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Reverse transcription (RT)-PCR-based virus detection from water samples is occasionally hampered by organic substances that
are coconcentrated during virus concentration procedures. To characterize these organic substances, samples containing com-
mercially available humic acid, which is known to inhibit RT-PCR, and river water samples were subjected to adsorption-elu-
tion-based virus concentration using an electronegative membrane. In this study, the samples before, during, and after the con-
centration were analyzed in terms of organic properties and virus detection efficiencies. Two out of the three humic acid
solutions resulted in RT-quantitative PCR (qPCR) inhibition that caused >3-log,,-unit underestimation of spiked poliovirus.
Over 60% of the organics contained in the two solutions were recovered in the concentrate, while over 60% of the organics in the
uninhibited solution were lost during the concentration process. River water concentrates also caused inhibition of RT-qPCR.
Organic concentrations in the river water samples increased by 2.3 to 3.9 times after the virus concentration procedure. The in-
hibitory samples contained organic fractions in the 10- to 100-kDa size range, which are suspected to be RT-PCR inhibitors. Ac-
cording to excitation-emission matrices, humic acid-like and protein-like fractions were also recovered from river water concen-
trates, but these fractions did not seem to affect virus detection. Our findings reveal that detailed organic analyses are effective in

characterizing inhibitory substances.

Human enteric viruses are etiological agents that can cause
clinical symptoms, such as diarrhea and vomiting. Feces and
vomit from infected individuals contain a substantial amount of
viruses that contaminate the water environment. Consumption of
improperly treated drinking water or contaminated environmen-
tal water during recreational activity leads to waterborne infec-
tions (1, 2).

Quantitative detection of viruses present in water has been
carried out worldwide in studies on the fate of viruses in the envi-
ronment and potential viral infection risk (3-5). The detection of
viruses in a water sample is commonly carried out using a PCR
assay following virus concentration and nucleic acid extraction
steps due to its superior rapidity, specificity, and sensitivity.
However, the reliability of the PCR-based assay occasionally
has come into question, as substances present in original sam-
ples or additives used during sample processing interfere with
the nucleic acid extraction and reverse transcription (RT)-PCR
(6-8). Even though several virus concentration methods have
been developed, none of them can exclude the inhibitory sub-
stances completely (9).

Polyvalent cations and some organic substances, such as beef
extract constituents and humic acids, are known to inhibit RT-
PCR (8, 10). Often, the virus detection efficiency is determined by
spiking a known amount of viruses or nucleic acids in a sample
and recovering them (6, 7, 11). In the worst case, the concentra-
tions of viruses were underestimated by 3 to 4 log,, units due to
the interference (3, 7). To overcome the RT-PCR inhibition prob-
lems, a virus concentration method based on adsorption-elution
with an electronegative membrane has been developed and used
widely (7, 11-14). This method can exclude polyvalent cations
and does not require beef extract. However, recent studies have
shown that the method also results in low virus detection efficien-
cies, especially when a large volume of sample is processed (7, 11,
13). Our previous study found that a solution of a commercially
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available humic acid causes (RT) PCR inhibition after the virus
concentration and nucleic acid extraction steps (7). This result
suggests that certain organics in the original water samples, which
are concentrated along with viruses, inhibit (RT) PCR.

Several studies have tried to keep RT-PCR efficiency high even
in the presence of inhibitory substances. Additives, such as bovine
serum albumin (BSA) and T4 gene 32 protein, have been shown to
be effective in reducing RT-PCR inhibition (15, 16). Sample pu-
rification techniques, such as gel chromatography, cation-ex-
change resins, and DAX-8 resins, have been reported to be effec-
tive (17, 18). Further, sample dilution technique has been used to
improve detection efficiency (3, 6). However, these methods have
some limitations and are not always sufficiently effective (8, 15).
Substances that hamper virus detection using RT-PCR vary de-
pending on the quality of water samples and the virus concentra-
tion methods used. Therefore, it is necessary to characterize inhib-
itory substances by investigating water samples with different
water qualities and virus concentrates to find an effective way to im-
prove the virus detection efficiency. Because organic substances are
the most likely causes of RT-PCR inhibition, the properties of the
organic substances recovered in virus concentrates must be studied.

Humic acid is a dissolved organic fraction that is ubiquitous in
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FIG 1 Schematic view of the sample concentration methods. Humic acid samples (Wa-HA, Ald-HA, and IH-HA) (10 ml) and a blank (Milli-Q) were
concentrated using a flat-type electronegative membrane to obtain 10 ml of concentrates (conc-HA samples). During the process, filt-HA samples and acid-HA
samples were collected. Thirty liters of river water samples (R1 to R3) were concentrated using a cartridge-type electronegative membrane to obtain 200 ml of

concentrates (conc-river-water samples).

natural water and is a known inhibitor of RT-PCR (8, 10, 16).
Humic acid is defined as a fraction that adsorbs to an appropriate
hydrophobic resin under a pH of 2, is eluted by solutions with
strongly alkaline pH, and is precipitated by lowering the pH to 1
(19). The International Humic Substances Society (IHSS) uses
XAD-8, a hydrophobic resin which has properties similar to
DAX-8 in terms of being an adsorbent, to isolate humic acid. Even
though the structure of humic acid is variable, when it is isolated
by the IHSS method, its molecular size is around 1.0 kDa, and it
generates a peak at a fixed location on excitation-emission matrix
(EEM) spectra (20-22). Because humic substances, including hu-
mic acid, absorb UV light at 254 nm or 260 nm, the UV absor-
bance and the ratio between the UV absorbance and the dissolved
organic carbon concentration are used as indicators of humic sub-
stances present in the natural water environment (23).

This study aimed to determine what kinds of organics are con-
centrated during a virus concentration step and consequently in-
terfere with virus detection by RT-PCR. Water samples containing
commercially available humic acids and river water samples were
concentrated by the adsorption-elution method using an electro-
negative membrane, their organic contents were analyzed thor-
oughly, and virus detection efficiencies were determined.

MATERIALS AND METHODS

Viruses. Poliovirus type 1 (strain LSc 2ab Sabin) (PV) was propagated in
buffalo green monkey (BGM) kidney cells grown in Eagle’s minimum
essential medium (Nussui Seiyaku, Tokyo, Japan) containing 1% fetal
bovine serum (Nichirei Corporation, Tokyo, Japan), 2.0 mM L-glutamine
(Life Technologies, Tokyo, Japan), 1% antibiotic-antimycotic (Life Tech-
nologies), and 0.15% sodium bicarbonate (Life Technologies). PV was
inoculated into the BGM cells and incubated for 3 days at 37°C with 5%
CO,. Then, the PV was separated from the cells by freeze-thawing three
times. The separated PV was purified by membrane filtration with a PTFE
membrane filter (0.20-pm pore size; 25-mm diameter; Advantec, Tokyo,
Japan) and gel filtration with an Illustra Microspin S-300 HR Column (GE
Healthcare, Tokyo, Japan). The concentration of the purified PV (9.0 X
10° genomic copies [GC]/p.l) was determined by RNA extraction followed
by RT-quantitative PCR (qPCR).

Raw-sample preparation and collection. To prepare the humic acid
solutions, three commercially available humic acid powders were used:
Ald-HA (Sigma-Aldrich Tokyo, Japan), Wa-HA (Wako Chemicals, To-
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kyo, Japan), and IH-HA (IHSS, St. Paul, MN, USA). Among the humic
acid powders, IH-HA was isolated from the Suwannee River according to
the THSS method using XAD-8 resin. First, 100 mg of each powder was
dissolved in 1 M NaOH solution and neutralized by HCL Then, the solu-
tions were diluted with Milli-Q water to appropriate concentrations (27.7
to 39.6 mg of carbon [mgC]/liter) to obtain “raw-HA samples.” Apart
from the samples prepared with commercially available humic acids,
three river water samples (R1 to R3) were collected from the Kyukitakami
River in Miyagi Prefecture, Japan, from February to March 2012. The river
water samples were kept cool until use. Here, these original river water
samples are denoted “raw-river-water samples.”

Virus concentration procedures. The raw-HA samples and the raw-
river-water samples were concentrated using the adsorption-elution
method with an electronegative membrane (14, 24) (Fig. 1). Two types of
electronegative membranes were used; a flat-type membrane was used for
a small volume (10 ml) of the raw-HA samples, and a cartridge-type
membrane was used for a large volume (30 liters) of the raw-river-water
samples. Because both membranes are made from the same material (i.e.,
mixed cellulose with ~0.5-pum pores), the adsorption of virus to the
membrane is expected to take place in the same manner. The cartridge-
type membrane possesses a larger filtration area (0.1 m?) than the flat type
(0.007 m?), and the cartridge type can concentrate a larger volume of
samples.

For raw-HA samples, 100 ml of each sample was passed through a
flat-type electronegative membrane (45-mm diameter; 0.45-pm pore
size; type HA; Millipore, Tokyo, Japan) after adding 2.5 M MgCl, to a final
concentration of 25 mM (filtration step) (Fig. 1A). The recovered filtrate
is referred to here as the “filt-HA sample.” Then, 50 ml of 0.5 mM H,SO,
(pH 3.0) was passed through the membrane, and this filtrate was recov-
ered in a tube containing 1 ml of 1.0 mM NaOH (pH 10.8). The recovered
filtrate from this step (acid rinse step) is referred to as the “acid-HA sam-
ple,” Subsequently, 10 ml of 1.0 mM NaOH (pH 10.8) was passed through
the membrane (elution step). The eluate was recovered in a tube contain-
ing 50 wl of 0.5 mM H,SO, (pH 3.0). The recovered eluate from this step
is referred to as the “conc-HA sample.” Milli-Q water was also subjected
to the same adsorption-elution method as a blank test. The virus concen-
tration process was conducted three times each for all raw-HA samples
and a blank.

The raw-river-water samples were concentrated by a method using a
cartridge-type membrane, which is a modification of the method using a
flat-type membrane (Fig. 1B). Approximately 30 liters of the raw-river-
water sample was suction filtered through a cartridge-type electronegative
membrane (0.1-m? area; 0.5-wm pore size; Opticap XL 2; Millipore, To-
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kyo, Japan) directly from the river using a sterilized hose and an aspirator
(AS-01; As One, Osaka, Japan) (filtration step). During the filtration pro-
cess, 4 M MgCl, was sequentially dripped into the hose 1 m upstream of
the filter. Then, the membrane cartridges were kept cool and transported
to the laboratory. Subsequently, 2 liters of 0.5 mM H,SO, (pH 3.0) and 1
liter of Milli-Q water were sequentially passed through the membrane
(acid rinse and Milli-Q rinse steps, respectively). Finally, 200 ml of 1.0
mM NaOH (pH 10.8) was passed through the membrane. The eluate was
recovered in a tube containing 1 ml of 0.5 mM H,SO, (pH 3.0) and
labeled the “conc-river sample” (elution step). The conc-river sample was
further concentrated using an ultrafiltration device (Centricon Plus-70;
Millipore) according to the manufacturer’s protocol to obtain a final vol-
ume of 0.8 ml. The obtained samples, namely, raw-HA/raw-river, filt-HA,
acid-HA, and conc-HA/conc-river samples, were spiked with the purified
PV (9.0 X 10° GC/pl) to final concentrations of 9.0 X 10* GC/ul and were
subjected to RT-qPCR after RNA extraction. The raw-IH-HA sample and
the filt-TH-HA sample were also spiked with extracted PV RNA (9.0 X 10°
GC/pl) to final concentrations of 4.5 X 10* GC/pl and were directly
subjected to RT-qPCR.

Detection of PV by RT-qPCR. The virus detection efficiency of each
sample was evaluated by spiking and recovering PV by RT-qPCR using a
primer pair and a TagMan probe that are broadly reactive to enteroviruses
(EVs), including PV (14). Briefly, 140 pl of the sample was spiked with 1.4
pl of PV (9.0 X 10° GC/l; a final concentration of 9.0 X 10* GC/ul) and
subjected to RNA extraction using a QiaAmp Viral RNA minikit (Qiagen)
according to the manufacturer’s protocol to obtain a 60-pl RNA extract.
The RNA extract was subjected to the RT reaction using a High Capacity
cDNA reverse transcription kit (Applied Biosystems, Tokyo, Japan). A
10-pl reaction mixture was prepared by mixing 5 pul of the RNA extract
with 1 wl of 10X reverse transcription buffer (Applied Biosystems), 25
units of MultiScribe Reverse Transcriptase (Applied Biosystems), 0.4 pl of
25X deoxynucleoside triphosphates (ANTPs) (Applied Biosystems), 10
units of RNase inhibitor (Applied Biosystems), and 0.25 pl of 10 pM
antisense primer (5'-ACC GGA TGG CCA ATC CAA-3"). The RT reac-
tion was conducted with a GeneAmp PCR System 9600 (Applied Biosys-
tems) by incubating the reaction mixture for 10 min at 25°C, 120 min at
37°C, and 5 min at 85°C. TagMan-based qPCR was performed using a
25-pl reaction mixture that contained 5 pl of the cDNA, 12.5 pl of Tag-
Man Gene Expression master mix (Applied Biosystems), 1 pl each of 10
M sense and antisense primers (5'-CCT CCG GCC CCT GAA TG-3'
and 5'-ACC GGA TGG CCA ATC CAA-3', respectively), and 0.5 pl of 5
wM TagMan probe (6-carboxyfluorescein [FAM]-CCG ACT ACT TTG
GGT GTC CGT GTT TC- 6-carboxytetramethylrhodamine [TAMRA]).
The ABI Sequence Detection System 7500 (Applied Biosystems) was used
for PCR amplification with cycling conditions as follows: 95°C for 10 min,
followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. Amplification
data were collected and analyzed using Sequence Detector software ver-
sion 1.3 (Applied Biosystems). To obtain a calibration curve, 10-fold serial
dilutions (concentrations ranged from 1.0 X 10" to 1.0 X 10° copies per
qPCR mixture) of a plasmid DNA containing the target sequence were
amplified.

Determination of virus detection efficiency. Virus detection efficien-
cies were calculated as the ratio of the observed spiked PV concentration
in the blank (Milli-Q) and that in each virus-spiked sample. If the virus
detection efficiency was lower than 10%, the efficiency was determined to
be substantially low. In cases where there was substantially low virus de-
tection efficiency, the RNA extract was diluted 100-fold with nuclease-free
water to relieve RT-qPCR inhibition and subjected to RT-qPCR again.

Analysis of DOC and 254-nm UV absorbance. Dissolved organic car-
bon (DOC) was measured by TOC-V (Shimadzu, Kyoto, Japan). To ob-
tain a calibration curve, C;H,K,O, solutions at 20, 10, 5.0, 2.0, 1.0, and 0.5
mgC/liter were used. The 254-nm-wavelength UV absorbance (UV,5,)
was measured using a U-2010 instrument (Hitachi, Ibaraki, Japan). Prior
to measuring DOC and UV,,,, the raw-river samples were filtered
through Whatman glass microfiber filters (grade GF/F, 0.7-um pore size;
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GE Healthcare, Buckinghamshire, United Kingdom) to remove sus-
pended fractions, and other samples were directly analyzed.

Evaluation of the molecular-mass distribution of organic fractions
by high-performance gel chromatography-size exclusion chromatog-
raphy. The molecular-mass distribution of organics in the samples was
determined by using high-performance gel chromatography-size exclu-
sion chromatography (HPGC-SEC) with a Protein Pak 125 column (Wa-
ters, Tokyo, Japan) that incorporated a UV, detector (SPD-M10A VP
Diode Array Detector, Shimadzu). Phosphate-buffered saline containing
1.39 g/liter of Na,HPO,, 1.39 g/liter of KH,PO,, and 3.51 g/liter of NaCl
(pH 6.8) was used as the mobile phase (22). To obtain a calibration curve,
8.0 to 100 kDa of sodium polystyrene sulfonate was used.

Fractionation of organics by fluorescent excitation-emission matrix
spectrophotometry. To fractionate the organic contents in the samples,
fluorescence EEM spectra were measured with an F-4500 fluorescence
spectrophotometer (Hitachi). Excitation spectra between 200 nm and 400
nm (5-nm slit) and emission spectra between 230 nm and 600 nm (5-nm
slit) were scanned. The measured values were calibrated by subtracting
those obtained from a blank sample (Milli-Q water). Further, the fluores-
cence intensity of 10-g/liter quinine sulfate solution (in 0.1 M H,SO,) at
a 345-nm excitation wavelength/450-nm emission wavelength was con-
sidered 10 arbitrary units (AU) for the relative fluorescence intensity cal-
culations of each sample.

RESULTS

Virus detection efficiencies. To evaluate the virus detection effi-
ciency, PV was spiked into each water sample to a final concentra-
tion 0of 9.0 X 10* GC/pl and quantified by RT-qPCR. The levels of
indigenous EV in the river water samples were determined to be
1.9 X 10° GC/pl (at most), which were far below the spiked level,
and therefore, the background EV levels were considered negligi-
ble. The virus detection efficiencies determined are summarized
in Table 1. For the undiluted RNA extracts of humic acid solu-
tions, the raw-Wa-HA, raw-Ald-HA, conc-Wa-HA, and conc-
Ald-HA samples resulted in extremely low detection efficiencies
(i.e., not detected to 0.1%), whereas other samples showed re-
spectable values (i.e., 67 to 160%). Among the river water samples,
all the raw-river-water samples showed high efficiencies (i.e., 89 to
140%), while all the conc-river-water samples showed low effi-
ciencies (i.e., not detected to 9.9%).

Next, the RNA extracts that showed substantially low PV de-
tection efficiencies were diluted 100-fold, and the RT-qPCR assay
was repeated with the diluted samples. After the dilution, the de-
tection efficiencies were increased for all the diluted samples (Ta-
ble 1). Because the efficiencies were increased by diluting the RNA
extracts, the extremely low PV detection efficiencies were presum-
ably due to RT-qPCR inhibition. Hence, it can be concluded that
the raw-HA and conc-HA samples of Wa-HA and Ald-HA and the
conc-river-water samples contained sufficient amounts of RT-
qPCR inhibitors to hinder PV detection by RT-qPCR. In addition,
italso indicates that most of the inhibitors in Wa-HA and Ald-HA
remained on the electronegative membrane until the elution step
of sample concentration.

It was also presumed that IH-HA contains RT-qPCR inhibi-
tors; however, all IH-HA samples showed high PV detection effi-
ciency. To test the hypothesis that RT-qPCR inhibitors contained
in the IH-HA samples are removed in the RNA extraction step, the
raw-IH-HA and filt-TH-HA samples were spiked with extracted
PV RNA originating from the purified PV (9.0 X 10° GC/p.l) to a
final concentration of 4.5 X 10* GC/ul, and the RT-qPCR assay
was performed without the RNA extraction step. The results
showed “not detected” for the raw-IH-HA sample and 5.2% de-
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TABLE 1 Geometric mean recoveries and geometric standard deviations of PV and PV RNA spiked into samples determined by RT-qPCR

Spiked PV virion' Spiked PV RNA?
Nondilution 100-fold dilution (nondilution)
Sample Sample type GM€ (%) GSD*¢ GM (%) GSD GM (%) GSD
Blank (Milli-Q) Raw 100 0.08
Filt 67 0.04
Acid 70 0.05
Conc 100 0.03
Wa-HA Raw 0.030 0.14 56 0.05
Filt 91 0.18
Acid 106 0.08
Conc 0.10 0.39 33 0.44
Ald-HA Raw <0.0001¢ 53 0.28
Filt 110 0.17
Acid 130 0.26
Conc 0.00078 0.14 73 0.05
IH-HA Raw 130 0.26 <0.0001 -
Filt 150 0.19 5.2 0.22
Acid 160 0.14
Conc 130 0.24
R1 Raw 89
Conc 9.9 62
R2 Raw 140
Conc <0.0001 150
R3 Raw 110
Conc <0.0001 77

@ PV virions were spiked into the samples just before the RNA extraction step.

b Extracted PV RNA was spiked into the samples to a final concentration of 4.5 X 10* GC/pl and quantified without an RNA extraction step.
¢ GM and GSD, geometric mean and geometric standard deviation, respectively (n = 3 for blank and humic acid samples; n = 1 for river water samples; GSD for river water

samples cannot be shown).
4 <0.0001% indicates that spiked PV or PV RNA was not detected by RT-qPCR.

tection efficiency for the filt-TH-HA samples. The results indicate
that IH-HA contained an inhibitor that can be removed in the
RNA extraction step. Considerable amounts of the inhibitors
probably passed through the membrane during the first filtration
step (adsorption step).

DOC and UV, in the samples. Figure 2 summarizes the DOC
and UV, results for the raw-HA samples and the loss or recovery
ratio (a ratio comparing the values in the raw-HA sample and corre-
sponding filt-HA, acid-HA, and conc-HA samples). For Wa-HA and
Ald-HA, the DOC recovery ratios for the conc-HA samples were
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FIG 2 Loss or recovery efficiencies of DOC (A) and UV, (B) in raw samples of humic acid solutions during the virus concentration process. The values indicate
the concentrations in each raw sample. The error bars indicate standard deviations (n = 3).
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TABLE 2 DOC and UV, in raw and concentrated samples of river
water

DOC UV,s, (absorbance)

Raw Conc Conc/ Raw Conc Conc/
Sample (mgC/liter) (mgC/liter) raw (mgClliter) (mgC/liter) raw
R1 1.2 3.5 29 0.035 0.120 3.4
R2 1.2 4.8 3.9 0.025 0.060 2.4
R3 1.0 2.5 2.6 0.027 0.088 3.3

greater than 60% and the loss ratios for the filt-HA and acid-HA
samples were ~20% and <0.1%, respectively. Their UV, recovery/
loss ratios also showed similar tendencies. On the other hand, the
DOC and UV, loss ratios in the filt-TH-HA sample were 67% and
69%, respectively, and the loss ratio for the acid-IH-HA sample and
the recovery ratios for the conc-HA sample were below 6.3%.

Table 2 compares the DOC concentrations and UV,s, re-
sponses for the raw-river-water and conc-river-water samples.
The DOC concentrations and UV, responses of the conc-river-
water samples were 2.4 to 3.9 times higher than those of the raw-
river-water samples. Note that these values were substantially
lower than the virus concentration ratio (150-fold; 30 liters of raw
samples were concentrated to 0.2 liters). It appears that some or-
ganics in the original sample are less concentrated than viruses in
the final samples. It appears that the some organic substances are

>
N
a

UV,5, response

0 f f
100 10 1.0 0.1
Molecular mass (kDa)

Ald-HA

UV,5, response

0 f f i
100 10 1.0 0.1
Molecular mass (kDa)

70T IH-HA
607
50 |
40 |
30
20
104+

0

UV,5, response
T

I ‘-JJ

1 1
100 10 1.0 0.1
Molecular mass (kDa)

Analysis of Organic Substances in Virus Concentrates

selectively recovered in the conc-river-water samples, as shown in
the case of the humic acid solutions (Fig. 2).

Molecular mass distributions of organics in the samples. Be-
cause the results indicated that some organics are selectively re-
covered with the virus concentrate, the organics that are recovered
and that may cause RT-qPCR inhibition were characterized based
on their molecular masses. The molecular mass distribution of
organics present in the samples was determined by HPGC-SEC.
As shown in Fig. 3A, the raw-Wa-HA sample produced a moder-
ate UV response peak between 10 and 100 kDa and a large peak
around 1.0 kDa (peak intensity, 12.3 AU). The conc-Wa-HA sam-
ple also exhibited a peak between 10 and 100 kDa, which is ap-
proximately that of the raw-Wa-HA sample. On the other hand,
the filt-Wa-HA and acid-Wa-HA samples developed no peaks in
the region between 10 and 100 kDa. These results suggest that the
organics with 10- to 100-kDa masses existing in the filt-Wa-HA
and acid-Wa-HA samples were retained on the electronegative
membrane during the sample concentration process and were ef-
ficiently recovered in the final sample concentrate. The filt-Wa-
HA and conc-Wa-HA samples developed a similar UV response
peak around 1.0 kDa. The sum of their peak intensities (6.6 AU
and 7.9 AU in filt-Wa-HA and conc-Wa-HA, respectively) is com-
parable to that of the raw-Wa-HA sample, indicating that a part of
the organic fraction passed through the electronegative mem-
brane during the filtration process while the remaining part was
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FIG 3 Molecular mass distribution of organics in Wa-HA (A), Ald-HA (B), IH-HA (C), R1 (D), R2 (E), and R3 (F) determined by UV,,,-based HPGC-SEC. The
black, red, orange, and blue lines correspond to raw, filt, acid, and conc samples, respectively.
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substances, respectively.

recovered in the final sample concentrate. Similar trends were
seen with the samples of Ald-HA (Fig. 3B). The raw-IH-HA sam-
ple showed a peak around 1.0 kDa (peak intensity, 43.6 AU) but
exhibited no peaks in the 10- to 100-kDa range. The filt-IH-HA
sample also showed a peak around 1.0 kDa with an intensity of
32.4 AU, which is similar to that observed with the raw-IH-HA
sample. No notable peaks are shown in the region of >1.0 kDa for
the acid-TH-HA and the conc-IH-HA samples (Fig. 3C). These
results indicate that most of the organic fraction passed through
the electronegative membrane during the filtration process.

The raw-river-water and conc-river-water samples were also
analyzed by HPGC-SEC (Fig. 3D to F). All of the conc-river-water
samples showed peaks in the 10- to 100-kDa range, while none of
the raw-river-water samples showed notable peaks in the same
range. The raw-R3 sample showed notable peaks around 1.0 kDa
(peak intensities: around 4.2 AU), which were also seen in the
conc-R3 sample with lower peak intensities (~1.9 AU).

EEM. For further characterization of the organics present in
the samples, EEM was performed. Figure 4A to C shows EEM
spectra of the raw-Wa-HA, raw-Ald-HA, and raw-IH-HA sam-
ples, respectively. For the purpose of interpretation, each EEM
spectrum is divided into five regions (regions I to V). Generally,
the peaks appearing in regions I, IT, and IV indicate the presence of
protein-like compounds, and those appearing in regions Il and V
indicate the presence of fulvic acid-like and humic acid-like com-
pounds, respectively (20). Because the raw-HA samples exhibited
peaks in region V, these samples likely contained humic acid-like
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compounds (Fig. 4A to C). The intensity variations of the peaks
during the virus concentration process are summarized in Fig. 4D.
As can be seen, the highest EEM peak intensity occurred with the
raw-HA samples and a lower intensity with the conc-HA samples.
The results indicate that the humic acid-like compounds were not
efficiently recovered in the virus concentrates.

The raw-river-water and conc-river-water samples were also
subjected to the EEM assay (Fig. 5). The raw-river-water samples
showed peaks in region V (humic acid-like) with a peak intensity
around 0.20 AU. The conc-river-water samples showed peaks in
regions I/I1, IV (both protein-like), and V. The intensities of the
peaks that appeared in region V were 0.08 to 0.20 AU, which are
similar to or lower than those of the raw-river-water samples.
Considering that the volume was reduced in the virus concentra-
tion process (150-fold reduction), it seems that the compounds
that generated the peak in region V were poorly recovered in the
virus concentrate. The peaks in regions I/II and IV, which corre-
spond to protein-like substances, were not observed in the raw-
river-water samples, indicating that the protein-like substances
were efficiently recovered in the virus concentrate.

DISCUSSION

Accurate quantification of enteric viruses in the water environ-
ment is important for public health. Although sensitivity is one of
the strengths of RT-qPCR, it becomes unreliable in the presence of
humic acid and other natural organics, which tend to be recovered
by virus concentration methods (8, 10, 25). In this study, the or-
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FIG 5 EEM spectra in raw samples of R1 (A), R2 (C), and R3 (E) and conc samples of R1 (B), R2 (D), and R3 (F).

ganic properties (i.e., quantity, molecular mass distribution, and
EEM spectra) of the water samples containing commercially avail-
able humic acids and river water samples were analyzed before,
during, and after the concentration step.

Humic acid is defined as organic fractions that adsorb onto and
elute from hydrophobic resin under low- and high-pH condi-
tions, respectively, and that precipitate under low-pH conditions
(19). Humic acid fractions extracted by the IHSS method have
been characterized using their molecular masses of around 1.0
kDa and generate a peak in region V of their EEM spectra (21). In
the present study, Wa-HA and Ald-HA possessed similar organic
properties. Specifically, these HA samples after the virus concen-
tration step showed a high recovery of organics and led to RT-
qPCR inhibition. Furthermore, the samples contained organic
fractions in the range of 10 to 100 kDa, which were efficiently
recovered in the virus concentrates. On the other hand, most of
the organics present in the IH-HA samples were lost during the
virus concentration step. The RT-qPCR inhibitors contained in
IH-HA were excluded during the RNA extraction step. The
HPGC-SEC results revealed that IH-HA contained organic frac-
tions of around 1.0 kDa, which was also observed with Wa-HA
and Ald-HA. However, IH-HA did not contain organic fractions
at 10 to 100 kDa. Comparison of the Wa-HA, Ald-HA, and TH-HA
results suggests that the organic fractions of 10 to 100 kDa, which
were recovered in the concentrates and RNA extracts, are the
probable cause of the RT-qPCR inhibition. In the EEM analysis,
these three humic acid samples showed peaks that indicate the
presence of humic acid-like compounds. The HPGC-SEC results
show that the behavior of the humic acid-like compounds exhib-
ited in the virus concentration step was similar to that of the or-
ganic fraction of around 1.0 kDa (Fig. 3 and 4D). Considering the
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characteristics of humic acid extracted and purified by the IHSS
method, the humic acid-like peaks seen in the EEM analysis and
the organic fraction of around 1.0 kDa found in the HPGC-SEC
analysis likely originated from humic acids that existed in the orig-
inal samples. The organic fractions of 10 to 100 kDa in Wa-HA
and Ald-HA appeared to be RT-qPCR inhibitors, but no corre-
sponding EEM peak was observed. Considering their molecular
masses and the absence of EEM peaks, these fractions can be iden-
tified as substances that possess some characteristics common to
humic acids.

The river water concentrates caused RT-qPCR inhibition and
contained organic fractions of 10 to 100 kDa, which were not seen
in their original samples. Using a DOC detector for the SEC anal-
ysis, Kawasaki et al. (22) observed organic fractions of 10 to 100
kDa in lake water samples, but they did not observe these fractions
in the UV,;,-based SEC analysis. This indicates that 10- to 100-
kDa organic fractions may be present in environmental water even
though the concentrations of the fractions are too low to be de-
tected by UV,5,-based SEC. In this study, 30 liters of river water
samples was concentrated to 0.2 liters by the adsorption-elution
method (150-fold concentration). Considering the concentration
ratio, it is possible that the organic fractions of 10 to 100 kDa were
present in the raw-river-water samples at undetectable levels and
that they were efficiently concentrated to a detectable level. The
10- to 100-kDa fractions were also observed in the raw-Wa-HA/
raw-Ald-HA and conc-Wa-HA/conc-Ald-HA samples and were
assumed to be RT-qPCR inhibitors. It is likely that the 10- to
100-kDa organic fractions observed in the river water samples
acted as RT-qPCR inhibitors. In addition to the 10- to 100-kDa
organic fractions, those around 1.0 kDa were also observed in the
conc-R3 sample. Similar fractions were also seen in conc-Wa-HA/
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conc-Ald-HA samples but were not seen in the conc-IH-HA sam-
ple. Considering that the river water and Wa-HA/Ald-HA samples
contained 10- to 100-kDa organic fractions, it is possible that the
10- to 100-kDa organic fractions mediated the recovery of the
1.0-kDa organic fractions recovered in the concentrate. However,
as the peak intensities of the 1.0-kDa organic fractions in the
conc-R3 sample were lower than those in the original sample,
which did not result in RT-qPCR inhibition, it is unlikely that the
fractions were RT-qPCR inhibitors. The EEM results revealed that
protein-like substances were well recovered in the concentrates.
Because the surface constituents of nonenveloped virus particles
are proteins, it is possible that the concentration method used in
this study can recover proteins other than virus particles. In the
RNA extraction step, a guanidine-based proteinase was used to
remove proteins; thus, the protein-like substances were unlikely
to cause RT-qPCR inhibition. This can be clarified if the RNA
extracts are subjected to organic analysis. However, the volume of
the RNA extract (60 pl) was too small for our analysis, which
requires ~10 ml of a sample. Diluting the RNA extract can enlarge
the sample volume but may decrease the organics below the de-
tectable level. A possible future improvement would be increasing
the concentration ratio to recover higher concentrations of the
organics.

All humic acid and river water samples that resulted in RT-
qPCR inhibition contained organic fractions of 10 to 100 kDa, and
they did not seem to generate any EEM peaks. These fractions
were efficiently recovered in the sample concentrates and very
likely led to RT-qPCR inhibition. In previous studies (7, 9, 12), an
ultrafiltration (UF) membrane with a molecular mass cutoff of 30
to 50 kDa was used as a secondary concentration method to detect
viruses in environmental samples. The high-molecular-mass frac-
tions observed in this study were probably what remained in the
UF concentrate. Because the 10- to 100-kDa fractions were recov-
ered by the sample concentration method using an electronegative
membrane, these organics were possibly trapped or adsorbed onto
the membrane in the presence of Mg>" in the sample. The frac-
tions remained on the membrane during the acid rinse step and
then dispersed during the alkaline elution step. In this study, pre-
cipitates were formed in the Wa-HA and Ald-HA samples, which
were most likely trapped on the membrane in the presence of
Mg*" under acidic conditions (data not shown).

It has been pointed out that organic inhibitors such as humic
acid affect the RT-PCR-based detection of viruses in water (8, 10,
25). However, few studies have tried to identify the inhibitors in
field samples, and at present, there is no standard method that
gives a reliable detection efficiency (8, 15). Abbaszadegan et al.
(25) compared DOC, UV,s,, and 254-nm specific UV absorbance
in raw water samples to virus detection efficiencies, but they found
only poor correlations between them. Our previous study also
found no clear correlations between the organic indicators in raw
water samples and the virus detection efficiencies (11). Our study
indicates that some specific organic substances are selectively re-
covered in the virus concentrates and adversely influence virus
detection efficiencies. Therefore, characterization of inhibitors by
analyzing raw-water sample and final sample concentrates is re-
quired for future establishment of a method to improve virus
detection efficiency. Rock et al. (26) applied EEM analysis to virus
extracts obtained from biosolid samples using beef extract and
glycine buffer and found peaks of humic acid-like and fulvic acid-
like substances. However, the relationship between the virus de-
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tection efficiency and the EEM peaks was unclear. In this study,
DOC, UV,s,, HPGC-SEC, and EEM were used to characterize
organic fractions in samples during the virus concentration pro-
cesses. Our results indicate that natural organic fractions in the 10-
to 100-kDa size range adversely affect the efficiency of virus detec-
tion by RT-qPCR. Since the size of poliovirus, a typical enteric
virus, is larger than 1,000 kDa (4), size exclusion sieving tech-
niques such as gel chromatography may be effective for separation
of enteric viruses from the inhibitors. However, as was suggested
by a previous study (7), the variety of organics in environmental
samples may affect RT-qPCR-based virus detection. The causes of
inhibition may also be different depending on the virus concen-
tration method applied. Thus, it is probable that the suitability of
asample purification technique depends on the samples and sam-
ple treatments. It is important to characterize the inhibitors in a
variety of environmental samples by examining the relationships
among dissolved organics in the original samples and their virus
concentrates and virus detection efficiencies for the establishment
of an effective method for sample clarification.
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