
P
le

as
e 

no
te

 th
at

 th
is

 is
 a

n 
au

th
or

-p
ro

du
ce

d 
P

D
F

 o
f a

n 
ar

tic
le

 a
cc

e
pt

ed
 fo

r 
pu

bl
ic

at
io

n 
fo

llo
w

in
g 

pe
er

 r
ev

ie
w

. T
he

 d
ef

in
iti

ve
 p

u
b

lis
h

er
-a

ut
he

nt
ic

at
ed

 v
e

rs
io

n 
is

 a
va

ila
b

le
 o

n 
th

e 
pu

b
lis

he
r 

W
eb

 s
ite

 

 1

  
 
Applied and Environmental Microbiology 
August 2011, Vol. 77, No. 15, pp. 5170-5177 
http://dx.doi.org/10.1128/AEM.00583-11 
© 2011, American Society for Microbiology. 
 

Archimer
http://archimer.ifremer.fr 

 

 

Calicivirus Removal in a Membrane Bioreactor Wastewater Treatment 
Plant 

 
Laura C. Sima1, Julien Schaeffer2, Jean-Claude Le Saux2, Sylvain Parnaudeau2, 

Menachem Elimelech1, and Françoise S. Le Guyader2, * 

 
 

 
1 Department of Chemical Engineering, Environmental Engineering Program, Yale University, New Haven, 
Connecticut 
2 IFREMER, Laboratoire de Microbiologie–LNR, Nantes, France 
 
 
*: Corresponding author : Françoise S. Le Guyader, Tel.: (33) 2 40 37 40 52 ; Fax: (33) 2 40 37 40 27 ; 
email address : sleguyad@ifremer.fr 
 
 

 
 
 
Abstract :  
 
To evaluate membrane bioreactor wastewater treatment virus removal, a study was conducted in 
southwest France. Samples collected from plant influent, an aeration basin, membrane effluent, solid 

sludge, and effluent biweekly from October 2009 to June 2010 were analyzed for calicivirus (norovirus 
and sapovirus) by real-time reverse transcription-PCR (RT-PCR) using extraction controls to perform 
quantification. Adenovirus and Escherichia coli also were analyzed to compare removal efficiencies. In 
the influent, sapovirus was always present, while the norovirus concentration varied temporally, with 
the highest concentration being detected from February to May. All three human norovirus genogroups 
(GI, GII, and GIV) were detected in effluent, but GIV was never detected in effluent; GI and GII were 
detected in 50% of the samples but at low concentrations. In the effluent, sapovirus was identified only 
once. An adenovirus titer showing temporal variation in influent samples was identified only twice in 
effluent. E. coli was always below the limit of detection in the effluent. Overall, the removal of calicivirus 
varied from 3.3 to greater than 6.8 log units, with no difference between the two main genogroups. Our 
results also demonstrated that the viruses are blocked by the membrane in the treatment plant and are 
removed from the plant as solid sludge.  
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1.  Introduction 

 
Membrane bioreactors (MBRs) combine biological processes with membrane filtration for 
wastewater treatment.  Specifically, MBR plants filter activated sludge through microporous 
membranes, eliminating the sedimentation step necessary for conventional wastewater 
treatment (17, 26).  MBR plants are significantly more compact, require less frequent 
monitoring, and are more customizable (due to the modular design of membrane filters) than 
conventional treatment systems. As the membrane market matures and costs continue to 
decline, the market for MBR is expected to grow quickly in the next few years (27).  Given the 
possibilities for enhanced viral removal, MBR may be a good alternative to conventional 
wastewater treatment to prevent viral contamination of surface waters. In order to weigh the 
benefit of MBR and other treatment systems, it is crucial that the capacity of these systems to 
remove a wide range of viruses be well understood.  Specifically, it is important to study viruses 
most often associated with contaminated waterborne disease. 
 
Norovirus, a member of the Caliciviridae family, is the leading cause of acute viral 
gastroenteritis in humans worldwide. Caliciviruses are small (27-35 nm in diameter), non-
enveloped, icosahedral viruses with positive-sense, single-stranded RNA genomes (7.4 to 8.3 
kb in size) (8). This family is divided into different genera, two of which infect humans: norovirus 
(NoV) and sapovirus (SaV).  Both NoV and SaV are genetically diverse, and divided into five 
genogroups (G).  For NoV, three genogroups (GI, II and IV) infect humans (2) while for SaV, all 
genogroups infect humans except GIII (11).  These viruses are shed at high titer (up to 1011 
particles/g) in feces during the acute phase of the disease and up to three weeks after 
symptoms have subsided (3).  Shedding in asymptomatic, infected individuals has also been 
observed (3).  As a consequence, these viruses are detected in high titer in human sewage (14, 
19, 48).  
 
Both NoV and SaV are transmitted via the fecal-oral route and cause foodborne and family- and 
community-wide outbreaks, mainly during winter months (7).  If wastewater treatment is not 
efficient, these viruses can persist for a long time in the environment and may contaminate 
coastal or surface waters as they are very resistant.  Recent data demonstrated that 58% of 
foodborne illnesses in the U.S. are caused by NoV (41), with contamination occurring most 
often during food production, resulting from the use of insufficiently treated water. Links between 
sewage, incorrectly treated waters, and food contamination are difficult to prove (9, 22, 37), but 
have been clearly demonstrated for many shellfish-borne outbreaks (30). 
 
 Effective wastewater treatment can thus limit the spread of calicivirus through food 
consumption (31). Conventional wastewater treatment, designed with bacterial elimination in 
mind, is not optimal for viral elimination. Caliciviruses have been previously detected in 
wastewater treatment plant effluent (5, 15, 19, 21, 28,47).  Although the removal of pathogenic 
bacteria by MBR plants is well-documented (26), the removal of viruses, caliciviruses in 
particular, is far from being understood.  Thus far, studies of bacteriophage MS-2 (43) and Qb 
(20) have shown that these particles are removed to a greater extent by MBR than by 
conventional plants.  We previously demonstrated that breakthrough of NoV occurred less 
frequently in MBR plants than in other wastewater treatment systems, though MBR treatment 
does not offer an ‘absolute’ barrier for viruses (5).   
 
We are aware of only one other study to date that investigates the mechanism of removal of 
human pathogenic viruses (adenovirus, enterovirus and NoV GII) in a municipal-scale MBR 
plant (23, 44). To further investigate this technology in a full-scale plant, we studied calicivirus 
removal by detecting NoVs (GI, GII, and GIV) and SaVs using real-time RT-PCR (rRT-PCR). 
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The use of quality controls allowed us to quantify viral particles and, thus, to evaluate the MBR 
removal of calicivirus in comparison to that of E. coli and adenovirus. 
 
 
2.  Materials and methods 

 
Sample collection: Samples (2 L water and 100 g sludge) were collected from a municipal 
MBR wastewater treatment station located in a seaside-community in northwestern France. The 
facility, constructed in 2007 to treat water for a population of 60,000, utilizes parallel-panel 
submerged KUBOTA membranes (0.45 µm), to filter water post-bacterial treatment (Fig.1). 
Membranes are cleaned both passively (via the movement of bubbles in the aeration basin and 
intermittent operation of outflow pumps), and actively (via periodic counter-washing and bi-
yearly carboxylic acid wash) to ensure that operation is optimal. During the period of our study, 
flow of water through the plant was 270 ± 40 cubic meters per hour. 
 
All samples were collected on a bi-monthly basis. We collected 24-hour composite samples of 
influent (post-degreasing) and effluent waters from automatic samplers, and influent from the 
day prior (Fig1-A, E). Grab samples were collected from the aeration basin (Fig 1-B), the 
effluent of two membranes operating in parallel in a module (Fig 1-C, D), and a solid sludge 
(post-centrifugation) collection basin (Fig 1-F). Samples were transported on ice to the 
laboratory within 3 hours of collection, and processed rapidly or frozen (-20 °C). One hundred-
milliliter samples of influent and effluent were collected for E. coli detection, using cultivation in 
liquid media (NF EN ISO 9308-3 (T90-433)), beginning in December.  
 
Sample processing:  Forty-milliliter influent and aeration basin samples were directly analyzed. 
Membrane and effluent samples were concentrated from 1 L to 40 mL using ultrafiltration 
cassettes (Vivaflow 50, Sartorius). Solid sludge (5 g) samples were mixed with 40 mL of 10% 
Beef Extract with a pH of 9 (Sigma-Aldrich, St Quentin, France), vortexed at maximum speed for 
20 seconds, and gently rocked for 1 hour at 4° C to elute viruses from the solid.  After 
centrifugation for 1.5 hours at 5,000 x g and 4 °C, the supernatant was recovered.  Each sample 
was then adjusted to a total volume of 40 mL and a pH of 7.2  (32).  
 
All samples (40 mL liquid) were inoculated with 106 genomic copies of mengovirus (Mg) (kindly 
provided by A. Bosch, University of Barcelona, Spain). Samples were then mixed with 10 mL of 
a 50% polyethylene glycol 6000 (PEG 6000) solution (Sigma-Aldrich, St Quentin, France) and 
rocked overnight at 4 °C.  After centrifugation for 1.5 h at 1,500 x g, supernatants were 
discarded and the PEG pellet collected for nucleic acid (NA) extraction. 
 
Nucleic acid extraction: Viral NAs were extracted using a NucliSens extraction kit (BioMérieux, 
Lyon France), according to the manufacturer's instructions with minor modifications (25).  PEG 
pellets were suspended in RNAse free water (1 mL), mixed with lysis buffer (2 mL) and 
incubated for 30 min at 56° C in a water bath. After a brief centrifugation to eliminate particles (if 
the sample contained a high level of suspended solids at onset), 50 µL of paramagnetic silica 
was added to each tube. Tubes were then incubated for 10 min at room temperature. A 
magnetic ramp was used to complete all wash steps. At this point, NAs were eluted from 
paramagnetic silica into 100-µL elution buffer (BioMérieux, Lyon, France). Twenty units of 
RNase inhibitor (Invitrogen) were added, and NAs were either directly analyzed or frozen.  
 
Real-time RT-PCR and PCR detection: All amplification for the RNA-viruses was carried out 
using the Ultrasens QRT-PCR kit (Invitrogen, France) using previously published cycling 
conditions, primers, and probes for NoV (25, 46), SaV (35), and Mg (38). Adenovirus was 
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detected with a probe-based, commercially available kit (CEERAM-tool®, la Chapelle sur Erdre, 
France). Amplifications were performed on undiluted extracts in triplicate or ten-fold diluted 
extracts in duplicate and 100-fold diluted NA. Two negative controls (RNAse free water) were 
included in each amplification series. Precautions, such as isolated rooms for various steps and 
the usage of filter tips, were taken to prevent false positive results.  
 
rRT-PCR controls and quantification: The cycle threshold (CT) was defined as the cycle at 
which a significant increase in fluorescence occurred (i.e. when fluorescence became 
distinguishable from the background).  Only samples for which wells yield a CT value < 41 -the 
quantification threshold (QT)-are included in the quantitative analysis. 
 
Extraction efficiency: After extraction of samples seeded with the mengovirus, undiluted and 
ten-fold diluted extracts were subjected to rRT-PCR for Mg. The CT value of the sample was 
compared to the CT value of the positive control used in the extraction series, and to a standard 
curve made by end-point dilution. This difference (CT) was used to determine the extraction 
efficiency, using the equation 100e-0.6978C

T and expressed in % for each sample (25). 
 
Quantification: Absence of inhibitors was verified for each sample by comparing CT values for 
undiluted and 10-fold diluted extracts.  Mean CT value was calculated for each sample. The 
number of RNA copies in each positive sample was estimated by comparing the CT value to 
standard curves based on in vitro transcription plasmids containing nucleotides 146 to 6935 of 
the Norwalk virus (Genbank M87661), nucleotides 4191 to 5863 of the Houston virus (Genbank 
EU310927), nucleotides 667 to 967 of the Fort Lauderdale virus (Genbank AF414426.1), or 
nucleotides 5073 to 5373 of the sapovirus Mc114 GI (Genbank AY237422.3). The final 
concentration was then adjusted based on the volume of nucleic acids analyzed and extraction 
efficiency, and was reported per L or g (5).  
 
For AdV, as no standard curve was available, samples were compared based on CT values.  
The mean CT value (mCT) and standard deviation (SD) of all positive samples were calculated.  
A score of '1' was attributed to all positive samples with CT value > mCT + SD, '2' to those with a 
CT value mCT < CT < mCT + SD, '3' to those with a CT value mCT – SD < CT <mCT, and '4' to 
those with a CT value < mCT – SD.  
 
Statistical analysis:  Data management and descriptive analyses were performed using the 
software suite SAS Version 8.2 (SAS Institute Inc., Cary, North Carolina, USA). Pearson 
Product Moment Correlation was used to calculate the degree of relationship between NoV GI 
and GII titers using the same software.  
 
 
3.  Results 

 
Wastewater treated by the plant was of neutral pH (range 6.5-7.5) and had a fairly constant 
temperature (12-16 °C).  Conductivity varied widely, from 637 to 4400 us/cm. Though dissolved 
oxygen and mixed liquor suspended solid concentrations fluctuated slightly in the aeration basin 
(9-23 mg/L and 6-10.3 g/L respectively), but both were kept within a reasonable range.  
 
A total of 108 samples, including 31 daily composite influent, 15 grab aeration basin, 32 grab 
membrane effluent, 16 daily composite effluent, and 12 solid sludge samples, were collected 
and analyzed from mid-October 2009 to June 2010.  Based on total volume or mass analyzed, 
detection limit varied from 100 to 250 genomic copies per L (dotted lines on figures) or 2 x 104 
genomic copies per kg for sludge samples. Extraction efficiency, as measured using Mg 
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controls, varied by sample-type and week (Table 1). The worst results were obtained for the 
aeration basin and sludge samples: all samples presented extraction efficiencies less than 10%. 
Mg extraction efficiency was not taken into account to calculate viral concentrations for aeration 
basin and sludge samples, because low extraction efficiency may result in artificially high viral 
titers (38). Also, these concentrations were not compared directly with other sample-types. Only 
six influent samples were below 1%. All but one of the membrane effluent samples were above 
10%, and all plant effluent samples were above 10% efficiency.  
 
Microbiological treatment efficacy:  To evaluate microbial elimination efficiency, influent and 
effluent samples were analyzed for NoV, SaV, adenovirus and E. coli.  To take into account the 
20-hour residence time in the plant, considering that our collection was in the morning, influent 
samples were taken the day of sampling and the day prior. As influent concentrations on the 
day of and day prior to sampling varied by less than one-half log, values were averaged for the 
purpose of data analysis.  
 
The first influent samples were negative for NoV. Concentration increased during the first three 
months (until February) to reach a concentration of about 108 genome copies/L. This 
concentration remained fairly stable for the next three months, and was followed by a decrease 
from May to June (Fig. 2-A).  Such variations were not observed in the effluent samples, where 
concentration varied from less than 102  to 103 genome copies/L. SaV were readily detected in 
influent samples and did not show clear variations during the period of the study (Fig. 2-B).  An 
average concentration of between 103 and 104 genome copies/L was detected with some erratic 
variations, especially at the end of the study (April, May). Only one effluent sample was above 
the detection limit.  
 
AdV was analyzed semiquantitatively, based on CT value results (Fig. 2-C).  During the first few 
months of the study, an increase in AdV concentration was detected.  From February to June, 
we observed a plateau, similar to that of NoV. Unlike NoV, in the effluent, AdV was only 
detected twice.  E. coli concentration was reduced significantly between influent and effluent, 
such that effluent concentration was typically below the detection limit of the method. 
 
Removal efficiencies were calculated for each pathogen studied per week (Table 2).  For E. coli, 
at least 5 log removals were achieved for all samples. Removal efficiency varied from 2 to 6 log 
units for calicivirus. There is no temporal variation in the effluent similar to that observed in the 
influent.  In other words, the value and appearance of positive effluent was sporadic. We did not 
find more positive effluent samples on days when influent titer was high than on days when 
influent titer was minimal.  Given our data, it is difficult to calculate an exact log removal or 
demonstrate that, in this plant, virus effluent concentration is dependent on virus influent 
concentration. 
 
NoV GI, GII, and GIV detection and quantification: NoV GI was detected in 28/31 of the daily 
mean influent samples, 14/15 of the aeration basin samples, 14/32 of the spontaneous 
membrane effluent samples, 6/16 of the effluent samples (Fig. 3), and 9/12 of the sludge 
samples collected (Table 3). NoV GII was detected in 26/31 of the daily mean influent samples, 
15/15 of the aeration basin samples, 10/32 of the spontaneous membrane output samples, 8/16 
of the total effluent samples, and 9/12 of the sludge samples collected. NoV GIV, analyzed only 
in influent and effluent samples, was detected in 6/16 of the daily mean influent samples and 
0/16 of the effluent samples. No significant difference in the appearance of genotypes GI or GII 
in untreated sewage samples was observed (Pearson’s Correlation of 0.85) (Fig. 3-A). The first 
sample, collected in late October, was under the limit of sensitivity of the method for all three 
genogroups searched. However, within one month, 105.4genome copies/L of NoV GI, GII, and 
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GIV were detected and concentration increased until February. From February to May, 
concentrations were all in the same range and began to decrease. GIV NoV followed the same 
tendency, but at lower concentrations (Fig3-A).  On June 16th, all three genogroups were below 
the detection limit and could not be detected.  
 
Samples collected in the aeration basin followed a similar trend, with an increase in 
concentration observed from October to February (Fig. 3-B), reaching a plateau at about 108.5 
genome copies per liter.  Viral titer remained high in the aeration basin up to the final day of 
sample collection.  As in the influent, the presence of NoV GI and GII in this basin was highly 
correlated (Pearson’s Correlation of 0.91).  
 
Two membranes operated in parallel; data shown in Fig 3-C represents the average values of 
samples collected for each membrane. Overall, NoV GI and GII concentrations were always 
close to the detection limit.  However, on November 10th, high concentrations of both 
genogroups were detected in the sample collected from both membranes of the module. The 
presence of GI and GII in these samples, although sporadic, was correlated (Pearson’s 
Correlation of 0.87).  Finally, effluent samples displayed low concentrations of all viruses with no 
difference observed within genogroups (except NoV GIV, which was always below the limit of 
detection).  
 
NoV were detected in sludge samples: 10/12 were positive for NoV GI and 9/12 for NoV GII. All 
samples were below detection limit at the beginning of the study, with a sharp increase in 
concentration observed after December, three to four weeks after increased concentrations 
were observed in influent samples. Beginning in January, detected concentrations were all 
within the same range until the end of the study. No difference was observed in the presence 
and titer of NoV GI and GII (Pearson’s Correlation of 0.96) in the sludge.  
 

 

4.  Discussion 

 
This study monitored the presence and removal of caliciviruses in MBR during a winter-time 
gastroenteritis epidemic outbreak in France. Sample collection began in November, prior to the 
onset of this epidemic, and ceased in June, after the epidemic had subsided 
(www.websenti.u707.jussieu.fr/sentiweb).  Variations in influent NoV titers, plant residence 
times, and flow rates due to frequent and intense winter-time storm events, contribute to 
variability in NoV log-removal (34). Considering the frequency of rain at our study site, we 
sought to overcome this variability by collecting ‘representative’ water from auto-samplers. NoV 
titers in the influent samples collected on the day of and day prior to sampling differed by less 
than one-half log, confirming the adequacy of auto-samplers in collecting representative 
samples and overcoming temporal variability. 
 
Quantifying viral genomes in environmental matrices is complicated because of the presence of 
a number of compounds that may prevent efficient NA-extraction and inhibit amplification during 
RT or PCR reactions (4). The use of quality control steps, such as the measurement of 
extraction efficiency and comparison of series dilutions to examine the effect of inhibition in 
compounds, is necessary in order to be confident in the validity of results (10, 19, 38).  In this 
work, more than 65% of water samples displayed a good extraction efficiency (>10%). Good Mg 
recovery was achieved in all but one of the membrane effluent samples, demonstrating an 
improvement from our previous protocol (5). Such improvement may be due to the simplification 
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of the NA-extraction protocol. The NucliSens kit is simple to use, increases the global recovery 
of the viral NA, and may prevent some RNA degradation during the purification step (25). 
Furthermore, all NA extracts were amplified undiluted and diluted (up to 100-fold) to verify the 
minimal impact of inhibitory compounds in our detection, which could influence subsequent 
quantification. These quality control steps, as well as good laboratory practices, allow us to be 
confident in the results presented here. 
 
To be able to quantify viral removal by the MBR plant, we first examined the presence of SaV,  
NoV, and AdV in untreated wastewater (the influent). SaV was always detected in raw sewage 
samples during the length of the study at a stable and relatively high titer of 103 and 105 
genome copies/L. Studies report similar prevalence with different concentrations around the 
world (12-15, 39). This confirms recent data showing that SaV is circulating in European (1, 16, 
45) wastewaters. More data from clinical cases would improve our ability to interpret this data. 
Unlike SaV, the presence of NoV GI and GII showed seasonal variability.  Some samples, at the 
beginning and end of our study, were below our detection limit, suggesting a lower input of virus 
by local population.  Similar observations have been reported in other studies (5, 33).  
Differences may be explained by a number of factors, such as: the year, the location of the 
study, PCR cycling conditions, and primers and probes used for detection (15, 44, 48). The 
presence of NoV GIV in wastewater is less well understood than that of GI and GII, although it 
has been confirmed previously (21, 24, 48). Though others have identified NoV GIV in Italian 
wastewater (21, 24), no quantification of this genogroup has been reported in Europe. NoV GIV 
concentrations were quite erratic but followed the tendency of the two other genogroups, 
suggesting that this virus, like NoV GI and GII, is more frequent during the winter. Further 
monitoring of GIV in environmental samples would allow for more definitive conclusions.  
 
Nearly all (15/16) of the influent samples were positive for AdV. This was to be expected, given 
its use as a viral indicator in other studies (18, 42). Although AdV concentration was not 
quantified, it is interesting to note that qualitative AdV data shows a trend similar to NoV. This is 
surprising given the stability of AdV concentration in a previous study that compared NoV to 
AdV titer in wastewater (19). Quantification of human viral genome in wastewater provides 
insight, as it reflects the incidence of viruses circulating within the population that may go 
undetected in clinical cases.   
 
The quantitative approach employed here allows log removal efficiency to be calculated by 
comparing effluent viral titer to influent titer (36). As anticipated, E. coli removal was above 5 
log. However, for many weeks, NoV, SaV, and AdV particles were removed so effectively that 
viral titer was below detection limit in effluent samples, thus preventing us from calculating an 
exact log removal efficiency. Some weeks, up to 6 log removal was achieved for NoV, higher 
than that reported for MBR by our group previously (5).  The results presented here for a flat 
sheet Kubota MBR, considered alongside those of 4-log NoV removal reported in hollow fiber 
Zenon MBR (44), demonstrates that MBR technology removes viruses more effectively than 
conventional wastewater treatment, regardless of membrane chemistry. Additionally, the 
removal of SaV is also high, further validating the efficacy of MBR with respect to various 
viruses. It should be noted that no difference was observed in removal efficiencies of NoV GI 
and GII. NoV GIV was often below the limit of detection in effluent, making exact calculation of 
its log-removal difficult. NoV GI and GII correlation is surprising, given results from a previous 
study in which we found that NoV GI was less effectively removed than NoV GII in most plants, 
especially in waste stabilization ponds (6). Considering that NoV GI is more often associated 
with water- or foodborne-transmission than NoV GII (29), it is important to select wastewater 
treatment technology that is capable of removing all NoV genotypes to an equal extent. MBR, 
which uses size-exclusion sieving rather than settling for particle removal (26), removes both 
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genotypes with similar efficacy, and should thus be the preferred technology for NoV removal. 
Another group argued that AdV removal by MBR is predictive of that of NoV (23, 44).  We 
compared AdV to NoV to evaluate whether its larger size makes a difference in membrane 
elimination. As AdV quantification was not possible and different detection assays were used, 
precise comparison was not possible. Nevertheless, AdV acts more as E. coli in terms of 
removal.  This confirms that, in order to evaluate human sewage impact in the environment, 
NoV is the best target, given its very small size, resistance, and frequent detection in human 
excreta. 
 
To further examine removal mechanisms, aeration basin contents, membrane effluent, and solid 
sludge were all analyzed for NoV GI and GII. We can deduce that, to some extent, viruses are 
being reduced or degraded in the aerobic basin, as we found no ‘build-up’ of NoV during the 
long, 20- to 30-day sludge residence time. However, this breakdown, if it does occur, plays a 
minor role in the total log reduction capacity of the plant, as the NoV quantity reported for the 
aeration basin is similar to that of the influent. Low extraction efficiency of samples from this 
basin makes it difficult to calculate a mass-balance, which would be necessary to validate this 
hypothesis. Further experimentation is necessary before an estimation of NoV removal by 
activated sludge treatment alone can be validated. Our results contradict with those of another 
group, which found significant log-reduction of NoV presence by treatment in the aeration basin 
(44). We anticipate that these differences may be explained by varying sample processing 
methods. The other group concentrated its aeration basin samples using positive-charged 
membrane filtration, a method that we found to decrease detection efficacy in samples 
containing high levels of suspended solids (5). 
 
Elimination of viruses was achieved in the membrane filtration step since almost all membrane 
effluent samples were below the detection limit. It was only in November, when plant operators 
reported some issues with membrane integrity within the module, that we saw high viral titer in 
the effluent. Furthermore, temporal trends noted in raw sewage and the aeration basins were 
not observed in spontaneous membrane effluent, suggesting that the membrane may block the 
virus, independently of its titer, in the range observed. Evidence suggests that enhanced 
removal is the result of blockage by a biofilm gel layer formed on the membrane surface (49) 
rather than norovirus adhesion to larger particles that are filtered by microporous membranes.  
Indeed, the removal of NoV from activated sludge by a new, (clean, without gel film), 0.45-µm 
membrane is far less efficient (40). The high correlation of genotypes when breakthrough occurs 
may also be evidence of the role of a gel film since it has been proven elsewhere that adhesion 
of NoV to particles varies among genogroups (6). Momentary losses of gel film, in one part of 
the membrane (due to physical agitation or other processes) may allow passage of small 
particles through a portion of the membrane, allowing both genotypes to pass. This is especially 
likely given the small diameter of NoV particles (27-35 nm) in comparison to the pore-size of the 
membrane (0.4 micrometers). A gel film theory may also explain the sporadic nature of viral 
passage, and the lack of effluent titer correlation with influent. This is the first work we are aware 
of that examines viruses in solid sludge produced by a MBR plant and the first to analyze 
calciviruses in sludge produced by a wastewater treatment station. Sludge analysis presents 
several difficulties, as viruses need to be eluted and many inhibitors may be present.  The viral 
elution technique we utilized was shown to have enhanced efficiency compared to other elution 
methods (32). In solid sludge produced by the plant, NoV titer was below the detection limit until 
the end of December. This is several weeks later than the observed viral titer increase in the 
raw sewage, corresponding to a 20 to 30 day sludge residence time. On the last day of 
sampling, virus concentration remained high in the sludge. Though a previous comparative 
study of viral titer in basins of a MBR plant hypothesized attachment to larger particles and 
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removal of viruses as sludge (44), our study is the first to quantify NoV presence in sludge and 
validate this hypothesis.  
 
Our results demonstrate that viruses are attached to solid particles in the aeration basin, 
retained by the membrane, and finally, rejected from the plant attached to biosolids. This 
highlights the importance of proper biosolids treatment prior their use as agricultural fertilizer. 
These results support mounting evidence that the handling and disinfection of agricultural 
products is key to preventing the spread of NoV in susceptible populations (31). 
 
As human population and, hence, demand for safe water, increases, effective sewage treatment 
becomes increasingly important. A range of wastewater treatment technologies is available in 
addition to conventional systems, including simple (waste stabilization ponds) and modern 
(membrane bioreactor) systems.  We conclude that NoV-removal is high in MBR, and that SaV 
removal is also effective. Thus, in sensitive areas  where increased viral removal is necessary, 
such as shellfish harvesting sites, MBR should be considered as a more effective alternative to 
conventional treatment.   
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Tables 

 

Table 1: Extraction efficiency  
 

 Influent Aeration basin Membrane effluent Effluent Solid sludge 

<1% 6 8 0 0 3 

1-10% 11 7 1 0 9 

>10% 14 0 31 16 0 

Total 31 15 32 16 12 

 
Numbers represent the extraction efficiency quantified by calculating the percent loss of 
Mengovirus nucleic acid during extraction of each sample type. 
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Table 2: MBR Log Removal Efficacy 
 

Month NoV SaV E. coli 

October Not cal. ≥2.7 Not cal. 

November 1.3 

0.9 

≥2.1 

≥1.7 
Not cal. 

December ≥3.8 

3.3 

≥2.2 

≥2.1 

5.1 

≥5.0 

January 3.9 

3.7 

≥3.1 

≥3.1 

≥4.9 

≥1.7 

February ≥5.8 

≥6.8 

≥3.3 

≥3.1 

≥5.3 

≥5.2 

March 5.2 

≥6.6 

≥3.3 

≥3.0 

5.1 

≥5.3 

April 5.2 

≥5.8 

≥1.8 

≥4.1 

≥5.5 

≥5.7 

May 4.8 

≥5.2 

2.3 

≥2.5 

≥5.7 

≥5.6 

June Not cal. ≥1.9 ≥5.4 

 
Removal efficiency is expressed in Log, based on the influent and effluent concentrations 
calculated. For two samples NoV removal cannot be calculated (not cal.) as influent was below 
the limit of sensitivity. In October and November no analysis was performed for E. coli.  
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Table 3: Concentration of NoV GI and GII in solid sludge. 
 

Month GI (genomic copies/Kg) GII (genomic copies/Kg) 

November 2.6 x 108 - ≤2 x 104 ≤2 x 104 - ≤2 x 104 

December ≤2 x 104 - nc ≤2 x 104 - nc 

January 6.9 x 108 - 8.4 x 106 9.0 x 107 – 2.7 x 108 

February 1.1 x 108 - nc 6.2 x 107- nc 

March 5.6 x 108 - nc 9.0 x 108 - nc 

April 3.1 x 105- 2.4 x 106 1.0 x 106 – 4.3 x 106 

May 1.1 x 107 - 1.8 x 108 8.6 x 107 – 8.1 x 105 

June 8.0 x 108 7.9 x 108 

Nc: sample not collected.  
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Figures legends 

 

Figure 1: Process Diagram of MBR plant including locations of sampling points.   
Influent samples (A), and effluent samples (E) were collected from automatic samplers 
(representative of a 24-hour period). Membrane effluent samples (C and D) are spontaneous, 
collected from water flowing at the time of collection. Grab samples were collected near the top 
of the aeration basin (B), as well as from the collection basin for solid (post-centrifugation) 
sludge (F).   
 

Figure 2: Calicivirus, adenovirus and E. coli detection in the MBR plant.  
Concentrations detected in influent (black triangle) or effluent (black square) for NoV (A), SaV 
(B), AdV (C), and E. coli (D) are expressed as log10 genome copies/Liter for NoV and SaV; 
semiquantitative estimation based on CT values for AdV or log10 CFU/100mL for E. coli.   
 

Figure 3: Norovirus quantification in the MBR plant.  
NoV GI (black triangle), GII (back square), and GIV (white circle) were detected and quantified 
in the influent (A), aeration basin (B), membrane effluent (C), and plant effluent (D). 
Concentrations are expressed in log10 genome copies/Liter for the study period (October to 
June). The dashed lines indicate limits of detection. The limit of detection varies by sample type.  
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