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Inhibitors that reduce viral nucleic acid extraction efficiency and interfere with cDNA synthesis and/or
polymerase activity affect the molecular detection of viruses in aquatic environments. To overcome these
significant problems, we developed a methodology for assessing nucleic acid yields and DNA amplification
efficiencies for environmental water samples. This involved adding particles of adenovirus type 5 and murine
norovirus and newly developed primer-sharing controls, which are amplified with the same primer pairs and
result in the same amplicon sizes as the targets, to these samples. We found that nucleic acid loss during the
extraction process, rather than reverse transcription-PCR (RT-PCR) inhibition, more significantly attributed
to underestimation of the presence of viral genomes in the environmental water samples tested in this study.
Our success rate for satisfactorily amplifying viral RNAs and DNAs by RT-PCR was higher than that for
obtaining adequate nucleic acid preparations. We found that inhibitory properties were greatest when we used
larger sample volumes. A magnetic silica bead-based RNA extraction method effectively removed inhibitors
that interfere with viral nucleic acid extraction and RT-PCR. To our knowledge, this is the first study to assess
the inhibitory properties of environmental water samples by using both control virus particles and primer-
sharing controls.

Enteric viruses are one of the most important causative
agents of waterborne gastroenteritis because of their high in-
fectivity (13, 43), persistence in water (1, 2), and tolerance to
wastewater treatment (9, 33) and chlorination (44). Therefore,
monitoring viruses in the environment is important for pro-
tecting public health (48). However, the inhibitory effects
caused by some substances present in virus concentrates can
hinder these tests, as in the case of analysis involving reverse
transcription-PCR (RT-PCR), by causing underestimation of
virus genomes. Such inhibitory effects also occur in the detec-
tion of bacterial genome (7, 45). Humic acid, fulvic acid, a
humic acid-like component in beef extract, which can be used
as an eluent for virus concentration, and cations such as Ca2�

and Fe3� are known to inhibit RT-PCR (1, 15, 26, 34, 49).
Microfiltration (MF) membrane-based methods using acid
rinse procedures followed by alkaline elution were developed
to avoid the use of beef extract (16, 21). However, RT-PCR
inhibition has been reported to be observed even under these
conditions (11, 15), probably because of coconcentration of
humic acid, which precipitates in the presence of cations (6) or
acid conditions and becomes soluble at alkaline pH (23).
Moreover, a silica membrane-based nucleic acid extraction/

purification method, which is a commonly used method for
molecular detection of viruses in aquatic environments (3, 15,
41), cannot always effectively remove humic acid from samples
(3, 34). The principle of this method is based on attachment
and detachment of nucleic acids to silica by altering pH and
ionic strength (29). Nucleic acids tend to bind silica at acidic
pH in the presence of chaotropic salts but do not bind tightly
at neutral or mild pH. This accounts for the presence of humic
acid in concentrated virus preparations. Factors that interfere
with nucleic acid extraction and isolation have not been iden-
tified (8, 10).

There have been several techniques reported to reduce in-
hibitory effects. Addition of T4 gene 32 protein (26), bovine
serum albumin (26), or polyvinylpyrrolidone (31) to samples
are known to reduce inhibitory effects. Removal of inhibitors
by using an antigen-antibody reaction (38), cation exchange
resin (1), or gel chromatography (1, 5) has also been reported.
However, these techniques cannot reduce the inhibitory effects
entirely or may cause loss of viruses during the process (1, 26,
31, 38). Therefore, developing methods to evaluate the mag-
nitude of inhibition is essential (14, 42). Exogenously added
control nucleic acids have been used for this purpose (14, 27,
30, 32, 37, 42). Although the inhibition of polymerase activity
depends on the target nucleotide sequences (22, 40), most
previous studies have not employed sequence-matched con-
trols (27, 30, 32, 37, 42). Gregory et al. (14) used a control that
had matched sequences at primer annealing sites with the
target and therefore was amplified by the same primer pair as
the target, and they successfully predicted the magnitude of
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RT-PCR inhibition. However, amplicon size must also be con-
sidered, because inhibition becomes more pronounced with
longer templates (22, 49). Nevertheless, use of a control that
considers both primer sequence and amplicon size has not
been reported.

To improve these techniques, we developed novel primer-
sharing controls (PSCs) to evaluate the magnitude of RT-PCR
inhibition. These PSCs were then applied to assess inhibitory
effects on viral genome detection in samples acquired from
rivers, lakes, and groundwater. Prior to nucleic acid extraction,
murine norovirus (MNV) and human adenovirus type 5 (Ad5)
were also added to samples as control virus particles in order
to evaluate nucleic acid extraction efficiencies. In addition, we
compared nucleic acid extraction and purification methods by
using PSCs and the virus particles.

MATERIALS AND METHODS

Viruses. Human Ad5 and MNV (S7-PP3 strain) were kindly provided by M.
Ito (Kyoto City Institute of Health and Environmental Sciences, Kyoto, Japan)
and Y. Tohya (Nihon University, Kanagawa, Japan) and propagated in HEp-2
(ATCC CCL-23) and RAW 264.7 (ATCC TIB-71) cell lines (American Type

Culture Collection, Manassas, VA). Ad40 and a human norovirus (NoV; GII-4;
Lordsdale-like strain) were kindly provided by Y. Yoshida (Tokyo Metropolitan
Institute of Public Health, Tokyo, Japan) and E. Utagawa (National Institute of
Infectious Diseases, Tokyo, Japan), respectively, as supernatants derived from
patients’ fecal specimens.

Construction of PSC RNA and DNA. PSC has the same sequence as the
amplicon of the target viral nucleic acid except for the TaqMan probe recogni-
tion sequence (Fig. 1). Hence, PSC is expected to be reverse transcribed and
amplified with the same efficiency as the target nucleic acid even in cases in which
RT-PCR inhibition occurs. Therefore, by using PSC as the internal control, the
occurrence and magnitude of RT-PCR can be estimated.

Enteric AdV (EAdV) PSC DNA (118 bp) was chemically synthesized to have
a sequence stretch identical to an AdV41 strain (GenBank accession number
X16583) except for the target sequence of the EAdV-specific TaqMan probe
(JTVFP) (Table 1), which was replaced with the sequence of the MNV-specific
TaqMan probe (MKMNV-TP [Table 1]). Similarly, GII NoV PSC DNA (98 bp)
was chemically synthesized to have a sequence stretch identical to Camberwell
virus (GenBank accession number AF145896) except for the target sequence of
the GII NoV-specific TaqMan probe (RING2-TP [Table 1]), which was replaced
with the sequence of MNV-specific TaqMan probe (MKMNV-TP [Table 1]). GII
NoV PSC RNA was synthesized by in vitro transcription using GII NoV PSC
DNA. Briefly, GII NoV PSC DNA was cloned into a Zero Blunt TOPO pCR2.1
vector (Invitrogen, Carlsbad, CA), which contains T7 promoter sequence recog-
nized by T7 RNA polymerase. The construct was used to transform One Shot
TOP10 chemically competent Escherichia coli (Invitrogen). Transformants were
incubated at 37°C on a Luria broth agar plate containing kanamycin (50 �g/ml).
Colonies were picked and incubated at 37°C on Luria broth agar. Plasmid DNA
was extracted using a QIAprep spin miniprep kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Plasmid DNA containing the GII
NoV PSC DNA sequence was transcribed using T7 RNA polymerase (Toyobo,
Osaka, Japan) according to the manufacturer’s instructions. The reaction mix-
ture (10 �l) was then treated with 1 U of RQ1 DNase (Promega, Madison, WI)
in DNase I buffer (150 mM Tris-HCl [pH 8.3], 225 mM KCl, and 9 mM MgCl2)
at 37°C for 30 min to digest plasmid DNA and then at 75°C for 5 min to
inactivate DNase. Constructed PSC DNA and RNA were stored at �80°C until
the analysis.

Humic acid solution and enrichment. Thirty-six milligrams of humic acid
(Sigma-Aldrich, Tokyo, Japan) was added to 1.0 liter of distilled water and
dissolved under alkaline conditions (pH 13) in the presence of NaOH. The humic
acid solution was subjected to a virus concentration procedure (21) to obtain
humic acid solution that was coconcentrated with viruses and caused inhibition.
The humic acid concentration in the eluate was determined as a reference by

FIG. 1. Schematic diagram of PSC DNA amplified by the same
primer set as target genome DNA, which was of the same amplicon
size but was recognized by a different TaqMan probe.

TABLE 1. Primers and probes used for RT-qPCR

Primer Target Polarity Sequence (5�33�)d Length Product
size (bp) Reference

TVFF EAdVs and EAdV PSCa � AACTTTCTCTCTTAATAGACGCC 23-mer 118 25
JTVFR EAdVs and EAdV PSC � AGGGGGCAGAAAACAAAA 19-mer
JTVFP EAdVs � FAM-CTGACACGGGCACTCTTCGC-TAMRA 20-mer
AQ2 Ad5b � GCCCCAGTGGTCTTACATGCACATC 25-mer 132 18
AQ1 Ad5 � GCCACGGTGGGGTTTCTAAACTT 23-mer
AP Ad5 � FAM-TGCACCAGACCCGGGCTCAGGTACTC

CGA-TAMRA
29-mer

COG2F GII NoVs and GII NoV
PSCc

� CARGARBCNATGTTYAGRTGGATGAG 26-mer 98 20

COG2R GII NoVs and GII NoV
PSC

� TCGACGCCATCTTCATTCACA 21-mer

RING2-TP GII NoVs and GII NoV
PSC

� FAM-TGGGAGGGCGATCGCAATCT-TAMRA 20-mer

MKMNVF MNVc � CGGTGAAGTGCTTCTGAGGTT 21-mer 60 24
MKMNVR MNV � GCAGCGTCAGTGCTGTCAA 19-mer
MKMNV-TP MNV, EAdV PSC, and

GII NoV PSC
� VIC–CGAACCTACATGCGTCAG–NFQ-MGB 18-mer

a EAdV DNA and EAdV PSC DNA were amplified with the following thermal cycling conditions: initial denaturation at 95oC for 10 min and then 50 cycles of
amplification with denaturation at 95oC for 15 s and annealing and extension at 55oC for 60 s.

b Ad5 DNA was amplified with the following thermal cycling conditions: initial denaturation at 95oC for 10 min and then 50 cycles of amplification with denaturation
at 95oC for 15 s and annealing and extension at 55oC for 10 s and 65oC for 60s.

c GII NoV DNA, GII NoV PSC DNA, and MNV DNA were amplified with the following thermal cycling conditions: initial denaturation at 95oC for 10 min and
then 50 cycles of amplification with denaturation at 95oC for 15 s and annealing and extension at 56oC for 60 s.

d FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine; VIC, 6-carboxyrhodamine; NFQ-MGB, nonfluorescent quencher-minor groove binder.
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measuring total dissolved solids in 3 ml of the eluate after evaporation (0.49
mg/ml). Humic acid absorbance at 260 nm (E260) was determined using a
Hitachi U-2010 spectrophotometer (Hitachi, Tokyo, Japan).

Environmental water samples. (i) Water sample collection. Twenty-four en-
vironmental water samples were collected from September to October 2009.
Thirteen river water samples were collected at seven sites along the Siem Reap
River in Cambodia (SR-1 to SR-7) and at six sites along the Chao Phraya River
in Thailand (BR-1, BR-2, BC-1, BC-2, BM-1, and BM-2). Five lake water sam-
ples were collected from the Tonle Sap Lake in Cambodia (SL-1 to SL-5). Four
groundwater samples were also collected from Cambodia (SG-1 to SG-4). Sam-
ples were concentrated on-site immediately after collections in polyethylene
containers (1.8-liter or 20-liter volume) presterilized by gamma radiation. The
concentrated samples were kept cool and transported to the laboratory at The
University of Tokyo, Tokyo, Japan, within 7 days according to methods described
in a previous study (17). The samples were stored at �80°C immediately after
transportation until further concentration.

(ii) Virus concentration. Small volumes of environmental water samples (50 to
2,000 ml) were concentrated as previously described (21), with minor modifica-
tions. Briefly, 2.5 M MgCl2 was added to the samples to obtain a final concen-
tration of 25 mM and was filtered through an electro-negative filter (45-mm
diameter, 0.45-�m pore size; Millipore). Next, 200 ml H2SO4 (pH 3.0) was
passed through the filter, and virus was eluted with 5 ml NaOH (pH 10.8). The
eluate was recovered in a tube containing 25 �l H2SO4 (pH 1.0) and 50 �l 100�
Tris-EDTA buffer. Samples were further concentrated using a Centriprep
YM-50 apparatus (Millipore) to approximately 650 �l after the transportation.
Large volumes of environmental water samples (8 to 200 liters) were concen-
trated using a cartridge with a Durapore polyvinylidene difluoride filter (Opticap
XL2 disposable capsule filters; 0.45-�m pore size, 0.1-m2 filtration area; Milli-
pore). Briefly, water samples were suction filtered using a sterilized tube and an
aspirator (AS-01; AS ONE, Osaka, Japan). The sample was then mixed with 2.5
M MgCl2 by injecting 1 meter upstream of the filter to obtain a final concentra-
tion of 25 mM. Next, the filter was rinsed with 4 liters of H2SO4 (pH 3) and 2
liters of distilled water. Viruses were eluted with 200 ml NaOH (pH 10.8) and
collected in a tube containing 1 ml H2SO4 (pH 1.0) and 2 ml 100� Tris-EDTA
buffer. Sample (60 ml) from the 200-ml concentrate was reduced to approxi-
mately 250 �l by using a Centricon plus-70 filter (Millipore) after the transpor-
tation. The further-concentrated samples were stored at �80°C until purification
or nucleic acid extraction.

(iii) Gel chromatography. Gel chromatography was performed using a Micro-
Spin S-300 HR apparatus (Amersham Biosciences, Tokyo, Japan) to remove
inhibitors. Briefly, 350 �l distilled water was added to the column and centri-
fuged seven times for 1 min at 735 � g. Two hundred microliters of concentrated
sample was then applied to the column and centrifuged for 2 min at 735 � g
before DNA extraction.

(iv) Nucleic acid extraction. Silica membrane-based nucleic acid extraction
was performed using a QIAamp DNA minikit (Qiagen) and a QIAamp viral
RNA minikit (Qiagen) to extract DNA and RNA, respectively, according to the
manufacturer’s instructions. Briefly, 200 �l of a sample was subjected to DNA
extraction to obtain a final volume of 200 �l, while 140 �l of the sample was
subjected to RNA extraction, to obtain a final volume of 60 �l. Magnetic silica
bead-based RNA extraction was performed using a Mag Extractor viral RNA
apparatus (Toyobo) according to the manufacturer’s instructions. Briefly, 60 �l
of the sample was subjected to RNA extraction and purification to obtain a final
volume of 60 �l. The extracted nucleic acid was stored at �80°C until analysis.

(v) Water sample processing. To examine the effects of the presence of
inhibitory substances on extraction of EAdV DNA and GII NoV RNA from
concentrated environmental water samples, Ad5 and MNV were added to the
respective samples. Nucleic acid yields of the added Ad5 and MNV were eval-
uated by RT-quantitative PCR (RT-qPCR). If the yields of the added Ad5 or
MNV were lower than the positive controls by �10%, the extracted DNA or
RNA was diluted 100 or 20 times to overcome RT-PCR inhibition. The genomes
were then reamplified and requantified. If these yields were still lower than the
positive control by �10% after dilution, we concluded that the sample caused
loss of nucleic acid during extractions. On the contrary, if the yields were satis-
factorily improved after the dilution, we concluded that the original sample did
not cause loss of nucleic acid during extraction but caused RT-PCR inhibition.
Furthermore, samples exhibiting lower-than-expected Ad5 DNA values were
subjected to gel chromatography before DNA extraction, and those exhibiting
lower-than-expected MNV RNA values were subjected to magnetic silica bead-
based RNA extraction (see Fig. S1 in the supplemental material).

RT-qPCR. (i) RT. RT was performed using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Tokyo, Japan). Five microliters of RNA
was added to the 5 �l of reaction mixture containing 1 �l of 10� reverse

transcription buffer, 25 units of MultiScribe reverse transcriptase, 0.4 �l of 25�
deoxynucleoside triphosphates, 10 units of RNase inhibitor, and 0.5 �l each of 10
�M antisense primers. Reverse primer COG2R was used for indigenous GII
NoV RNA and GII NoV PSC RNA, and MKMNVR was used for MNV RNA
(Table 1). The RT reaction mixture was sequentially incubated for 10 min at
25°C, 120 min at 37°C, and 5 min at 85°C in a GeneAmp PCR system 9600
(Applied Biosystems) to synthesize cDNA.

(ii) qPCR. Twenty-five microliters of reaction mixture contained 5 �l sample,
12.5 �l TaqMan gene expression master mix (Applied Biosystems), 2 �l each of
100 �M primers, and 0.5 �l each of 5 �M TaqMan probes. Primer and TaqMan
probe sequences, product sizes, and thermal cycling conditions for each target
are summarized in Table 1. PCR mixtures were amplified using an ABI sequence
detection system 7500 (Applied Biosystems). Amplification data were collected
and analyzed using Sequence Detector software version 1.3 (Applied Biosys-
tems). Tenfold serial dilutions of the DNA standard whose concentrations
ranged from 1.0 � 104 to 1.0 � 101 copies per tube were amplified to quantify
viral genomes. The copy numbers of each undiluted DNA standard was deter-
mined by using a NanoDrop ND 1000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA) according to the manufacturer’s instructions.

RESULTS

Quantification of viral DNA and PSC DNA by monoplex
qPCR. Standard curves for each genome were generated by
monoplex qPCR of serial 10-fold-diluted Ad40 DNA, EAdV
PSC DNA, GII NoV cDNA, and GII NoV PSC DNA. DNA
concentrations ranged from 1.0 � 101 to 1.0 � 104 copies per
tube in triplicate. In each qPCR assay, 1.0 � 101 copies per
tube of DNA were sufficient to generate positive signals that
reproducibly gave standard deviations of cycle threshold values
that were lower than 0.40 (see Fig. S2 in the supplemental
material). The standard curves obtained from Ad40 DNA
and EAdV PSC DNA had similar PCR efficiencies, i.e., 98%
and 96%, which were equivalent to slope values of �3.40 and
�3.45 (see Fig. S2A), respectively. Similarly, PCR efficiencies
for GII NoV cDNA and GII NoV PSC DNA were 100% and
103%, which were equivalent to slope values of �3.31 and
�3.23, respectively (see Fig. S2B). Cross-reactions between
target DNA and TaqMan probe for PSC (MKMNV-TP) or
between PSC DNA and TaqMan probe for target DNA (JT-
VFP or NV-G2P) were not observed in the case of each DNA
concentration at ranges from 0.0 to 1.0 � 104 copies per tube.

Quantification of viral DNA and PSC DNA by duplex qPCR.
To determine whether PSC might be affected by primer com-
petition, we performed duplex qPCR targeting Ad40 DNA and
EAdV PSC DNA. Serial 10-fold-diluted Ad40 DNA and 1.0 �
102 copies each of EAdV PSC DNA in distilled water were
quantified by duplex qPCR (Fig. 2). Primer competition was
not evident at Ad40 DNA levels below or equal to 1.0 � 103

copies per reaction mixture. However, EAdV PSC DNA was
underestimated to be 1.6 � 101 copies in the presence of Ad40
DNA at 1.0 � 104 copies per reaction mixture.

Effects of humic acid. To assess the ability of PSCs to indi-
cate inhibition of target genome amplification, Ad40 DNA or
GII NoV RNA was simultaneously quantified by duplex RT-
qPCR in the presence of control nucleic acids and humic acid
(Fig. 3). Ad40 DNA was inoculated to between 1.0 � 102 and
1.0 � 103 copies per tube, and EAdV PSC DNA or MNV
cDNA was inoculated to 1.0 � 102 copies per tube. Humic acid
was included in the reaction mixtures at concentrations be-
tween 0.049 and 0.12 mg/ml. The relationship between the
log-transformed underestimation rates of Ad40 DNA and
EAdV PSC DNA were linearly approximated using the equa-
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tion y � 1.10x � 0.37 (R2 � 0.94), whereas that between
log-transformed underestimation rates of Ad40 DNA and
MNV cDNA was linearly approximated using the equation y �
0.18x � 0.48 (R2 � 0.52) (Fig. 3A). Comparing EAdV PSC
DNA to MNV cDNA as an internal control, the slopes of the
plots for EAdV PSC DNA approximated y � x, which indi-
cated that the magnitude of inhibitions was the same between
target and control nucleic acids and more closely than those for
MNV cDNA. This result indicates inhibition of only EAdV
PSC DNA can closely approximate that of Ad40 DNA.

Concentrations of inoculated GII NoV RNA were quanti-
fied together with GII NoV PSC RNA or MNV RNA by
duplex RT-qPCR. GII NoV RNA ranged between 1.0 � 102

and 1.0 � 103 copies per reaction mixture, and GII NoV PSC
RNA or MNV RNA was inoculated to be 1.0 � 102 copies per
reaction mixture. Humic acid solutions with E260 values be-
tween 0.25 and 0.98 (which were equivalent, with values of
0.012 and 0.049 mg/ml of humic acid solutions before extrac-
tion) were inoculated into the samples. Figure 3B shows the
relationship between the log-transformed underestimation
rates of GII NoV RNA and GII NoV PSC RNA. One plot
located on (x, y) of (�2.1, �3.3) was likely to be an outlier. If
the plot was included in the analysis, the relationship between
the log-transformed underestimation rates of GII NoV RNA
and GII NoV PSC RNA were linearly approximated using the
following equation: y � 1.18x � 0.20 (R2 � 0.63). If the plot
was not included, the relationship was linearly approximated
using the following equation: y � 0.79x � 0.03 (R2 � 0.41). On
the other hand, the relationship between the log-transformed
underestimation rates of GII NoV RNA and MNV RNA were
approximated by the equation y � 0.54x � 0.95 (R2 � 0.62)
(Fig. 3B). Comparing GII NoV PSC RNA to MNV RNA as an
internal control, the slopes of the plots for GII NoV PSC RNA
approximated y � x more closely than those for MNV RNA,
even if the possible outlier was considered or not. This indi-
cates that inhibition only of GII NoV PSC RNA can approx-
imate that of GII NoV RNA.

Loss of viral genomes concentrated from environmental
samples during extractions. Table 2 displays the results show-
ing that the Ad5 and MNV genomes were underestimated. Of
the 16 samples obtained from large volumes of environmental
water samples, the Ad5 DNA yields from five samples were
lower than expected by �10%. Of the nine samples obtained
from small-volume water samples, the Ad5 DNA yield of only
one sample was lower than expected by �10% (Table 2).

Hundredfold dilution of DNA improved Ad5 DNA yields in

FIG. 2. Input levels and detection of serially diluted Ad40 DNA
and the indicated amount (1.0 � 102 copies per reaction) of EAdV
PSC DNA by duplex qPCR. Horizontal and vertical axes indicate the
added and observed concentrations of Ad40 DNA and EAdV PSC
DNA, respectively. The dotted line indicates the added concentra-
tion of EAdV PSC DNA. Error bars indicate the standard devia-
tions (n � 3).

FIG. 3. Inhibition of target viral genome and control amplification
in the presence of humic acid. (A) Underestimation of Ad40 DNA and
EAdV PSC DNA and the underestimation of Ad40 DNA and MNV
cDNA. The vertical axis indicates the observed recovery of EAdV PSC
DNA or MNV cDNA. The horizontal axis indicates the observed
recovery of Ad40 DNA. (B) Underestimation of GII NoV RNA and
GII NoV PSC RNA. A plot bracket on (x, y) of (�2.1, �3.3) indicates
the possible outlier. The underestimation of GII NoVRNA and MNV-
RNA is indicated. The vertical axis indicates the observed recoveries of
GII NoV PSC RNA or MNV RNA. The horizontal axis indicates the
observed recovery of GII NoV RNA. In both panels, ND on the
vertical and horizontal axes indicates not detected. Open circles and
triangles indicate the lower limits of detection.
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two samples (SR-1 and BR-1) by �10% (38% and 45%, re-
spectively), but the yields from rest of the four samples were
lower (Table 2). Samples with yields of inoculated Ad5 DNA
and/or EAdV PSC DNA lower than the positive controls by
�10% were gel purified. Gel chromatography recovered 55%
of stock Ad5, suggesting that it caused no significant loss of
virions. Ad5 levels increased in four samples (SR-1, BR-1,
SL-3, and SG-4) after two purifications. Hundredfold dilutions
of DNA after gel chromatography and DNA extraction im-
proved the Ad5 DNA yield (SR-1) from 0.032% to 60%, but
yields from the other five samples were not significantly
changed (Table 2).

The MNV RNA yields from 7 out of 16 samples were lower
than expected (Table 2). Three of seven samples (BR-1, BR-2,
and SL-3) showed acceptable yields (32%, 48%, and 16%,
respectively) after 20-fold dilution of extracted RNA. Al-
though the yield was still not acceptable, 20-fold dilution of
SR-1 also improved its yield (Table 2). MNV RNA yields
extracted by the magnetic silica bead-based method were 2.6
times higher than those extracted by the silica membrane-
based method. For all samples, the MNV RNA yields of the
magnetic silica bead-based method were 2.3 to 4,000 times
higher than those of the silica membrane-based method. De-
spite the 16 times improvement in MNV RNA yields, 20-fold
dilution of SG-1 did not result in an acceptable value.

Inhibition of RT-qPCR by concentrated environmental wa-
ter samples. EAdV PSC DNA, inoculated into environmental
samples to estimate the magnitude of PCR inhibition occur-
ring during quantifications of EAdV DNA, showed that the
yields of EAdV PSC DNA (SR-1 and BR-1) were lower than
expected by �10% (Table 3). Even after gel chromatography,
the inoculated EAdV PSC DNA was not detected in SR-1. The
underestimation of control EAdV PSC DNA in BR-1 im-
proved from 0.29% to 130% following gel chromatography
(Table 3). In only one sample (SR-1), the yield of inoculated
GII NoV PSC RNA was not detected by the silica membrane-
based method. However, magnetic silica bead-based extraction
resulted in an acceptable yield of GII NoV PSC RNA in SR-1
(77%) and the other samples (Table 3).

Detection of indigenous enteric viruses in environmental
water samples. Twenty-five samples were tested for indigenous
EAdVs and GII NoVs together with EAdV PSC DNA and GII
NoV PSC RNA, respectively, by duplex RT-qPCR. Indigenous
EAdV DNA was not detected in any tested sample even after
gel chromatography. In contrast, indigenous GII NoV RNA
was detected in 3 of 24 samples (13%) (Table 4). These sam-
ples were collected from different sites along the same river.
BR-1 concentrated from small volumes of water was positive
for GII NoV-RNA, whereas the same sample from large vol-
umes of water was negative. Using the magnetic silica bead

TABLE 2. Observed recovery of exogenously added Ad5 and MNV in concentrated environmental samples

Sample Concn vola

% recovery

Ad5 MNV

Not purifiedb Purifiedc Membraned Beadse

Not diluted Diluted Not diluted Diluted Not diluted Diluted Not diluted Diluted

SR-1 L NDf 38 0.03 60 ND 5.30 41
SR-2 S 22 48
SR-3 S 23 60
SR-4 S 74 83
SR-5 S 73 74
SR-6 S 64 76
SR-7 S 63 79
SL-1 S 100 100
SL-2 L 20 3.40 1.90 120
SL-3 L 9.50 14 26 29 3.60 16 86
SL-4 L 43 18
SL-5 L 31 15
SG-1 L 0.63 0.90 0.66 0.75 0.41 ND 6.90 4.20
SG-2 L 97 87
SG-3 L 71 39
SG-4 S 9.90 12 32 30 110
SG-4 L 69 130
BR-1 S 61 83
BR-1 L 7.30 45 35 32 4.00 32 230
BR-2 L 44 5.60 48 220
BC-1 L 28 20
BC-2 L 7.90 10 10 15 8.90 0.84 20
BM-1 L 60 82
BM-2 L 78 90

a L, concentrated from a large volume of water; S, concentrated from a small volume of water.
b Recoveries without gel chromatography.
c Recoveries with gel chromatography.
d Recoveries with silica membrane-based method.
e Recoveries with magnetic silica bead-based method.
f ND, not detected.
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method, which showed higher yields of exogenously added
MNV and GII NoV PSC RNA, higher yields of GII NoV RNA
were observed in both BR-2 and BC-2.

DISCUSSION

In this study, we examined the inhibitory effects of concen-
trated water samples on nucleic acid extraction and RT-PCR
by using virus particles and PSCs as controls. We also took
advantage of these controls to determine the abilities of dif-
ferent purification methods to remove inhibitory factors.

Although the mechanism of RT-PCR inhibition has not
been elucidated, inhibition of annealing and/or extension by
polymerase may be involved in this mechanism (49). To esti-
mate the magnitude of RT-PCR inhibition, we constructed
PSC DNA and RNA molecules that could be amplified using
the same primer set and could produce the same amplicon size
as that of the target viral genome. RT-qPCR assays for EAdV
and GII NoV utilized in this study were developed to detect
each target gene specifically in previous studies (20, 25). Our
assays for EAdV PSC DNA and GII NoV PSC DNA, which
need the same primer pairs as the targets, did not cause cross-
reactions with EAdV DNA or GII NoV cDNA, respectively,
ensuring the assays’ specificities. When added together, 1.0 �
102 and �1.0 � 103 copies of EAdV PSC DNA and Ad40

DNA, respectively, did not affect each other’s amplification in
the absence of inhibitors (Fig. 2). However, the presence of
�1.0 � 103 copies of Ad40 DNA led to the underestimation of
PSC DNA, which was possibly due to primer competition be-
tween target and PSC DNA as described previously (14). If the
yield of target virus nucleic acid is greater than 1.0 � 103 copies
per tube, dilution of the sample is recommended to reduce
primer competition with PSCs as well as RT-PCR inhibition.
In the duplex RT-qPCR test with humic acid, the extent of
underestimation of target and PSC nucleic acids was almost
the same (Fig. 3), demonstrating that PSC reliably predicts
inhibition of target amplification at least for the assays shown
in this study. However, tests using MNV nucleic acid, which
needs other primer sets producing different amplicon sizes
from EAdV DNA and GII NoV RNA, could not predict RT-
qPCR inhibition accurately. Hence, to evaluate the magnitude
of RT-PCR inhibition, the primer set and the amplicon size of
the control nucleic acid may need to be considered.

The range of inhibition for GII NoV RNA and GII NoV
PSC RNA was 2 log10, which is considerably narrower than
that for EAdV (Fig. 3B). This difference seemed to be the
result of RT. Under the experimental conditions used in this
study, which adopted a two-step RT-qPCR, the RT reaction
mixture contained higher concentrations of humic acid than
the subsequent PCR mixture. Hence, the inhibitory effect may
be more pronounced during RT than during PCR. Further-
more, RT inhibition, which underestimates the product yield
by �1%, reduces template availability for PCR. In contrast, an
observed yield of �1 copy per tube can readily occur during
qPCR for EAdV DNA without RT because the inhibition
appears as a delay in amplification.

Costafreda et al. (8) showed that morphologically similar
viruses have similar sensitivities in terms of nucleic acid extrac-
tion inhibition. In this study, Ad5 and MNV were used as
internal controls to evaluate the inhibitory effects of samples
on DNA extraction of EAdVs and RNA extraction of GII
NoVs, respectively. Because both Ad5 and MNV do not seem
to be abundant in aquatic environments (11), the presence of
indigenous Ad5 and MNV may be negligible, and the detected
DNA and cDNA very possibly belong to the control viruses.
Such effects on viral nucleic acid extraction have been reported
using internal controls (8, 10). However, in these studies, RNA
extraction inhibition was not distinguished from RT-PCR in-
hibition, and the reason for the underestimation of the internal
control could not be determined. In this study, we diluted the

TABLE 4. Detection of indigenous GII NoVs and inhibition of
quantification of controls based on two different RNA

extraction and purification methods

Sample Original water vol

No. of copies detected/
liter when using:

Silica
membranea Silica beadsb

BR-1 Small (50 ml) 7.9 � 102 Not applied
BR-2 Large (20 liters) NDc 2.2 � 100

BC-2 Large (150 liters) 1.1 � 10�1 2.8 � 10�1

a Samples extracted and purified by the silica membrane-based method.
b Samples extracted and purified by the magnetic silica bead-based method.
c ND, not detected.

TABLE 3. Observed recovery of EAdV PSC DNA and GII NoV
PSC RNA in concentrated environmental water samples

Sample Concn
vola

% recovery

E-AdV PSC DNA GII NoV PSC RNA

Not
purifiedb Purifiedc Membraned Beadse

SR-1 L ND NDf ND 77
SR-2 S 82 35
SR-3 S 79 50
SR-4 S 85 49
SR-5 S 120 58
SR-6 S 110 44
SR-7 S 98 61
SL-1 S 71 48
SL-2 L 53 67 120
SL-3 L 87 120 54 89
SL-4 L 93 55
SL-5 L 110 47
SG-1 L 90 100 35 140
SG-2 L 87 49
SG-3 L 110 72
SG-4 S 90 120 57
SG-4 L 93 60
BR-1 S 110 61
BR-1 L 0.29 130 70 110
BR-2 L 110 51 140
BC-1 L 110 63
BC-2 L 110 120 51 96
BM-1 L 91 62
BM-2 L 98 65

a L, concentrated from a large volume of water; S, concentrated from a small
volume of water.

b Recoveries without gel chromatography.
c Recoveries with gel chromatography.
d Recoveries with the silica membrane-based method.
e Recoveries with the magnetic silica bead-based method.
f ND, not detected.
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extracted samples to minimize RT-PCR inhibition, thereby
allowing successful differentiation of RT-PCR inhibition from
nucleic acid extraction inhibition. If the reaction yields from
the added virus improve after dilution, we can conclude that
RT-PCR inhibition has occurred. In contrast, if dilution has no
effect, or dilution has an effect but still underestimation occurs,
which was not observed in this study, we can conclude that
nucleic acid extraction inhibition has occurred.

In our evaluation of inhibitory effects of samples on the
detection of EAdVs and GII NoVs, six samples showed nucleic
acid extraction inhibition during the silica membrane-based
extractions and two showed RT-PCR inhibition. Samples pro-
cessed from large volumes tended to cause inhibitory effects
more frequently than those from small volumes. This result
indicates that substances coconcentrated with viruses caused
inhibition. Samples that adversely affected nucleic acid extrac-
tion stained the silica membranes with a brownish color and
clogged them (data not shown). Humic acids may contribute to
these phenomena because of their color and presence in virus
samples. Furthermore, membrane clogging resulted in poor
nucleic acid yields. Magnetic silica beads may provide a suit-
able alternative to silica membranes because they are free from
clogging. Several previous reports utilized the magnetic or
nonmagnetic silica bead-based method (12, 19, 36), and some
of those studies showed that RNA recovery using the magnetic
silica bead-based method was lower than that when using the
silica membrane-based method (12, 36). In this study, the use
of magnetic silica beads resulted in higher RNA yields, less-
inhibitory RNA preparations, and enhanced PCR amplifica-
tion. It is known that ionic strength influences nucleic acid
binding to silica (28). Hence, the ionic conditions in the virus
concentrate might be suitable for the Mag Extractor viral RNA
magnetic silica bead-based RNA extraction kit used in this
study. The structures of magnetic silica beads, which do not
result in clogging and are less likely to trap organic inhibitors
than silica membrane, can explain the less-inhibitory RNA
preparations and enhanced RT-PCR results.

Gel chromatography has been reported to be effective for
reducing RT-PCR inhibition (1, 5, 39, 45). In this study, gel
chromatography provided mixed results wherein one sample
(BR-1) showed improved amplification of EAdV PSC DNA
but it was not effective for the other samples, which were false
negative for EAdV PSC DNA.

Samples that inhibited both nucleic acid extraction and RT-
PCR were not encountered. Furthermore, gel chromatogra-
phy, which made some beneficial contributions to overcome
PCR inhibition, was not effective in reducing nucleic acid ex-
traction inhibition. These results indicate that different sub-
stances are associated with inhibition of nucleic acid extraction
and RT-PCR. Humic acid may be responsible for both of these
problems because of its ubiquity, diversity in molecular struc-
ture, and presence in water samples.

Enteric adenoviruses have been frequently detected in
aquatic samples (4, 46, 50). In this study, we did not detect
EAdV DNA in any sample, even after gel chromatography,
which was shown to improve sample quality. Thus, our meth-
ods should help in djudging environmental samples to be truly
negative for EAdVs.

GII NoVs are the leading cause of viral gastroenteritis and
are frequently detected in environmental samples (35, 47). We

successfully detected GII NoV RNA in three river water sam-
ples collected from the same site. Higher yields were observed
using magnetic silica beads, which improved RNA preparation
quality and enhanced RT-PCR, than using silica membranes.
Thus, we conclude that use of silica membranes may contribute
to the underestimation of the presence of viruses in environ-
mental samples. Magnetic silica beads similarly improved the
ratio of RNA extraction efficiency of exogenously added MNV
and indigenous GII NoV RNA (2.5 and 2.3 times, respec-
tively), thereby demonstrating that loss of GII NoV RNA can
be evaluated using MNV as a control.

In conclusion, PSC DNA and RNA can be used to assess
RT-PCR inhibition with higher accuracy than other nucleic
acids (internal controls) amplified by other primers that pro-
duce different amplicon sizes. Thus, our results highlight the
importance of evaluating inhibitory effects using control virus
particles and PSCs.
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