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Pathogenic Enteric Viruses and Microbial Indicators during Secondary
Treatment of Municipal Wastewater
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Pathogenic enteric viruses are responsible for a wide range of infections in humans, with diverse symptoms. Raw and partially
treated wastewaters are major sources of environmental contamination with enteric viruses. We monitored a municipal second-
ary wastewater treatment plant (New Orleans, LA) on a monthly basis for norovirus (NoV) GI and GII and enterovirus serotypes
using multiplex reverse transcription-quantitative PCR (RT-qPCR) and microbial indicators of fecal contamination using stan-
dard plating methods. Densities of indicator bacteria (enterococci, fecal coliforms, and Escherichia coli) did not show monthly
or seasonal patterns. Norovirus GII was more abundant than GI and, along with enterovirus serotypes, increased in influent dur-
ing fall and spring. The highest NoV GI density in influent was in the fall, reaching an average of 4.0 log;, genomic copies/100 ml.
Norovirus GI removal (0.95 log,,) was lower than that for GII, enterovirus serotypes, and male-specific coliphages (1.48 log,,) or
for indicator bacteria (4.36 log,,), suggesting higher resistance of viruses to treatment. Male-specific coliphages correlated with
NoV GII densities in influent and effluent (r = 0.48 and 0.76, respectively) and monthly removal, indicating that male-specific
coliphages can be more reliable than indicator bacteria to monitor norovirus GII load and microbial removal. Dominant norovi-
rus genotypes were classified into three GI genotypes (GI.1, GI.3, and GI.4) and four GII genotypes (GII.3, GII.4, GII.13, and
GII.21), dominated by GI.1 and GII.4 strains. Some of the seasonal and temporal patterns we observed in the pathogenic enteric

viruses were different from those of epidemiological observations.

nteric viruses are responsible for a wide range of infections in

humans with diverse symptoms. Infected individuals shed
millions of virus particles in their feces or body fluids, which even-
tually enter sewage systems. Enteric viruses may naturally occur in
aquatic environments as well, but human activities, in particular,
sewage discharge, is the primary source of environmental contam-
inants (1-3). Among the pathogenic enteric viruses, norovirus
(NoV), enterovirus (EV), adenovirus, astrovirus, and rotavirus
have been found frequently in municipal wastewaters worldwide
(1, 4-6). Several gastroenteritis outbreaks have been linked di-
rectly or indirectly to human exposure of raw or partially treated
sewage-contaminated water or foods (2).

Municipal wastewaters usually undergo a secondary treatment
before being discharged into the environment. The process in-
volves a mechanical treatment for removing solids followed by
biological and chemical treatments, nutrient removal, and dis-
charge (7). Primary-treated (physically processed) wastewater or
the effluent water that does not undergo a disinfection process
may still harbor infectious enteric viruses, similar to the raw sew-
age (4, 8). To protect water quality and public safety, fecal coli-
forms and Escherichia coli have been used to monitor fecal pollu-
tion in wastewater discharge or environmental waters. In general,
viruses are more resistant than bacteria to UV treatment or chlo-
rination, two common disinfection strategies in secondary waste-
water treatment (7, 9). The aggregation of viruses in water or other
wastewater solids reduces the efficacy of disinfectants and helps
viruses maintain their infectivity when discharged into environ-
mental waters (7, 10). As a result, the bacterial indicators may not
be able to reflect the occurrence of enteric viruses in water effi-
ciently. In this regard, monitoring bacteriophages such as male-
specific coliphages (MSC), or even direct measurement of enteric
viruses such as enteroviruses and adenovirus, have been suggested
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as more reliable criteria to assess sewage pollutions of human or-
igins in water (1, 11).

Norovirus (NoV; genus Norovirus, family Caliciviridae) has
caused the most cases of human gastroenteritis worldwide. NoV is
a positive-sense single-stranded RNA (+ssRNA) virus comprised
of six genogroups (GI to GVI) and more than 32 genotypes. Geno-
groups I, IT, and IV are responsible for disease in humans, whereas
the rest have been found in animals (12—-14). Despite the extensive
genetically diverse nature, the GII.4 strains have been the predom-
inant cause of the NoV outbreaks in humans globally during the
past decade at least (13). Enteroviruses (genus Enterovirus, family
Picornaviridae) are composed of poliovirus, coxsackievirus, echo-
virus, and the numbered enteroviruses (1). The genomic size and
genomic and capsid structures of enteroviruses are similar to
those of noroviruses. Enterovirus serotypes usually are transmit-
ted through the fecal-oral routes and are responsible for a wide
range of infections in humans with diverse clinical syndromes,
such as gastroenteritis and meningitis (1, 15).

In this study, we monitored the loads of pathogenic enteric
viruses and microbial indicators in a municipal secondary waste-
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water treatment plant (WWTP) in the United States (New Or-
leans, LA). The molecular techniques used to analyze viral ge-
nomes did not permit the absolute quantification of infectious
viruses. This is due primarily to the negative effect of inhibitory
compounds on the optimum amplification of viral RNA and the
inability of PCR to distinguish intact from damaged virus parti-
cles. According to the available literature, this is the first report on
the year-round monitoring of pathogenic enteric viruses, micro-
bial indicators, and NoV diversity in a municipal WWTP influent
and effluent in the United States. The identification of the domi-
nant NoV genotypes provides important information for the de-
velopment of vaccines that are more effective against circulating
genetically diverse NoV strains (13).

MATERIALS AND METHODS

Wastewater treatment plant and sampling. A municipal WWTP in New
Orleans, LA, with an annual average flow of 98 million gallons per day
(MGD) for 2013, was studied. The wastewater is generated from New
Orleans on the east bank of the Mississippi River, with an estimated pop-
ulation of 378,715 (16). The sanitary sewage system collects wastewater
using a gravity collection system and transfers it to the treatment plant
through a series of pumping stations. A 24-h-a-day secondary treatment
process employs a high-purity oxygen modification of the activated sludge
system, including clarification through sedimentation, chlorination (0.5
mg/liter) for disinfection, and finally discharge of effluent directly into the
Mississippi River (Louisiana). Solids are either returned to the process or
wasted and disposed of through incineration and then landfill. Monthly
samples from influent and effluent waters were obtained from July 2013 to
June 2014. Each month, 2 liters of 24-h composite influent and effluent
samples were collected (4°C). Even though the samples were collected on
the same day, the influent and effluent samples were temporally separate
due to the retention time for the influent water to go through the treat-
ment. Effluent samples were collected prior to release into the Mississippi
River and were dechlorinated using 0.5 ml of 0.63 M sodium thiosulfate
per liter of water. The samples were stored on ice, transported to the Food
Microbiology Laboratory at the Louisiana State University Agricultural
Center, and analyzed within 24 h. Biochemical oxygen demand (BOD),
total suspended solid (TSS), and volatile suspended solid (VSS) data were
provided by the WWTP laboratory and were measured according to the
Standard Methods for the Examination of Water and Wastewater proto-
cols, no. 5210, 2540D, and 2540, respectively (17).

Microbial indicators. Microbial indicators of fecal contamination (fe-
cal coliforms, thermotolerant E. coli, enterococci, and male-specific bac-
teriophages) were quantified in influent and effluent waters using U.S.
Environmental Protection Agency (U.S. EPA) standard techniques. Fecal
coliforms were enumerated on m-FC medium (Difco, Sparks, MD) after
incubation at 45°C for 24 h (18). Thermotolerant E. coli cells were counted
on modified membrane-thermotolerant E. coli agar (m-TEC; Difco) in
which the plates were initially incubated at 35°C for 2 h to resuscitate
injured or stressed bacteria and then incubated at 45°C for 24 h (19).
Enterococci (Enterococcus faecalis, E. faecium, E. avium, and variants)
were quantified on enterococcus membrane-indoxyl-B-p-glucoside agar
(mEL Difco) following incubation for 24 h at 41°C (20). Quantities of
bacteria were reported as log,, CFU per 100 ml of wastewater sample.
Single-agar-layer (SAL) plaque assay on 2X tryptic soy agar (Difco) con-
taining 3.0 mg/ml of each ampicillin sodium salt and streptomycin sulfate
salt (Sigma-Aldrich, Steinheim, Germany) was used for the male-specific
coliphages plaque assay, using E. coli HS(pFamp)R (ATCC 700891) as the
host strain. The plaque-forming units (PFU) were counted after incubat-
ing the plates for 16 to 24 h at 37°C and are reported as log,, PFU per 100
ml of wastewater sample. E. coli bacteriophage MS2 (ATCC 15597-B1)
was used as a positive control along with the samples (21).

Enteric viruses. (i) Extraction and concentration of enteric viruses.
An ultracentrifuge method was used for the extraction and concentration
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of enteric viruses from 60 ml of the wastewater samples as developed by
the U.S. FDA Gulf Coast Seafood Laboratory at Dauphin Island, AL (22).
The RNA was extracted using an RNeasy mini kit (Qiagen, Germantown,
MD) by following the manufacturer’s instruction, with minor modifica-
tions (22) in which a 15-min hold time was given for each washing step.
The extracted RNA was eluted in 40 wl THE RNA storage solution (1 mM
sodium citrate, pH 6.4; Ambion) and immediately analyzed or stored
frozen at —80°C until required.

(ii) Determination of pathogenic enteric viruses. The detection and
quantification method followed a multiplex real-time quantitative reverse
transcription-PCR (RT-qPCR) for simultaneous detection of NoV GI,
GII, and EV serotypes, along with a heterogeneous internal amplification
control (IAC) optimized by Burkhardt et al. (23) and Nordstrom et al.
(24). The sequence of the primers and probes for NoV GI and GII target
sensitive and broadly reactive ORF1-ORF2 junctions, as designed by
Kageyama et al. (25). The primers for EV amplified the 5" untranslated
region (UTR) of the enteroviral genome with a panenterovirus primer set
(26). The reaction mixture used a Qiagen OneStep RT-PCR kit (Valencia,
CA) for a total volume of 25 pl per reaction mixture and 3.0 pl of RNA
template. A Cepheid SmartCycler II system (Sunnyvale, CA) was used for
all RT-qPCR analyses. The templates were reverse transcribed at 50°C for
50 min, and then the DNA polymerase was activated at 95°C for 15 min,
followed by thermal cycling for 10 s at 95°C, 25 s at 53°C, and 70 s at 62°C
for a total of 50 cycles, and then a final extension at 72°C for 10 min
(threshold, 10). Reactions were considered positive when the emission
intensities exceeded the threshold during the first 46 cycles. All reactions
were carried out in duplicate. NoV GI and GII RNA standards (10°
genomic copies [GC]/pl) were kindly provided by Christine Moe’s labo-
ratory at Emory University (Atlanta, GA), and human poliovirus 3 stock
(attenuated Sabin strain) was kindly provided by William Burkhardt’s
laboratory (U.S. FDA Gulf Coast Seafood Laboratory, Dauphin Island,
AL) and were utilized as positive controls and for RNA quantification. The
RNA extracted from the poliovirus stock was quantified by analyzing se-
rial decimal dilutions of extracted RNA and assigning the value of one
RT-qPCR unit per reaction to the highest dilution showing a positive
threshold cycle (C;) value (27). A no-template control was included in all
analyses to overcome any uncertainty of false-positive responses due to
cross-contamination or reaction failure.

(iii) Sequencing and genotyping noroviruses. The norovirus samples
were genotyped on a bimonthly basis starting from July 2013 until May
2014 to identify the predominant strains present in the influent and efflu-
ent waters. The ORF1-ORF2 junction (region C) of the NoV viral genome
was amplified by a heminested PCR on a C1000 thermal cycler (Bio-Rad,
Hercules, CA) by utilizing a OneStep RT-PCR kit (Qiagen), 0.4 M each
oligonucleotide primer, and 5 U of SUPERase in RNase inhibitor (Am-
bion, Foster City, CA) in a final reaction volume of 25 pl. Primer se-
quences were obtained from the previous studies (25, 28). For the first
PCR, 5 pl of extracted RNA was amplified by incorporating COGI1F/
GISKR and COG2F/G2SKR primers for NoV GI and GII, respectively.
RT-PCR conditions were the following: RT for 30 min at 42°C, heat acti-
vation of Taqg DNA polymerase for 15 min at 95°C, PCR consisting of 40
cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s, with a final
extension for 7 min at 72°C. The PCR amplicons were purified by electro-
phoresis using 2% agarose gel (4.83 V/cm) containing 0.5 pg/ml ethidium
bromide and were extracted by utilizing a QIAquick gel extraction kit per
the manufacturer’s instructions (Qiagen, Valencia, CA). Extracted DNA
(1 pl) was subjected to a second PCR with G1SKF/G1SKR primers for GI
and G2SKF/G2SKR primers for GII under the same conditions but ex-
cluding the RT step (28, 29). PCR amplicons (330 bp for GI and 344 bp for
GII) were gel purified and cloned into a pCR2.1-TOPO TA vector using a
TOPO TA cloning kit with TOP10 E. coli (Life Technologies).

Sequences were read on an ABI Prism BigDye Terminator cycle se-
quencing reaction kit (Applied Biosystems) on an ABI Prism 3130 auto-
mated sequencer genetic analyzer (Life Technologies) and processed on a
CLC Sequence Viewer (version 7.5; CLC Bio, Aarhus, Denmark). Phylo-
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genic trees of the partial capsid gene sequences (ORF2 region; 264 nucle-
otides for GI and 252 nucleotides for GII) were inferred by the maximum
likelihood analysis based on the Tamura-Nei model (30) using MEGA 6
software (31). Reference strains were retrieved from the GenBank se-
quence database at NCBI (14, 32).

Data analysis. The logarithmic removal was calculated by subtracting
logarithmic concentrations of variables in effluent from influent accord-
ing to Francy et al. (9). Significant differences among mean ranks and
multiple comparisons were evaluated using Kruskal-Wallis test at a =
0.05. A univariate logistic regression model was used to evaluate the con-
tribution of each microbial group to the occurrence of others. The Pear-
son product-moment correlation coefficient (r) was used to assess the
correlation among variables. Software RStudio (version 0.98.1091;
RStudio Inc., Boston, MA) was used for the statistical analyses and data
visualization. Local minimum and maximum weather temperature data
were obtained from the National Oceanic and Atmospheric Administra-
tion’s National Climatic Data Center (NOAA-NCDC), Carrollton station
(latitude, 29.934; longitude, —90.136), and are reported as midrange val-
ues. A threshold of 21°C was considered to categorize the data into warm
months (May to October) and cold months (November to April). Seasons
were classified as spring (March to May), summer (June to August), fall
(September to November), and winter (December to February).

Nucleotide sequence accession numbers. The NoV sequences iden-
tified in our study can be found in GenBank under accession numbers
KP868574 to KP868614.

RESULTS

PCR performance. Analysis of serially diluted standard RNA
showed RT-qPCR efficiencies of 87.22%, 96.25%, and 95.29% for
NoV GI, NoV GII, and EV, respectively; the coefficients of deter-
mination (R?) ranged from 0.986 to 0.992 (data not shown).
Promising results were obtained from the endpoint heminested
PCR analysis of the NoV viral genome. Even though the RT-PCR
did not yield bright or visible bands in some samples, the agarose
gel purification of the amplicons yielded 100% positive reactions
following the second PCR (data not shown).

Pathogenic enteric viruses and microbial indicators.
Monthly composite influent and effluent waters were obtained
when no flooding or heavy rain had occurred within 24 h prior to
each sample collection. Figures 1 and 2 represent the weather tem-
perature and BOD, TSS, and VSS content of wastewater samples,
respectively. Enteric viruses were detected in both influent and
effluent nearly all year round (Fig. 3). Overall, 83.3% (10/12) of
the influent samples and 33.3% (4/12) of the effluent samples were
positive for NoV GI, whereas NoV GII and EV were more preva-
lent and were detected similarly in 100% (12/12) of the influent
and 83.3% (10/12) of the effluent samples. The concentration of
NoV GII was greater than those of NoV Gl and EV in both influent
and effluent waters (P < 0.05). Fecal coliforms, E. coli, and MSC
were detected in all of the influent and effluent samples, while
enterococci were found in 100% (12/12) of the influent and 66.7%
(8/12) of the effluent waters, all with a slight fluctuation over time
(Table 1 and Fig. 4). The overall mean levels of fecal coliforms, E.
coli, and enterococci in the influent were 6.1 = 0.1, 6.0 == 0.1, and
5.1 = 0.1log,, CFU/100 ml, respectively. Following the treatment
and chlorine disinfection, their corresponding densities decreased
to 1.8 £ 0.2, 1.8 = 0.2, and 0.4 * 0.1 log,, CFU/100 ml, respec-
tively. The mean concentration of MSC reached 4.4 * 0.0 and
3.0 £ 0.1 log,, PFU/100 ml in the influent and effluent waters,
respectively.

Trends and seasonality. Among the indicator bacteria, only E.
coli densities in influent were affected by seasonality (P = 0.016),

6438 aem.asm.org

Applied and Environmental Microbiology

Weather temperature

25 =

[N
S
1

Temperature °C

_.
(%)
1

10 =

T T T T T I T T I I I I
I3 <+
o 208 2 QI QI T 5 EI EI ~ 3
| o { | | | o |
— o - > Q = ) I > =i
= = ) 2 ) 53 © S N <
= < » O z A = & 3 < = =2
Months

FIG 1 Midrange weather temperature in New Orleans, LA, for each sample
collection day.

reaching the highest concentrations in summer and fall (average,
6.2 £ 0.0log,, CFU/100 ml), with higher loads in warmer months
(average, 6.2 = 0.0 log,, CFU/100 ml) than cold months (average,
5.9 = 0.1 log,, CFU/100 ml) (P = 0.03). Stronger fluctuations
were observed in the densities of pathogenic enteric viruses (NoV
GI, NoV GII, and EV), with distinct trends over time in NoV GII
and EV (Fig. 3). The concentrations of NoV GII showed a seasonal
trend, being substantially higher in winter and spring (cold
months) and reaching the highest values in spring, at 5.9 * 0.2
log,, GC/100 ml. Similarly, the concentration of MSC and EV in
the influent increased during spring (March to May), resulting in
average values of 4.7 * 0.1 log,, PFU/100 ml and 1.7 = 0.2 log,,
RT-qPCR U/100 ml, respectively. In addition, EV showed another
increase in fall, with an average value of 1.8 * 0.1 log;, RT-qPCR
U/100 ml.

Only in the cases of NoV GI and GII did the monthly concen-
tration of viruses in the influent reflect their concentrations in the
effluent (r = 0.41 and 0.45, respectively; P < 0.05). Among the
pathogenic enteric viruses, NoV GI and EV densities in the influ-
ent and NoV GII in the effluent were correlated with the weather
temperature (r = —0.56, 0.42, and —0.59, respectively; P < 0.05).
The strongest correlations (r > 0.45) between enteric pathogens
and microbial indicators were found between NoV GII and MSC
in both the influent and effluent (r = 0.48 and 0.76, respectively;
P < 0.05). In addition, univariate logistic regression analyses in-
dicated the occurrence of NoV GII on the level of MSC in the
effluent (odds ratio [OR], 1.45; 97.5% confidence interval [CI],
1.06 to 1.98; P = 0.030). EV was correlated with NoV GII in the
influent (r = 0.45); however, the presence or absence of EV was
unrelated to the NoV GII densities (P > 0.05). Among the indica-
tor bacteria, enterococci showed the strongest correlation with the
fecal coliforms (r > 0.63) and E. coli (r > 0.77), followed by fecal
coliforms and E. coli (r > 0.55) in both influent and effluent wa-
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FIG 2 Concentrations of biochemical oxygen demand (BOD), total sus-
pended solids (TSS), and volatile suspended solids (VSS) in the wastewater
influent and effluent waters.

ters. In this regard, the presence or absence of enterococci in the
effluent was in accordance with the concentration of E. coli (OR,
1.48; CI, 1.22 to 1.79; P = 0.0007) and coliforms (OR, 1.41; CI,
1.19 to 1.67; P = 0.0006).

Microbial removal. Secondary treatment of wastewater re-
sulted in significant removal in all microbial groups. In general,
log removal was more pronounced in indicator bacteria (4.36
log,,; P > 0.05), followed by NoV GII, EV, and MSC (1.48 log,,;
P>0.05) and then NoV GI (0.95log, ). Log removals in indicator
bacteria and NoV GI were similar during warm versus cold
months; however, for the rest of the microbial groups, higher re-
moval was observed in warm months. The concentrations of NoV
GII in the effluent waste were at the lowest levels in summer and
fall, resulting in the highest virus removal among enteric viruses.
Close similarity in monthly log removal was found between MSC
and NoV GII (r = 0.72) and between MSC and EV (r = 0.73).
Among all of the microbial groups, microbial removal in NoV GII
and EV was correlated with weather temperature (r = 0.70 and
0.57, respectively). In general, log removal in the indicator bacte-
ria did not have strong seasonality (P > 0.05), whereas it was
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FIG 3 Concentrations of NoV GI, GII, and EV in the wastewater influent and
effluent (means * standard errors [SE]).

higher in MSC during fall and summer (1.65 log,,), in NoV GI
during fall and winter (1.17 log,,), in NoV GII in summer and fall
(2.3210g,,), and in EV in summer (1.74 log; ).

Genetic diversity of noroviruses. Seven norovirus genotypes
were identified from a total of 72 clones (Fig. 5 and 6 and Table
2). NoV GI.1 Norwalk was present in all samples except for the
influent water in January, comprising 72.2% (13/18) and
83.3% (15/18) of the influent and effluent clones, respectively,
followed by GI.3 and GI.4, which each comprised 11.1% (4/36)
of the GI clones. NoV GII.4 Sydney dominated NoV GII geno-
types and was identified in 22.2% (4/18) of the influent and
50.0% (9/18) of the effluent clones. The rest of the GII.4 geno-
types (30.6%, 11/18) could not be distinguished at the
strain level. Other genotypes were GIIL.3 (19.4%, 7/36), GII.13
(13.9%, 5/36), and GII.21 (2.78%, 1/36).

DISCUSSION

Because of the inability to cultivate human NoV in vitro, RT-qPCR
has been used extensively for the detection and quantification of
NoV in environmental matrices and clinical specimens, particu-
larly where the virus densities usually are low (1, 13, 14, 33).
Wastewater contains humic compounds, divalent cations, and
salts, which may occur in the PCR template, negatively impact the
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TABLE 1 Concentrations of indicator bacteria in the influent and effluent of the wastewater treatment plant

Bacterial concn” (log,, CFU/100 ml)

Fecal coliforms E. coli Enterococci

Date Influent Effluent Influent Effluent Influent Effluent

July 2013 5.58 = 0.13" 2.62 = 0.38"" 6.22 = 0.08" 2.50 = 0.00" 4.99 + 0.1845¢ 0.17 = 0.12*

August 2013 6.04 = 0.0745<P 1.81 + 0.34<PF 6.17 = 0.05*" 1.67 * 0.07° 5.22 +0.19* 0.60 + 0.30°

September 2013 6.25 * 0.2248¢ 1.38 = 0.35PFFC 6.22 = 0.01* 1.52 = 0.02° 5.08 * 0.1348¢ 0.13 = 0.00¢

October 2013 6.14 * 0.324BCP 1.90 *+ 0.035%¢P 6.24 * 0.06% 2.17 = 0.09¢ 5.08 + 0.01" 0.83 = 0.02""
November 2013 6.27 = 0.2748 1.11 + 0.08%¢ 6.22 + 0.02* 1.44 * 0.13" 5.09 = 0.1645¢ 0.13 + 0.00¢

December 2013 6.06 = 0.214BCPE 3.99 * 0.08* 6.07 = 026" 3.47 * 0.09% 537 +0.12* 0.92 = 0.09*®
January 2014 5.86 = 0.035CPE 0.54 + 0.15¢ 5.78 *+ 0.025¢ 0.57 = 0.03" 4.59 + 0.21¢ 0.13 + 0.00¢

February 2014 5.70 * 0.06"" 0.81 = 0.25"¢ 5.43 * 0.17¢ 1.03 = 0.03¢1 4.59 * 0.245¢ 0.13 = 0.00¢

March 2014 6.20 * 0.209°5¢ 243 = 0.14"" 6.13 = 0.09P¢ 2.79 = 0.12°P 5.50 = 0.50* 0.43 = 0.03%

April 2014 5.82 = 0.06°°F 2.19 + 0.1948¢ 5.49 + 0.10¢ 2.09 + 0.01¢ 4.77 = 0.055¢ 0.17 *+ 0.04¢

May 2014 6.34 * 0.15*" 1.55 = 0.02"FF 5.94 + 0.0445¢ 1.15 = 0.01%¢ 498 = 0.0348¢ 0.13 = 0.00¢

June 2014 6.41 * 0.17% 1.83 = 0.26°<P 6.22 = 0.03" 1.23 + 0.06" 5.35 + 0.04" 0.13 = 0.00¢

“ Within each microbial group and source (influent or effluent), means with the same letter are not significantly different. All values are reported as means *+ SE.

amplification efficiency, and underestimate quantification or
cause false-negative results (8, 34). The internal amplification
control used in the RT-qPCR was able to monitor any inhibitory
effect. In this regard, the virus and RNA extraction protocols were
efficient in removing the majority of the inhibitory compounds.
The potential effects of the remaining inhibitory substances were
mitigated by serial dilution of the RNA template prior to analysis.

The concentration of NoV GII in the influent was higher than
that of GI, which is in accordance with previous reports and epi-
demiological trends in the United States and globally (3, 8, 35-38).
Epidemiological data in the United States and worldwide have
shown that NoV outbreaks peak in the colder winter months, with
55% of the cases in the United States occurring in December to
February (35, 39), and is in agreement with our observation of
high NoV GII densities (5.6 log,, GC/100 ml) in the influent in
November to March and with previous reports (3, 37, 40, 41).
These observations indicate that a significant portion of NoV GII
in the wastewater is associated with NoV infections in the com-
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munity. Similarly, Maunula et al. (36) reported a simultaneous
occurrence of NoV in the river water and the upstream wastewater
that were in coincidence with the NoV epidemiological peaks in
the community. The prevalence of NoV in the freshwater rivers
affected by the discharge of treated municipal wastewaters can
vary between 30% and 75% (36, 42). A recent study estimated that
the 50% human infectious dose (HID50) of NoV is similar to that
of other RNA viruses and ranges between 3.01 and 3.45 log, , viri-
ons (43). Regarding high densities of NoV GI and GII observed in
the effluent discharged into the river water, we can imply that the
exposure of drinking water, irrigation water, shellfish harvesting,
or recreational waters with sewage-contaminated surface waters
can pose a potential health risk to humans (37, 38, 42, 44). The
health risk can be higher during the aftermath of a heavy rain or
system failure that causes overflow of raw or partially treated
wastewater into the environment (45).

The dominant GI genotypes, in order of prevalence, were GI.1
Norwalk, GL.3¢, and GL.4. We did not identify any GL6 strains;
however, it was the dominant GI genotype isolated from 49 WTTP
in the Netherlands (44). GIL.4 was the dominant genotype in
wastewater effluent, and oysters were contaminated with waste-
water in Ireland (38); however, we found this genotype only in
Januaryin 17% (3/18) of the influent and 5% (1/18) of the effluent
clones. The GI.1 genotype was the dominant NoV strain in the
influent; however, this genotype has been associated with less than
1% of the outbreaks in the United States during 2009 to 2013, as
opposed to GL.6 (49.7%), GL.3 (24.6%), and G1.4 (9.9%) (46). It
suggests that nonepidemic or subclinical gastroenteritis inci-
dences in the community contributed to the high prevalence of
GI.1 strains that were reflected in the influent samples (4). Other
NoV genotypes that have been reported in WWTP are GI.2, GI.5
to GL.9, GL.11, GI.12, and GI.14 and GII.1, GII.2, GIL5 to GIIL.12,
and GII.15 to GII.17 (5, 38).

NoV GII.4 has been largely associated with gastroenteritis out-
breaks in the United States and worldwide and is the most fre-
quently identified genotype in food-borne NoV outbreaks (13)
and wastewater (3, 5, 38). According to epidemiological studies,
about 94% of all outbreaks in the United States during 2009 to
2013 have been typed as NoV GII.4 New Orleans or GII.4 Sydney.
These two strains have been known as emerging recombinants
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TABLE 2 Summary of the dominant norovirus GI and GII strains identified in the influent and effluent of wastewater

NoV*
Date and source GI GII
July 2013
Influent GI.1 Norwalk (3/3) GII.3¢ Rotterdam (2/3), GII.13 (1/3)
Effluent GI.1 Norwalk (3/3) GII.4 (3/3)
September 2013
Influent GI.1 Norwalk (2/3), GI.3¢c Otofuke (1/3) GII1.4 (3/3)
Effluent GI.1 Norwalk (1/3), G1.3¢ Otofuke (2/3) GII.4 Sydney (3/3)
November 2013
Influent GI.1 Norwalk (2/3), GI.3¢c Otofuke (1/3) GII.3¢ Rotterdam (3/3)
Effluent GI.1 Norwalk (3/3) GII.4 Sydney (1/3), GIL.4 (1/3), GIL.13 (1/3)
January 2014
Influent GI.4 (3/3) GII.13 (3/3)
Effluent GI.1 Norwalk (2/3), GI1.4 (1/3) GIL3c Rotterdam (2/3), GIL.21 (1/3)
March 2014
Influent GI.1 Norwalk (3/3) GII.4 Sydney (3/3)
Effluent GI.1 Norwalk (3/3) GII.4 Sydney (2/3), GIL.4 (1/3)
May 2014
Influent GI.1 Norwalk (3/3) GII1.4 (3/3)
Effluent GI.1 Norwalk (3/3) GII.4 Sydney (3/3)

“ The numbers in parentheses denote the number of clones that were identified.

and are implicated in severe gastroenteritis outbreaks worldwide
(13, 46). The GII.13 and GII.21 genotypes that were detected in
our study have been rarely reported and have been responsible for
less than 1% of the NoV outbreaks in the United States from 2009
to 2013 (46). The presence of multiple genotypes in wastewaters
may contribute to the emergence of recombinant strains with
more severe health risks (44, 46).

In general, the concentrations of EV in the wastewater samples
were lower than what Hewitt et al. (8) reported for multiple
WWTP, in which EV exceeded NoV GI and GII concentrations
and reached 1.8 to 5.7 and 0.5 to 4.3 log,, GC/100 ml in the influ-
ent and effluent, respectively. Katayama et al. (40) found that ad-
enovirus concentrations in the influent of a WWTP in Japan was
higher than those of NoV and EV. The concentration of EV in the
influent was within the range reported by others (40). Epidemio-
logical studies of enterovirus infection cases in the United States
have shown remarkable seasonality, increasing sharply during
summer and fall, with a peak in August (15). We observed that the
highest concentrations of EV occurred in fall and spring, and the
lowest concentrations in spring and winter (Fig. 3).

High prevalence of enteric pathogens in wastewater through-
out the year reflects the circulation of the pathogens in a popula-
tion. Therefore, even when the rates of epidemiological and clin-
ical cases are low, the potential health risks still exist (4, 8, 40, 41,
44, 47-49). Secondary treatment has been shown to be effective in
reducing the microbial load but is inefficient at complete removal.
In accordance with previous reports, log removal was lower in
pathogenic enteric viruses than in indicator bacteria (41). Micro-
bial removal in EV was 1.4 log,,, which is similar to results of
previous reports (8). The NoV removal through the treatment was
1.0 to 1.6 log,, and was lower than 2.7 log,,, as observed by van
den Berg et al. (44).
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NoV removal was relatively higher in warmer months, as sim-
ilarly observed for MSC. These findings indicate that virus re-
moval was impacted negatively by the initial viral loads and
positively by the environmental temperature. Virus removal fluc-
tuated over time and was in accordance with previous studies (6,
36,37,49). Compared with NoV GII strains, the GI strains seemed
to be approximately 4.8 times more resistant to the two-stage
wastewater treatment. These results are similar to those of previ-
ous reports in which NoV GI showed lower removal than GII
following wastewater treatment (47, 49). Furthermore, MSC re-
moval seemed to have the potential to indicate the efficiency of
secondary treatment on removing NoV GII in WWTP. Recently,
MSC (along with E. coli) has been suggested as a good indicator of
virus removal across conventional secondary disinfection pro-
cesses (9, 37). Assuming a comparable abundance and survival of
NoV and MSC, we could conclude that at least a portion of NoV
GII strains detected in the effluent maintained their infectivity due
to simultaneous detection of viable MSC plaques and NoV GII
viral genomes, as suggested by Hewitt et al. (8), who reported the
parallel occurrence of cultivable enteric viruses and PCR concen-
trations. However, similar to fecal coliforms and E. coli, not all of
the coliphage types are human specific. Nonhuman fecal matter
may pollute water but not necessarily pose health risks associated
with enteric viruses. Among four genogroups of MSC, human
sewage usually contains groups II and III, in which group II has
correlated well with human fecal pollution in water (50, 51).

A recommended way to monitor viral contamination is the
direct detection of pathogens without using indicators (1). Re-
garding the high prevalence of some enteric viruses in the influent,
direct monitoring of enteric viruses, such as adenoviruses, entero-
viruses, NoV, and, preferably, picobirnaviruses, has been sug-
gested as a viral indicator of fecal contamination (6). Whether the
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detected levels of NoV or EV in the WWTP samples are consid-
ered a health hazard is rather complicated, because current RT-
PCR assays may not reflect virus infectivity (29, 33). Additionally,
astrong correlation between the removal of the viral genome (par-
ticularly RNA) and loss of infectivity has been reported that could
be due to the rapid degradation of RNA in the environment (re-
viewed in reference 1). Assuming similar survival and abundance
of NoV and enteroviruses, Hewitt et al. (8) suggested that at least
a proportion of NoV detected in the effluents could be infectious
due to the simultaneous occurrence of cultivable enteric viruses
and PCR concentrations. Therefore, the secondary-treated waste-
water can contribute to the release of infectious virus particles in
the environment and increase the harmful health effects of human
exposure to enteric pathogens. Implementing effective virus re-
moval methods in the wastewater treatment processes is recom-
mended to reduce the circulation of pathogenic enteric viruses
between humans and the environment.

Conclusions. According to our monthly surveillance of a mu-
nicipal WWTP (July 2013 to June 2014, New Orleans, LA), we
found that the occurrences of pathogenic enteric viruses in waste-
water can reflect the circulation of the pathogens in a population
but may not follow the epidemiological and clinical trends. Vi-
ruses were more resistant than bacteria to the secondary treatment
of wastewater; however, the health risks associated with surviving
infectious virions could not be confirmed. In general, NoV GII
strains were more abundant than NoV GI and EV strains. Male-
specific coliphages may be more reliable than bacterial indicators
for monitoring NoV GII load in the wastewater and treatment
removal process. This relationship indicates the likelihood of in-
fectious NoV GII occurrence in the effluent water. Therefore, di-
rect monitoring of infections pathogens are still preferred over
bacterial indicators, particularly when the effluent water is to be
further utilized for human activities.
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