to the nested/semi-nested RT-PCR for checking the presence of
PCR inhibition. As the reference, 1 mL of DDW added with 1 μL virus suspension was used.

53



Pathogens 2019, 8, 170

Table 2. Primers and amplification conditions used for detection and molecular characterization of
waterborne gastroenteritis viruses.

Virus Target Gene PCR Round Primer Sequence (5’-3’) a Reference

Rotavirus VP7(G)

1st RoA b CTTTAAAAGAGAGAATTTCCGTCTG

[57,58]1st RoB b TGATGATCCCATTGATATCC
2nd RoC b TGTATGGTATTGAATATACCAC
2nd RoD b ACTGATCCTGTTGGCCAWCC

Norovirus GI
ORF1–ORF2

junction

1st COG1F c CGYTGGATGCGNTTYCATGA

[34,59]1st G1-SKR c CCAACCCARCCATTRTACA
2nd G1-SKF c CTGCCCGAATTYGTAAATGA
2nd G1-SKR c CCAACCCARCCATTRTACA

Norovirus GII
ORF1–ORF2

junction

1st COG2F d CARGARBCNATGTTYAGRTGGATGAG

[34,59]1st G2-SKR e CCRCCNGCATRHCCRTTRTACAT
2nd G2-SKF e CNTGGGAGGGCGATCGCAA
2nd G2-SKR e CCRCCNGCATRHCCRTTRTACAT

a Mixed bases in degenerate primers are as follows: K =G/T; M =A/C; R =A/G; S =G/C; W =A/T; Y =C/T; B =G/T/C;
H = A/T/C; N = A/T/G/C; b Corresponding nucleotide position of HRV (K02033) of the 5’ end; c Corresponding
nucleotide position of HuNoV (M87661) of the 5’ end; d Corresponding nucleotide position of HuNoV (AF145896)
of the 5’ end; e Corresponding nucleotide position of HuNoV (X86557) of the 5’ end. Rotavirus, 1st PCR: 94 ◦C for
3 min; 35 cycles of 94 ◦C for 30 s, 37 ◦C for 30 s, and 72 ◦C for 1 min; and 72 ◦C for 5 min; 2nd PCR: 94 ◦C for 3 min;
35 cycles of 94 ◦C for 30 s, 37 ◦C for 30 s, and 72 ◦C for 30 s; and 72 ◦C for 5 min. Norovirus, 94 ◦C for 5 min; 40 cycles
of 94 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 30 s; and 72 ◦C for 10 min.

4.4. Nucleotide Sequencing and Phylogenetic Analysis

PCR products obtained from the second round of amplification for each virus group were excised
from the gel and purified immediately. The purified nucleotides were sent to Sangon Biotech (Shanghai,
China) Co., Ltd for sequence determination. After checking the sequence chromatograms with
Chromas software (version 2.31) for errors, the final sequences were obtained. Homology searches
were conducted using the GenBank server of the National Centre for Biotechnology Information
(NCBI) and the Basic Local Alignment Search Tool (BLAST) algorithm and calicivirus typing tool
(https://norovirus.phiresearchlab.org/). Phylogenetic relationships were generated using maximum
likelihood method using MEGA 7 by Kimura 2-parameter model with nucleotide substitution rates
following a gamma-distribution. One thousand bootstrap replications were performed to evaluate
the robustness of each node [60–62]. Interactive Tree Of Life (iTOL) v4 was used to develop the
phylogenetic trees [63].

4.5. Nucleotide Sequence Accession Numbers

The nucleotide sequences corresponding to fragments of rotaviruses and noroviruses have been
deposited in the GenBank database under accession No. KF854668 to KF854698 and KF854593 to
KF854667, respectively.

5. Conclusions

In conclusion, this study describes novel findings on the prevalence and genetic diversity of human
gastroenteritis viruses in water in China. It confirmed that human fecal contamination is widespread
and also that viral tools are applicable as fecal indicators and tracers in all geographical areas studied.
Continuous viral contamination monitoring is useful for preventing waterborne disease outbreaks and
for understanding the impact caused by human activities and the use of reclaimed wastewater.

Furthermore, this study highlights the importance of further environmental studies toward a
better understanding of the circulation of gastroenteritis viruses in aquatic environments and human
populations. In other words, circulation of gastroenteritis viruses between contaminated environmental
water and human populations is a key issue in understanding their epidemiology and health risks
for humans. Further studies are needed to define the relationship between the level of gastroenteritis
viruses contamination detected by PCR in reclaimed wastewater and the potential effect and health
risk of these wastewater after consumption.
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Abstract: F-specific RNA bacteriophages (FRNAPHs) can be used to indicate water contamination
and the fate of viruses in wastewater treatment plants (WWTPs). However, the occurrence of
FRNAPH strains in WWTPs is relatively unknown, whereas FRNAPH genotypes (GI–GIV) are well
documented. This study investigated the diversity of infectious FRNAPH strains in wastewater
treatment and disinfection processes using cell culture combined with next-generation sequencing
(integrated culture–NGS (IC–NGS)). A total of 32 infectious strains belonging to FRNAPH GI (nine
strains), GI-JS (two strains), GII (nine strains), GIII (seven strains), and GIV (five strains) were detected
in wastewater samples. The strains of FRNAPH GI and GII exhibited greater resistance to wastewater
treatment than those of GIII. The IC–NGS results in the disinfected samples successfully reflected the
infectivity of FRNAPHs by evaluating the relationship between IC–NGS results and the integrated
culture–reverse-transcription polymerase chain reaction combined with the most probable number
assay, which can detect infectious FRNAPH genotypes. The diversity of infectious FRNAPH strains in
the disinfected samples indicates that certain strains are more resistant to chlorine (DL52, GI-JS; T72,
GII) and ultraviolet (T72, GII) disinfection. It is possible that investigating these disinfectant-resistant
strains could reveal effective mechanisms of viral disinfection.

Keywords: F-specific RNA bacteriophage strain; viral indicator; next-generation sequencing;
infectivity; wastewater treatment; chlorination; ultraviolet disinfection

1. Introduction

F-specific RNA bacteriophages (FRNAPHs), which are known to infect Escherichia coli that express
F pili, have a single-stranded RNA genome enclosed in an icosahedral capsid measuring 20–30 nm in
diameter. The sizes, shape structures, and genomes of FRNAPHs are similar to those of noroviruses [1,2],
which have caused numerous outbreaks of gastroenteritis in multiple countries [3]. Furthermore,
FRNAPH behavior, abundance, and survival in the environment including during water treatment
are also similar to those of human enteric viruses [1,2,4–6]. Thus, they serve as potential indicators of
water contamination and the fates of viruses in aquatic environments and wastewater treatment plants
(WWTPs) [4–6].

FRNAPHs belong to the family Leviviridae and are classified into the genera Levivirus and
Allolevivirus, which are subdivided into genotypes I and II (GI and GII) and genotypes III and IV (GIII
and GIV), respectively. Each FRNAPH genotype has a different fate in WWTPs [6–10] and a different
resistance to disinfection [11–13]. For example, genotypes GII and GIII are more prevalent than GI
and GIV in municipal raw wastewater samples [6,8,9]. However, GI is the dominant genotype in the
secondary effluent of WWTPs because of its higher resistance to wastewater treatment relative to other
FRNAPH genotypes [6,8,9]. GI also showed the highest chlorine and ultraviolet resistance among the
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FRNAPH genotypes [11–13]. Particularly, MS2, belonging to GI, showed higher ultraviolet resistance
than human pathogenic viruses (poliovirus, rotavirus, hepatitis A virus, and coxsackievirus) [13].

The presence and removal of FRNAPH genotypes in WWTPs have been the subject of numerous
studies [6–10]. Moreover, several FRNAPH strains are included in each FRNAPH genotype and have
been reported worldwide in bacterial isolates associated with sewage and mammal feces [14–18].
The sources from where different FRNAPH strains were first isolated/detected are shown in Table 1.
In the last decade, novel GI-JS strains DL52 and DL54 were isolated, which are recombinant strains of
environmental isolates of Leviviridae ssRNA bacteriophages [16]. Unfortunately, information regarding
the occurrence of FRNAPH strains in WWTPs is relatively limited [19].

Table 1. Sources of F-specific RNA bacteriophage (FRNAPH) strains.

FRNAPH Genotype FRNAPH Strain Source Reference

GI MS2 Sewage [14–16]
M12 Sewage [14–16]
DL1 River water [14–16]
DL2 Bay water [14–16]
DL13 Oyster [14–16]
DL16 Bay water [14–16]

J20 Chicken litter [14–16]
ST4 Unknown [14–16]
R17 Sewage [14–16]
Fr Dung hill [14,16]

JP501 Sewage [17]

GI-JS DL52 Bay water [16]
DL54 Bay water [16]

GII GA Sewage [14–17]
KU1 Sewage [14–17]
DL10 Mussel [14–16]
DL20 Clam [14–16]
T72 Bird [14–16]

BZ13 Sewage [17]
TL2 Sewage [17]
JP34 Sewage [17]
TH1 Sewage [17]

GIII Qβ Human feces [14,15,17]
BR12 Creek water [14,15]
BZ1 Sewage [14,15]
VK Sewage [14,15,17]

TW18 Sewage [14,15,17]
HL4-9 Hog lagoon [14,15]
M11 Unknown [14,15]
MX1 Sewage [14,15,17]

GIV SP Siamang gibbon [14,15,17,18]
FI Infant [14,15,17,18]

BR1 Creek water [14,15]
BR8 Creek water [14,15]

HB-P22 Bird [14,15]
HB-P24 Bird [14,15]
NL95 Calf [14,15]

Numerous studies have employed MS2, GA, Qβ, and SP as representative FRNAPH strains of
genotypes GI–GIV in spiking experiments to determine their surface properties, including electrostatic
surface charge, hydrophobicity, and removal during water treatment processes such as coagulation
and membrane filtration [20–22]. However, the dominance of these strains among the strains of each
FRNAPH genotype is debated. Thus, it is particularly important to identify the dominant strains
affecting the concentrations of FRNAPH genotypes.

FRNAPH GI and GIV predominantly occur in the feces and waste generated by animal farms,
whereas FRNAPH GII and GIII are dominant in human feces and the raw sewage of WWTPs [23,24].
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Thus, the distribution of FRNAPH genotypes has been widely studied in order to determine the source
of fecal contamination in river water [7,25–27], shellfish [26,28,29], and sediments [27]. However, a
previous study [19] suggested that this distribution is not sufficient for tracking the source of fecal
pollution. The large diversity of FRNAPH strains in each genotype may be the reason for this limitation
because they are found in a diverse range of water bodies (e.g., sewage, river water, and seawater),
shellfish (oysters, mussels, and clams), and the feces of birds and mammals (including humans,
chicken, swine, calves, and apes) [14–18]. For example, FRNAPH GI strains MS2, DL1, and J20 have
been isolated from wastewater, river water, and chicken litter, respectively (Table 1). Therefore, it is
important to investigate the diversity of FRNAPH strains.

Next-generation sequencing (NGS) is used to study viral metagenomes in different stages
of wastewater treatment [30–33]. This method provides more conservative estimates of viral
occurrence compared with the rates detected using quantitative polymerase chain reaction (qPCR) [32].
The advantage of metagenomics is that it allows a comprehensive characterization of FRNAPH strain
diversity. However, like qPCR assays, metagenomic methods do not assess infectivity. Therefore,
when samples acquired after disinfection using chlorine or ultraviolet light are subjected to NGS,
the viral sequences do not reflect infectivity. Conversely, culture combined with PCR (integrated
culture–PCR (IC–PCR)) can detect infectious viruses. For example, IC–RT-PCR combined with
a most probable number (MPN) assay (IC–RT-PCR–MPN) has been used to quantitatively detect
infectious FRNAPH genotypes [6,34,35]. Thus, we hypothesized that the application of NGS for
detecting of FRNAPH strains propagated in a liquid medium may be effective for detecting infectious
FRNAPH strains. NGS analyses of wastewater samples often show that the majority of genes are
from eukaryotes and bacteria, which are more abundant than viruses and bacteriophages. However,
propagating infectious FRNAPH strains in samples can result in large yields of FRNAPH sequences;
it also differentiates between infective and inactive FRNAPH strains. Recently, known and novel
plant viruses, which infect plants such as yams, were detected by NGS combined with robust yam
propagation by tissue-culture [36]. NGS combined with cell culture was also used to characterize
enteric viruses isolated from wastewater [33]. Thus, integrated culture–NGS (IC–NGS) can be used to
detect infectious FRNAPH strains and high fractions of FRNAPH genes in wastewater samples.

To the best of our knowledge, this study is the first to use IC–NGS to investigate the diversity
of infectious FRNAPH strains in wastewater treatment and disinfection processes. We prepared the
influent and secondary effluent of a WWTP as well as disinfected secondary effluent (raw water)
treated using chlorine or ultraviolet light. IC–NGS and IC–RT-PCR–MPN were performed to determine
the diversity of infectious FRNAPH strains and the concentrations of infectious FRNAPH genotypes,
respectively. The relationship between the results of the two assays was investigated to evaluate
whether IC–NGS data can effectively reflect the infectivity of FRNAPHs.

2. Results

2.1. Metagenomic and Taxonomic Analyses

A summary of the metagenomic (BLASTn) and taxonomic (MEGAN) analyses is shown in Table 2.
The numbers of reads of the 12 samples analyzed using IC–NGS ranged from 887,593 to 5,035,503, and
the trimmed sequences were assembled into 611–18,941 contigs. The FRNAPH strains were represented
in the contigs of all samples using IC–NGS, and 66–551 sequences represented the reference genomes
of FRNAPH strains determined using BLASTn. The percentages of hits for FRNAPH strains relative to
the number of contigs in the samples ranged from 3% to 36%. The vast majority of the hit sequences
assigned using MEGAN represented bacterial sequences and ranged from 44% to 83%. Specifically,
Salmonella enterica sequences dominated in the bacterial sequences (65–92% without 1127 influent
sample). The range of contigs that did not correspond to a reference genome was 4–36%.
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2.2. Detection of Infectious FRNAPH Strains in Wastewater Treatment and Disinfection Processes

IC–NGS detected 31 stains representing all FRNAPH genotypes in influent, secondary effluent,
chlorine-treated, and ultraviolet-treated samples on 11/13, 11/20, and 11/27 (Figure 1). The GI strains
MS2, DL1, J20, fr, DL16, JP501, R17, ST4, and M12 were detected in all 12 samples (Figure 1). Specifically,
MS2, DL1, and J20 were the most frequently detected GI strains (12/12, 100%). The proportions
of GI strains in the secondary effluent samples were higher than those in the influent samples.
The proportions of abundant GI strains (MS2, DL1, and J20) decreased from secondary effluent samples
to chlorine- and ultraviolet-treated samples.

DL52 and DL54 (FRNAPH GI-JS) were detected in all samples (Figure 1). DL52 was the
predominant strain of FRNAPHs in the influent samples together with HL4-9 (FRNAPH GIII).
The proportions of DL52 decreased to a greater extent from influent to secondary effluent samples
than those of DL54. In contrast, the proportions of DL54 decreased compared to those of DL52 from
secondary effluent samples to chlorine-treated and ultraviolet-treated samples. The proportions of
DL52 in chlorine-treated and ultraviolet-treated samples were similar or higher than those in the
secondary effluent samples; specifically, the proportion of DL52 in the chlorine-treated sample from
11/20 (26.4%) was the highest among all FRNAPH strains.

The FRNAPH GII strains DL20, T72, GA, DL10, JP34, KU1, BZ13, TL2, and TH1 were detected
in all 12 samples (Figure 1). Moreover, DL20 was the most predominant strain of FRNAPH GII
in influent and secondary effluent samples (34.2–48.5% and 30.0–57.1% of the proportions in GII
genotypes, respectively, Supplementary Figure S2). The proportions of GII strains in secondary effluent
samples were higher than those in influent samples. DL20 had the highest proportion of all strains
in the secondary effluent sample from 11/13 (18.4%). Furthermore, the proportions of FRNAPH GII
strains in the chlorine-treated and ultraviolet-treated samples were similar or higher than those in the
secondary effluent samples. Specifically, DL20 and T72 had the highest proportion in chlorine-treated
and ultraviolet-treated samples from 11/13 (24.7% and 25.8%, respectively) and in chlorine-treated
samples from 11/27 (23.6%) and ultraviolet-treated samples from 11/20 (27.8%), respectively.

The FRNAPH GIII strains HL4-9, Qβ, TW18, VK, BR12, BZ1, and M11 were detected in all 12
samples (Figure 1). HL4-9, which was detected in all samples (12/12, 100%), was the most abundant
strain of FRNAPH GIII in all samples except chlorine-treated samples from 11/13 (28.6–83.3% of
GIII genotypes, Supplementary Figure S2). Moreover, all FRNAPH strains in the influent samples
together with DL52 represent FRNAPH GI-JS. The proportions of all strains of FRNAPH GIII in the
influent samples was reduced by wastewater treatment (secondary effluent samples) and by chlorine
(chlorine-treated samples) and ultraviolet disinfection (ultraviolet-treated samples), with the exception
of ultraviolet-treated samples collected on 11/27 for HL4-9.

The FRNAPH GIV strains FI, BR1, BR8, HB-P22, and SP were detected in all 12 samples (Figure 1).
FI and BR1 were the predominant FRNAPH GIV strains in all samples (Supplementary Figure S2).
SP was detected only once in the ultraviolet-treated samples from 11/13. The proportion of FI increased
to a greater extent from influent to secondary effluent samples on 11/13 compared to those on other
dates, which were either similar or smaller. There were fewer hits for GIV strains in chlorine-treated
and ultraviolet-treated samples (<9, Supplementary Figure S1).
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Figure 1. Proportions of FRNAPH strains representing each genotype in 12 samples combined with
a heat map showing the relative abundance of all FRNAPH strains according to the number of
hits (Supplementary Figure S1) in the BLASTn analyses of influent (IN), secondary effluent (SE),
chlorine-treated (Cl), and ultraviolet-treated (UV) samples. Proportions (%) for FRNAPH strains were
calculated as the number of hits for a specific FRNAPH strain relative to the total hits for all FRNAPH
strains in each sample. Blank cells indicate an absence of hits. Green and red cells indicate the lowest
and highest values, respectively. Numbers in the heat-map cells indicate the proportions for samples
collected on 11/13, 11/20, and 11/27.

2.3. Comparison of IC–RT-PCR–MPN and IC–NGS Data

The relationship between the results for infectious FRNAPH genotypes detected using
IC–RT-PCR–MPN and IC–NGS was investigated to determine whether IC–NGS effectively reflects the
infectivity of FRNAPHs. In the IC–RT-PCR–MPN results (Figure 2A), infectious FRNAPH GII was
detected in all chlorine-treated samples, whereas GI was not detected. GIII and GIV were detected
in chlorine-treated samples collected on 11/20 and 11/27 and 11/13 and 11/20, respectively. GI and
GIII were inactivated more effectively by chlorine disinfection (GI, >1.6 to >3.7 log10; GIII, 1.4 to
>3.2 log10) than GII and GIV. After ultraviolet disinfection, infectious FRNAPH GII was detected
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in all ultraviolet-treated samples, whereas GIII was not detected. GI and GIV were detected in
ultraviolet-treated samples collected on 11/27 and 11/13, respectively. The highest inactivation among
all infectious FRNAPH genotypes was observed for GIII (>2.4–>3.2 log10).

Figure 2. Concentrations of infectious FRNAPH genotypes determined using IC–RT-PCR–MPN (A)
and number of hits for each FRNAPH genotype determined using IC–NGS (B) in the secondary effluent
(SE), chlorine-treated (Cl), and ultraviolet-treated (UV) samples collected on 11/13, 11/20, and 11/27.
Numbers of hits for each FRNAPH genotype represent the sum of the number of hits for FRNAPH
strains of each genotype except GI-JS.

Figure 2B shows the number of hits for each FRNAPH genotype except GI-JS from the sum of the
number of hits for each genotype (Supplementary Figure S1) in the secondary effluent, chlorine-treated,
and ultraviolet-treated samples collected on 11/13, 11/20, and 11/27. We observed the highest ratio
of hits for GII (27–115) among the FRNAPH genotypes from chlorine-treated and ultraviolet-treated
samples. In particular, 90 and 115 hits were observed in the 11/27 chlorine-treated sample and the
11/20 ultraviolet-treated sample, respectively. Notably, only GII was detected using IC–RT-PCR–MPN.
In contrast, the largest decreases among the infectious FRNAPH genotypes were observed among GI and
GIII strains in the chlorine-treated samples (18–87% decrease) and GIII strains in the ultraviolet-treated
samples (18–87% decrease). These trends were equivalent to those observed using IC–RT-PCR–MPN.
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3. Discussion

The aim of this study was to investigate the diversity of infectious FRNAPH strains in wastewater
treatment and disinfection processes using IC–NGS. A total of 32 FRNAPH strains were successfully
detected in wastewater samples by IC–NGS (Figure 1). These strains have been first isolated from
various sources that include not only sewage and environmental waters but also shellfish and human
and animal feces (Table 1). This indicates that multiple FRNAPH strains from various sources
accumulate in the influent of WWTPs. DL52 (GI-JS) and HL4-9 (GIII) were predominant, representing
more than 30% of FRNAPH strains identified in influent samples from the target WWTP. DL52 and
HL4-9 were first isolated from bay water and hog lagoons, respectively (Table 1). HL4-9 has been
associated with pig waste. The results of our previous study [6], which investigated the occurrence of
FRNAPH genotypes in the same WWTP, suggested that livestock waste was present in the influent.
Thus, wastewater related to pig farming may be incorporated into the influent of the target WWTP in
this study as well. These results suggest that the identification of FRNAPH strains by IC–NGS could
be useful for microbial source tracking; however, further investigation is required to identify infectious
FRNAPH strains from more specific sources such as animal feces and abattoir wastewater.

A comparison of the proportions of dominant DL52 and HL4-9 in influent and secondary effluent
samples revealed that DL52 decreased to a greater extent than HL4-9 (Figure 1). This indicates that
DL52 was more efficiently removed by wastewater treatment than HL4-9. Furthermore, the proportions
of most strains of FRNAPH GI and GII were similar or higher in the secondary effluent relative to those
in the influent, whereas those of GIII, including HL4-9, were decreased. This suggests that strains of
FRNAPH GI and GII are more resistant to wastewater treatment than those of GIII. Previous studies
determined by IC–RT-PCR–MPN and RT-qPCR have also shown smaller reductions of GI and GII
by wastewater treatment when compared to GIII [6,9]. Thus, the results of this study determined
by IC–NGS agree with those of previous research. Conversely, DL52 and DL54, which belong to
the same genotype (GI-JS), showed different proportions in influent and secondary effluent samples.
The proportions of DL54 in secondary effluent samples collected on 11/20 and 11/27 were similar or
higher than those in influent samples, while those of DL52 were significantly lower. This result suggests
differences in wastewater treatment efficacy for different strains of the same genotype. However, further
investigation is required using RT-qPCR in order to evaluate the removal quantities for each strain.

After chlorine disinfection (Figure 1, Cl), DL20 (GII), DL52 (GI-JS), and T72 (GII) were predominant
with >20% for 11/13, 11/20, and 11/27 samples, respectively. In particular, DL52 and T72 were not
predominant before chlorination in 11/20 and 11/27 samples (Figure 1, SE), whereas DL20 was
predominant in the secondary effluent sample collected on 11/13. This indicates that DL52 and T72 is
more resistant to chlorination than other FRNAPH strains. Similarly, whereas DL20 (GII) and HL4-9
(GIII) were predominant before and after ultraviolet disinfection in 11/13 and 11/27 samples (Figure 1,
SE and UV), respectively, T72 (GII) was only predominant in the ultraviolet-treated sample collected on
11/20. This also indicates that T72 may be more resistant to ultraviolet disinfection than other FRNAPH
strains. Future research should confirm the disinfectant resistance of these strains (DL52 and T72)
through experiments using isolates of these strains.

Previous studies of the surface properties and removal of FRNAPH genotypes during water
treatment used MS2, GA, Qβ, and SP as representative FRNAPH strains of genotypes GI–GIV [20–22].
However, DL20, HL4-9, and FI were more predominant strains of FRNAPH GII, GIII, and GIV in our
wastewater samples than GA, Qβ, and SP, respectively. Specifically, SP, which was detected only once
(ultraviolet-treated sample collected on 11/13), was rarely found in the wastewater samples. Thus, our
results suggest that DL20, HL4-9, and FI are more representative FRNAPH strains of genotypes GII,
GIII, and GIV, respectively.

One of the objectives of this study was to evaluate whether IC–NGS data can effectively reflect
the infectivity of FRNAPHs by comparing the detection of infectious FRNAPH genotypes using
IC–RT-PCR–MPN and IC–NGS. It should be noted that FRNAPH GII showed a higher concentration
and number of hits than FRNAPH genotypes GI, GIII, and GIV when IC–RT-PCR–MPN and IC–NGS
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were used to analyze chlorine-treated and ultraviolet-treated samples (Figure 2A,B). Further, the largest
decreases in the number of hits among all infectious FRNAPH genotypes were observed for GI and
GIII strains from secondary effluent to chlorine-treated samples as well as GIII strains from secondary
effluent to ultraviolet-treated samples (Figure 2B). These data are consistent with those acquired using
IC–RT-PCR–MPN (Figure 2A). These results indicate that the infectivity of FRNAPHs is reflected by
the IC–NGS data when infectious FRNAPHs are propagated before performing NGS.

Viral diversity measured by NGS varies among studies because of pre-treatment processes such
as nucleic-acid extraction and inherent amplification biases during PCR [37,38]. In the IC–NGS results,
specific strains that easily propagated during the pre-propagating procedure prior to NGS were
more frequently detected by IC–NGS. If specific strains are easily propagated, the distributions of
FRNAPH strains would be similar in all samples. However, the distributions of FRNAPH strains
differed between influent, secondary effluent, chlorine-treated, and ultraviolet-treated samples, and
between those collected on 11/13, 11/20, and 11/27, except for the influent sample (Figure 1). Thus, the
propagating bias may not have affected the results of this study. On the other hand, the distribution of
FRNAPH strains may have been affected by the culture conditions (temperature, culture time, using
the host strain, etc.) in the pre-propagating procedure of IC–NGS. Thus, further studies are needed to
investigate the effect of the culture conditions used for IC–NGS on the distribution of FRNAPH strains.

In conclusion, this study revealed that diverse infectious FRNAPH strains are present in wastewater
treatment and disinfection processes by IC–NGS. A total of 32 infectious strains belonging to FRNAPH
GI (nine strains), GI-JS (two strains), GII (nine strains), GIII (seven strains), and GIV (five strains)
were detected in the wastewater samples from a pilot-scale WWTP. The GI and GII strains were more
resistant to wastewater treatment than GIII strains. The IC–NGS results from disinfected samples
reflected the infectivity of FRNAPHs. Our results suggest that certain strains exhibit greater resistance
to chlorine (DL52, GI-JS; T72, GII) and ultraviolet (T72, GII) disinfection than others from the results
of laboratory-scale batch disinfection experiments, using secondary effluent samples. The results of
this study will be confirmed by investigating full-scale WWTPs. By identifying disinfectant-resistant
strains, it is likely that further research will reveal more effective mechanisms for viral disinfection,
thereby reducing viruses at WWTPs for ensuring the hygiene and safety of recreational waters.

4. Materials and Methods

4.1. Wastewater Samples

Influent and secondary effluent samples were collected from a pilot-scale WWTP (capacity of
10 m3/d), which uses conventional activated sludge treatment with 1700–2100 mg/L of mixed-liquor
suspended solids. This WWTP is fed by water from the influent of a full-scale WWTP located in Ibaraki
Prefecture, Japan. The influent and secondary effluent samples were collected on November 13, 20,
and 27, 2017 (designated 11/13, 11/20, and 11/27, respectively). The characteristics of the influent and
secondary effluent samples are summarized in Table 3.

Table 3. Characteristics of influent and secondary effluent samples.

Parameter 1 Units
Range

IN 2 SE 2

pH - 7.1–7.3 6.8–6.9
CODcr mg/L 120–140 11–14

SS mg/L 47–78 4.7–6.7
Turbidity NTU 37–44 1.2–2.8

T-N mg/L 31–34 15–17
T-P mg/L 9.4–9.6 4.8–5.2

NH4+-N mg/L 20–24 0.12–0.27
1 COD: Chemical oxygen demand; SS: Suspended solids; T-N: Total nitrogen; T-P: Total phosphorus. 2 IN: Influent;
SE: Secondary effluent.
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4.2. Samples Disinfected Using Chlorine or Ultraviolet Light

Chlorine-treated and ultraviolet-treated samples were collected from laboratory-scale batch
disinfection experiments using secondary effluent samples (11/13, 11/20, and 11/27). All batch
disinfection experiments employing chlorine or ultraviolet light were performed at room temperature.
A free-chlorine stock solution was prepared in Milli-Q water with sodium hypochlorite (Wako, Japan)
on the day of use. This stock solution was added to the secondary effluent samples (1000 mL each) at
an initial free-chlorine concentration of 2 mg/L for 20 min, after which free-chlorine was neutralized
immediately by adding sodium thiosulfate solution (Wako, Osaka, Japan). The residual free-chlorine
concentrations were measured every 5 min using the N,N-diethyl-p-phenylenediamine method (Hach,
Tokyo, Japan) to calculate concentration-time (CT) values. Free-chlorine CT values were the sum of
the residual free-chlorine concentration (C) multiplied by the contact time (T) every 5 min for 20 min.
The free-chlorine CT values of the chlorine-treated 11/13, 11/20, and 11/27 samples were 4.8, 2.9, and
2.3 mg·min/L, respectively.

A low-pressure ultraviolet lamp (ULO-6DQ; 254 nm; 6 W; Ushio, Tokyo, Japan) was used for
laboratory-scale batch ultraviolet disinfection experiments. The ultraviolet lamp was stabilized before
conducting experiments by turning it on for at least 40 min before use. The sample (500 mL) was added
to sterilized glassware (Ushio) and exposed to ultraviolet light whilst stirring. Ultraviolet fluence was
determined using an iodide–iodate actinometer [39,40]. Ultraviolet fluence values of ultraviolet-treated
11/13, 11/20, and 11/27 samples were 22, 30, and 21 mJ/cm2, respectively.

4.3. IC–NGS Analysis of Infectious FRNAPH Strains

For the NGS analysis, 10 mL of influent samples and 100 mL of secondary effluent, chlorine-treated,
and ultraviolet-treated samples were mixed with an equal volume of tryptone-glucose broth (10 g/L
tryptone, 1.0 g/L glucose, 8.0 g/L NaCl, 0.3 g/L CaCl2, 0.15 g/L MgSO4, 20 mg/L kanamycin, and
100 mg/L nalidixic acid). The broth also contained Salmonella enterica serovar Typhimurium WG49,
which was harvested during the exponential growth period and incubated at 37 ◦C overnight in order
to propagate infectious FRNAPH strains. The propagated sample mixtures (15 mL) were centrifuged
(2000 ×g, 10 min) and the supernatant was passed through a membrane filter (pore size 0.45 μm,
hydrophilic cellulose acetate; Dismic-25cs, Advantec, Dublin, CA, USA) to remove bacteria, including
the host strain. The filtrate (12 mL) was purified using a centrifugal filtration device (Amicon Ultra-15;
Merck, Billerica, MA, USA) to increase the titres in the FRNAPH strains and remove soluble and low
molecular weight components from the filtrate.

After purification, the samples (1 mL) were treated with RNase ONE Ribonuclease (Promega,
Madison, WI, USA) (1 unit/50 μL of sample), and the mixture was incubated at 37 ◦C for 60 min to
eliminate free RNA. Following RNase treatment, RNA was extracted using a QIAamp Viral RNA
Mini QIAcube Kit (Qiagen, Hilden, Germany) and QIAcube (Qiagen), according to the manufacturer’s
protocol, followed by removal of DNA with Baseline-ZERO DNase (Arbrown, Chuo-ku, Japan).
Bacterial ribosomal RNA was removed from the DNase-treated samples using a Ribo-Zero Bacteria Kit
(Illumina, San Diego, CA, USA) according to the manufacturer’s protocol. Libraries were then prepared
using the TruSeq Stranded mRNA Library Prep Kit (Illumina), according to the manufacturer’s
protocol, without a purifying mRNA process. The TruSeq Stranded mRNA Library Prep Kit purifies
poly(A)-containing mRNAs; however, the mRNAs of FRNAPHs do not contain poly(A) and are
therefore excluded from this process. The libraries were subjected to agarose gel electrophoresis
using E-Gel EX Agarose Gel (1%; Invitrogen, Carlsbad, CA, USA) with an E-Gel iBase Power System
(Invitrogen). The cDNAs (300–600 bp) were then purified using a MonoFas DNA Purification Kit (GL
Sciences, Torrance, CA, USA). The qualities and concentrations of purified cDNAs were assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Qubit Fluorometer
(Invitrogen), respectively. The samples were pooled, and sequencing was performed using a MiSeq
paired-end sequencing reaction with the v3 reagent kit (Illumina).
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Before assembly of the metagenomic dataset, the quality of the MiSeq paired-end sequences was
evaluated using FastQC then quality-trimmed and assembled de novo using Trimmomatic and Trinity,
respectively, as implemented in the Galaxy platform (https://galaxy.dna.affrc.go.jp). Contigs >200
bp obtained from the de novo assembly were used as queries to perform a BLASTn version 2.7.1 +
search with the NCBI nucleotide collection (nt) to identify significant alignments and the following
parameters: A cut-off (e-value) of 10−3 and a maximum of one hit per read. The number of hits for
FRNAPH strains was defined in order to count the number of FRNAPH strains identified as best hits
according to the BLASTn analyses. The MEGAN program (version 6.12.0) was used to assign BLASTn
hits for the taxonomy analysis.

4.4. IC–RT-PCR–MPN Analysis of Infectious FRNAPH Genotypes

IC–RT-PCR–MPN was performed to quantify the infectious FRNAPH genotypes as previously
described [6,34,35]. Infectious FRNAPH genotypes in the samples were primarily propagated
overnight at 37 ◦C by mixing with an equal volume of tryptone-glucose broth containing S. enterica
WG49 (described above). Genotyping based on RT-PCR was subsequently applied, followed by
quantification using the MPN method. The secondary effluent, chlorine-treated, and ultraviolet-treated
samples were measured using sample volumes of 100, 10, 1, and 0.1 mL (n = 3 each). The detection
limit of the secondary effluent, chlorine-treated, and ultraviolet-treated samples was 0.48 log10 MPN/L.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/4/217/s1.
Figure S1: Numbers of hits for FRNAPH strains representing each genotype in the 12 samples combined with a
heat map showing the relative abundance of all FRNAPH strains according to the number of hits in the BLASTn
analyses of influent (IN), secondary effluent (SE), chlorine-treated (Cl), and ultraviolet-treated (UV) samples.
Blank cells indicate an absence of hits. Green and red cells indicate the lowest and highest values, respectively.
Numbers in the heat-map cells indicate the number of hits for samples collected on 11/13, 11/20, and 11/27. Figure
S2: Proportions of FRNAPH strains in each genotype combined with a heat map showing the relative abundance
of each genotype according to the number of hits in the BLASTn analyses of influent (IN), secondary effluent (SE),
chlorine-treated (Cl), and ultraviolet-treated (UV) samples. Blank cells indicate an absence of hits. White and
blue (GI), sky blue (GI-JS), red (GII), green (GIII), and purple (GIV) cells indicate the lowest and highest values,
respectively. Numbers in the heat-map cells indicate the proportions of FRNAPH strains in each genotype for
samples collected on 11/13, 11/20, and 11/27.
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