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Quantification of bacteriophages

Viral RNA of the bacteriophages was quantified by real-
time RT-PCR. Viral RNA was extracted from 200 uL of
sample with a QIAamp MinElute Virus Spin 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 RT
reaction, which was conducted at 25°C for 10 min, 37°C for
120 min, and 85°C for 55, followed by cooling to 4°C in the
thermal cycler (Thermal Cycler Dice Model TP600, Takara
Bio Inc., Shiga, Japan). The c¢cDNA solution was then
amplified by a TagMan Universal PCR Master Mix with
UNG (Applied Biosystems Japan Ltd.), 400nM of each
primer (HQ-SEQ grade, Takara Bio Inc.), and 250nM of
TagMan probe (Applied Biosystems Japan Ltd.). The
oligonucleotide sequences of the primers and the probes
are shown in Table 2. Amplification was conducted at 50°C
for 2min, 95°C for 10min, and then 40 cycles of 95°C for
15s and 60°C for 1min 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
bacteriophage 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.

Coagulation-ceramic MF process

Batch coagulation experiments were conducted with
400 mL of river water in glass beakers at 20°C. rNV-VLPs,
QB, and MS2 were simultaneously added to the
beakers at approximately 10! VLPs/mL and 10® PFU/mL,

respectively, and mixed with an impeller stirrer. PACI or
alum was injected into the water as the coagulant at a dose
of 0.54 or 1.08mg-Al/L. The pH of the water was
immediately adjusted to, and maintained at, 6.8 using HCI
or NaOH. The water was stirred rapidly for 2min
(G=200s"") and then slowly for 28min (G =20s7}).
The water was then left at rest for 20min to allow the
generated aluminium floc particles to settle. The supernatant
was fed through a ceramic MF membrane by a peristaltic
pump at 83L/(m%h). The raw water (C,; before coagulant
dosing) and the MF permeate (C; after 15, 30, 60, 90, and
120 min of filtration) was collected for quantification of
the rNV-VLPs, QB, and MS2.

Electron microscopy

rNV-VLPs were observed with an electron microscope.
Ten microlitres of TINV-VLP stock solution was put on a
400-mesh copper grid with a collodion membrane (Nissin
EM Corp., Tokyo, Japan) and adsorbed to the grid for
1min. Excess solution on the grid was drained from the
side of the grid with filter paper, and rNV-VLPs were
negatively stained with 10pL of 2% phosphotungstic
acid (pH 5.5) for 45s. 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). Particle diameter of rNV-VLPs
was expressed as the mean and standard deviation of any
10 particles on the electron micrograph.

RESULTS AND DISCUSSION
Characteristics of the rNV-VLPs produced

Figure 1 shows an electron micrograph of rNV-VLPs. The
presence of particles was confirmed on the electron

Table 2 [ Oligonucleotide sequences of the primers and the probes used in real time RT-PCR quantification of QB and MS2

Viruses oligenucleotide sequences Posktions References

QB Forward primer 5'-TCA AGC CGT GAT AGT CGT TCC TC-3 49-71 Katayama et al. (2002)
Reverse primer 5'-AAT CGT TGG CAA TGG AAA GTG C-¥ 187-208
TagMan probe 5'-CGA GCC GCG AAC ACA AGA ATT GA-3 147-169

MS2 Forward primer 5-GTC GCG GTA ATT GGC GC-3 632-648 O’Connell ef al. (2006)
Reverse primer 5-GGC CAC GTG TIT TGA TCG A-3' 690-708
TagMan probe 5-AGG CGC TCC GCT ACC TTG CCC T-3' 650-671
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Figure 1 ] Negatively stained electron micrograph of rNV-VLPs. Scale bar, 50nm.

micrograph, and rNV capsid proteins spontaneously self-
assembled into VLPs during expression. The rNV-VLP
particle diameter was 35.7 = 3.2nm, measured by randomly
choosing 10 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). This result suggests that rINV-VLPs
were successfully produced by the baculovirus-silkworm
expression system, and were morphologically similar to
native NV.

Removal performance in the coagulation-ceramic
MF process with PACI

Figure 2 shows the change in the removal ratio (log[Co/C])
of rNV-VLPs, QB, and MS2 with filtration time in the
coagulation-ceramic MF process with PACIL. Because
the diameters of rNV-VLPs (35.7 = 3.2nm), QB, and MS2
(24-26nm) are smaller than the nominal pore size of the
ceramic MF membrane (0.1 wm), no removal (<0.2-log) of
rNV-VLPs or either bacteriophage' was observed without
coagulation pretreatment (data not shown). In contrast,
the coagulation-ceramic MF process effectively removed
rNV-VLPs, QB, and MS2 at PACI doses of 0.54 (Figure 2a)
and 1.08 mg-Al/L (Figure 2b). In addition, an effect of the
coagulant dose (0.54mg-Al/L vs. 1.08 mg-Al/L) on the
removal of rNV-VLPs and both bacteriophages was
observed: the filtration time-averaged removals of rNV-
VLPs, QB, and MS2 were only 1.6-log, 0.5-log, and 0.9-log,
respectively, at the coagulant dose of 0.54 mg-Al/L, whereas
with the dose of 1.08 mg-Al/L, the removals were > 2.9-
log, 2.4-log, and 3.3-log for rNV-VLPs, QB, and MS2,
respectively. This dose effect was most likely due to an
increase in floc size with the increased coagulant dose.
Increasing the coagulant dose from 0.54 to 1.08 mg-Al/L
increased the size of the aluminium floc particles with
adsorbed/entrapped rNV-VLPs or bacteriophages, and
subsequently increased the amount of aluminium floc
particles that settled out from the suspension during the
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Figure 2 | rNV-VLPs, Q@ and MS2 removal by a coagulation-ceramic MF process with PACI coagulant at doses of (a) 0.54mg-Al/L and (b) 1.08 mg-Al/L. Circles, triangles, and
diamonds represent rNV-VLPs, QB and MS2, respectively. The arrows indicate values greater than those that could be estimated accurately by ELISA.
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settling process. Consequently, the amount of aluminium
floc particles that passed through a ceramic MF membrane
was decreased, leading to a difference in the removal
ratios of the rNV-VLPs and the two bacteriophages
between PACI doses of 0.54 and 1.08 mg-Al/L.

The removal ratios of rNV-VLPs, QB, and MS2
gradually increased with filtration time at the PACI dose
of 0.54mg-Al/L. Ultimately, 2.0-log, 1.0-log, and 1.7-log
removals were obtained for rNV-VLPs, QB, and MS2,
respectively, at the end of the 2-h filtration. As described
above, because the size and amount of aluminium floc
particles that settled out from suspension were probably
smaller with a PACI dose of 0.54 mg-Al/L than with one of
1.08 mg-Al/L, many of the aluminium floc particles were
fed into the ceramic MF membrane and accumulated
on the membrane surface as a cake‘layer during the
MF process. This cake layer would act as a barrier to
rNV-VLPs and both bacteriophages, causing the removal
ratios of rNV-VLPs, QB, and MS2 to gradually increase
with the growth of the cake layer at the PACI dose of
0.54 mg-Al/L.

In contrast, the removal ratios of rNV-VLPs, QB, and
MS2 gradually decreased with filtration time at the PACI
dose of 1.08 mg-Al/L. Our research group has demonstrated
that the number of virus particles in the MF compartment
increases with filtration time in the coagulation-ceramic
MF system (Shirasaki et al. 2007). Although the experimen-
tal procedures of the present study and our previous study
(Shirasaki et al. 2007) differed in terms of the coagulation
process (batch coagulation vs. in-line coagulation), rNV-
VLPs and both bacteriophages also probably accumulated
in the MF compartment with filtration time in the present
study. Accordingly, the concentrations of rNV-VLPs, Qg,
and MS2 in the MF permeate increased with the accumu-
lation of rNV-VLPs and both bacteriophages in the MF
compartment. In addition, because many of the aluminium
floc particles had settled out from suspension during
the settling process prior to the MF process with the
1.08 mg-Al/L PACI dose, the effect of the cake layer was
probably smaller than with the 0.54 mg-Al/L PACI dose.
The combination of these two phenomena caused the
leakage of the rNV-VLPs and the two bacteriophages into
the MF permeate, decreasing their removal ratios with
filtration time.
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The removal performance for rNV-VLPs, QB, and MS2
with the 1.08 mg-Al/L PACI dose at the end of the filtration
(2h) was still higher than that with the 0.54 mg-Al/L
PACI dose, although the removal ratios decreased with
filtration time as described above. Therefore, a PACI dose
of 1.08 mg-Al/L was more effective for the removal of
rNV-VLPs and both bacteriophages than the dose of
0.54 mg-Al/L in the coagulation-ceramic MF process.

Removal performance in the coagulation-ceramic MF
process with alum

Figure 3 shows the change in the removal ratio of
rNV-VLPs, QB, and MS2 with filtration time in the
coagulation-ceramic MF process with alum. The coagu-
lation - ceramic MF process effectively removed rNV-VLPs,
QB, and MS2 at alum doses of 0.54 (Figure 3a) and
1.08 mg-Al/L (Figure 3b). In addition, an effect of the
coagulant dose (0.54mg-Al/L vs. 1.08mg-Al/L) on the
removal of rNV-VLPs and of both bacteriophages was also
observed with alum: the filtration time-averaged removals
of INV-VLPs, QB, and MS2 were only 1.9-log, 0.9-log, and
2.3-log, respectively, at the 0.54mg-Al/L coagulant dose,
whereas the 1.08mg-Al/L dose achieved time-averaged
removals of > 3.1-log, 1.3-log, and 3.1-log for rNV-VLPs,
QB, and MS2, respectively.

The removal ratios of rNV-VLPs, QB, and MS2
gradually increased with filtration time at the 0.54mg-
Al/L alum dose, probably owing to the aluminium floc
particles accumulating on the membrane surface as a cake
layer during the MF process. Ultimately, removals of
2.3-log, 1.0-log, and 2.7-log were obtained for rNV-VLPs,
QB, and MS2, respectively, at the end of the 2-h filtration.
In contrast, the removal ratios of rNV-VLPs, QB, and MS2
gradually decreased with filtration time at the 1.08 mg-Al/L
alum dose, for the same reason as in the PACI experiment,
described above.

The removal performance for rNV-VLPs, QB, and MS2
with the 1.08 mg-Al/L alum dose at the end of the filtration
(2h) was also higher than that with the 0.54 mg-Al/L alum
dose, as in the PACI experiments. Accordingly, the alum
dose of 1.08mg-Al/L was more effective for removal of
rNV-VLPs and both bacteriophages than the 0.54 mg-Al/L
alum dose in the coagulation-ceramic MF process.
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Figure 3 | rNV-VLPs, QB and MS2 removal by a coagulation—-ceramic MF process with alum coagulant at doses of (a) 0.54mg-Al/L and (b) 1.08 mg-Al/L. Circles, triangles, and
diamonds represent rNV-VLPs, QB and MS2, respectively. The arrows indicate values greater than those that could be estimated accurately by ELISA.

Comparison of removal performances between
PACI and alum

Because the concentration of rNV-VLPs in the MF
permeate with the 1.08 mg-Al/L coagulant dose (Figures
2b and 3b) was less than the detection limit of the ELISA
kit (approximately 10® VLPs/mL), further concentration
using a centrifugal filter device (molecular weight cutoff
30,000, regenerated cellulose; Amicon Ultra-15, Millipore
Corp.) was performed in the present study to evaluate
4-log removal, as regulated by the U.S. Environmental
Protection Agency (USEPA) National Primary Drinking
Water Standards (U.S. Environmental Protection Agency
2001). An approximately 10-fold concentration was obtained
by the concentration method for rNV-VLPs in the MF
permeate.

Figure 4 shows the effect of coagulant type (PACI vs.
alum) on the removals of rNV-VLPs, Qg, and MS2 in the
coagulation-ceramic MF process with a 1.08 mg-Al/L
coagulant dose. The experiment with PACI achieved
>4-log removal of rNV-VLPs regardless of the filtration
time, whereas with alum 3.3-log to > 3.9-log removals were
observed. This means that the experiment with PACIl more
effectively removed rNV-VLPs than that with alum, and
that it satisfied the USEPA requirement of 4-log removal/
inactivation. The difference in removal performance

between PACI and alum was possibly due to differences in

the characteristics of the aluminium floc particles generated
during the coagulation process. Gregory & Dupont (2001)
reported that aluminium floc particles formed with PACI
are larger, stronger, and more readily separated by the
settling process than those formed with alum. In the present
study, because the rNV-VLPs were adsorbed to or
entrapped in the aluminium floc particles, and settled out
from suspension during the settling process or were
separated during the MF process, the difference in the
characteristics of the aluminium floc particles between
PACI and alum may account for the difference in the
removal performance for rINV-VLPs of the coagulation—
ceramic MF process. Further investigation is needed.
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Figure 4 | Effect of coagulant type on the removal of rNV-VLPs QB and MS2 at the
beginning and end of filtration in a coagulation-ceramic MF process. White
and gray columns represent PACI and alum, respectively. The coagulant
dose was 1.08 mg-Al/L. The arrows indicate values greater than those that
could be estimated accurately by ELISA.
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The removal ratios of QB and MS2 were smaller than
those of rNV-VLPs in the coagulation-ceramic MF process
with both aluminium coagulants: the ratio of QB was
approximately 2-log smaller than that of rINV-VLPs, and the
MS2 ratio was approximately 1-log smaller. Accordingly,
both bacteriophages have the potential to become appro-
priate surrogates for native NV in the coagulation-ceramic
ME process, with QB being the more conservative surrogate
of the two. We imagine that the characteristics of
rNV-VLPs, QB, and MS2 such as surface charge and
hydrophobicity affect the removal performance in the
coagulation—MF procesé. Further investigation of differ-
ences in surface properties between rNV-VLPs and the two
bacteriophages is needed.

Our research group has shown that PACI exhibits
virucidal activity during the coagulation process (Shirasaki
et al. 2009a,b): an approximately 4-log difference between
the total (infectious + inactivated) concentration measured
by real-time RT-PCR and the infectious concentration
measured by the PFU method was observed during the
coagulation process, indicating that some of the bacterio-
phages 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 PACI exhibits
virucidal activity for native NV as well as for bacterio-
phages, >4-log removal (including inactivation) of native
NV might be easily achieved during the coagulation-
ceramic MF process.

CONCLUSIONS

e The removal performance of NV as particles was
evaluated by using rNV-VLPs in a coagulation-ceramic
MF process.

e Both coagulation type and coagulant dose affected the
removal performance of rNV-VLPs: the experiment
with a 1.08 mg-Al/L PACI dose achieved high ratios of
rNV-VLP removal, >4-log, which satisfies the USEPA
requirement of 4-log removal/inactivation.

e The removal ratios of INV-VLPs were higher than those
of QP and MS2 in the experiments with the 1.08 mg-Al/L

coagulant dose: the QP ratio was approximately 2-log
smaller than that of rNV-VLPs, and the MS2 ratio was
approximately 1-log smaller. This means that both
bacteriophages have the potential to become appropriate
surrogates for native NV in the coagulation-ceramic MF
process, with QB being the more conservative of the two.
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Feasibility of in-line coagulation as a pretreatment for
ceramic microfiltration to remove viruses

Nobutaka Shirasaki, Taku Matsushita, Yoshihiko Matsui, Makoto Kobuke

and Koichi Ohno

ABSTRACT

The feasibility of in-line coagulation as a pretreatment for ceramic microfiltration (MF} was
verified by comparing its efficiency in the removal of viruses with that of the traditional
mechanical mixing approach for coagulation, and by examining the effect of coagulant dose and
coagulation time on virus removal. The in-line coagulation-ceramic MF system efficiently
removed bacteriophage Qp and MS2: removal ratios were > 8.2 log for infectious viruses and
>5.41og for total (infectious + inactivated) virus particles. These values were similar to those of
the mechanical coagulation-ceramic MF system. The in-line coagulation system has potential as
a usefut pretreatment for the removal of viruses as an alternative to the mechanical mixing
system, because the former efficiently removes viruses and has a smaller footprint in treatment
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plants. For the in-line coagulation—ceramic MF system, a coagulant dose of 1.08 mg-Al/L and a
coagulation time of 1min were required to achieve a high level of virus removal. Infectious QB
and MS2 were removed to similar levels by the two precoagulation methods tested, but the
removal of total MS2 particles was higher than that of Q@ particles, possibly because of the

selective interaction with the cake fayer.

Key words | bacteriophages, ceramic microfiltration, in-line coagulation, virus inactivation,

virus removal

INTRODUCTION

Membrane filtration processes using microfiltration (MF)
and ultrafiltration (UF) membranes have been widely used
to produce drinking water. One of the primary reasons
for the increasing use of membrane filtration is that it can
be used to remove pathogenic microorganisms such
as Cryptosporidium and Giardia. Complete removal of
Cryptosporidium parvum oocysts and Giardia muris cysts
was achieved by direct MF/UF membranes (Jacangelo ef al.
1995). By comparison, because viruses are the smallest
pathogenic microorganisms among the causative agents of
waterborne disease, varying levels of virus removal have
been reported for direct MF (<0.5 to >61log)/UF (04 to
>6log) processes (Jacangelo ef al. 1995; Urase ef al. 1996;
Otaki ef al. 1998; Hu et al. 2003; Arkhangelsky & Gitis 2008;
doi: 10.2166/aqua.2010.102

Langlet et al. 2009). The 4-log virus removal required
by the US Environmental Protection Agency (USEPA 2001)
is regularly not satisfied by MF/UF processes alone,
particularly direct MF processes.

Recently, coagulation as a pretreatment for membrane
filtration has become attractive because it is expected to
improve removal of organic compounds (Yuasa 1998;
Kim et al. 2006; Choi et al. 2008; Kimura et al. 2008) and
to mitigate membrane fouling (improve flux decline)
(Kunikane et al. 1995; Judd & Hillis 2001; Oh & Lee 2005;
Cho et al. 2006; Kim et al. 2006; Choi et al. 2008; XKimura
et al. 2008). The combination of coagulation and MF was
shown to achieve higher levels of virus removal than that by
MF alone (Zhu et al. 2005; Fiksdal & Leiknes 2006).
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Our group has also reported the usefulness of a coagu-
lation-ceramic MF system for virus removal (Matsui et al.
2003a; Matsushita ef al. 2005): a > 6-log removal of viruses
was achieved by this system with an aluminium coagulant.

In the coagulation-MF processes, coagulation con-
ditions, including coagulant dose and coagulation time,
affect membrane performance. Although many studies have
focused mostly on the influence of membrane fouling
(e.g. Lee et al. 2000; Judd & Hillis 2001; Oh & Lee 2005;
Cho et al. 2006; Kimura et al. 2008), few researchers have
reported the effect of coagulant dose (Matsui ef al. 2003a;

Matsushita ef al. 2005; Zhu et al. 2005; Fiksdal & Leiknes -

2006) and coagulation time (Matsushita et 4l. 2005) on virus
removal. Zhu et al. (2005) combined polyvinylidene fluoride
MF with jar coagulation (without settling) and reported a
dramatic increase in virus removal with an increase in the
dose of ferric chloride. Matsushita et al. (2005) also reported
that coagulant dose strongly affects virus removal: only
2.8-log removal was achieved with 0.54 mg-Al/L polyalu-
minium chloride (PACI) in the in-line coagulation-ceramic
MF process, whereas 6.4-log and 7.4-log removal was
achieved with 1.08 and 1.62mg-Al/L PACI, respectively.
Matsushita et al. (2005) also revealed that a longer coagula-
tion time provides a greater reduction in virus level.
Coagulation as a pretreatment for membrane filtration
can be introduced by mechanical mixing or in-line mixing.
Mechanical mixing is widely employed in the traditional
treatment of drinking water consisting of coagulation,
flocculation, sedimentation and rapid sand filtration pro-
cesses. For these processes, rapid mixing and slow mixing
tanks are installed in the system to allow colloids in water,
following addition of the coagulant, to coagulate and
flocculate. The MF process can be an alternative to the
rapid sand filtration process as a physical barrier. Three
applications are available for mechanical mixing in coagu-
lation pretreatment. Raw water can be treated with the
coagulant in the rapid mixing tank and then subjected to MF
without slow mixing and sedimentation. Alternatively, raw
water can be treated in the rapid mixing tank and then
passed through a slow mixing tank only or through a slow
mixing tank and then a sedimentation tank before MF.
Treatment of the raw water with coagulant in the rapid
mixing tank only is often applied to the ceramic MF process
(Yonekawa et al. 2004), whereas the application of a slow

mixing tank and a sedimentation tank is often used together
with organic membranes (Bakersfield Water Treatment Plant,
California, http://www.water-technology.net/projects/bakers-
field/, accessed .4 March 2009; Columbia Heights Filtration
Plant, Minneapolis, hitp://www.water-technology.net/projects/
columbia/, accessed 4 March 2009).

As an alternative procedure, in-line coagulation as a
pretreatment for MF has been tested in bench-scale and
pilot-scale experiments (Judd & Hillis 2001; Matsui ef al.
2003a; Matsushita et al. 2005; Oh & Lee 2005; Cho et al.
2006; Meyn et al. 2008) because of its advantages over
mechanical mixing, including reduction of coagulant dose,
coagulation time and energy consumption (Oh & Lee 2005;
Meyn et al. 2008). Comparisons of the operation perform-
ance of these types of mechanical mixing are limited. The
efficiency of dissolved organic carbon (DOC) removal has
been compared among three different types of mechanical
mixing for coagulation with 6 mg-Fe/L iron chloride dosing
including in-line mixing (hydraulic retention time (HRT),
45s), one-stage mechanical rapid mixing (HRT, 6.8 min),
and two-stage flocculation with mechanical rapid mixing
and slow mixing (total HRT, 20 min) for the ceramic MF
process, and the efficiency was found to be almost
the same, regardless of the mixing type (Meyn et al. 2008).
The effect on virus removal has not been investigated,
except in a previous study by our group (Matsui et al. 20034).

The virus removal performance of membrane filtration
processes, including the coagulation-MF process, is fre-
quently evaluated by using bacteriophages (i.e. viruses that
infect bacteria) as indicators of enteric viruses (Jacangelo
et al. 1995; Urase et al. 1996; Otaki et al. 1998; Hu et al. 2003;
Matsui et al. 2003a; Matsushita et al. 2005; Zhu et al. 2005;
Fiksdal & Leiknes 2006; Arkhangelsky & Gitis 2008; Langlet
et al. 2009; Shirasaki ef al. 20094). The plaque-forming unit
(PFU) method is commonly used for quantification of
bacteriophages, because it measures the concentration of
infectious viruses. However, the removal of infectious viruses
by the coagulation-MF process is due not only to physical
removal during the membrane separation process but also to
the virucidal activity of the aluminium coagulant (Matsui
et al. 2003b; Matsushita et al. 2004; Shirasaki ef al. 2009b)
during the coagulation pretreatment.

In a previous study, our group applied the PFU method
together with the polymerase chain reaction (PCR) method
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to measure the concentration of infectious viruses as well
as inactivated viruses, to evaluate the performance of the
coagulation - MF process in removing infectious viruses and
inactivated viruses (Shirasaki et al. 20094). We found a
difference between total (infectious + inactivated) and
infectious virus concentrations just before MF, indicating
inactivation of viruses during coagulation. Although the
mechanisms underlying the virucidal activity of the
aluminium coagulant remain unclear, inactivated viruses
in the MF permeate might recover their infectivity in the
water distribution system. Virus removal performances
evaluated by the PFU method might underestimate the risk
of infection because this method cannot count the inacti-
vated viruses that pass into the MF permeate.

The effects of coagulation conditions on the perform-
ance of infectious and inactivated virus removal have not
been investigated. By comparison, the effects of the different
mixing methods (in-line mixing vs. mechanical mixing)
(Matsui ef al. 20034), coagulant dose (Matsui et al. 20034;
Matsushita ef al. 2005; Zhu et al. 2005; Fiksdal & Leiknes
2006) and coagulation time (Matsushita et al. 2005) on the
removal of infectious viruses have been widely investigated
by using the PFU method alone.

Our objective in the present study was to verify the
feasibility of in-line coagulation as a pretreatment for
ceramic MF by comparing its efficiency for virus removal
with that of the traditional mechanical mixing approach
for coagulation, as well as by examining the effect of
coagulant dose and coagulation time on virus removal.
The efficiency of virus removal in these experimen{s was
assessed by using the PFU method, to measure the concen-
tration of infectious bacteriophage, and real-time reverse
transcription - polymerase chain reaction (RT-PCR) method,
to measure the concentration of total bacteriophage.

MATERIALS AND METHODS
Source water, coagulant and MF membranes

River water was sampled from the Toyohira River (Sapporo,
Japan) on 12 June 2008 and was subjected to water quality
analyses (Table 1). PACI (250A; 10.5% Al,Os, relative
density 1.2 at 20°C; Taki Chemical Co., Ltd, Hyogo, Japan)

Table 1 | water quality of the Toyohira River

pH 7.2
DOC (mg/L) 0.76
OD260 (cm™Y) 0.019
Turbidity (NTU) 0.63
Alkalinity (mg-CaCO5/L) 17.2

was used for the coagulation process. The membrane used
was a monolithic ceramic MF module installed in a
stainless-steel casing (61-channel tubular; nominal pore
size 0.1 um, effective filtration area 0.048 m?, membrane
diameter 0.03 m, membrane length 0.1 m; NGK Insulators,
Ltd, Nagoya, Japan).

Bacteriophages

The 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 (Urase et al. 1996; Otaki et al. 1998;
Matsui et al. 2003a; Matsushita et al. 2005; Langlet ef al.
2009; Shirasaki et al. 2009a) and MS2 (Jacangelo et al. 1995;
Hu et al. 2003; Zhu et al. 2005; Fiksdal & Leiknes 2006;
Arkhangelsky & Gitis 2008; Langlet et al. 2009; Shirasaki
et al. 2009a) are widely used as surrogates for patho-
genic waterborne viruses because of their morphological
similarities to hepatitis A viruses and polioviruses, which
need to be removed by the treatment of drinking water.
QB is the prototype member of the genus Allolevivirus
in the family Leviviridae, and MS2 is the prototype member
of the genus Lewvivirus in the family Leviviridae. The QB
and MS2 genomes comprise a single molecule of linear
positive-sense, single-stranded RNA encapsulated in an
icosahedral protein capsid with a diameter of 24-26nm
(The Universal Virus Database of the International
Committee on Taxonomy of Viruses, hitp://phene.cpme.
columbia.edu/index htm, accessed 17 April 2008). Each
bacteriophage was propagated for 22-24h at 37°C in
Escherichia coli (NBRC 13965) obtained from NBRC.
The bacteriophage culture
(2,000 x g, 10 min) and then passed through a membrane
filter (pore size 0.45pm, hydrophilic cellulose acetate;
Dismic-25cs, Toyo Roshi Kaisha, Ltd, Tokyo, Japan).

solution was centrifuged
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To prepare the bacteriophage stock solution, the filtrate was
purified by using a centrifugal filter device comprising a
regenerated cellulose membrane with a molecular weight
cut off of 100,000 (Amicon Ultra-15, Millipore Corp.,
Billerica, Massachusetts).

In-line coagulation—-ceramic MF experiments

The setup for the in-line coagulation-ceramic MF experi-
ments is schematically depicted in Figure 1. The river water,
placed in the raw water tank, was spiked with either QB or
MS2 at approximately 10® PEU/mL. Throughout the experi-
ments, the raw water was mixed constantly with an impeller
stirrer. The raw water was fed into the system at a constant
flow rate (83.3L/(m?h) =2.0m/d) by a peristaltic pump.
To maintain the MF permeate at pH 6.8, hydrochloric acid
or sodium hydroxide was added to the water before it
reached the first in-line static mixer (HRT 1.8s; 1/4-N40-
172-0, Noritake Co., Ltd, Nagoya, Japan).

PACI was injected after the first in-line static mixer and
before the second in-line static mixer at a constant dose rate
(0.54, 1.08 or 1.62mg-Al/L). To obtain the three different
coagulation times, the in-line static mixer (G value 260/s,
HRT 1.8s), and a combination of the in-line static mixer
and a subsequent Tygon® tube reactor (total HRT 1 or
5min), were used as the second in-line static mixer. The
total HRT was controlled by the length of the Tygon® tube
reactor. After the PACI had been mixed in, the water was

Monolithic
ceramic MF module }

Bacteriophage-spiked
river water

Co

In-line static mixer

fed into the ceramic MF module in dead-end mode.
Filtration was performed for 4h without any backwashing.
Bacteriophage concentrations in the raw water tank and in
the MF permeate were measured every hour.

Mechanical coagulation—ceramic MF experiments

The setup for mechanical coagulation-ceramic MF experi-
ments is schematically depicted in Figure 2. The river water,
placed in the raw water tank, was spiked with either QB
or MS2 at approximately 10 PFU/mL. Throughout the
experiments, the raw water was mixed constantly with an
impeller stirrer. The raw water was fed into the system at
a constant flow rate (100 mL/min) by a peristaltic pump.
To maintain the MF permeate at pH 6.8, hydrochloric acid
or sodium hydroxide was added to the water before
it reached the first in-line static mixer (HRT 1.2s). pH-
adjusted raw water was introduced and PACI was injected
into the rapid mixing chamber with an impeller stirrer
(G value 200/s, 109 rpm; hydraulic retention time 5min) at
a constant dose rate (1.08 mg-Al/L).

After the PACI had been mixed in, the water was passed

through five chambers for slow mixing (G value 20/s,

23rpm; HRT 5min X 5 chambers) and then through a
rectangular settler for settling of the aluminium floc
particles (HRT 20 min). At the end of the rapid mixing or

* settling, the water was fed into the ceramic MF module in

dead-end mode at a constant flow rate 67 mL/min, which

MF permeate
C

Figure 1 | In-line coagulation-ceramic MF system. C, and C are the bacteriophage concentrations (PFU or particles/mL) in the raw water tank and the MF permeate, respectively,

at each sampling time.
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Figure 2 | Mechanical coagulation-ceramic MF system. C, and C are the bacteriophage concentrations (PFU or particles/mL) in the raw water tank and the MF permeate,

respectively, at each sampling time.

was equivalent to 83.3L/(m?h). Filtration was performed
for 4h without any backwashing. Bacteriophage concen-
trations in the raw water tank and in the MF permeate were
measured every hour.

Bacteriophage assay

PFU method

The infectious bacteriophages were enumerated according
to the double-layer method (Adams 1959) by using the
bacterial host E. coli (NBRC 13965).

Serially diluted raw water or MF permeate (1 mL) was
poured onto a solid bottom agar plate followed by 0.3 mL
of host E. coli culture mixed with 3mL of molten top agar.
The plates were incubated for 16-24 h at 37°C. To measure
the concentration of infectious bacteriophage in the water
samples, we calculated the average plaque counts of tripli-
cate plates prepared from one sample on plates with
30 to 300 PFU, which we considered a countable number
of plaques, and determined the PFU/mL.

For quantification of low infectious bacteriophage
concentrations (i.e. <30PFU/mL) in the MF permeate,
50mL of MF permeate was mixed with 5mL of bacterial
host E. coli culture and 50 mL molten agar, and the mixture
was then poured into 10 plates (without bottom agar). The
plates were incubated for 16-24h at 37°C. We calculated
the PFU/mL by dividing the total plaque counts for the
10 plates by the sample volume (50 mL).

Real-time RT-PCR method

Viral RNA of bacteriophages was quantified by real-time
RT-PCR method. Real-time RT-PCR method detects the
virus genome and therefore detects viruses regardless of
their infectivity. We defined the concentration measured by
real-time RT-PCR method as the total bacteriophage
concentration. For quantification of bacteriophages in the
raw water and MF permeate, viral RNA was extracted from
200 pL samples with a QIAamp MinElute Virus Spin Kit
(Qiagen K.K., Tokyo, Japan) to obtain a final volume of
20 L. The viral RNA was then subjected to RT reaction by
using the High Capacity cDNA Reverse Transcription Kit
with RNase Inhibitor (Applied Biosystems Japan Ltd,
Tokyo, Japan). RT reaction was conducted at 25°C for
10min, 37°C for 120min, and 85°C for 5s, followed by
cooling to 4°C in a thermal cycler (Thermal Cycler Dice
Model TP600, Takara Bio Inc., Shiga, Japan). The resultant
c¢DNA was then amplified by using a TagMan Universal
PCR Master Mix with UNG (Applied Biosystems Japan
Ltd), 400nM of each primer (HQ-SEQ grade, Takara Bio
Inc.), and 250nM of TaqMan probe (Applied Biosystems
Japan Ltd). The oligonucleotide sequences of the primers
and the probes are listed in Table 2. Amplification was
conducted at 50°C for 2min, 95°C for 10min, and then
for 40 cycles at 95°C for 15s and 60°C for 1min in an
Applied Biosystems 7300 Real-Time PCR System (Applied
Biosystems Japan Ltd).

We constructed a standard curve for real-time RT-PCR
method based on the relationship between the infectious
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Table 2 ] Oligonucleotide sequences of the primers and the probes used in real-time RT-PCR quantification of QB and MS2

Viruses Oligonucleotide sequences Positions References

QB Forward primer 5-TCA AGC CGT GAT AGT CGT TCC TC-3 49-71 Katayama ef al. (2002)
Reverse primer 5'-AAT CGT TGG CAA TGG AAA GTG C-3 187-208
TagMan probe 5'-CGA GCC GCG AAC ACA AGA ATT GA-3' 147-169

MS2 Forward primer 5'-GTC GCG GTA ATT GGC GC-3 632-648 O’Connell et al. (2006)
Reverse primer 5'-GGC CAC GTG TIT TGA TCG A-3' 690-708
TagMan probe 5'-AGG CGC TCC GCT ACC TTG CCC T-3' 650-671

bacteriophage concentration (PFU/mL) of freshly prepared
bacteriophage stock solution, assumed not to contain
inactivated bacteriophages, and the number of PCR
amplification cycles.

RESULTS AND DISCUSSION

Infectious bacteriophage removal by the in-ine
coagulation-ceramic MF system

Figure 3 shows the effect of coagulant dose and coagulation
time on the removal of infectious bacteriophage, assessed by
the PFU method, by the in-line coagulation-ceramic MF
system. Because the diameters of QB and MS2 were smaller
than the nominal pore size of the ceramic MF membrane
(0.1 pm), there was no removal of these infectious bacterio-
phages in the absence of coagulation pretreatment

(data not shown). Other researchers also have reported |

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

Figure 3 | Effect of coagulant dose and coagulation time on the filtration
time-averaged infectious bacteriophage removal in the in-line coagulation—
ceramic MF system. White and shaded columns represent Q@ and MS2,
respectively.

an insufficient removal ratio for infectious QB and MS2
by MF in the absence of coagulation pretreatment: 1-2log
for QB (Urase et al. 1996) and <1log for MS2 (Jacangelo
et al. 1995).

By comparison,
improved the removal ratios (log[Cy/C]) for infectious QB
and MS2 by MF (Figure 3) because these phages were
negatively charged at pH 6.8 (Shirasaki et al. 2009a) and
became adsorbed to/entrapped by the positively charged

in-line coagulation pretreatment

aluminium floc particles (amorphous aluminium hydroxide,
Al[OH]s) generated during coagulation pretreatment.
The aluminium floc particles exceeded the pore size of the
ceramic MF membrane and were removed during the
filtration process. More than 4-log removal was achieved
for both bacteriophages, except at a coagulant dose of
0.54mg-Al/L and a coagulation time of 1.8s.

According to the USEPA National Primary Drinking

- Water Standards, 4-log removal or inactivation of enteric

viruses from source water is required by filtration, disinfec-
tion or a combination of these technologies (USEPA 2001).
Our hybrid system successfully met this requirement with a
sufficient coagulant dose (=1.08 mg-Al/L). Some research-
ers have also reported the usefulness of precoagulation to
improve the removal of viruses by MF (Matsui et al. 2003a;
Matsushita et al. 2005; Zhu et al. 2005; Fiksdal & Leiknes
2006). MF alone does not remove viruses, but the
coagulation-MF system is effective in removing infectious
viruses: 6-7-log for QB (Matsui ef al. 2003a) and 6.7 to
>7.5-log for MS2 (Fiksdal & Leiknes 2006).

An increase in the coagulant dose reduced the number of
infectious bacteriophages (Figure 3). The time-averaged
reduction in infectious QB and MS2 increased from 2.7
to 6.5-log and from 3.9 to 5.0-log, respectively, with
an increase in the coagulant dose (0.54 to 1.62mg-Al/L)
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at a coagulation time of 1.8s. The same positive effect of
coagulation has been reported in other studies (Matsui et al.
2003a; Matsushita ef al. 2005). This effect was most likely
due to an increase in floc size with increasing coagulant
dose (Judd & Hillis 2001). Increasing the coagulant dose
from 0.54 to 1.08 mg-Al/L increased the size of aluminium
floc particles with adsorbed/entrapped bacteriophages, and
subsequently reduced the number of aluminium floc particles
that passed through a ceramic MF membrane.

An increase in coagulation time also reduced the
number of infectious QB and MS2. An extension of the
coagulation time from 1.8 s to 5 min increased the removal
ratios for QB and MS2 at any coagulant dose, most likely
because the floc size during the coagulation process
increased with time. Our results indicated that a coagu-
lation time of 1.8s was insufficient to achieve a high
removal ratio for infectious phages.

Opverall, there was no difference in the removal ratio
between infectious QB and MS2 when the system was operated
with a sufficient coagulant dose of =1.08 mg-Al/L and at a
coagulation time of 5min. This result was consistent with the
findings of our previous study (Shirasaki et al. 2009a). Under
these conditions, a removal ratio of more than 6.9-log, based
on time-averaged reduction, was achieved for QB and MS2 by
the in-line coagulation-ceramic MF system. This removal
ratio was almost the same as or higher than the removal ratios
obtained with direct UF (0.4 to > 6log) (Jacangelo et al. 1995;
Urase et al. 1996; Otaki et al. 1998; Hu et al. 2003; Arkhangelsky
& Gitis 2008) and direct nanofiltration (NF) (1.9 to >6log)
(Urase et al. 1996; Otaki et al. 1998; Hu et al. 2003) processes.
Thus, the in-line coagulation - ceramic MF system is a potential
alternative to UF or NF processes for the removal of infectious
viruses. Our results also demonstrated that a high removal
ratio could be achieved with effective control of coagulant
dose and coagulation time. We propose that a PACI dose of
1.08 mg-Al/L is required to achieve a high removal ratio of
infectious viruses in the present in-line coagulation-ceramic
MF system.

Total bacteriophage removal by the in-line coagulation-
ceramic MF system

Figure 4 shows the effect of coagulant dose and coagulation
time on total bacteriophage removal, assessed by real-time

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

Figure 4 | Effect of coagulant dose and coagulation time on the filtration
time-averaged total bacteriophage removal in the in-line coagulation-
ceramic MF system. White and shaded columns represent QB and MS2,
respectively.

RT-PCR method, by the in-line coagulation-ceramic MF

system. A low removal ratio (<1.0-log) was observed for

total QB with a coagulant dose of 0.54 mg-Al/L, but a high
removal ratio of more than 4-log was achieved by increasing
the coagulant dose from 0.54 to 1.08 mg-Al/L. In addition,
extension of the coagulation time from 1.8s to 5min
increased the removal ratio for total QB from 4.0-log to
4.4-log at a coagulant dose of 1.08 mg-Al/L. Thus, both
coagulant dose and coagulation time were important factors
dominating the removal performance not only of infectious

QB but also of total QB in the in-line coagulation-ceramic

MF system.

By comparison, our in-line coagulation-ceramic MF
system achieved a high removal ratio of >4-log for total
MS2 at all coagulation conditions. Although particle
diameters and electrophoretic mobilities were almost the
same for QB and MS2 (Shirasaki et al. 2009a), a marked
difference in removal ratio was observéd between total QB
and MS2. The removal ratio for total QB was lower than
that of total MS2 under all coagulation conditions. This
difference was most likely the result of differences between
the interactions of QB and MS2 with the aluminium floc
particles accumulated on the membrane surface as a cake
layer. It is possible that MS2 has a higher affinity for the
cake layer than does Q (Shirasaki et al. 2009a).

Abbaszadegan et al. (2007) and Mayer et al. (2008)
reported that the removal ratio for MS2 was lower than
that of adenoviruses, feline caliciviruses, coxsackieviruses,
echoviruses and polioviruses by an enhanced coagulation
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process using ferric chloride, and these researchers
concluded that MS2 was an appropriate surrogate for
enteric viruses. In contrast, our results suggest that QB
may be a more appropriate surrogate than MS2, because we
found that QB was more difficult to remove than MS2 by
our in-line coagulation-ceramic MF system. Langlet et al.
(2009) evaluated the efficiency of virus removal by direct
MF and UF processes, also by using real-time RT-PCR
method, and, consistent with our findings, their results
demonstrated that the removal ratio for QB was lower than
that of MS2; they concluded that QB was a better candidate
than MS2 for characterizing membrane virus removal.
We believe that QB, rather than MS2, has the potential
to become a conservative surrogate for the evaluation of
virus removal performance by drinking water treatment
processes, including coagulation-MF processes.

The removal ratios of infectious QB and MS2 (Figure 3)
were higher than those for total QB and MS2 (Figure 4).
This result indicates that a large proportion of the
bacteriophage population was inactivated by the coagu-
lation- MF process. Our group previously reported that QB
and MS2 were inactivated during the coagulation process
and that QB was more sensitive to the virucidal activity of
PACI than MS2 was (Matsui et al. 2003b; Matsushita et al.
2004; Shirasaki ef al. 2009b). The removal efficiency of total
QB is greater than that of MS2, but because of differences
between these two bacteriophages in their sensitivity to
the virucidal activity of PACI, the removal ratio of infectious
QB and MS2 becomes almost the same.
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In summary, the time-averaged removal ratios for total
QB and MS2 were 4.4-log and 5.8-log, respectively, at a
coagulant dose of 1.08 mg-Al/L and at a coagulation time of
5min. These values were almost the same as or higher than
the removal ratios by the direct UF process (1.5 to >61log)
(Langlet et al. 2009). Thus, the in-line coagulation - ceramic
MF system is a potential alternative to the UF process for
the removal of total viruses as well. From our observations,
we propose that a PACI dose of 1.08 mg-Al/L is required to
achieve a high removal ratio not only of infectious viruses
but also of total viruses in the present in-line coagulation-
ceramic MF system.

Comparison of removal performance between the
in-line and mechanical coagulation processes

As described above, a PACI dose of 1.08 mg-Al/L was
required to achieve high removal ratios for both infectious
and total bacteriophages in the present in-line coagulation-
ceramic MF system. To verify the feasibility of in-line
coagulation as a pretreatment for the ceramic MF process,
we compared the removal performances of QB and MS2
by in-line mixing and the traditional mechanical mixing
approach at the same PACI dose (1.08 mg-Al/L).

Figure 5 shows a comparison of virus removal perform-
ance between the in-line and the mechanical coagulation-
ceramic MF systems. Mechanical rapid mixing followed by
MF achieved high removal ratios of >8.2-log for infectious
and >4.3-log for total phage for both QB and MS2.

o

Mechanical Mechanical
rapid mixing
mixing  with settling

In-line
5 min

In-line
1 min

Figure 5 | Effect of mixing type of coagulation pretreatment on the removal of infectious bacteriophage (a) and total bacteriophage (b). White and shaded columns represent

QB and MS2, respectively. PACI dosage was 1.08 mg-Al/L.
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Our result for infectious QB removal agreed with that from
the previous study (approximately 7.5-log) (Matsui et al.
2003a). Removal ratios did not improve even when slow
mixing and settling processes were incorporated between
the rapid mixing and MF processes. This result indicates
that 5min of rapid mixing was sufficient to achieve high
removal ratios for infectious and total bacteriophage in the
coagulatiori—ceramic MF system with mechanical mixing.
Additional slow mixing and settling processes are not
necessary for virus removal, enabling the actual treatment
plant to be compact.

The high removal ratio for QB and MS2 achieved with
the mechanical mixing system was similar to that achieved
with equivalent coagulation time of 5min in the in-line
mixing system, demonstrating that in-line coagulation has
potential as a pretreatment for MF giving high virus removal
as an alternative to the mechanical mixing system. In
addition, even when the coagulation time in the in-line
mixing system was reduced to one-fifth (i.e. 1min), high
virus removal ratios of > 8.2-log for infectious and >5.4-log
for total bacteriophage, were still achieved (Figure 5). This
means that 1 min of coagulation time is enough to achieve a
high level of virus removal in the present in-line coagu-
lation-ceramic MF system, leading to a reduction in the
footprint required for the HRT in the actual treatment plant.

The removal performances for the two bacteriophages
were similar for all tested mixing procedures, although the
characteristics of aluminium floc particles (i.e. size, fractal
dimension, and so on) fed into the ceramic MF module
most likely differed depending on the mixing type. One
possible explanation is that, during rapid mixing, regardless
of mixing type, most of the bacteriophage population was
adsorbed to/entrapped by aluminium floc particles that
were larger than the pore size of the MF membrane and
would thus be removed by the MF process. However, the
small proportion of the bacteriophage population adsorbed
to/entrapped by aluminium floc particles smaller than the
MF pore size would pass through the system. It is possible
that some of the aluminium floc particles would not be
larger than the MF pore size, even after slow mixing and
settling processes, and would pass through the MF
membrane. Note that although a fraction of the bacterio-
phage population was not removed by the MF process, the
removal ratio was very high. Enlargement of the floc size by

traditional treatment with coagulation and sedimentation
processes is not necessary for the filtration with a ceramic
MF (Lerch et al. 2005). In-line coagulation for 1 min was
enough to meet the requirement for bacteriophage removal
prior to the MF process.

Another possibility is that the contribution to virus
removal by the cake layer or foulant may be the same in the
three mixing types tested. Formation of the cake layer on
the surface of the membrane and the deposition of foulant
on the internal wall of the pore of the membrane over time
plays an important role in the performance of virus removal
not only during the direct MF process (Jacangelo et al. 1995;
Madaeni et al. 1995) but also during the coagulation-MF
process (Shirasaki ef al. 2008). The amount of aluminium
floc particles introduced into the MF module for both the
in-line mixing system and the rapid mechanical mixing
system was approximately three times as high as that for the
mechanical mixing system followed by settling, because
approximately 75% of the total amount of aluminium floc
particles had settled before the water was fed into the MF
module. However, the cake layer and foulant do not always
contribute to virus removal (Shirasaki et al. 2008). It is
possible that the extent of cake layer formation and foulant
deposition contributing to virus removal is similar in all
three types of mixing system.

Here, we propose that a PACI dose of 1.08 mg-Al/L
and a coagulation time of 1min are required to achieve
high removal ratios of infectious and total viruses in the
present in-line coagulation-ceramic MF system. Virus
removal by the in-line coagulation-ceramic MF system is
similar to that by the coagulation-ceramic MF system
incorporating mechanical mixing. However, virus removal
may be affected by the quality of the source water.
To elucidate whether the coagulation conditions employed
in the present study are sufficient for all water sources,
further investigations using a wide variety of water sources
are needed.

CONCLUSIONS
1. The performance of the in-line coagulation - ceramic MF

system in removing the bacteriophages QB and MS was
efficient at a coagulant dose of 1.08 mg-Al/L, and its
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performance was similar to that of the mechanical
coagulation-ceramic MF system. The in-line mixing
system has potential as a useful pretreatment for viruses
as an alternative to the mechanical mixing system for
coagulation. Replacement of the mechanical mixing
system with the in-line mixing system will reduce
footprint, because there is no requirement for mixing/
settling tanks for coagulation.

2. Coagulant dose and coagulation time were important
factors controlling the virus removal performance of the
in-line coagulation-ceramic MF system: a coagulant
dose of 1.08 mg-Al/L and a coagulation time of 1 min
were required to achieve high ratios of virus removal,
>8.2-log for infectious and >5.4-log for total viruses,
which satisfy the USEPA requirement of a 4-log
removal/inactivation.

3. The removal performances of the coagulation-ceramic
MF process for total QB and MS2 were different: the
removal ratio for total MS2 was higher than that for total
QB under all tested coagulation conditions, which was
most likely the result of differences between QB and MS2
in their interaction with the cake layer.
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Validation for an Improved Reverse Transcription-loop-mediated Isothermal Amplification
Assay for Detection of Cryptosporidium in Water Samples
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Abstract

An improved reverse transcription-loop-mediated isothermal amplification (RT-LAMP)
assay which uses 1uL of RNA extract was evaluated. The original RT-LAMP assay using
5pL: of RNA extract showed generally high-sensitive detection of Cryptosporidium in water
samples; but in some types of water such as pigsty effluents and it's downstream river
water, this assay failed to detect Cryptosporidium. This failure may be caused by substances
in those water samples which block gene amplification. To eliminate the effect of gene
amplification-blocking substances, we decreased the quantity of the RNA extract used for
the RT-LAMP assay from 5uli to 1uL. The detection limit of the improved RT-LAMP assay
was as low as 6x107? oocysts/LAMP test tube, which theoretically enables us to detect even
one Cryptosporidium oocyst in a water sample. This improved RT-LAMP assay succeeded
in detecting Cryptosporidium oocysts much more sensitively not only in pigsty effluents but
also in other water samples as well.
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1. BUSHIC

Z)FPARIT T AGE FICRET S ETRHEEE
ETBIUTIARY P AERFIERITERTH S,
V)T RARY T AREIHEN L REEILE AN
THELT, MBI ZBRERIEET 2720, BER
SETR LT LIRS E 25",

7T AR VY LOFRERBEFEICTALERCE
EThHY, TNOSORFAMIALKREFEARLD 2
NIRRTy APBEYEKRABETRESIREVE,
KEAIZBATERNANDE. KERENLZ2Y T
AR Ty A DOHEFBEIT180ER D b K E R EE TH
E3hED, TRUBEERESATVLEY, HAET
1219964 | I ER BN TAEKZ M L 720 TOEM
BEDIREL, 8 81ZANBRETHRFR L Lo/t LD
MEATWVAY,

KBS LD2 )T IAE) VLAV A OER
witHEir, BEESBHED [KEICBI2EERRUS
J 7R ARY VY AEOREFEICOWTY) IIREART
WHEEHARE LM THREILL2REETH 5
LLl. KBEBEPEFETI2REDOFLSH 5 um &
BOTHRUN A -V A MR ERMBCRIE. BAEY 5123,
PHEL WSV ETH L, T2, REICEBMEYEL,
SHOBRELPBRBERETAILPRABTCHEZ L 2o,
ERCTHRENESR (MELREREAESROLATY
3, ZOL) EBEFHITHRERELE LTEEOER
TFREEFRFT SN TWEH, REERLILEEoTY
2\,

FH) LT, BEEOLWEZ )T IR VT ADRNA
#1Egy L L7-¥#E Loop-Mediated Isothermal Amplifica-
tion (RT-LAMP) #£%REL. RFEKSLDZ Y TR
)Ty ARBICBOTREELRED. HBW0IELY
BRELRENTETHLIEZRELEY, L2L, £
DIERE A R BEEAKICOVTRT-LAMP B EX T 72 &
2 A, EREHRBIAKR FFOTROMNKIZBWT,
BEETZYTIZAR) I AFBRHEENRSIZL 20D
53 RT-LAMPE TR L2 A Z L EBR L. TOE
Be LT, BEREHKIIETNZMRETFHEIEHEY
B, T2bbEESOZBIEL LN,

¥FESFIRANLEAETFREESEDE L LTHLNTS
DU 2T RAR) D AEREERICHENE S
Edo, BBIZLZBE~OHESLEL BB, TD—
FT, EHLBERBEIHBOu X L EESEEOMEN
%8B <{o £I T, RT-LAMPEDRHIKEAT6 x 10734 —

VA MIE/FISF 2 - T EBODTEWIZ & 26, HE
WROREEEBT L2012, RT-LAMP RISV 2
RNATHHEEZ DS ui 26 L ulilERTZ LS,
BOTHMZEFPROEE: AR BEHEYRAITL, £
DIERZFML 72

AL LT, RNAMHIBE ZHRD 1/SEIZRO LT
ST RINTTRETH L S LD RO ONE /-, KR
T TRT-LAMPEDRIMBE AT L & L,
KT, FIEOEBEBYKBEHUKR U2 O TFiROA K
B, TOMOBIK (Rifik, BAK, BHEEK, Kk
K) Bk, EARBREIZOVT, BEE. RT-LAMP 3
% (RNAHIHHEE 5 ul) BRURT-LAMPHEHE (RNAM
HBEELud ICED 7 )T PARYY Vs g ET o7,
ERBEEOER LB TS L CRT-LAMPR BEEDE
AMEZEML -0 THRET 5,

2. MRLHE
2.1 RNAHHZZ®

YT FARY T T AF— R S QORNABIZEDR
HEERBIZITo LY ¥ % bbb, Cryplosporidium
paroum A — Y A b % -80C D FF 4 /52 (Micro Cool
MC-100, TOMY) &£37C o v — b7 0oy 7 (Dry Bath
Incubator, Fast Gene) T 1 4-H3 2 5 EOEGERAR % 1T
Vo R B (10mM Tris-EDTA (pH7.6), 20mM
NaCl, 0.1% TritonX-100, 2mM 1,4-Dithiothreitol,
1.5mAnson-U/ml Proteinase K) 20ul %80 L. 60C ¢
NTHEREEETo70 TOR2GHOBERLE Y
T, SLIBCTIOFRMOBNREZIT o7, 20
RNAHIH % 95T T 5 5B L T Proteinase K % k1%
S, KPTRSR LIS

2.2 RT-LAMP.

RT-LAMP & O #3213 Loopamp 7 ) 7 h ARy ¥
LBRHHEF v b (REHLE) 2ERALLY. AExv b
7% % —754<—CryF3 R CryB3%& 5pmol.
— 777 4<— CryLF R U CryLB %20pmiol, 1 >+ —7
7 4 <= — CryFIP & U CryBIP %&40pmol. Bst polymerase
BUARE TN TwI, INbDT 54—
Cryptosporidium parvum, Cryptosporidium
serpentis, Crypitosporidium andersont,
Cryptosporidium saurophilum K U Cryptosporidium
hominis ® Bz F % € THIE L. — F Giardia
intestinalis, Giardia muris R U 10EHE I I RUGL



BEKED 7 37 AR) Vo akkiit® B E L7 RT-LAMPEE 0% BT 11

BWI ERERL TS, & 5(IReverse Transcriptase
(Roche) 1.5U%FEML, 1 FDF 2 —7HTHERERE
& LAMP SUG % £ L 7z RT-LAMP {3 Tl RNA
& 5 ul, RT-LAMPHEE TIIRNAIMM 1 ul L Y
K 4 ul%20ul OIFERICAEIIMA TEH25u & L. 63T
T6057 M RT-LAMP RUE % T o 72, BEOESEREIIE
Loopamp V) 7V ¥ 4 L BEREEE (LA-320C, KL
#) ¥EV. BERBE LTEEXy MNCRHBO LD
THWz, CHRIIHEIEERO 7 H 0 — X7 VERKE/ S
F—WINTRARY) I LLIEZRE D & IZEFIA
HItEhTEY)., BEABOa 22— a2 45
T&230LRoTV5, BEMBIZIZFY MHEO
AR E V7,

2.3 RT-LAMPEMREBERE

Cryptosporidium parvum#—3 A b (H8#E) 13, B
e AOEENL Y aBREERELL S T A RE
EICEDERLLY, NRGERTHE L THERED
-V A MERRB LR, BROFETE—T R bh
LRNAZIH L7z, ZOMERNA 2 BRERBRAOHR &
LT6x107"'F— YA MY/ 5uldrt 6 x107F -2 R
MEY/ 5 ul FTIMEEOESATIRE ICARL., &iF
BEBRIZ D& 8 ETRT-LAMP RIS % T2 720

2.4 $&i%E RT-LAMPERZE, RT-LAMP &I
EBKERPSDTY T MK Ty LAEH

EBRSHABUIARUZOTHROMNNKIORE, 20
toBEA (FiK, EK. ZHER, KFEK) STHRIE.
BARISBEICOWTZ Y T AR VY ARER T2/,
BB, IhoOBREO—FRIZZBRELHELLLOPEE
hTwv 3%, BERSHEKREKIZ10mI, BRE T RO
JZAIX100 43200, ZDMMOBFEAIL20L, HKIZ400 2
KEE L. BREHKRFAIIRAEN10m &2\
Zehb, SETRREZTICLE L. 1 HA#3>
Tofto BRIZILE L ymOE) I —KF—+7 11V %
—. ZOMORFHIILES umOPTFE 7 4 b & —k v
THBBHEEITo2H, 74 V& — LICHRIALES
WERES ST S mlOBER LB, BREOLES Smi
*EFNFIURSEE L RNATIH & ICBV 72, SREIRERK
HEWE L., B 3 B URICREEIC L ARER T &
iRtk L ARICRIEFREAABOBRETo 1245
EERSETHRA)IAO—BORBIZOVTIIHRTLIH A
BRELBCERRELIT., BEFBELTERAL.,

MEEIEEHBHE [KEBTAHERRV IV T

FARY Iy AEORBEFECOWT] NcHERL .,
WBREMAFETTo/. Thbb, ARERHED,
5 RERMSA Y — X (Dynabeads GC Combo, Invitrogen)
FAVWTIY)TEARY T+ —2 X F 2R, HH
Lk, BB L W RBREAY—ZX»5 707 AKRY
VYU LEREL . BREEOLBRYARY0.5m FEBE
ABEE. EBRPEIO SMIUTIL 22 L3 RARESD
FTHhLREBAY - XE2{To k. EBBHEDS )
ZrARY) Ty LARE KB P AaTHAL, 100
CeoaEmanB L. ChEBERPIFEZ7 4 VY
—Tx»@ L. EEHLHESE (EasyStain, BTF) R
DAPI (4’,6-diamidino~ 2 -phenylindole) ¥ % T2 720
REHBOT IV —EHALTTL ST — M EERL, &
HEARUVHESTHEREICLN., 2UTIARY I L
DRERUEBE T 72
REFREHRE L LTEBRERORY $ &2 5mi %
By, BERRY-ZXECLV 2V 7 ARIVT LD
BEETol, EEEEREL, TR+ ERERA
V-AL i3I0 ECHBME L. B
HICHEERER LRSI -20C TREL .
LAMPE TR & & o o HIRESE 1 ulizonT, 2%
THA— AW L HEZKEN X AT\, Cryptosporidium
parvum A —S A KDY K85 — 2 EQORBUZ L | ¥
VT PARY T AHROBETHEZ EEFHALY,

3 BRRUSE
3.1 RT-LAMPZEODREBE

HEIRNAY | RIbd720 6 X107 - A M6 6 X
1074 = 2 MEX E TLOFEEICERSRL. 8 ETRT-
LAMP&:#fT o/ R% Table 1 IZ7R L7z, A — A ME
EAETT 528, LAMPXIEOBHHEE (BEHF
BOMTEHN0.07) B2 2DV ELBETH S THHE
BAEL2ol. HERNAERE 6 x107'+— 3 A FTid
SED TLENDEBZRE (CVE) 7°16.8% L K&, 6
X107 =Y A A LOBETIZICVIE).5~4.4% Th -
2l lhh, BRUEOHHREBEILE6 X107 - R
I} /LAMP test tube EHBFL7zo TOREBEIIFESLH
DB SRR 2 BT o R LAL Thotze 2
OHRHEE» S, RT-LAMPREHICFEA T 2HERNA
E220ulhD ] plilBS LABATH kP 142
AMEREIRBETELLOEHKLE (14— A
/20ul =5 %107+ — L A FHES/ 1 ul)o



