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Reduction of bacteriophage MS2 by ﬁltration
and irradiation determined by culture and quantitative
real-time RT–PCR
W. J. Lodder, H. H. J. L. van den Berg, S. A. Rutjes, M. Bouwknegt,
J. F. Schijven and A. M. de Roda Husman

ABSTRACT
Molecular methods are increasingly applied for virus detection in environmental samples without
rendering data on viral infectivity. Infectivity data are important for assessing public health risks from
exposure to human pathogenic viruses in the environment. Here, treatment efﬁciencies of three
(drinking) water treatment processes were estimated by quantiﬁcation of the indicator virus
bacteriophage MS2 with culture and real-time reverse transcription polymerase chain reaction
(qRT–PCR). We studied the virus reduction by slow sand ﬁltration at a pilot plant. No decay of MS2
RNA was observed, whereas infectious MS2 particles were inactivated at a rate of 0.1 day1.
Removal of MS2 RNA and infectious MS2 particles was 1.2 and 1.6 log10-units, respectively. Virus
reduction by UV and gamma irradiation was determined in laboratory-scale experiments. The
reduction of MS2 RNA based on qRT–PCR data was negligible. Reduction of infectious MS2 particles
was estimated at 3.0–3.6 log10-units (UV dose up to 400 or 800 J/m2) and 4.7–7 log10-units (gamma
dose up to 200 Gray). As shown in this study, estimations of viral reduction, both inactivation and
removal, obtained by molecular methods should be interpreted carefully when considering
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treatment options to provide virus-safe drinking water. Combining culture-based methods with
molecular methods may provide supplementary information on mechanisms of virus reduction.
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INTRODUCTION
Contamination of water resources by fecal waste poses a

slow sand ﬁltration, membrane ﬁltration and ozone and

serious risk to human health upon exposure. Especially in

UV disinfection, through which human pathogens are

situations where fecally contaminated source water for

retained and/or inactivated. Because of the differences in

drinking-water production is insufﬁciently treated, con-

their characteristics, pathogens, including viruses, behave

sumption may cause (severe) illness and, in certain

differently

situations, even death (Swerdlow et al. ; Hoxie et al.

(Allwood et al. ; Bauer et al. ; Schijven et al. ).

). Therefore, protecting source water quality for drink-

To date, virus removal by several treatment processes for

in

the

various

water-treatment

processes

ing-water production, maintaining the efﬁciency of the

drinking-water production has mainly been assessed using

applied treatment processes and ensuring safe distribution

bacteriophages as indicator viruses for human pathogenic

as prescribed in the WHO Water Safety Plans are important

viruses because of their ease of use and their harmlessness

tools for the production of safe drinking water (WHO ).

to humans. The F-speciﬁc RNA phage MS2 is commonly

Several treatment processes can be applied for drinking-

used as a surrogate for human pathogenic RNA viruses,

water production, such as coagulation, sedimentation,

such as entero- and noroviruses due to similarities in

doi: 10.2166/wh.2013.204
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characteristics such as size and charge (Bae & Schwab ;

addition, culture and molecular methods have been com-

Mayer et al. ; Boudaud et al. ). Waterborne, human

bined with so-called integrated cell culture–PCR methods

pathogenic viruses, such as rotavirus, norovirus and entero-

to gain information on infectivity of viruses that are difﬁcult

virus, can cause a wide range of symptoms, varying from

to culture (Reynolds et al. ; Rutjes et al. ).

common cold and gastroenteritis to more severe diseases

Replication of viruses is restricted to susceptible living

like meningitis and paralysis (de Roda Husman & Bartram

host cells and therefore infective viruses will only reduce

).

in numbers once released into the environment. The inacti-

Culture-based detection methods are sensitive methods

vation rate of viruses is dependent on variables such as the

and can be used to quantify infectious viruses in the aquatic

pH and temperature of the water, the amount of sunlight

environment (Lodder et al. , ). However, it is still

(UV) and the virus type. Due to the loss of infectivity in

difﬁcult or impossible to reliably culture several common

the environment, viruses may be undetectable by culture-

pathogenic viruses, such as norovirus (Duizer et al. ;

based methods, whereas the genomic material still can be

Straub et al. , , ). Furthermore, differentiation

detected over a prolonged period of time (de Roda

of aggregates from single virus cells is not possible with

Husman et al. ).

these kinds of infectivity assays, and may therefore lead to

In this study, the efﬁciencies of virus reduction of three

underestimation of the virus concentration in the original

(drinking-) water treatment processes, slow sand ﬁltration,

sample (Teunis et al. ). Alternatively, molecular detec-

UV and gamma irradiation, were assessed by quantiﬁcation

tion

of

of the indicator virus bacteriophage MS2 before and after

noncultivable and cultivable viruses. These methods are sen-

treatment. Quantiﬁcation was performed by culture and

sitive, rapid and are able to quantify aggregated viruses (de

the molecular method quantitative real-time RT–PCR. Fur-

Roda Husman et al. ). One substantial limitation of mol-

thermore, the feasibility of PCR for the estimation of virus

ecular techniques is that genomes or fragments of genomes

removal and inactivation by such water treatment processes

are detected and no information is obtained on the infectiv-

was evaluated.

methods

can

be

used

for

the

detection

ity of the virus. Because molecular methods cannot
differentiate between infective and defective virus particles,
results cannot be directly translated to public health risks.

METHODS

To obtain more information on the infectivity status of
viruses detected by molecular methods, additional pro-

MS2 culture

cedures, such as treatment of the sample with enzymes
such as proteinase K or RNase, prior to molecular detection

F-speciﬁc bacteriophage MS2 (ATCC 15597-B1) was cul-

have been described (Nuanualsuwan & Cliver ; Baert

tured according to the standard procedure, ISO 10705-1

et al. ). Although a decrease in detection of viral gen-

(). The initial concentrations of the viral stocks used in

omes could be obtained, these treatments did not lead to

the different experiments were between 2.8 × 106 and 5.8 ×

the sole detection of infective virus particles (Pecson et al.

106 plaque forming units (PFU)/mL and these were stored

). Other researchers used propidium monoazide

at 4 C until use.

W

(PMA) in a pre-treatment step to detect only infectious

The detection of F-speciﬁc bacteriophages was done

RNA viruses (Fittipaldi ; Parshionikar et al. ; Kim

using the host strain Salmonella typhimurium WG49. The

& Ko ). Although these studies concluded that using

bacteriophage concentration in the original water sample

PMA treatment prior to the reverse transcription polymer-

was calculated from the tested volume and the phage counts.

ase chain reaction (RT–PCR) succeeded for several of the
tested viruses under laboratory conditions, this method

RNA standard

was not applicable for all RNA viruses in environmental
samples. Also, fragment length has been evaluated as a mol-

To be able to quantify the PCR-products obtained with a

ecular tool to assess viral infectivity (Wolf et al. ). In

one-step real-time RT–PCR (qRT–PCR) a RNA standard
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was developed. For this purpose, a 662 bp PCR product,

automatically determined the cycle threshold (Ct) point of

located at the 50 end of the MS2 genome, was cloned into

each qRT–PCR reaction. Both the Ct-data corresponding

a pCRII-Topo vector (Invitrogen, Leek, the Netherlands)

to the standard RNA and to the viral RNA concentrations

according to the manufacturer’s instructions. The orien-

were obtained and were subsequently used to calculate the

tation of the insert was checked with conventional PCR

genome concentrations in the samples. The number of

and sequencing using M13 primers supplied by the manufac-

phage particles in the samples, either subjected to the treat-

turer. After several puriﬁcation steps and restriction enzyme

ment processes or not, was determined by the use of a

treatments, the RNA was transcribed using T7-polymerase.

standard curve, assuming that the detection of one copy of

The resulting RNA (800 nt) was treated with DNase to

the viral genome corresponded with one phage particle.

remove the plasmid DNA and subsequently a ﬁnal puriﬁ-

All samples were tested in duplicate as well as the RNA stan-

cation step was done. To determine the concentration of

dard and the negative controls. In this study, we interpreted

the synthesized RNA the optical density (OD) was measured

a relative difference of 3 Ct values or less in 10-fold serial

to calculate the RNA copies present in the standard. Serial

dilutions as qRT–PCR inhibition. Theoretically, in a comple-

10-fold dilutions of the standard RNA, at concentrations

tely efﬁcient qRT–PCR reaction, a difference of 3.3 Ct values

ranging from 1.6 × 101 to 1.6 × 106 RNA copies per 5 μL,

relates to every 10-fold dilution of the target nucleic acid in a

were aliquoted and stored at 80 C until use. In each

given sample. The Ct point of each sample was deﬁned as

qRT–PCR assay, the serial dilutions of the RNA standard

the average of the Ct data of the duplicates.

W

were tested in duplicate to create a standard curve, which
was subsequently used to quantify the RNA in the original

Treatment processes

samples.
Virus reduction by slow sand ﬁltration was studied at pilotMS2 qRT–PCR

plant scale. A suspension of MS2 was seeded onto a sand
ﬁlter for a period of 24 hours (temperature 20 C), as
W

An EXPRESS One-Step SuperScript qRT-PCR Kit (Invitro-

described more extensively elsewhere (Schijven et al. ).

gen)

manufacturer’s

Brieﬂy, 3 l × 108 PFU MS2 per liter were added directly to

instructions. Primers, forward (TGCCATTTTTAATGTCTT-

the layer of water on top of the sand ﬁlters and were

TAG) and reverse (TGGAATTCCGGCTACCTAC), and a

gently mixed with a rotor ﬁxed onto an electric drill in

0

probe (AGACGCTACCATGGCTATCGC) targeting the 5

order to immediately achieve the desired C0 level of approxi-

end of the MS2 genome, were used as described earlier to

mately 106 PFU MS2 per liter. This level was kept constant

detect the viral RNA (Hill et al. ). In brief, 50 μL of

for 24 hours by proportionally adding seeding suspension.

was

used

according

to

the

W

the original samples were heated to 95 C for 5 min, to

Samples of 100 mL were taken from the inﬂuent on top of

denature the virus capsid and release the viral RNA.

the ﬁlter bed as well as from the efﬂuent every hour

Samples were subsequently cooled on ice for 5 min. An ali-

during working hours. About 30 efﬂuent samples were col-

quot of 5 μL of the heat-released RNA (and 10-fold and 100-

lected for 5–7 days. For the inactivation of MS2 during the

fold dilutions), or 5 μL of the aliquoted RNA standard, was

slow sand ﬁltration, parallel with the seeding experiment,

added to 15 μL of the qRT–PCR reaction mixture containing

a sample of the seeding suspension was stored at the same

EXPRESS Superscript® qPCR SuperMix, 15 μM of each

temperature as the slow sand ﬁltration and samples were

®

taken on different days. The detection of MS2 by plaque

Mix for One-step qPCR. The qRT–PCR protocol was as fol-

counting was done within 48 hours and by qRT–PCR after

primer, 4 μM of the probe and EXPRESS Superscript

lows: a reverse transcription at 50 C for 15 min, an

subsequent storage at 80 C (qRT–PCR either with or with-

activation step for the Platinum® Taq DNA polymerase at

out the addition of 4.5% Triton X-100 (Merck, Amsterdam,

W

W

W

W

95 C for 5 min, and 45 cycles of 95 C for 15 s, and 60 C

W

The Netherlands) to the sample).

for 60 s. The qRT–PCR assays were performed in a Light-

UV experiments (laboratory scale) were performed

Cycler 480 System (Roche) and the LightCycler software

using MS2 suspensions in tap water that were exposed to
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UV light (wavelength ¼ 253.7 nm) at different ﬂuences. In

the RNA standard curve. The 95% intervals for all par-

the ﬁrst experiment, ﬂuences of 0, 50, 100, 200, 300, 400

ameters were obtained by Markov Chain Monte Carlo

2

and 800 J/m were used and 0, 50, 100, 150, 200, 300 and

adaptive rejection sampling using the likelihood functions

400 J/m2 in the second experiment. Gamma irradiation

(Gilks et al. ). The burn-in period was set to 1,000 iter-

experiments

gamma

ations and the chain was stopped when 10,000 samples

irradiation doses: 0, 50, 75, 100, 150 and 200 Gray (Gy).

were accepted. The stability of the Markov chains was

The MS2 suspension used in the ﬁrst experiment had a

explored graphically. Virus counts were assumed to be

higher protein content than the MS2 suspension used in

Poisson distributed, genome counts were assumed to be

the second experiment. Details of the experimental set up

log-normally distributed.

were

conducted

with

different

are described elsewhere (de Roda Husman et al. ). Concentrations of MS2 determined by plaque counting were
performed directly, detection of MS2 by qRT–PCR was per-

RESULTS

formed after storage at 80 C.
W

Slow sand ﬁltration
Statistical methods
Removal by slow sand ﬁltration is determined by virus inacDuring slow sand ﬁltration viruses are removed from the

tivation and virus removal by attachment of virus to the sand

water by inactivation and by attachment to the sand

grains (Schijven & Hassanizadeh ). To measure the

grains. Breakthrough curves were constructed and ﬁtted

inactivation rate of MS2 over time, an aliquot of the MS2

for the concentration data of the efﬂuent samples using

spike suspension used in the slow sand ﬁltration experiment

the two-site kinetic model in Hydrus-1D (version 4.14;

was stored under the same experimental conditions as the

www.pc-progress.com) in order to obtain values for attach-

sand ﬁlter for 11 days. Regression analysis revealed that

ment, detachment and inactivation rate coefﬁcients as

no signiﬁcant change in MS2 genome concentration was

described previously by Sadeghi et al. (). Inactivation

observed over time (Figure 1). After 11 days, a reduction

rates in the water were determined by ﬁtting the data to

of approximately 5 log10 units of infectious MS2 was

the monophasic and biphasic exponential model analysis

observed.

of the concentration data obtained for samples taken from

Figure 2 shows the breakthrough curves with normal-

the water on top of the sand ﬁlter at different times at the

ized concentrations of MS2 as determined by molecular

same temperature as the slow sand ﬁltration experiment

and culture methods. The MS2 RNA standard curve gave

(see below).

reproducible results in different experiments (data not

All decay rates, in the UV and gamma irradiation exper-

shown). Although PCR inhibition was apparent for

iments, were estimated by maximum likelihood, aiming for

undiluted samples of the slow sand ﬁltration experiment,

the most parsimonious of the monophasic and biphasic

the 10-fold and 100-fold dilutions showed no inhibition. A

exponential models (de Roda Husman et al. ) and the

constant

Weibull model (van Boekel ). The likelihood ratio test

reached; therefore, it may be assumed that a steady state

was used to assess improved ﬁts for the biphasic and Wei-

condition applied. This implied that log removal could

bull models compared to the monophasic model. The

simply be determined by the differences in the logarithm

corrected Aikaike Information Criterion (Hurvich & Tsai

of the maximum breakthrough concentrations. The differ-

maximum

breakthrough

concentration

was

) was used to select between the biphasic and Weibull

ence in seeding concentration amounted to 0.5 log10 units,

models. Decay rate parameters for the infectivity assays

i.e. the seeding suspension comprised one-third of infectious

were based on virus counts. Decay rate parameters for

virus particles and for two-thirds of defective virus particles.

qRT–PCR were based on genome counts, which were esti-

Infective MS2 particles were removed at 1.6 log10 units,

mated using a likelihood function that estimated jointly

whereas 1.2 log10 units of defective MS2 particles were

the decay rate parameters and the intercept and slope of

removed. Hence, during maximum breakthrough, the
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Inactivation of the MS2 phages in the spike suspension used in the slow sand ﬁltration experiments under experimental conditions (20 C). Circles represent the MS2 conW

centration in PFU per mL obtained with the culture method (N/mL) and squares (with Triton) and triangles (without Triton) represent the MS2 concentration in genomes per mL
obtained with the qRT–PCR (N/mL). Lines represent the ﬁtted model (parameter values can be obtained on request).

Figure 2

|

MS2 breakthrough curves (normalized concentrations C/C0,avg) of the slow sand ﬁltration experiment. Squares (without Triton) and triangles (with Triton) are observations
obtained with qRT–PCR. Circles are observations obtained with the culture method. The lines represent the ﬁtted two site-kinetic virus transport model using Hydrus-1D.
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samples contained about 2.5% infectious and 97.5% defec-

compared with results obtained by culture. The MS2 RNA

tive particles.

standard curve gave reproducible results in different exper-

The tails of the breakthrough curves represent slow

iments (data not shown). No PCR inhibition was observed

detachment of bacteriophages from the sand after seeding

for the UV and gamma (ir)radiated samples when 5 μL of

had stopped (Figure 2). The tail of the breakthrough curve

the original sample was analyzed directly or after the addition

for the infectious MS2 particles decreased linearly with

of 4.5% Triton X-100 (data not shown). MS2 concentrations

time at a rate of about 0.7 log10 units/day, which represents

of the stocks used in the irradiation experiments determined

the value of the inactivation rate coefﬁcient of attached

by plaque assay using the bacteriophage suspensions that

infectious MS2 particles.

were not radiated varied between 3 × 106 and 6 × 106 PFU/
mL. MS2 concentrations determined by qRT–PCR were

Inactivation by UV and gamma irradiation

approximately 2 log10 units higher (Figures 3 and 4).

In addition to virus removal by slow sand ﬁltration, disinfec-

ligible reduction in MS2 RNA load after UV treatment

tion by the mechanistically different treatment processes,

(Figure 3). UV-irradiation doses up to 800 and 400 J/m2

irradiation by UV and gamma, was studied. Therefore,

showed a 3.6 log10 and 3.0 log10 unit reduction of the infec-

reduction of MS2 bacteriophages measured by qPCR was

tious MS2 particles, respectively.

Detection of MS2 genomes by qRT–PCR showed a neg-

Figure 3

|

Concentrations of MS2 bacteriophages (N/mL) after UV radiation with different ﬂuences in the ﬁrst experiment (open symbols) and the second experiment (closed symbols).
Squares represent the MS2 concentration in genomes per mL obtained with the qRT–PCR. Circles represent the MS2 concentration in PFU per mL obtained with the culture
method. The shades represent the 95% conﬁdence interval.
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Concentrations of MS2 bacteriophages (N/mL) after gamma irradiation with different ﬂuences (gamma dose (Gy)) in the ﬁrst experiment (open symbols) and the second
experiment (closed symbols). Squares represent the MS2 concentration in genomes per mL obtained with the qRT–PCR. Circles represent the MS2 concentration in PFU per mL
obtained with the culture method. The shades represent the 95% conﬁdence interval.

The qRT–PCR data showed no reduction in the detec-

300 bp (Gassilloud et al. ; Al-Hello et al. ; de

tion of MS2 RNA after irradiation with gamma beams

Roda Husman et al. ). Defective particles are unlikely

(Figure 4), a 4.7 log10 unit reduction in the ﬁrst experiment

to yield any adverse health effects, although ‘defective’ has

was seen and, because no MS2 could be cultured at the high-

not yet been exactly deﬁned. The defect may interrupt

est irradiation dose of 200 Gy in the second experiment, at

virus binding to the host cell, replication in the host cell or

least a 7-log10 unit reduction was observed there.

release from the host cell. The application of speciﬁc virus
detection methods that selectively detect, for example infectious viruses or viral genomes, will indicate whether damage

DISCUSSION

is at the protein or nucleic acid level, or a combination of
both (Wigginton & Kohn ). In the current study, infec-

Quantitative PCR detection methods are used increasingly

tious bacteriophages as well as total bacteriophages (both

for the detection and quantiﬁcation of (pathogenic) viruses

infectious and defective particles) were detected, and infor-

in the environment. Nevertheless, the interpretation of the

mation on at least nucleic acid damage may be obtained.

results on the numbers of viral genomes in the environment

Slow sand ﬁltration is often used as the last step in the

for the assessment of potential public health risks upon

drinking-water treatment process in the Netherlands

exposure is challenging. PCR detects both infectious and

(Schijven et al. ). Virus reduction by this process is

defective particles with fragment lengths of approximately

based on both removal by attachment of virus particles to
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the sand grains and inactivation of virus particles. In our

establish a correlation between viruses isolated from clinical

study, we compared the breakthrough curves based on

cases and viruses in the possible source responsible for the

either culture data or qRT–PCR data and it was demon-

infection. Bacteriophages have been shown to be useful for

strated that removal occurred by attachment of MS2 RNA-

MST (Kirs & Smith ; Wolf et al. ), but also speciﬁc

containing particles and by attachment and inactivation of

human pathogenic viruses (Fong & Lipp b). Another

infectious MS2 particles. The tail of the breakthrough

useful application of molecular techniques is to monitor

curve represents slow detachment of attached infectious

the circulation of speciﬁc virus types in the human popu-

MS2 bacteriophages. Apparently, there was 0.4 log10 units

lation in a speciﬁc area in time (Lodder et al. , ).

(equal to 2.5 times) more reduction by attachment of infec-

Detection of both infectious and defective virus particles

tious MS2 particles than of those detected by qRT–PCR.

by (RT–)PCR is a well-recognized phenomenon. Multiple

Based on such molecular data, the removal efﬁciency of

PCR-based methods to detect infectious viruses in environ-

slow sand ﬁltration would be underestimated. Our exper-

mental samples have been suggested (Rodriguez et al.

iment showed that infectious MS2 particles attached more

; Yeh et al. ), such as enzymatic pretreatment.

to sand particles than defective particles, or attachment is

Sample treatments prior to the PCR detection, such as

similar but virus inactivation may occur without detectable

PMA treatment, have been studied for the selective detec-

genome damage. It would be interesting to clarify the mech-

tion

anism by carrying out column experiments with, for

(Nuanualsuwan & Cliver ; Baert et al. ; Pecson

instance, mutant variants of MS2, or slightly different bac-

et al. ). However, these assays also detected a pro-

teriophages such as GA. In addition, pathogenic viruses

portion of genomes of inactivated viruses, and the authors

with similar characteristics could be studied to assess their

concluded that the combination of cell culture and PCR is

reduction ensuring drinking-water safety.

still the best approach to assess viral infectivity.

of

genomes

derived

from

infectious

particles

Our data showed that qRT–PCR was not suitable for study-

There seemed to be more inactivation of the MS2 bac-

ing inactivation by UV and gamma irradiation, because no

teriophages in the second series of irradiation experiments

reduction in MS2 RNA concentrations was seen, not even at

(both UV and gamma) compared to the ﬁrst. The spike sus-

the highest ﬂuences, whereas a large reduction of infectious

pensions used in the irradiation experiments were different

MS2 bacteriophages was observed. The differences in protein

in composition with respect to protein content (de Roda

content of the MS2 suspensions in the two experiments did not

Husman et al. ). High protein content of bacteriophage

seem to inﬂuence results from PCR. Although RNA could be

suspensions did not negatively affect virus reduction by UV

detected and quantiﬁed by qRT–PCR after UV or gamma

irradiation as compared to low protein content. However,

irradiation, no information could be obtained on the possible

virus inactivation by ionizing irradiation was impaired by

fragmentation of the MS2 genomes in these samples due to

high protein levels.

the short target length of 64 nt. Recent research has shown

Virucidal modes of action have been described for

that detection of genome damage in correlation to infectivity

different water-treatment processes including UV disinfec-

is dependent on the length of the ampliﬁed nucleic acid (Sim-

tion (Sommer et al. ; Hijnen et al. ), ozone

onet & Gantzer ; Wolf et al. ). Ampliﬁcation of long

treatment (Shin & Sobsey ) and slow sand ﬁltration

fragments would correlate better with viral infectivity than the

(Meschke & Sobsey ; Schijven et al. ). UV

ampliﬁcation of shorter fragments (Pecson et al. ), but

irradiation damages the nucleic acids of micro-organisms

nevertheless it will underestimate virus inactivation. More-

including viruses (Hijnen et al. ; Simonet & Gantzer

over, it has been shown that also the damage to viral

) and the viral capsid (Nuanualsuwan & Cliver ).

proteins contributes to virus inactivation (Pecson et al. ;

If no repair mechanism is present, as is the case for RNA

Wigginton et al. ), which cannot be detected by molecular

viruses such as MS2, irradiation will lead to irreversible

methods.

inactivation of the virus. The degradation rate of the viral
for

genome varies between different RNA viruses, but there

microbial source tracking (MST) (Fong et al. a) to

Molecular

techniques

are

particularly

does not seem to be a general rule for the UV susceptibility
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of viruses with different virus characteristics, i.e. size,

water. On the other hand, use of molecular data in quantitat-

genome and weight (de Roda Husman et al. ). It has

ive microbial risk assessment may aid trend analyses and, if

been shown in previous studies that viruses with double-

necessary, guide subsequent intervention measures when

stranded genomes, such as adenoviruses, are less prone to

surges in viral RNA load would be observed. Molecular

damage by UV irradiation as compared with single-stranded

assays may be utilized in online monitoring systems yielding

RNA viruses, i.e. poliovirus and coxsackievirus (Gerba et al.

rapid test results on either indicators or pathogens.

; Duizer et al. ).
To compare virus reduction as detected by culture and
molecular methods, a qRT–PCR was used that detects a frag-

CONCLUSION

ment of 64 nt of the MS2 phage genome. In this study, the
qRT–PCR experiments were performed with heat-released

As shown in this study, estimations of viral reduction

RNA and therefore the hands-on preparation time was

obtained by molecular methods should be carefully inter-

low. This rapid approach is applicable when little or no inhi-

preted for public health risks. Following disinfection,

bition of the matrix on the detection assay is expected and

inactivated and therefore non-infectious viruses may

when test sensitivity is of minor importance as in the case

remain present in the sample, and their genomic material

of low protein content spike suspensions with relatively

will be detected. Combining culture-based methods with

high virus concentrations. Extraction of nucleic acids prior

molecular methods may provide valuable information on

to PCR ampliﬁcation may increase the sensitivity by lower-

the mechanisms of virus reduction, such as attachment

ing the detection limit and removing PCR inhibitors, but

and inactivation of viruses.

also may give rise to loss of virus target, and was not necessary in our application. A one-step qRT–PCR protocol was
applied which enabled us to rapidly analyze the presence
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