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inoculation, the expressed rNV-VLPs were separated from the
pupal homogenate by centrifugation and dialysis to prepare
the TNV-VLP stock solution.

2.3.  Bacteriophages

F-specific RNA bacteriophages QB (NBRC 20012) and MS2
(NBRC 102619) were obtained from the NITE Biological
Research Center (NBRC, Chiba, Japan). The bacteriophages QB
(Dowd et al., 1998; Matsui et al,, 2003; Matsushita et al., 2004;
Shirasaki et al., 2009) and MS2 (Nasser et al., 1995; Redman
etal, 1997; Dowd et al., 1998; Abbaszadegan et al., 2007; Mayer
et al., 2008; Shirasaki et al., 2009) are widely used as surrogates
for pathogenic waterborne viruses in the coagulation, coagu-
lation-rapid sand filtration, and sandy aquifer treatment
processes because of their morphological similarities to
hepatitis A viruses and polioviruses, which are important to
remove during the treatment of drinking water. QB is the
prototype member of the genus Allolevivirus in the virus family
Leviviridae, and MS2 is the prototype member of the genus
Levivirus in the Leviviridae. The genomes of these two bacte-
riophages contain a single molecule of linear, positive-sense,
single-stranded RNA, which is encapsulated in an icosahedral
protein capsid with a diameter of 24-26 nm (The Universal
Virus Database of the International Committee on’ the
Taxonomy of Viruses). Each bacteriophage was propagated for
22-24 h at 37 °C in Escherichia coli (NBRC 13965) obtained from
NBRC. The bacteriophage culture solution was centrifuged
(2000 x g, 10 min) and then passed through a membrane filter
(pore size 0.45 um, hydrophilic cellulose acetate; Dismic-25cs,
Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtrate was puri-
fied by using a centrifugal filter device (molecular weight
cutoff 100,000, regenerated cellulose; Amicon Ultra-15, Milli-
pore Corp.) to prepare the bacteriophage stock solution.

2.4.  Coagulation experiments

Batch coagulation experiments were conducted with 400 mL of
INV-VLPs and bacteriophage-spiked river water in glass
beakers at 20 °C. The rNV-VLPs (see Section 2.2) and the stock
solutions (see Section 2.3) of both bacteriophages were
simultaneously added to the beaker at approximately
10™ VLPs/mL and 10® plaque-forming units (PFU)/mL, respec-
tively, and mixed with an impeller stirrer. PACI, alum, or FeCl;
was injected into the water as a coagulant at 20 uM (0.54 mg-AV/L
or 1.12 mg-Fe/L), 40 uM (1.08 mg-AVL or 2.24 mg-Fe/L), or 60 pM
(1.62 mg-Al/L or 3.36 mg-Fe/L). In the PACI and alum experi-
ments, the pH of the water was immediately adjusted to, and
maintained at, 6.8 using hydrochloric acid or sodium hydroxide.
In contrast, in the FeCl; experiments, the pH was adjusted to
one of three levels, 5.8 (minimum pH level established by
drinking water quality standards in Japan), 6.3, or 6.8. The water
was stirred rapidly for 2 min (G = 200 s, 77 rpm) and then
slowly for 28 min (G =20s"%,17 rpm). The water was then left at
rest for 20 min to settle the floc particles generated. Samples
were taken from the beaker before coagulant dosing (C.o) and
after settling (C.;) for quantification of the INV-VLP, QB, and MS2
concentrations. Statistical analysis by t-test (two-tailed) based
on a 0.05 level of significance was performed to determine
whether the removal performances of INV-VLPs, QB, and MS2

differed when the conditions of the coagulation process were
different. Because of the absence of experimental replication for
any coagulation condition with FeCls, statistical analysis could
not be performed for FeCl,.

2.5.  Rapid sand ﬁltratidn experiments

After the coagulation experiments, filtration experiments
were carried out with a glass column {diameter 0.8 cm, length
20 cm) packed with silica sand. Silica sand was washed with
Milli-Q water and dried at 105 °C for 1 h. The cleaned silica
sand was gradually added into the glass column to achieve
a 10 cm filter depth. Next, to saturate the filter media, Milli-Q
water was pumped through the column by a peristaltic pump
for 15 min, and then the excess Milli-Q water was drained off
from the column just before the filtration experiment.
Approximately 350 mlL of the supernatant of the settling
sample (see Section 2.4) was withdrawn from the beaker by
the peristaltic pump, and transferred to another glass beaker
as raw water for the sand filtration experiments. The raw
water was continuously mixed with a magnetic stirrer at
200 rpm during the filtration experiment, and it was fed into
the column at a constant flow rate (120 m/day) by the peri-
staltic pump. Samples were taken from the beaker (Co) and
column filtrate (C,¢) after 15 and 30 min of filtration time for
quantification of the rNV-VLP, QB, and MS2 concentrations.
Statistical analysis as described above was also performed on
the results of the coagulation-rapid sand filtration process.

2.6. rNV-VLP assay

TNV-VLPs were detected by using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (NV-AD (1),
Denka Seiken Co., Ltd., Tokyo, Japan). The assay was per-
formed according to the manufacturer’s instructions. Optical
densities at wavelengths of 450 nm and 630 nm in a 96-well
microplate were measured with a microplate reader (MTP-300,
Corona Electric Co., Ltd., Ibaraki, Japan).

2.7.  Bacteriophage assay

Viral RNA of bacteriophages was quantified by real-time
reverse transcription-polymerase chain reaction (RT-PCR)
method. This method detects viruses regardless of their
infectivity. For quantification of bacteriophages in the samples,
viral RNA was extracted from 200 pL of sample with a QlAamp
MinElute Virus Spir Kit (Qiagen K. K., Tokyo, Japan) to obtain
a final volume of 20 pL. The extracted RNA solution was added
to a High Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (Applied Biosystems Japan Ltd., Tokyo, Japan) for the
reverse transcription (RT) reaction, which was conducted at
25 °C for 10 min, 37 °C for 120 min, and 85 °C for 5 s, followed by
cooling to 4 °Cin the thermal cycler (Thermal Cycler Dice Model
TP600, Takara Bio Inc., Shiga, Japan). The cDNA solution was
then amplified by a TagMan Universal PCR Master Mix with
UNG (Applied Biosystems Japan Ltd.), 400 nM of each primer
(HQ-SEQ grade, Takara Bio Inc.), and 250 nM of TagMan probe
(Applied Biosystems Japan Ltd.). The oligonucleotide sequences
of the primers and the probes are shown in Table 2. Amplifi-
cation was conducted at 50 °C for 2 min, 95 °C for 10 min, and
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Table 2 - Oligonucleotide sequences of the primers and probes used in real-time R

- Virusgs = nucle

e sequences’

- Reverse primer.. .
p;’pbé 3A GG

5/-TCA AGC CGT GAT AGT CGT IC
y TCG}'I‘,TGGACA‘ATGG@A/

then 40 cycles of 95 °C for 15 s and 60 °C for 1 min in an Applied
Biosystems 7300 Real-Time PCR System (Applied Biosystems
Japan Ltd.).

The standard curve for the real-time RT-PCR method was
based on the relationship between the infectious bacterio-
phage concentration of a freshly prepared stock solution
measured by the plaque-forming unit (PFU) method (Adams,
1959) and the number of cycles of PCR amplification.

2.8.  Electron microscopy

Negative-stain electron microscopy was used to analyze the
presence, integrity, and morphology of the rNV-VLPs. Ten
microliters of INV-VLP stock solution (see Section 2.2) was put
on a 400-mesh copper grid with collodion membrane (Nissin
EM Corp., Tokyo, Japan) and adsorbed to the grid for 1 min.
Excess solution on the grid was drained from the side of the grid
with filter paper, and rNV-VLPs were negatively stained with
10 uL of 2% phosphotungstic acid (pH 5.5) for 45 s. After the
excess stain was drained off, the grid was examined with
a transmission electron microscope (TEM, H-7650, Hitachi
High-Technologies Corp., Tokyo, Japan). The particle diameter
of INV-VLPs was expressed as the mean and standard deviation
of 10 randomly chosen particles on the electron micrograph.

2.9.  Cesium chloride density gradient

The densities of rNV-VLPs and bacteriophages were analyzed
in a cesium chloride (CsCl) density gradient. INV-VLPs and
both bacteriophages were simultaneously suspended at
approximately 10'? VLPs/mL and 10° PFU/mL, respectively, in
a 1.2-g/fem® CsCl solution using the stock solutions (see
Sections 2.2 and 2.3), and layered on top of a 1.3-1.6-g/cm®
CsCl gradient. The gradient including fNV-VLPs and bacte-
riophages was ultracentrifuged (100,000 x g, 18 h) in
a preparative centrifuge (CP8OMX, Hitachi Koki Co., Ltd.,
Tokyo, Japan) with a P28S swing rotor, and then divided into
1-mL fractions. The density of each fraction was measured
with an electronic balance (Mettler-Toledo AG245 Balance,
Mettler-Toledo K. K., Tokyo, Japan), and rNV-VLP and bacte-
riophage (QB and MS2) concentrations were quantified by
ELISA and real-time RT-PCR method, respectively.

2.10.  Electrophoretic mobility

The electrophoretic mobility of rNV-VLPs and bacteriophages
was measured in filtered river water. River water in a stirred
ultrafiltration cell (Model 8400, Millipore Corp.) was filtered
through an ultrafiltration membrane (molecular weight cutoff

100,000, regenerated cellulose; Ultrafiltration Disks, YM-100,
Millipore Corp.) to exclude the large particles, and the pH was
adjusted to 6.8 with HCL. The river water samples were kept for 1
day at 20 °C to stabilize the pH. Just before the measurement of
electrophoretic mobility, the INV-VLPs and each bacteriophage
were suspended at approximately 10*° VLPs/mL or 10*° PFU/mL
in the filtered river water using the stock solution (see Sections
2.2 and 2.3). The electrophoretic mobility of the YNV-VLPs and
both bacteriophages was measured with an electrophoretic
light-scattering spectrophotometer (Zetasizer Nano ZS; 532 nm
green laser, Malvern Instruments Ltd., Malvern, Worcester-
shire, UK) at 25 °C and at a 17° measurement angle.

3. Results and discussion
3.1.  Characteristics of the produced rNV-VLPs

Fig. 1 shows an electron micrograph of INV-VLPs produced by
the baculovirus-silkworm expression system. The presence of
particles was confirmed on the electron micrograph, and INV
capsid proteins spontaneously self-assembled into VLPs
during expression. The rNV-VLP particle diameter was
35.7 + 3.2 nm, measured on 10 randomly chosen particles on
the electron micrograph. This value roughly corresponds to
the particle diameter (approximately 38 nm) previously
reported for native NV (Someya et al., 2000).

Fig. 1 -~ Negatively stained electron micrograph of
INV-VLPs. The scale bar corresponds to 100 nm.
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Fig. 2 - Sensitivity of the ELISA kit for the detection of
INV-VLPs.

A commercially available ELISA kit was used for quantifi-
cation of rNV-VLPs. The sensitivity of the ELISA kit was
determined by using 0.5-logye-fold serial dilutions of the rNV-
VLP stock solution (see Section 2.2) with river water (Fig. 2). An
excellent linear correlation between the rNV-VLP concentra-
tion and absorbance was observed in the range from 10® to
10" VLPs/mL. The rNV-VLP quantification limit with the ELISA
kit was approximately 10° VLPs/mL (Fig. 2). This result
suggests that the INV-VLPs produced here could be quantified
by the commercially available ELISA kit.

The CsCl density of the fraction with the highest rNV-VLP
concentration, quantified by ELISA, was 1.28 g/cm® (Fig. 3),

meaning that the iNV-VLPs produced had a density of 1.28 g/em?.

Although this value was somewhat smaller than that of native
NV (1.38 g/cm®, Jiang et al,, 1992; 1.36-1.37 g/cm?, Utagawa et al,,
1994), probably owing to the lack of RNA, it is similar to the
previously reported values for INV-VLPs (1.31 g/em®, Jiang et al.,

1.2x104

8x10'°

4x10'°

rNV-VLPs concentration (VLPs/mL) .

1992;1.27 g/cm?®, Katayama et al., 2006). In addition, the density of
TNV-VLPs was smaller than that of either bacteriophage: the
CsCl densities of the fractions with the peak QB and MS2
concentrations, quantified by real-time RT-PCR method, were
142 and 140 g/cm?, respectively, roughly corresponding to
the densities previously reported for QB (146 g/cm?
Engelberg-Kulka et al., 1979) and MS2 (1.38 g/cm®, Kuzmanovic
et al,, 2003).

These results suggest that rNV-VLPs were successfully
produced by the baculovirus-silkworm expression system,
and that the produced rNV-VLPs were morphologically similar
to native NV. Accordingly, it is possible to estimate removal
performance for NV as particles of the coagulation-rapid sand
filtration process by using the rNV-VLPs produced here,

3.2.  Simultaneous removal of YNV-VLPs and
bacteriophages in the coagulation process

Fig. 4 shows the removal ratios (logi[C.o/Ces]) of the model
viruses (rNV-VLPs, QB, and MS2) after settling in the coagula-
tion process with PAC] at pH 6.8 (the measurement errors
were less than 0.1-log, for INV-VLPs, QB, and MS2). Because of
the small sizes of the model viruses and the stability resulting
from electrical repulsion in the river water, no removal (<0.1-
logso) of INV-VLPs or either bacteriophage was observed in the’
absence of a coagulant. Even with 20 gM-Al of PACI, no
removal was observed. In contrast, the coagulation process
removed model viruses at PAC] doses of 40 and 60 uM-Al This
result indicated that the stably monodispersed model viruses
in the river water were destabilized by the addition of PAC]
and became adsorbed to/entrapped in the aluminum floc
particles generated during the coagulation process, and then
the aluminum floc particles with the adsorbed/entrapped
model viruses settled from suspension by gravity during the
settling process. The removal ratios of INV-VLPs were only
<0.3-logyo at a PACI] dose of 20 pM-Al, whereas with a dose of
40 pM-Al or more the removal ratios significantly (P < 0.05)
increased to approximately 1-logyo for INV-VLPs. Increasing
PACI dose to more than 40 uM-Al also increased the removal
ratios of QB and MS2 to approximately 2-logyo, although no

4 6x10°

4x10°

4 2x10°

QB or MS2 concentration (particles/mL)

CsCl density (g/em®)

Fig. 3 - Densities of rNV-VLPs, Qf, and MS2 analyzed by CsCl density gradient. Circles, triangles, and diamonds represent

YNV-VLPs, QB, and MS2, respectively.



1312

WATER RESEARCH 44 (2010) 1307-1316

Logarithmic removal (Log4[Cco/Ccl)
[ )
T

. s B
20

Coagulant dose (uM-Al)

Fig. 4 - Effect of coagulant dose on :NV-VLP, QB, and MS2
removals after settling in the coagulation process with
PACI at pH 6.8. White, gray, and black columns represent
INV-VLPs, QB, and MS2, respectively. Values are means
and standard deviation of two or three replications.

significance (P = 0.06) was observed for QP (40 uM-Al) and MS2
(60 uM-Al). Accordingly, a PACI dose of 40 uM-Al is recom-
mended to remove the model viruses in the present coagula-
tion process. Similar trends were observed when alum and
FeCl; were used as the coagulant (data not shown),

To investigate the effect of coagulant type on the removals
of model viruses, the removal performances of the coagulation
process with a coagulant dose of 40 uM-Al or -Fe were
compared among rNV-VLPs, QB, and MS2 after settling (Fig. 5).
Because the optimal coagulation pH for FeCl, is generally lower
than that for aluminum coagulants (American Water Works
Association, 1990), the coagulation pH for FeCl; was adjusted
to5.8and 6.3 (data not shown) as well as to 6.8. The coagulation
processes with PAC] and FeCls (pH 5.8) obtained approximately
1-logyo removals of rNV-VLPs. These removals are somewhat
larger than those obtained with alum and FeCl; (pH 6.8)
although no significant difference between PACl and alum was
observed (P > 0.05). The efficacy of PACI for the removal of
negatively charged colloids, including viruses, compared with
that of alum is attributed to soluble polycationic species,
which are abundant in PACL Because the widely accepted
mechanism of negatively charged colloid removal is by charge
neutralization by soluble polycationic species such as
Al(OH)3", Al(OH)3*, and Al;304(0H)3¢ (Stewart et al,, 2009),
the difference in the abundances of polycationic species
probably can explain the differences in the characteristics of
the aluminum floc particles generated during the coagulation
process between PACl and alum. In fact, Gregory and Dupont
{2001) reported that aluminum floc particles formed with PAC]
are larger, stronger, and more readily separated by the settling
process than those formed with alum. Accordingly, PACI could
more effectively remove the rNV-VLPs than alum.

Logarithmic removal (Log;o[C.o/C,])
™~
T

rNV-VLPs MS2

Fig. 5 - Effect of coagulant type on the removals of INV-
VLPs, QB, and MS2 after settling in the coagulation process.
White, light gray, dark gray, and black columns represent
PACI (pH 6.8), alum (pH 6.8), FeCl; (pH 5.8), and FeCl; (pH 6.8),
respectively. Values are means and standard deviation of
two or three replications for PAC] and three or four
replications for alum. Values for FeCl, were determined
from one experiment. Coagulant dose was 40 uM-Al or -Fe,

FeCls (pH 5.8) also removed rNV-VLPs more effectively than
alum in the present coagulation process. Rao et al. (1988)
investigated the removal performance for hepatitis A virus and
poliovirus during the coagulation process, and demonstrated
that greater removals of both viruses were obtained with FeCls
than with alum. Chang et al. (1958) also reported effective
removal of coxsackie virus with FeCls;, and floc particles
formed with FeCl; were more compact and settled more
rapidly than those formed with alum. T herefore, the difference
in the characteristics of the floc particles between FeCl; (pH
5.8) and alum led to the difference in rNV-VLP removal
performances in the present coagulation process. However,
FeCl; could not effectively remove rNV-VLPs at pH 6.8: the
removal ratio of rNV-VLPs decreased as pH increased, with
removal performance in the order pH 5.8 > 6.3 > 6.8. Abbas-
zadegan et al. (2007) and Mayer et al. (2008) irivestigated the
effect of pH on the removal of five viruses, including FCV,
during enhanced coagulation processes with FeCls; they
reported that the removal ratios of these viruses were
improved as pH decreased (optimum pH range 5-6). Our find-
ings are consistent with these previous results.

The removal performance for QB obtained with PACI was
higher than that obtained with alum or FeCl;. By comparison,
approximately 2-log,o removals of MS2 were achieved with all
coagulant types except FeCly {pH 6.8). Consequently, PACI
more effectively removed the model viruses than alum or
FeCl; in the present coagulation process. Additionally, it was
difficult to remove the model viruses with FeCl; at pH 6.8,
although the removal performances for rNV-VLPs and MS2
with FeCl; at pH 5.8 were equal to those with PACL
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Differences in the removal performances among rNV-VLPs,
QB, and MS2 were observed in the coagulation process:
although the removal ratio of QB was similar to that of INV-
VLPs at a coagulant dose of 40 uM-Al or -Fe, the removal ratio of
MS2 was approximately 1-log,, larger than that of INV-VLPs
(Fig. 5). In general, the surface charge on virus particles is often
invoked to explain virus removal by physicochemical water
treatment processes, including coagulation processes (Mat-
sushita et al., 2004): more negatively charged viruses may resist
aggregation, with the result that they are more difficult to
destabilize and aggregate by charge neutralization during the
coagulation process than less negatively charged viruses.
However, INV-VLPs were less negative than QB or MS2 in the
filtered river water at pH 6.8 (Fig. 6), a result that is not in
accordance with a previous result in which rNV-VLPs were
more negative than MS2 in an NaCl solution at around pH 7
(Redman et al., 1997), possibly owing to the difference in the
electrolyte solution. The difference in electrophoretic mobility
among the model viruses did not strongly affect removal
performances in our study. We imagine that the differences in
other characteristics of the model viruses, such as hydropho-
bicity, affected the removal performances of the coagulation
process. Because the hydrophobic force contributes to the

- adsorption of protein on aluminum phosphate adjuvant (Al-
Shakhshir et al, 1995), the difference in hydrophobicity among

surface proteins of the model viruses might cause differences

in the interaction between surface proteins and the floc parti-
cles generated during the coagulation process. Further inves-
tigation is needed.

Much discussion of possible surrogates for pathogenic
waterborne viruses in the aquatic environment has not yet
resulted in any overall agreement. MS2 has been widely used as
a surrogate for pathogenic waterborne viruses in coagulation
treatments (Nasser et al, 1995; Abbaszadegan et al., 2007;
Mayer et al., 2008; Shirasaki et al., 2009), mainly because of its
morphological similarities to those viruses. However, as

-1+

Electrophoretic mobility ((Wm/s)/(V/cm))

rNV-VLPs

Fig. 6 - Electrophoretic mobility of INV-VLPs, QB, and MS2
in filtered river water.

described above, the removal performance for MS2 was
approximately 1-logyo larger than that for rNV-VLPs in the
present coagulation process, meaning that the removal
performances for native NV would be overestimated if MS2
were selected as a surrogate for native NV. Accordingly, MS2 is
not recommended as an appropriate surrogate for native NV.
By comparison, although the removal performance for QB was
similar to that for INV-VLPs at a coagulant dose of 40 uM-Al or
-Fe {Fig. 5), the removal performance for QB was somewhat
larger than that for INV-VLPs at PACI dose of 60 pM-Al (Fig. 4).
Therefore, QB also is not recommended as an approprlate
surrogate for native NV.

3.3. Simultaneous removal of rNV-VLPs and
bacteriophages in the coagulation-rapid sand filtration
process

Fig. 7 shows the removal ratios {10g10[Cco/Ces] + 10g10[Cro/Cr])
for model viruses in the coagulation-rapid sand filtration
process with PACI at pH 6.8. Because the removal ratios of
model viruses in the coagulation-rapid sand filtration process
were almost constant during the filtration, the removal ratios
in Fig. 7 are represented by the averages of the values after 15
and 30 min filtration. Even though the rapid sand filtration
process was introduced after the coagulation process, no
removal (<0.1-log;g) of INV-VLPs or either bacteriophage was
observed in the absence of a coagulant. Even with the PACI
dose of 20 pM-Al, no removal was observed. In contrast,
improvement of removal ratios of the model viruses were
observed in the rapid sand filtration process at PACI doses of
40 and 60 pM-Al compared with the coagulation process alone
(Fig. 4). Therefore, the entrapped model viruses in the sus-
pended aluminum floc particles were effectively removed

Logarithmic removal (log;,[C/C] + log,[Cro/Crt])

40
Coagulant dose (uM-Al)

Fig. 7 - Effect of coagulant dose on INV-VLP, QB, and MS2
removals in the coagulation-rapid sand filtration process
with PACI at pH 6.8. White, gray, and black columns
represent INV-VLPs, QB, and MS2, respectively. Values are
means and standard deviation of two or three replications.
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by the subsequent rapid sand filtration process. Even mono-
dispersed model viruses might have been adsorbed to the
negatively charged sand surface by the electrostatic attractive
force/van der Waals attractive force, because the surface
charges of the model viruses probably changed from negative
to neutral or positive by charge neutralization during the
coagulation process. The removal ratio of rNV-VLPs was
increased more by the introduction of the rapid sand filtration
process than were those of Qf and MS2 at PACl doses of 40 and
60 uM-Al: an -approximately 2-log;, improvement was
obtained for rNV-VLPs, whereas approximately 0.5-logy,
improvements were obtained for the two bacteriophages. In
the sandy aquifer treatment process, many factors affect virus
adsorption. Dowd et al. (1998) demonstrated that the larger
bacteriophages PRD1 and PM2 (60-63 nm) show greater
retardation than the smaller bacteriophages QB, MS2, and
X174 (24-27 nm). Our findings agree with this previous result:
the removal ratio of INV-VLPs (35.7 + 3.2 nm) was larger than
those of QB and MS2 (24-26 nm), as described above. Accord-
ingly, a difference in the particle diameter between rNV-VLPs
and the two bacteriophages possibly affected the removal
performance in the present rapid sand filtration process. In
addition, Redman et al. (1997) reported that the removal ratio
of less negatively charged rNV-VLPs was higher than that of
more negatively charged ones owing to the reduction of
electrostatic repulsive interactions between rNV-VLPs and the
negatively charged sand surface. Although the electrophoretic
mobility of rNV-VLPs and both bacteriophages after the
coagulation process was not measured, a difference in the
surface charge between rNV-VLPs and the bacteriophages
after the coagulation process also might have affected
removal performance in the present rapid sand filtration
process.

Ultimately, the removal ratios of model viruses were only
<0.3-log;o at a PACI dose of 20 yM-Al, whereas, with a dose of
40 uM-Al or more, the removals significantly (P < 0.05)
increased to approximately 2-3-log;, for INV-VLPs, QB, and
MS2 in the present coagulation-rapid sand filtration process.
Accordingly, a PACI dose of 40 yM-Al is recommended to
remove the model viruses in this coagulation-rapid sand
filtration process. Similar trends were observed when alum
and FeCl; were used as the coagulant (data not shown).

To investigate the effect of coagulant type on the removals
of model viruses, the removal performances for INV-VLPs, QB,
and MS2 were compared in the coagulation-rapid sand
process between a 40 uM-Al and a 40 pM-Fe of coagulant dose
(Fig. 8). The coagulation-rapid sand filtration process with
PACl and FeCl; {pH 5.8) achieved approximately 3-logjo
removals of INV-VLPs, whereas the removal ratios of rNV-
VLPs obtained with alum and FeCl; (pH 6.8) were smaller; in

- particular, only a 0.5-log;o removal was observed with FeCl; -

(pH 6.8). In addition, a significant difference between PACl and
alum was observed (P < 0,05). By comparison, the removal
ratio of QB with FeCl; (pH 5.8) was the highest obtained, fol-
lowed by those obtained with PACI, alum, and FeCls (pH 6.8). A
similar trend was observed with MS2. Consequently, FeCl; (pH
5.8) more effectively removed model viruses than PACI or
alum in the present coagulation-rapid sand filtration process,
although a decreased coagulation pH is required when FeCls is
used as the coagulant compared with the use of PACI or alum.

Logarithmic removal (log;[C.o/C.] + 10g,,[C./C.c])
o
1

rNV-VLPs Qp ' MS2

Fig. 8 - Effect of coagulant type on removal of INV-VLPs, Q8,
and MS2 in the coagulation-rapid sand filtration process.
White, light gray, dark gray, and black columns represent
PACI (pH 6.8), alum (pH 6.8), FeCl; (pH 5.8), and FeCl; (pH 6.8),
respectively. Values are means and standard deviation of
two or three replications for PACI and three or four
replications for alum. Values for FeCl; were determined
from one experiment. Coagulant dose was 40 yM-Al or -Fe.

The removal performance for MS2 was somewhat larger
than that for INV-VLPs in the present coagulation-rapid sand

“filtration process. Accordingly, MS2 is not recommended as an

appropriate surrogate for native NV. By comparison, the
removal performance for QB was similar to, or smaller than,
that for INV-VLPs at a coagulant dose of 40 pM-Al or -Fe (Fig. 8).
However, the removal performances for rNV-VLPs and QB
differed between each unit process, ie., the coagulation
process removed Qf rather than rNV-VLPs, while vice versa in
the following rapid sand filtration process. Accordingly, QB
also is not recommended as an appropriate surrogate for
native NV, even though its removal ratio in total unit process
was similar to, or smaller than, that of INV-VLPs at any
condition. To propose appropriate surrogates, further inves-
tigation is needed.

According to the U.S. Environmental Protection Agency
(USEPA) National Primary Drinking Water Standards (USEPA,
2001), enteric viruses must be removed or inactivated by
4-logye from source water by filtration, disinfection, or
a combination of these technologies. This 4-log;o removal ratio
was not obtained for *NV-VLPs by the present coagulation—
rapid sand filtration process alone. To achieve 4-log;o removal
or inactivation of native NV, further separation or disinfection
processes will be required after coagulation-rapid sand filtra-
tion. On the other hand, virucidal activity of PACI during the
coagulation process has been reported by our research group
(Matsui et al,, 2003; Matsushita et al., 2004; Shirasaki et al.,
2009): an approximately 4-log,, difference between the total
(infectious + inactivated) concentration measured by real-
time RT-PCR method and the infectious concentration
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measured by the PFU method has been observed during the
coagulation process (Shirasaki et al.,, 2009), indicating that
some of the bacteriophages were probably inactivated by PACL
Because rNV-VLPs lack RNA, which is necessary for infection
and replication in host cells, we cannot discuss the fate of
infectivity of NV in the treatment process. If PAC! exhibits
virucidal activity for native NV as well as for bacteriophages,
>4-log;o removal {including inactivation) of native NV might
be achieved during coagulation-rapid sand filtration.

4, Conclusions

(1) Application of INV-VLPs in laboratory-scale experiments
enabled us to estimate the removal performance of the
coagulation-rapid sand filtration process for NV as
particles.

(2) The coagulation-rapid sand filtration process with PACland
FeCl; (pH 5.8) at a coagulant dose of 40 uM-Al or -Fe achieved
approximately 3-log;o removals of INV-VLPs—larger than
those achieved with alum or FeCl; (pH 6.8).

(3) The removal performance for MS2 was somewhat larger
than that for rNV-VLPs in the coagulation-rapid sand
filtration process. Accordingly, MS2 is not recommended
as an appropriate surrogate for native NV. By comparison,
the removal performance for Qf was similar to, or smaller
than, that for rNV-VLPs. However, the removal perfor-
mances for INV-VLPs and QB differed between the coagu-
lation process and the following rapid sand filtration
process. Therefore, QB also is not recommended as an
appropriate surrogate for native NV.
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AR T, HESERPEMY IR TWRVE M) o VA LV ADBELROAENSY, th/ oy LR
DHEF 7 BF (NV-VLPs) ZHWAZ LT > THMBELE. £, BERETA L RORSEE L
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b, RCAYTIANAFHIB L, A RRIETL S

NTCNWE<UR /2 a A LA Rap Yoo x>,
A XA YT NAERE A L ADREBIEE
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BIF (INV-VLPs: recombinant Norovirus-Virus Like Particles)
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%, BITREZITV, Mili-QKIZ/Ny 77 —BIRT5H
& TINV-VLPsO @IRERFRE BT, 2k, =y o
BT LM X BINV-VLPsORERUT X b, BEX 37
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F-1. T34 —&TO—JTDEREF

Coliphage ) Oligonucleotide sequences Positions References
Forward primer 5-TCA AGC CGT GAT AGT CGT TCC TC-¥' 49-71
Qp Reverse primer 5-AAT CGT TGG CAA TGG AAA GTG C-3' 187-208 21)
TaqMan probe 5'-CGA GCC GCG AAC ACA AGA ATT GA-3 147-169
Forward primer 5“GTC GCG GTA ATT GGC GC-3' 632-648
MS2 Reverse primer 5-GGC CAC GTG TTT TGA TCG A-3' 690-708 22)
TaqMan probe 5“AGG CGC TCC GCT ACC TTG CCC T-3' 650-671

THFER LT T4 ~—B L0 0 —7 OEEEF| 231
{9, 7238, PCREUGE, 50°CT205RIB L 195°CT
105 FOMEETT o721, 95°CTISFE & 60°CT14 T
OB T A 7 VEOEREY IR LTz, 2B, A TT
21T T v VR, KIBE T 7 — QB LT
MS2D75E T SFERIBENBRC 13965)% AV o7z
B, Hibd 2 FIEEFRINEER OQBE L UMS2IREE 24|
MEET DI ENTERM-To. D0, HRIEEN
AlRe7R V) TV # A ART-PCRIEEIEIC T RIBEE ISR
DPBLUOMS2EELTEE L.
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RFET7 7 — VOB RTTM U7z, R L 72NV-
VLPs#10" VLPYmL, KHEBE 77— QBk Z UMS2% 10°
PFUMLIZ 72 5 X 5 I EFFRIN U 7z AbHEE AR iS5
7K GLIETI KB REEEERKBIEK: pH 72, DOC 08
mg/L, OD260 0019 ecm’, ¥REE 06 NTU, 74 Y EE 172
mg-CaCOyL) ZFUKE L, B—H—iZ400 mLEM L7,
TIIS, BEAIE LTRUEAET LI =T A (PAC,
ZALT) , BBV R (Am, 2AR(EF) , HLE
T8k (FeCl, FLHEE) DVFIA3%20 pM (054 mg-
AlL or L12 mgFell) , 40 uM (1.08 mg-AlL or 224 mg-
FelL) , 60pM (162 mg-AlL or 336 mgFell) (72555
WZEHIL, EBICHCH U< 13NaOHIZ TpHA 583 5\
FIEBICTREE L7, Tha s 2 MV TG00 122
STRIEOERER, 20 SIS CBATEREERRE L, 2055TeE
Ll 28, BE#ROPHE{LNRKTO2BETH -7
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UK, SO, SRR, BERICERL, NV-
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(3) ETiAMREE
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AT 4 THEE L AR E TR BR LT
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Uv b 4004y, BEEM) IZHML, 15070EE
THIETNV-VLPsE 7 U MIRESE-. KEO
INV-VLPs?E iR % AEAWTZ Y v b Erno R L=

%, BBIRELT2%Y 727 B (pH 55) 10
WLEZ 7Y » MIEINL, 4SBRHETL T Y v
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Evaluation of Removal Performance of Human Norovirus during Drinking Water
Treatment Process by using Recombinant Norovirus VLPs

Nobutaka SHIRASAKI', Taku MATSUSHITA', Yoshihiko MATSUT',
Atsushi OSHIBA!, Toshifumi URASAKI' and Koichi OHNO'

'Division of Built Environment, Graduate School of Engineering, Hokkaido University

Norovirus (NV) is the prototype strains of a group of human caliciviruses responsible for epidemic
outbreaks of acute gastroenteritis in the worldwide. As a result of the lack of a mammalian cell culture
model for this virus, the studies on drinking water treatment such as separation and disinfection processes
are still hampered. In the present study, we tried to investigate the removal performance of NV as
particles during the coagulation-sedimentation -process by using recombinant NV virus-like particles
(rNV-VLPs) that are morphologically and antigenically similar to native NV. In addition, the behaviors of
bacteriophage QB and MS2 were also experimentally investigated to be compared with that of INV-VLPs,
and then to discuss the suitability of these bacteriophages as surrogates for NV. Approximately 1-log
removal was observed for rNV-VLPs with 40 puM-Al of polyaluminum chloride dosage in the
coagulation—sedimentation process. In addition, the removal ratios of MS2 were approximately 1-log
larger than that of rNV-VLPs and Q. Accordingly, QB is more suitable surrogates for native NV
compared to the MS2 in the coagulation—sedimentation process. '
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ABSTRAGCT

Differences in the behaviors of two surrogates. for pathogenic waterborne viruses, F-
specific RNA bacteriophages QB and MS2, were investigated during the coagulation process
by using river water spiked with these bacteriophages. The particle size and electropho-
retic mobility of QB and MS2 were similar, but the removal performances of infectious Qp
and MS2, as measured by a plaque forming unit (PFU) method, differed markedly during
the coagulation process. The removal ratio of the infectious QB concentration was
approximately 2 log higher than that of the infectious MS2 concentration at all coagulant
doses tested. The total QB and MS2 bacteriophage concentrations, which were measured by
a real-time reverse transcription-polymerase chain reaction (RT-PCR) method and repre-
sented the total number of bacteriophages regardless of their infectivity, were similar after
the coagulation process, suggesting that the behaviors of QB and MS2 as particles were
similar during the coagulation process. The difference between total concentration and
infectious concentration indicated that some of the bacteriophages were probably inacti-
vated during the coagulation process. This difference was larger for Q than MS2, meaning
that QB was more sensitive to the virucidal activity of the aluminum coagulant. Analysis of
the PFU and real-time RT-PCR findings together suggested that the difference in removal
performances of QB and MS2 during the coagulation process was probably caused by
differences not in the extent of bacteriophage entrapment in the aluminum floc particles
but in the sensitivity to virucidal activity of the aluminum coagulant.

® 2008 Elsevier Ltd. All rights reserved.

1. Introduction

coagulation process for the removal of enteric viruses and
bacteriophages, which are viruses that infect bacteria (Guy

. During drinking water treatment, coagulation is an essential
process for combining small particles into larger aggregates.
Small particles in the drinking water source, such as viruses,
that will not settle from suspension by gravity are destabilized
and combined into larger aggregates during the coagulation
process; this allows the small particles to be effectively
removed by subsequent sedimentation and filtration
processes. Several studies have reported the usefulness of the

* Corresponding author. Tel.: +81 11 706 7281; fax: +81 11 706 7279.

E-mail address: nobutaka@eng hokudai.ac.jp (N. Shirasaki).

et al,, 1977; Havelaar et al,, 1995; Nasser et al., 1995).

Some bacteriophages have been evaluated as possible
indicators for enteric viruses. For instance, F-specific RNA
bacteriophage concentrations are highly correlated with those
of enteric viruses in a wide range of water environments and
water treatment processes (Havelaar et al.,, 1993). Because of
their morphological similarity to hepatitis A viruses and
polioviruses, F-specific RNA bacteriophage MS2 is widely used

0043-1354/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2008,11.002
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as a surrogate for pathogenic waterborne viruses in Europe
and the United States (Jacangelo et al., 1995; Meng and Gerba,
1996; Redman et al,, 1997; Shin and Sobsey, 1998, 2003; Sobsey
et al, 1998; Meschke and Sobsey, 2003; Thurston-Enriquez
et al, 2003; Zhu et al, 2005; Fiksdal and Leiknes, 2006},
whereas the F-specific RNA bacteriophage QB tends to be used
as a surrogate in Japan (Kamiko and Ohgaki, 1989; Urase et al.,
1996; Otaki et al., 1998).

" Previous studies have compared the behaviors of QB and
MS2 in the physicochemical treatment process. Their behav-
iors are similar in the process of adsorption onto solid surfaces
(such as cellulose, kaolin, carbon black and river sediment;
Sakoda et al,, 1997), the sandy aquifer treatment process
(Dowd et al,, 1998), and the direct microfiltration treatment
process (Herath et al., 2000), whereas the sensitivities of QB
and MS2 to ultraviolet radiation are significantly different
(Blatchley et al., 2008). The behaviors of these two bacterio-
phages in the coagulation process may be different as well,
although these differences have not been investigated except
for previous studies of our research group (Matsui et al., 2003;
Matsushita et al., 2004). If significant differences do exist, then
QB and MS2 cannot be used as equivalent surrogates to eval-
uate the effectiveness of treatment processes for the removal
of pathogenic waterborne viruses.

Virucidal activity during the water treatment process has
been widely investigated. Ultraviolet radiation (Kamiko and
Ohgaki, 1989; Meng and Gerba, 1996; Sobsey et al, 1998;
Thurston-Enriquez et al., 2003) as well as disinfectants such as
free chlorine, chlorine dioxide (Sobsey et al.,, 1998), chlora-
mines (Shin and Sobsey, 1998) and ozone (Shin and Sobsey,
2003) are well known to inactivate viruses. Our research group
has reported the virucidal activity of aluminum coagulant
(Matsui et al., 2003; Matsushita et al., 2004). In our previous
studies, we used the plaque forming unit (PFU) method in an

_attempt to determine the mechanisms and kinetics of the
virucidal activity of aluminum coagulant. During coagulation
of the virus suspension, although the majority of viruses were
entrapped in the aluminum floc particles, some of the viruses
remained suspended in the liquid phase. Not all the sus-
pended viruses were infectious; some were likely inactivated
by the virucidal activity of aluminum coagulant. Thus, virus
removal during the coagulation process includes two mech-
anisms: entrapment in floc particles and inactivation. The PFU
method, however, can detect neither the viruses entrapped in
the floc particles nor the inactivated viruses judging from its
measurement principle. Therefore, even though the virus
concentration measured by the PFU method decreases in the
liquid phase during the coagulation process, it remains
unclear whether the decrease results from the entrapment in
floc particles, inactivation, or both.

The reverse transcription-polymerase chain reaction
(RT-PCR) method is capable of amplifying small regions of
viral nucleic acid. Thus, RT-PCR can detect infectious as well
asinactivated viruses, unless the target nucleic acid is lost, but
not all viruses entrapped in the floc particles can be detected
by this method. Calculation of the concentration of entrapped
virus particles simply entails subtracting the concentration of
total viruses including infectious and inactivated viruses in
the liquid phase, as determined by RT-PCR, from the total
virus concentration as measured in the raw water. Likewise,

subtracting the concentration of infectious viruses, as deter-
mined by the PFU method, from the total virus concentration,
as determined by RT-PCR, gives the number of inactivated
viruses. Therefore, combining the PFU and RT-PCR methods
allows entrapped viruses and inactivated viruses in the
coagulation process to be clearly distinguished.

Our objectives were to investigate and compare the
behaviors of two bacteriophages, QB and MS2, during the
coagulation process by using both PFU and real-time RT-FCR
methods and to elucidate what caused the differences.

2, Materials and methods
2.1.  Source water and coagulant

River water was sampled from the Toyohira River (Sapporo,
Japan; water quality shown in Table 1) on 12 October 2007,
Polyaluminum chloride (PACl) (250A; 10.5% ALOs, relative
density 1.2 at 20 °C; Taki Chemical Co., Ltd., Hyogo, Japan) was
used for coagulation experiments.

2.2.  Bacteriophages

The bacteriophages QB (NBRC 20012) and MS2 (NBRC 102619)
were obtained from the NITE Biological Research Center
(NBRC, Chiba, Japan). QB is the prototype member of the genus
Allolevivirus in the virus family Leviviridae, and MS2 is the
prototype member of the genus Levivirus in the Leviviridae. The
genomes of these two bacteriophages contain a single mole-
cule of linear positive-sense, single-stranded RNA, which is
encapsulated in an icosahedral protein capsid with a diameter
of 24-26 nm (The Universal Virus Database of the Interna-
tional Committee on Taxonomy of Viruses). Each bacterio-
phage was propagated for 22-24 h at 37 °C in Escherichia coli
(NBRC 13965) obtained from NBRC. The bacteriophage culture
solution was centrifuged (2000xg, 10 min) and then passed
through a membrane filter (pore size 0.45um, hydrophilic
cellulose acetate; Dismic-25cs, Toyo Roshi Kaisha, Ltd., Tokyo,
Japan). The filtrate was purified by using a centrifugal filter
device (molecular weight cutoff 100,000, regenerated cellu-
lose; Centriplus-100, Millipore Corp., Billerica, MA, USA) to
prepare the bacteriophage stock solution. The concentration
of each bacteriophage stock solution was approximately
10" PFU/mL.

2.3.  Batch coagulation experiments

Batch coagulation experiments were conducted with 200 mL
of bacteriophage-spiked river water in glass beakers at 20 °C.
The bacteriophage stock solution was added to the beaker at

Table 1 - Water quality of the Toyohira River.
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approximately 10° or 108 PFU/mL and mixed with an impeller
stirrer. PACl was injected into the water as a coagulant at
dosages of 0.54, 1.08 or 1.62 mg-Al/L. The pH of the water was
immediately adjusted to, and maintained at, 6.8 using HCL.
The water was stirred rapidly for 2 min (G=2005s"%, 61 rpm)
and then slowly for 28 min (G =20 577, 13 rpm). The water was
then left at rest for 20 min to settle the aluminum floc particles
generated. Samples were taken from the beaker before coag-
ulant dosing and after rapid mixing, slow mixing, and settling
for quantification of the bacteriophage concentrations.

To quantify the bacteriophage concentration in the liquid
phase of the floc mixture, the suspended floc particles were
separated from the mixture by centrifugation (2000xg,
10 min), and the bacteriophage concentration in the super-
natant was measured by the PFU and the real-time RT-PCR
methods (see Section 2.4),

In addition, to quantify the bacteriophage concentration in
the floc particles, the particles were dissolved by raising the
pH of the water to 9.5 with NaOH in 12% beef extract (Kyokuto
Pharmaceutical Industrial Co., Ltd., Tokyo, Japan) solution and
the water was vortexed for 5h at 4 °C by using direct mixer
(DM-301, As One Corp., Osaka, Japan) at 2000 rpm. Beef extract
was used in an effort to prevent the inactivation of bacterio-
phages during floc dissolution (Matsui et al., 2003). Samples of
raw water and rapid mixing were taken from the beaker
directly for the floc dissolution, because these samples were
considered to be mixed completely during the sampling. In
contrast, the floc particles settled during the coagulation
process were resuspended after the settling process by strong
mixing with a magnetic stirrer at 1400 rpm for subsequent
sampling and floc dissolution (floc dissolution procedure was
described above). After floc dissolution, the bacteriophage
concentration in the sample was measured by the PFU and
real-time RT-PCR methods.

Because substances such as natural organic matter
(Abbaszadegan et al., 1993; Kreader, 1996) and beef extract
(Abbaszadegan et al., 1993; Sano et al.,, 2003) are known to
inhibit the amplification of the viral genome by PCR, each
sample was diluted 10-fold with Milli-Q water (Milli-Q

.Advantage, Millipore Corp.) before the real-time RT-PCR
quantification.

2.4.  Bacteriophage assays

2.4.1. PFU method

The infectious bacteriophages were enumerated according to
the double-layer method (Adams, 1959) by using the bacterial
host E. coli (NBRC 13965). The average of plaque counts of
triplicate plates prepared from one sample was considered as
the infectious bacteriophage concentration.

2.4.2. Real-time RT-PCR method

Viral RNA of bacteriophages was quantified by the real-time
RT-PCR method, which detects viruses regardless of their
infectivity. We defined concentration measured by the real-
time RT-PCR method as total bacteriophage concentration. For
quantification of bacteriophages in the raw water and liquid
phase of the floc mixture, viral RNA was extracted from 140 uL
of sample with a QlAamp Viral RNA Mini Kit (Qiagen KX,
Tokyo, Japan) to obtain a final volume of 60pulL. For

quantification of bacteriophages in the floc dissolution sample
containing beef extract, a 100-uL sample was heated at 90 °C
for 10 min and then cooled to 4 °C for 1 min in a thermal cycler
(Thermal Cycler Dice Model TP600, Takara Bio Inc., Shiga,
Japan) to extract viral RNA by destroying the capsid. The
extracted RNA solution was added to a High Capacity ¢<cDNA
Reverse Transcription Kit with RNase Inhibitor (Applied Bio-
systems Japan Ltd., Tokyo, Japan) for the RT reaction, which
was conducted at 25 °C for 10 min, 37 °C for 120 min, and 85 °C
for 5 s, followed by cooling to 4 °C in the thermal cycler. The
¢DNA solution was then amplified by a TagMan Universal PCR
Master Mix with UNG (Applied Biosystems Japan Ltd.), 400 nM
of each primer (HQ-SEQ grade, Takara Rio Inc.}, and 250 nM of
TagMan probe (Applied Biosystems Japan Ltd.). The oligonu-
cleotide sequences of the primers and the probes are shownin
Table 2. Amplification was conducted at 50°C for 2 min, 95 °C
for 10 min, and then 50 cycles of 95 °C for 15 s and 60 °C for
1min in an ABI Prism 7000 Sequence Detection System
(Applied Biosystems Japan Ltd.).

The standard curve for the real-time RT-PCR method was
based on the relationship between the infectious bacterio-
phage concentration of a freshly prepared stock solution
measured by the PFU method and the number of cycles for
amplification in the PCR process, which is based on the
assumption that the freshly prepared stock solution did not
contain any inactivated bacteriophages.

2.5. Particle size distribution

Particle size distribution of bacteriophages was measured in
prepared Milli-Q water and filtered river water. To bring the
alkalinity to 20 mg-CaCO3/L, 0.4 mM NaHCO; was added to the
Milli-Q water, and the pH of was adjusted to 6.8 with HC). River
water was filtered through a stirred ultrafiltration cell (Model
8400, Millipore Corp.) with ultrafiltration membrane (molec-
ular weight cutoff 100,000, regenerated cellulose; Ultrafiltra-
tion Disks, YM-100, Millipore Corp.) to exclude the large
particles, and the pH was adjusted to 6.8 with HCl. The Milli-Q
and river water samples were kept for 1 day at 20 °C to stabilize
the pH. Just before the measurement of particle size distribu-
tion, each bacteriophage was suspended at approximately
10'° PFU/mL in the prepared Milli-Q water or filtered river
water using the bacteriophage stock solution. The particle size
distribution of the bacteriophages was measured with a fiber-
optic dynamic light-scattering spectrophotometer (FDLS-3000,
Otsuka Electronics Co., Ltd., Osaka, Japan) 200 or 400 times for
each sample at 25 °C and at a 90° measurement angle.

2.6.  Electrophoretic mobility

In Milli-Q water and river water prepared as described in
Section 2.5, an electrophoretic light-scattering spectropho-
tometer (ELS-6000, Otsuka Electronics Co., Ltd.) was used to
measure electrophoretic mobility. Just before the measure-
ment, each bacteriophage was suspended at approximately

'10'° PFU/mL in the prepared Milli-Q water or filtered river

water using the bacteriophage stock solution. The electro-
phoretic mobility of the bacteriophages was measured 25
times for each sample at 25°C and at a 15° measurement
angle.
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3. Results and discussion
3.1. Particle size distribution

Fig. 1shows the particle size distributions of QB and MS2 in the
prepared Milli-Q water and filtered river water at pH 6.8. In
both the Milli-Q and river water, the particle sizes were
distributed over the range of 20-30 nm. These values corre-
spond with the particle diameters previously reported for Q
and MS2 (The Universal Virus Database of the International
Committee on Taxonomy of Viruses). Thus, we can assume
that no virus-virus aggregate was generated and these two
bacteriophages were stably monodispersed in the raw water
used (without coagulant dosing).

Langlet et al. (2008) reported that QB had a tendency to
aggregate in solutions with high ionic strength: QB aggregated in
deionized water with 100 mM NaNO; at neutral pH (ionic
‘strength, approximately 1 x 107%), whereas it did not aggregate
in deionized water with 1 mM NaNO; (ionic strength, approxi-
mately 1 x 10~%). The ionic strength of both our prepared Milli-Q
water and the filtered river water was approximately 1 x 1073,
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Fig. 1 - Particle size distribution of QB (white) and MS2
(gray) in the prepared Milli-Q water (circles) and filtered
river water (diamonds), based on the number of particles.
Values are the means of 200 or 400 measurements.
Bacteriophage concentration in each sample was
approximately 10'° PFU/mL.

3.2.  Effect of coagulant dose on infectious bacteriophage
removal :

Fig. 2 shows the effect of coagulant dose on infectious bacte-
riophage removal, as measured by the PFU method after
settling without centrifugal separation. ' Bacteriophage
removal was not observed without PAC] dosing, and the
removal ratio of infectious bacteriophages (log[Cy/C])
increased with coagulant dose. At a PACI dose of more than
1.08 mg-Al/L, more than 2-log removal of infectious bacterio-
phage was achieved for both QB and MS2. Therefore, the
coagulation process is effective for the removal of infectious
bacteriophages. Other studies have reported the usefulness of
the coagulation process for removing infectious enteric
viruses and infectious bacteriophages (Guy et al., 1977; Have-
laar et al., 1995; Nasser et al., 1995).

In our study, however, the removal performances of Qp
and MS2 were quite different. The removal ratio of infectious
QB was approximately 2 log higher than that of infectious MS2
at each of the PACI doses tested. This difference is detailed in
the following section.

Logarithmic infectious bacteriophage
removal (log([Cy/C]))

0 1 i 1 H
0 05 1 15 2

Coagulant dose (mg-AVL)

Fig. 2 - Effect of coagulant dose (0.54, 1.08 or 1.62 mg-Al/L)
on infectious bacteriophage removal after settling without
centrifugal separation. White and gray symbols represent
Qf and MS2, respectively. Initial bacteriophage
concentrations in raw water were approximately 106
PFU/mL.



