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Monitoring and evaluation of infectious rotaviruses in
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Introduction

The occurrences of enteric viruses in water bodies are well

documented (Bosch et al. 1988; Divizia et al. 2004; Gerba

et al. 1996), and they have been associated with water-

borne gastroenteritis of nonbacterial origin (Divizia et al.

2004; Orenstein et al. 2006; Villena et al. 2003). Group A

rotaviruses have been identified to be the dominant caus-

ative agent for severe gastroenteritis in infants and young

children worldwide, responsible for nearly 50% of the

total episodes and about 600 000 deaths of children per

year (Grimwood and Bines 2007; Parashar et al. 2003,
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Abstract

Aims: Sewage systems are important nodes to monitor enteric pathogens trans-

mitted via water. The aim of this study was to assess the presence of rotavirus-

es in effluents from wastewater treatment plants (WWTPs) and receiving

streams in Beijing, China, to evaluate the reductions of rotaviruses in WWTPs

and to provide viral fate and transport data for further epidemiological studies.

Methods and Results: Two PCR-based methods, including an RT-qPCR and

another quantitative RT-PCR (ICC-RT-qPCR), which was integrated with cell

culturing, were applied to conduct a 1-year monitoring of infectious

rotaviruses and viral genes in effluents from three WWTPs and the receiving

waters in Beijing, China. The ICC-RT-qPCR was able to detect more positive

samples than RT-qPCR, showing positive results for 67% of primary effluents,

47% of secondary effluents and 14% of tertiary effluents, in comparison with

44, 22 and 6% by RT-qPCR, respectively. Seasonal variations of rotaviruses

were observed in all effluents with higher occurrences in winter than in sum-

mer, which correlated well with the seasonal pattern of rotaviruses in the river

receiving wastewater effluents. The reduction efficiencies by different treatment

processes were assessed. Secondary treatments can remove most of infectious

rotaviruses in primary sewage, with annual average reduction values of

2Æ08 ± 0Æ63, 2Æ83 ± 0Æ49 and 2Æ00 ± 1Æ10 log10 for the three WWTPs, respec-

tively. Tertiary treatments were able to further remove infectious rotaviruses.

Conclusions: The results showed a year-round distribution of rotaviruses in

three WWTPs in Beijing and provided important information regarding the

transport and susceptibility of rotaviruses to different levels of wastewater treat-

ment processes.

Significance and Impact of the Study: This study, for the first time, revealed

the whole year prevalence and reductions of rotaviruses in WWTPs and the

corresponding receiving waters in China, and demonstrated the impact of

wastewater discharge on the potential spreading of infectious rotaviruses and

public health.
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2006). In China, rotaviruses lead to about 35 000 deaths

in infants and children per year (Orenstein et al. 2007).

The only proven route of rotavirus transmission is via the

faecal–oral route, either by environmental contact with

contaminated surfaces or by ingestion of contaminated

water and food.

It has been recognized that bacterial indicators of faecal

contamination used to assess environment water quality

often do not reflect the presence of viruses in water

samples (Contreras-Coll et al. 2002; Formiga-Cruz et al.

2005). This was evidenced by the outbreaks of viral dis-

eases occurred as a result of the consumption of water

that met the bacterial coliform standards (Le Guyader

et al. 2008). Infectious rotaviruses originated from human

faeces can be spread into receiving waters including rivers,

lakes and seawater, from wastewater discharges because of

their resistance to typical wastewater treatment processes

(Gerba et al. 1996; Hot et al. 2003). Therefore, monitor-

ing the occurrences and reductions of rotaviruses in vari-

ous influents and effluents from WWTPs can provide

insights into the susceptibility of rotaviruses to different

treatment processes and the potential of their discharge

into the receiving water bodies. The results will provide

valuable information for epidemiological surveys.

Currently, there are very limited data regarding distri-

butions and concentrations of rotaviruses in various

wastewater effluents and their potential impact on the

receiving water bodies (Gerba et al. 1996; Brassard et al.

2005; Villena et al. 2003). One of the main reasons for

this knowledge void is because of the lack of feasible and

reliable rotaviruses detection methods. Detection of rota-

viruses in environmental water samples by conventional

cell culture assay was fastidious, because of the difficulty

of growing human rotaviruses in cell culture and the

interference from more rapidly growing viruses (i.e.

enteric viruses) (Gerba et al. 1996). Quantitative PCR

(qPCR) is a rapid, sensitive, specific and quantitative

method for detecting viral genes in environmental water;

however, it suffers from several limitations (Ko et al.

2003, 2005; Min et al. 2006). One important shortcoming

associated with direct PCR-based methods is the fact that

it cannot distinguish infectious viral particles from those

noninfectious (e.g. dead) ones, as they detect genes

originated from both infectious and inactivated viruses

(Griffin et al. 2003; Gregory et al. 2006). This might lead

to misinterpreted implications in assessing risks to public

health (Ko et al. 2005; Li et al. 2009). Another potential

issue with qPCR-based virus detection is related to the

selection of target gene fragments. Furthermore, various

kinds of PCR inhibitory substances in environmental

waters are concentrated together with viruses during sam-

ple concentration, and they often hinder the efficiency of

PCR amplification (Haramoto et al. 2010).

To overcome some of the above limitations associated

with direct qPCR method, an integrated cell culture and

quantitative RT-PCR (ICC-RT-qPCR) method for detect-

ing and quantifying infectious rotaviruses has been devel-

oped in our laboratory, which was shown to have higher

sensitivity and shorter incubation time compared to con-

ventional plaque assay (Li et al. 2010). The concentrations

of rotaviruses in water samples were estimated and num-

bered using the standard curves in previous studies,

which indicated a linear relationship (R2 of 0Æ9575)

between the logarithm of copy numbers detected by ICC-

RT-qPCR and PFU concentration (from 0Æ2 to 200 PFU

ml)1) of inoculated rotaviruses SA11 and Wa (Li et al.

2010). In this study, we applied this developed method,

in parallel with the conventional direct PCR method, to

conduct a 1-year monthly monitoring of infectious rota-

viruses and viral genes in various effluents from three

WWTPs (Q, G and X) and in their receiving surface

waters, including a river and a lake in Beijing, China. The

results revealed the prevalence, fate and transport of the

rotaviruses in various wastewater effluents treated with

different treatment processes, and the continuous field

monitoring facilitated by the detection method allowed

for observation of seasonal changes in the occurrences of

rotaviruses in the receiving surface waters.

Materials and methods

Environmental water samples

The wastewater samples were collected monthly from

three municipal WWTPs for a 1-year period from May

2007 to April 2008. The description of unit treatment

processes and basic water characteristics were summarized

in Tables 1 and 2. Particularly, WWTP Q discharges

about 80% of the effluent into a recreational river (R),

and a small portion of the secondary effluents is further

treated by 0Æ02-lm hollow fibre membrane ultrafiltration

before its discharge into a recreational lake (L). Samples

from both river (R) and lake (L) were also collected

30 cm below the water surface for analysis. Twenty litres

of water samples were collected and stored in plastic bot-

tles on ice for delivery. All samples were concentrated

within 24 h after collection. Suspended solids (SS), chem-

ical oxygen demand and total nitrogen were analysed for

each sample upon arrival using the standard methods

(Chinese Standard Press, 1996).

Water samples concentration and pretreatment

The water sample was concentrated to obtain virus con-

centrate according to methods reported elsewhere with

some modifications (Katayama et al. 2002; Kocwa-Haluch
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and Zalewska 2002; Li et al. 2010). Briefly, water samples

were first amended with 5 mmol l)1 AlCl3 and followed

by pH adjustment (to pH 3Æ5) using 1 mol l)1 HCl. Then,

8 g SiO2 was added into water samples, which was stirred

for 15 min to allow complete adsorption of viral particles

to the SiO2 particles, and followed by filtration through a

membrane to collect the virus-SiO2 complex. Forty

millilitres of H2SO4 (pH 3Æ0) was added and passed

through to rinse out the cation, and the virus–SiO2 com-

plex was collected into a 50- ml tube with 18 ml NaOH

(pH 10Æ5), and vortexed for 5 min to release the virus

particles to the eluant. The SiO2 particles, as well as the

bigger particles, were removed by centrifugation at

4000 g, 4�C for 10 min, while most colloidal and fine

particles were left in the eluate to reduce loss of viral par-

ticles adhering to them. Two millilitres of 10· TE buffer

(100 mmol l)1 Tris–HCl, 10 mmol l)1 EDTA, pH 8Æ0)

was added into the elute that contained virus for neutral-

ization. The virus concentrate (with a total volume of

20 ml) was re-concentrated into 4 ml with Millipore’s

Amicon Ultra-4 centrifugal filter devices (100 000

NMWL; Millipore, Tullagreen, Ireland) and stored at –

80�C until analysis. Two 1-ml concentrated water samples

were analysed for rotaviruses using both ICC-RT-qPCR

and direct RT-qPCR in parallel for comparison.

Direct RT-qPCR method for detection of rotavirus VP7

genes

For quantification of viral genes in concentrated water

samples, total RNA was extracted from concentrated

water samples using the QIAamp� UltraSens� Virus Kit

(Cat.: 53706; Qiagen, Hilden, Germany) and then was

reverse-transcribed in 10 ll volumes using the ExScript�
RT reagent Kit (TaKaRa, Cat.: DRR041, Dalian, China)

(Li et al. 2010). Quantification of viral genes was con-

ducted by qPCR. The primers designed for the detection

of group A rotaviruses (Li et al. 2010) were applied (vp7

sense: 5-CTGACGAAGCGAATAAATGG-3; vp7 antisense:

5-GGTCACATCATACAATTCT-3).

The quantified plasmid DNA carrying the same gene

region was constructed by our laboratory as standards for

RT-qPCR. Quantitative PCR was performed in 20 ll

volumes with a SYBR� Premix Ex TaqTM kit (TaKaRa,

DaLian, China) in an iQ icycler (Bio-Rad, Hercules, CA,

USA) following the manufacturer’s instructions. Briefly,

the reaction contained 4 ll of cDNA or quantified plasmid

DNA, 10 ll of 2 · SYBR buffer, 0Æ2 ll of each primer

Table 1 Description of treatment processes in three wastewater treatment plants (WWTPs), surface waters and sampling sites for rotavirus occur-

rence study in Bejing, China

WWTP

Size

(m3 day)1) Inhabitants

Wastewater

treatment process

Sampling

sits (ID)

G 1 000 000 2 400 000 Aerated grit chamber and Primary setting Primary effluents (G1)

Activated sludge process (retention time: 5 h),

and secondary setting

Secondary effluents (G2)

Coagulative precipitation and sand filtration Tertiary effluents (G3)

Q 400 000 800 000 Aerated grit chamber and primary setting Primary effluents (Q1)

Anaerobic–anoxic–oxic (A2 ⁄ O) activated sludge

(Retention time: 6 h), and secondary setting

Secondary effluents (Q2)

0Æ02- lm hollow fibre membrane ultrafiltration Tertiary effluents (Q3)

X 900 000 1925 000 Aerated grit chamber and Primary setting Primary effluents (X1)

A2 ⁄ O activated sludge (Retention time: 6 h),

and secondary setting

Secondary effluents (X2)

Reverse osmosis membrane ultrafiltration Tertiary effluents (X3)

Table 2 Basic water quality characteristics of various water samples

analysed in this study

Water samples SS (mg l)1)

Chemical oxygen

demand

(mg l)1)

Total

nitrogen

(mg l)1)

G

Primary effluents (G1) 150–220 250–350 40–60

Secondary effluents (G2) 10–20 30–60 30–50

Tertiary effluents (G3) 0–3 20–50 20–40

Q

Primary effluents (Q1) 120–200 200–300 40–60

Secondary effluents (Q2) 10–20 30–60 15–25

Tertiary effluents (Q3) 5–10 20–30 10–20

X

Primary effluents (X1) 150–250 200–400 50–70

Secondary effluents (X2) 10–20 10–30 10–20

Tertiary effluents (X3) 0 0 0

River (R) 10–20 20–40 10–25

Lake (L) 5–10 10–30 10–25
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(0Æ2 lmol l)1 finial concentrations) and 5Æ6 ll of PCR-

grade water. The qPCR amplification was performed with

one cycle of preheating at 95�C for 10 s, 40 cycles of melt-

ing at 95�C for 5 s, annealing at 56�C for 20 s and exten-

sion at 72�C for 30 s. The amplification was followed by a

melting curve analysis with 70 cycles of dissociation; from

95 to 60�C with a temperature ramp of 0Æ5�C every 30 s.

After the melting curve analysis, the products were held at

4�C. Melting curve analysis showed the specific melting

peek at 81Æ0 ± 0Æ5�C. Negative controls (autoclaved dis-

tilled water) and positive controls (rotaviruses suspensions)

were included with each set of test samples and taken

through nucleic acid extraction and enzymatic amplifica-

tion assays. The concentration of rotaviral VP7 genes in

water samples were calculated by the standard curve using

plasmid DNA showed that the reliable detection ranged

from 1Æ2 · 102 to 1Æ2 · 108 copies per qPCR (Hu et al.

2008; Li et al. 2010).

ICC-RT-qPCR assay for detection of infectious

rotaviruses

The ICC-RT-qPCR protocols were described in detail in

our previous reports (Li et al. 2010). Briefly, the concen-

trated water samples were further clarified by filtering

through 0Æ2-lm-pore-size filters [PES (4 mm, low

protein binding); Whatman, Piscataway, NJ, USA] to

remove bacteria contamination, then treated with trypsin

and inoculated onto confluent cells in cell culture flasks

(25 cm2) and incubated for 120 min, with rocking every

20 min for viral adsorption. Then with the inoculums

removed, 4 ml of DMEM containing 2% FBS was added

to the inoculated cell monolayer for culture at 37�C.

After 2-day incubation, the viral RNA was extracted

from the cell monolayer with Trizol (Invitrogen,

Carlsbad, CA, USA) and subjected to reverse transcrip-

tion immediately or stored at )80�C. The reverse tran-

scription reaction was performed in 10 ll volumes using

ExScriptTM RT reagent Kit (TaKaRa, Cat.: DRR041,

Dalian) and qPCR was performed in 25 ll volumes con-

taining 4 ll of the cDNA as the template as described

before. An incubation time of 2 days was selected

because it allowed for detection of rotaviruses at concen-

tration as low as 2 · 10)1 PFU per cell culture, which is

sensitive enough for this study. Negative controls (auto-

claved distilled water) and positive controls (rotaviruses

suspensions) were included with each set of test samples

and taken through incubation to host cells, nucleic acid

extraction and enzymatic amplification assays. The origi-

nal concentrations of infectious rotaviruses in concen-

trated water samples were estimated by the relationship

between the logarithm of copy numbers detected by

ICC-RT-qPCR and PFU concentration of inoculated

rotaviruses (Li et al. 2010), and the concentrations in

initial water samples were calculated based on the con-

centration times.

Calculation of log reductions of infectious rotaviruses by

different wastewater treatment processes

The reductions by different levels of wastewater treatment

processes were calculated by the following equation:

Log reductions ¼ Log10

N0

Nt

where: N0 = concentration (PFU ⁄ L) of infectious rotavi-

ruses before the water treatment process; Nt = concentra-

tion (PFU ⁄ L) of infectious rotaviruses after the water

treatment process.

For the samples with negative results, the log reduc-

tions were not determined; however, the minimum log

reductions were estimated by using the detection limits.

Microsoft Excel 2007 was used for the data analysis.

Results

Occurrences and seasonal distributions of rotaviruses in

various WWTPs effluents

The occurrences of rotaviruses in various effluents from

three WWTPs were examined using both ICC-RT-qPCR

and direct RT-qPCR methods, and the results are

Table 3 Summary of rotavirus detection results by ICC-RT-qPCR and RT-qPCR assay for various effluents from three different WWTPs

ID of

WWTPs

Percentages of positive samples analysed by ICC-RT-qPCR Percentages of positive samples analysed by RT-qPCR

Primary

effluent (%)

Secondary

effluents (%)

Tertiary

effluents (%)

Primary

effluent (%)

Secondary

effluents (%)

Tertiary

effluents

G 75 58 33 42 33 17%

Q 67 42 8 42 17 0

X 67 42 0 50 17 0

Total 69 47 14 44 22 6%

The samples were collected monthly from three municipal wastewater treatment plants (WWTPs) for one period from May 2007 to April 2008.

There were 12 samples for each site.
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summarized in Table 3. As expected, the occurrences of

rotaviruses in the effluents decreased with the higher

level of treatment processes. For all the samples analy-

sed, higher percentages of positive results were yielded

by ICC-RT-qPCR methods than direct RT-qPCR

method for the same effluent sample. As shown in

Table 3, 67% primary effluents, 47% of secondary efflu-

ents and 14% of tertiary effluents were detected rotavi-

rus-positive by ICC-RT-qPCR assay, compared with

those 44% primary effluents, 22% secondary effluents

and 6% of tertiary effluents that were VP7-positive by

direct RT-qPCR assay.

The seasonal profiles of infectious rotaviruses detected

by ICC-RT-qPCR and viral genes detected by RT-PCR

method, in primary, secondary and tertiary effluents were

shown in Figs 1 and 2, respectively. Similar seasonal vari-

ation patterns of infectious rotaviruses and rotaviruses

VP7 gene concentrations were observed in various efflu-

ents for all three WWTPs studied, which showed higher

viral concentrations detected in the fall and winter

months (from November 2007 to March 2008) and lower

concentrations observed in the summer months (from

June to September 2008). The seasonal profile, however,

was more clearly shown with ICC-RT-PCR method

because of its lower detection limit and higher sensitivity

as previously discussed. The annual average concentra-

tions of infectious rotaviruses in the similar level effluents

were found to be comparable among the three WWTPs

studies. For example, the annual average concentrations

of infectious rotaviruses in primary sewage were similar

for the three WWTPs, with average values of 16Æ6, 7Æ6
and 6Æ5 PFU l)1 in G, Q and X WWTPs, respectively.

However, the highest incidence of infectious rotaviruses

had occurred in winter months (from November 2007 to

March 2008), with average values of 288, 446 and

689 PFU l)1 in influents in G, Q and X WWTPs, respec-

tively.

Reductions of infectious rotaviruses by different levels of

treatment processes in WWTPs

Reduction ⁄ inactivation efficiencies of infectious rotavirus-

es by secondary and tertiary treatments processes in three

WWTPs were listed in Table 4. The secondary treatments

reduced most of infectious rotaviruses, with annual aver-

age log reduction value of 2Æ08 ± 0Æ63, 2Æ83 ± 0Æ49 and

2Æ00 ± 1Æ10 log10 for the three WWTPs (G, Q and X),

respectively. Virus removal in the secondary treatments

would be mostly attributed to the adsorption of micro-

organisms on the activated sludge as well as inactivation

(Gerba et al. 1996; Carducci et al. 2008). Therefore, the

treatment processes configurations and operation condi-

tion would affect the virus inactivation efficiency.

The tertiary treatments in two WWTPs (G and Q)

achieved reductions of 0Æ72 ± 0Æ08 and 0Æ91 log10 in aver-

age, respectively. As the infectious rotaviruses were not

detected in any tertiary effluents in X WWTPs, the reduc-

tion ⁄ inactivation efficiency of reverse osmosis treatment

process was not evaluated. However, the minimum reduc-

tions were calculated as 0Æ143 log10 for WWTP X based

on the average concentration of infectious rotaviruses in

secondary effluents and the detection limit of ICC-

RT-qPCR assay.
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Figure 1 Seasonal variations of infectious rotaviruses in primary,

secondary and tertiary effluents from three (G, Q and X) WWTPs. The

Y axis indicates the infectious rotavirus concentrations detected by

ICC-RT-qPCR. The samples with negative results were not shown in

the figures. ( ) primary effluents; ( ) secondary effluents; ( )

tertiary effluents.
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The occurrences of rotaviruses in receiving waters that

receives the wastewater discharges

Figure 3 shows the occurrences of infectious rotaviruses

in the secondary and tertiary effluent from WWTP Q,

as well as that in the receiving River and Lake Water.

The river receives secondary effluents from Q WWTP

and the lake receives tertiary effluents from WWTP Q.

Three of the 12 samples showed positive results for rota-

viruses for the river water sample, and they are all in

winter months when the rotaviruses concentration was

the higher in the discharge effluents, indicating a very

likely correlation (average correlation coefficient = 83%)

of the effluents discharge and the occurrences of the

rotaviruses in the river water. None of the lake samples,

however, were positive for rotaviruses, suggesting that

the virus concentration in the tertiary effluents is rela-

tively low or absent, leading to undetectable rotaviruses

in the lake water.

Discussions

As sewerage systems are important nodes for human

enteric pathogens transmitted via water, study of rota-

viruses in raw and treated wastewater is important with

regard to public health interests, especially in developing

countries where there is a lack of information concerning

microbiological surveillance, risk assessment and epidemi-

ologic studies. In this study, a whole-year monitoring

programme was conducted in various effluents by differ-

ent level treatments from three WWTPs, as well as in

receiving surface waters that received effluents from these

WWTPs, in Beijing, China. A newly developed ICC-

RT-qPCR was employed, to determine the occurrence of

infectious rotaviruses, and the results were compared with

rotaviral VP7 gene using direct RT-qPCR.

The results of this study indicated that higher percent-

ages of positive results were determined by ICC-RT-qPCR

assay than direct RT-qPCR method alone in raw and

treated wastewaters. There are many reasons accounting

for those results. In the direct RT-qPCR assay, the con-

centrated samples were directly extracted RNA and then

subjected to RT and qPCR. The compounds matrices in

sewage effluents were also concentrated accompanying

with the virus concentration, which can largely inhibit the

RNA extraction, RT and PCR, resulting less positive sam-

ples (Ijzerman et al. 1997; Ko et al. 2003). However, in

the ICC-RT-qPCR method, rotaviruses present in the

concentrated water samples were used to infect the host

cells for 2 days, and then the specific infectious viral RNA

in host cells was quantified. The replication of rotavirus

RNA in host cells definitely indicates there are infectious

rotaviruses present in water samples. The preinfection

step increased sensitivity and allowed for differentiating

the RNA associated with infectious virus from those orig-

inated from lysed virus. In addition, the host-culturing

step was shown to be able to reduce the PCR inhibitors

in the concentrated samples because the culture medium

was removed before the RNA extraction from the host

cells (Grimm et al. 2004; Ko et al. 2003; Li et al. 2010).

This helps to overcome the RT-qPCR inhibition issue

often encountered because of the concentrated substances

in the wastewater matrix that inhibit PCRs (Ijzerman

et al. 1997; Gallagher and Margolin 2007). The results

demonstrated that ICC-PCR allows for more rapid, sensi-

tive and reliable method than the traditional cell culture

method or direct PCR approach for detection of

infectious viruses in water environments (Gallagher and
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Figure 2 Seasonal variations of rotaviral VP7 gene in primary,

secondary and tertiary effluents from three (G, Q and X) WWTPs. The

Y axis indicates the concentrations of VP7 gene detected by qPCR.

The samples with negative results were not shown in the figures. ( )

primary effluents; ( ) secondary effluents; ( ) tertiary effluents.
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Margolin 2007; Ko et al. 2003; Lee et al. 2005; Li et al.

2010).

Our monthly monitoring results showed that occur-

rences of rotaviruses were higher in both WWTP effluents

and in receiving waters in the autumn and winter, when

rotaviral gastroenteritis are more prevalent. Similar sea-

sonal finding was reported by others as well (Gerba et al.

1996; Brassard et al. 2005). The increase in rotaviruses in

winter was consistent with higher clinical cases of rota-

viruses gastroenteritis of infants and children during the

cold months in China (Orenstein et al. 2006, 2007), and

the same pattern has also been described elsewhere

(Parashar et al. 2003). This study provided seasonal pro-

files of infectious rotaviruses and rotaviral VP7 genes in

water sources that seem to be consistent with the epi-

demic epidemiology of rotaviruses. Another important

reason for the abundance of rotaviruses in the winter

months is the lower temperature because rotaviruses were

reported to be more stable at lower temperature (Gerba

et al. 1996; Mahony et al. 2000). Previously, it was

showed that rotaviruses can persist 10 days at 20�C and

32 days at 4�C in river water (Gerba et al. 1996).

The presence of rotaviruses in wastewater effluent in

summer revealed in this study suggests the possible circu-

lation of rotaviruses in the human environment through-

out the year. The survival strategy of rotaviruses in

summer is important from the epidemiological viewpoint

and might be a key for reducing the outbreaks in the

winter season as rotaviruses are removed or inactivated

more efficiently in summer than in winter, because of the

higher temperature and stronger UV sunlight in summer.

This study, for the first time, evaluated the reduction

efficiencies of infectious rotaviruses by different levels of

wastewater treatment processes in Beijing, China. The

results showed that the secondary treatment processes

such as active sludge and A2 ⁄ O can inactive ⁄ remove most

of infectious rotaviruses, and the tertiary treatments were

able to further remove rotaviruses. However, the correla-

tion of infectious rotaviruses in receiving water (River)

with those in the effluents suggested that wastewater

discharges were likely an important source of rotaviral

contamination for the corresponding receiving waters. As

Table 4 Log removals of infectious rotavirus by secondary and tertiary treatments from G, W and Q wastewater treatment plants

Sampling time

Log removal of infectious rotavirus by secondary treatments

(log10)

Log removal of infectious rotavirus by ter-

tiary treatments (log10)

G Q X G Q X

05 ⁄ 2007 2Æ11 – – – – –

06 ⁄ 2007 – – – – – –

07 ⁄ 2007 – – 0Æ66 – – –

08 ⁄ 2007 – – – – – –

09 ⁄ 2007 – – – – – –

10 ⁄ 2007 1Æ39 – 0Æ54 0Æ76 – –

11 ⁄ 2007 1Æ79 2Æ60 2Æ41 0Æ74 – –

12 ⁄ 2007 1Æ59 3Æ32 2Æ47 0Æ77 – –

01 ⁄ 2008 3Æ13 2Æ17 3Æ11 – 0Æ91 –

02 ⁄ 2008 2Æ73 3Æ30 2Æ47 0Æ60 – –

03 ⁄ 2008 1Æ84 2Æ76 3Æ31 – – –

04 ⁄ 2008 – – 1Æ00 – – –

AVG ± SD 2Æ08 ± 0Æ63 2Æ83 ± 0Æ49 2Æ00 ± 1Æ10 0Æ72 ± 0Æ08 0Æ91 –

–, could not be determined (influent and ⁄ or effluent concentrations were lower than detection limit).
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Figure 3 The occurrences of infectious rotaviruses in effluents of Q

WWTP and recreational water receiving the effluents. There were

three positive samples from the river that received the secondary

effluents of Q WWTP, but none of the samples was positive from the

lake that received the tertiary effluents from Q WWTP. The Y axis

indicates the infectious rotavirus concentrations detected by ICC-

RT-qPCR. The samples with negative results were not shown in the

figures. ( ) secondary effluents; ( ) tertiary effluents; ( ) receiving

river.

D. Li et al. Seasonal distribution of rotaviruses in wastewater effluents

ª 2011 The Authors

Journal of Applied Microbiology 110, 1129–1137 ª 2011 The Society for Applied Microbiology 1135



the low concentrations of infectious rotaviruses, the ter-

tiary effluents from Q WWTP, dilution by the water in

Lake, and even the inactivation in environments, there

were no positive samples from Lake, which received ter-

tiary effluents from Q WWTP.

This study provided new information on the fate, trans-

port and susceptibility of rotaviruses to different levels of

wastewater treatment processes and demonstrated the

impact of wastewater discharge on the receiving surface

water quality in terms of potential spreading of infectious

rotaviruses. Further studies will be conducted on larger

scale and longer-term monitoring of rotaviruses in differ-

ent WWTPs effluents and receiving streams to obtain more

geographical insights into the fate and transport of rotavi-

ruses through wastewater treatment processes and impact

on public health. We will also research on the development

of ICC-RT-qPCR assay for other viruses to evaluate the

risk of other virus infection transmitted in water.
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