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(¥ig. 8). In the third set of experiments (described below), the
amount of Al,, the colloid charge density, and both together
were also correlated with the efficiency of infectious or total
MS2 removal at all coagulant dosages, except for the total MS2
removal ratio at a coagulant dosage of 0.54 mg-Al/L (Table S4).
In addition, the removal ratios tended to increase as the
amount of Al, in the PACls decreased (that is, as Al, + Al
increased) and as the colloid charge density of the PACIs
increased. However, the virus removal efficiencies during the
coagulation process with aluminum-based coagulants were
not solely dependent on either Al + Al or the colloid charge
density. Further investigation is needed to elucidate a
completely reliable indicator for the effectiveness of virus
removal during the coagulation process.

3.3. Third set of experiments

3.3.1.  Effect of coagulant dosage on bacteriophage removal
Fig. 9a shows the effect of coagulant dosage on the efficiency of
infectious MS2 removal from treated water at around pH 8, as
evaluated by means of the PFU method after settling. The in-
fectious MS2 removal ratio increased as the coagulant dosage
was increased from 0.54 to 2.16 mg-Al/L; although the removal
ratios observed with AlCl; and PACI-1.5ns were unaffected by
the increase in coagulant dosage, approximately 1-2-logjo
improvements were obtained for the other aluminum-based
coagulants. For most of the coagulants, the infectious MS2
removal ratio reached a maximum at a dosage of 2.16 mg-Al/L,
and retained its virus removal performance when the coagu-
lant dosage was further increased to 5.4 mg-Al/L, exceptin the
case of PACI-1.5s. A similar trend was observed for removal of
turbidity and UV260-absorbing NOM (Fig. S3). These results
indicate that re-stabilization likely did not occur at this dosage
range for any of the coagulants except PAC-1.5s.

The infectious MS2 removal ratios during the coagulation
process with high-basicity PACls (i.e., PACI-2.1b, PACI-2.1c,
and PACI-2.7) were larger than the ratios with the other
aluminum-based coagulants used in the present study at all
coagulant dosages. A similar trend was observed for the total
MS2 removal ratios, as evaluated by the PCR method (Fig. 9b).
Therefore, increasing coagulant basicity tended to lower the
coagulant dosage required for effective removal of viruses. In
addition, the coagulation process with PACl-2.1c removed
MS2 more efficiently than the other aluminum-based co-
agulants at all coagulant dosages; PACl-2.1c was therefore
useful for virus removal over a broader pH range and wider
coagulant dosage range compared to commercially available
aluminume-based coagulants.

3.3.2.  OQverall comparison of coagulation efficiency of the
tested coagulants

As described above, PACI-2.1c, which contains Alsyg species,
removed viruses more efficiently than the other aluminum-
based coagulants, especially at weakly alkaline pH. In
contrast, at pH 8, the UV260-absorbing NOM removal and the
residual aluminum concentration attained with PACI-2.7 were
better than those attained with PACI-2.1c (Fig. $3). Because a
low residual aluminum concentration is associated with a low
content of monomeric aluminum species in the coagulant, our
previously reported coagulation process with PACI-2.7

(Kimura et al, 2013), which has a low Al, content (Fig. 4c),
attained a very low residual aluminum concentration. Taken
together, our results suggest that the development of novel
aluminum-based coagulants for different purposes such as
efficient virus removal and low residual aluminum concen-
tration can be achieved. The experimental results obtained in
the present study will be useful for the development and
investigation of highly effective aluminum-based coagulants.

4, Conclusions

(1) An increase in PACI] basicity (from 1.5 to 2.1) and the
absence of sulfate in the PACls improved virus removal
efficiency.

(2) The efficiency of virus removal at around pH 8 observed

with PACI-2.1c, a nonsulfated high-basicity PACl with a

high Al. content, was larger than that with PAC]-2.1b, a

nonsulfated high-basicity PAC] with a high Al, content.

Although extremely high basicity PACIs (PACl-2.7ns and

PACI-2.7) effectively removed turbidity and UV260-

absorbing NOM and resulted in a very low residual

aluminum concentration, the virus removal ratios of these
two PACls were smaller than the ratio with PACl-2.1c at
around pH 8, possibly as a result of a reduction in the
colloid charge density of the PACI due to the increase in

basicity from 2.1 to 2.7.

(4) Algp species probably played the major role in virus
removal during the coagulation process.

(5) Among the various aluminum-based coagulants used in
the present study, PACI-2.1c, which has a high Al. content
(including Also species) and a high colloid charge density,
showed the highest virus removal ratio (>4 logyo for in-
fectious viruses) in the pH range from 6 to 8 and a coagu-
lant dosage range from 0.54 mg-Al/L to 5.4 mg-Al/L.

(6) The virus removal ratios tended to increase as the amount
of Al, in the coagulant decreased (that is, as Al, + Al.
increased) and as the colloid charge density of the coagu-
lant increased.

o
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Virus removal by an in-line coagulation-ceramic
microfiltration process with high-basicity polyaluminum
coagulation pretreatment

N. Shirasaki, T. Matsushita, Y. Matsui, T. Urasaki, M. Kimura and K. Ohno

ABSTRACT

The ability of in-line coagulation pretreatment with high-basicity polyaluminum chloride (PACI)
coagulants to enhance virus removal by ceramic microfiltration (MF) was examined by comparing
virus removal efficiencies from water pretreated with PACI-2.2 (basicity 2.2) and PACI-2.5 (basicity
2.5) versus alum, a synthetic aluminum chloride (AICI3) solution, and two commercially available
PACIs, PACI-1.5 and PACI-1.8. The virus removal ratios for AlCl3, alum, PACI-1.5, and PACI-1.8
decreased markedly when the pH of the treated water shifted from 6.8 to 7.8, but was high at both
pHs for PACI-2.2 and PACI-2.5. PACI-2.5 contains Alz species and possibly Alyg Species, and has a
high colloid charge density. It removed viruses more efficiently than the other aluminum-based
coagulants, not only at neutral pH, but also under weakly alkaline conditions. Moreovet, the in-line
coagulation-ceramic MF process with PACI-2.5 pretreatment removed not only viruses but also
dissoived organic carbon and UV260-absorbing natural organic matter more efficiently and resulted
in a lower residual aluminum concentration than did commercially available PACIs, especially under
weakly alka!iné conditions. A combination of coagulation pretreatment with a high-basicity PACI and
ceramic MF can provide effective treatment of drinking water over a broader pH range than is
possible with commercially available aluminum-based coagulants.
Key words | aluminum hydrolyte species, bacteriophage, ceramic microfiltration, colloid charge
density, in-line coagulation
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Low-pressure membrane (LPM) filtration, including micro-
filtration (MF) and ultrafiltration, is widely used for
drinking water treatment because of its ability to produce
high-quality water, its small footprint, and its relatively low
costs (Huang ef al. 2009). To improve the filtration efficiency
of LPM, integration of pretreatment with LPM filtration has
been widely employed in actual drinking water treatment
plants. Pretreatment methods include adsorption, coagu-
lation, and oxidation. Among these methods, coagulation
is the most successful pretreatment for controlling mem-
brane fouling (Huang et al. 2009), which reduces
membrane permeability and increases the frequency of
chemical addition,

hydrodynamic or cleaning. In

doi: 10.2166/ws.2013.218

coagulation pretreatment is also useful for improving the
quality of treated water. Enhancement of removal of dis-
solved organic carbon (DOC) and natural organic matter
(NOM) can be expected with a combination of pre-coagu-
lation and membrane filtration (Lee et al. 2000). Moreover,
effective removal of waterborne enteric viruses, those

having diameters of 20-100 nm, is possible by this hybrid

process. For example, Tanneru et al. (2013) have reported
that a coagulation-MF process with a coagulant dosage of
more than 20 mg-Al/L produced 5.5-6.0 log reduction of
viruses when the pH of the treated water was about 6.4,
whereas MF alone with a 0.22-um-pore-size, hydrophilic
polyvinylidene difluoride filter produced only a 0.2-log
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removal of viruses. Our research group has also reported the
effectiveness of the coagulation-MF process: an approxi-
mately 6-log reduction of viruses was achieved at around
pH 6.8 with a combination of in-line coagulation and a
0.1 pm-pore-size ceramic membrane filter (Shirasaki ef al.
2009). This means that the coagulation~-MF process has
the potential to effectively mitigate the public health risk
posed by virus contamination of drinking water.

Many factors affect the virus removal performance of
the coagulation-MF process. Matsushita ef al. (2005) have
reported the effects of coagulant dosage, coagulation time,
and MF membrane pore size on virus removal. They con-
cluded that coagulant dosage strongly affected virus
removal compared with two other factors when the pH
was near 7. In addition, Zhu ef al. (2005) have investigated
the effect of pH on virus removal and reported a significant
reduction of virus removal as the pH increased from 6.3 to
8.3 when a solution of ferric chloride (FeCls) was used as
the coagulant. Adjustment of the pH during coagulation pre-
treatment is therefore one of the important steps that must
be taken to control virus removal in the coagulation-MF fil-
tration process. However, an increase in the pH of drinking
water sources from neutral to alkaline conditions because of
excessive algal growth has been reported throughout the
world (Hu et al. 2006; Matsukawa et al. 2006). Under
these circumstances, reducing the pH of the drinking
water source with acid or adding more coagulant is some-
times required to improve coagulation efficiency when
commercially available aluminum-based coagulants such
as polyaluminum chloride (PACl) and alum are used (Hu
et al. 20006; Yan et al. 2008). However, both of these methods
have some disadvantages, including an increase of the
residual aluminum concentration in treated water (Matsu-
kawa et al. 2006) and treatment cost (Yan ef al. 2008).

An alternative investigated by some researchers has
been the effect of adjusting the aluminum hydrolyte ratio
(basicity = [OH7)/[AI’*]) in PAC! on DOC removal and
residual aluminum concentration during the coagulation
process. They have reported that high-basicity PACls (basi-
city 2.1-2.7) yield higher removal of DOC and lower
residual aluminum concentrations than commercially avail-
able PACIs with basicities of 1.5-1.8, especially under
wealkly alkaline conditions (Yan ef al. 2008; Kimura et al.
2013). Accordingly, effective removal of viruses as well as

DOC is possible not only under neutral pH conditions but
also under weakly alkaline conditions when the MF process
is combined with a coagulation pretreatment with high-basi-
city PACI instead of commercially avajlable PACI or alum.
However, there is no report about the effectiveness of coagu-
lation pretreatment with high-basicity PACI for virus
removal during the coagulation-MF process. Our objective
in the present study was to investigate the effects of coagu-
lant type and PACI basicity on virus removal during the
coagulation-MF process by comparing four PACls with
different basicity, a synthetic aluminum chloride (AlCl;) sol-
ution, and commercially available alum.

MATERIALS AND METHODS
Source water, coagulants, and MF membrane

On 17 July 2009 and 10 November 2009, river water was
sampled from the Toyohira River (Sapporo, Japan), the
water quality of which is shown in Table 1. The coagulants
used for the coagulation process were six aluminum-based
coagulants, the specifications of which are shown in
Table 2. Two commercially available PACls with normal basi-
cities of 1.5 (PACI-1.5) and 1.8 (PACI-1.8) were provided by
the Taki Chemical Co., Ltd (Kakogawa, Japan). For exper-
imental purposes, the same company also supplied high-
basicity PACls with basicities of 2.2 (PACI-2.2, presently avail-
able commercially) and 2.5. To provide a comparison of
coagulation efficiency with PACls, a synthetic AlCls solution,
which was prepared by dilution of reagent-grade aluminum
(III) chloride hexahydrate (AlCl5-6H,0, Wako Pure Chemi-
cal Industries, Ltd, Osaka, Japan) dissolved in Milli-Q water

Table 1 l Water quality of the Toyohira River

River water 1 River water 2
Sampling date 17-Jul-09 10-Nov-09
pH 7.5 7.7
Turbidity (NTU) 2.0 0.8
DOC (mg/L) 0.9 0.8
UV260 (cm™ ) 0.031 0.027
Alkalinity (mg-CaCO3/L) 14.5 222
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Aluminum species distribution

Coagul ' icity Aluminum concentration Sulfate concentration Relative density at 20 'C Aly(%) Aly(%) AIJ%)
AlCl5 0.0 2.7 g-Al/L 0.0 g/L 1.0 75.8 4.6 19.6
Alum 0.0 8% (w/w) as Al,O3 23% (w/w) 1.3 73.3 9.4 17.3
PAC1-15 1.5 10% (w/w) as Al,Os5 3% (w/w) 1.2 46.2 15.5 383
PAC1-1.8 1.8 10% (w/w) as Al,O3 3% (w/w) 1.2 42.2 11.6 46.3
PAC1-2.1 22 10% (w/w) as Al,O5 3% (w/w) 1.2 36.4 6.3 57.3
PAC1-25 2.5 23% (w/w) as AlO5 0% (w/w) 1.3 24.6 3.8 71.6

(Milli-Q Advantage, Millipore Corp., Billerica, MA, USA),
and commercially available alum (Taki Chemical Co., Ltd),
were used in the present study. The distributions of aluminum
species in the coagulants were analyzed by a Ferron method
(Wang et al. 2004) and are shown in Table 2. On the basis of
the kinetic differences between the reactions of the aluminum
species and the Ferron reagent (8-hydroxy-7-iodoquinoline-5-
sulfonic acid, Wako Pure Chemical Industries), aluminum
hydrolyte species were categorized as monomeric species
(Al,), fastreacting polymeric species (Aly), or slow-reacting
colloidal species (Al.) (Wang et al. 2004). The details of the
Ferron method have been described in our previous study
(Kimura et al. 2013). A monolithic, modular, ceramic MF
membrane (55-channel tubular; nominal pore size 0.1 pmy;
effective filtration area 0.043 m? NGK Insulators, Ltd,
Nagoya, Japan) installed in a stainless-steel casing was used
for the MF process.

Characterization of coagulants

Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS)

ESI-TOE-MS was used to analyze the aluminum hydrolyte
species in the coagulants. Each coagulant was diluted with
Milli-Q water to 2 mg-Al/L, and the diluted coagulant was
introduced into an ESI-TOE-MS (model JMS-T100LP; JEOL
Ltd, Tokyo, Japan) at a constant flow rate of 30 uL/min by
using a syringe pump. Analysis was conducted in a positive-
ion mode at a needle voltage of 2,000 V, an orifice 1 voltage
of 10-30V (0-100%), an orifice 2 voltage of 5V, a ring lens
voltage of 10V, and a mass range m/z of 10-500.

Colloid titration analysis

The positive colloid charges of the coagulants were deter-
mined by colloid titration with a COM-555 potentiometric
titrator (Hiranuma Sangyo Co., Mito, Japan). Fach coagulant
was diluted with Milli-Q water to 1-2 mg-Al/L (analytical pH
condition was approximately 4-5), and then 150mL of
diluted coagulant was transferred to a titration vessel. After
addition of 0.3 mL of toluidine blue indicator (Wako Pure
Chemical Industries) to the vessel, the solution was titrated
by means of a pump with 0.001 mol/L potassium polyvinyl
sulfate (a standard negative colloid, Wako Pure Chemical
Industries) at a constant rate of 10 mL/min. The vessel con-
tents were homogenized with a magnetic stirrer during the
titration, and the absorbance at 630 nm was recorded con-
tinuously until there was little change in the absorbance
(i.e. subtle change in the color of the indicator from light
blue to bluish-purple). The positive colloid charge was deter-
mined from the volume of potassium polyvinyl sulféte that
corresponded to the half-height of the descending side of
the recorded absorbance curve.

Bacteriophage

F-specific RNA bacteriophage Qp (NITE Biological Research
Center (NBRC) 20012) was obtained from the NBRC (Kisar-
azu, Japan). The bacteriophage QB is widely used as a
surrogate for waterborne enteric viruses in the membrane fil-
tration process (Matsushita et al. 2005; Shirasaki ef al. 2009)
because of its morphological similarities to hepatitis A viruses
and polioviruses, which are important to remove during
drinking water treatment. The bacteriophage QB is the
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prototype member of the genus Allolevivirus in the virus
family Leviviridae. The genome of this bacteriophage con-
tains a single molecule of linear, positive-sense, single-
stranded RINA, which is encapsulated in an icosahedral
protein capsid with a diameter of 24-26 nm (Fauquet et al.
2005). Bacteriophage was propagated and purified as
described in our previous report (Shirasaki ef al. 2010) prior
to the preparation of a bacteriophage stock solution.

In-line coagulation-ceramic MF experiments

The river water, placed in a raw water tank, was spiked with Qp
at approximately 108 PFU/mL. Throughout the experiments,
the raw water was mixed constantly with an impeller stirrer.
The raw water was fed into the experimental system at a con-
stant flow rate (83.3L/(m*h)=2.0m/d) by a peristaltic
pump. To maintain the MF filtrate at pH 6.8 or 7.8, hydrochloric
acid or sodium hydroxide was added to the water before it
reached the first in-line static mixer (hydraulic retention time
(HRT) 1.8s; 1/4-N40-172-0, Noritake Co. Ltd, Nagoya,
Japan). Because about 1 mg-Al/L of PACI is usually dosed for
the treatment of Toyohira River water (the source water in the
present study) in the actual drinking water treatment plant
(Moiwa drinking water treatment plant, Sapporo, Japan),
coagulant was injected after the first in-line static mixer and
before the second in-line static mixer at a constant dose rate
(1.08 or 2.16 mg-Al/L). To obtain a coagulation time of 1 min,
a combination of the in-line static mixer (G value 260 s,
HRT 1.8 s) and a subsequent Tygon tube reactor (inside diam-
eter 1.6 mm, total HRT 1 min) was used as the second in-line
static mixer. After the coagulant had been admixed with the
water, the water was fed into the ceramic MF module in
dead-end mode. Filtration was performed for 4 h without any
backwashing. Bacteriophage concentrations in the raw water
tank (Co) and in the MF filtrate (C) were measured every
hour. In addition, DOC concentrations and UV260-absorbing
NOM were quantified with a SIEVERS 900 laboratory TOC
analyzer (GE Analytical Instruments, Boulder, CO, USA) and
a UV-1700 Pharma spectrophotometer (Shimadzu Corp.,
Kyoto, Japan), respectively. After adding the nitric acid (1%
(v/v), ultrapure, Kanto Chemical Co., Inc., Tokyo, Japan) into
the MF filtrate, the aluminum concentration was analyzed
with an HP4500 inductively coupled plasma-mass spec-
trometer (Yokogawa Analytical Systems Inc., Tokyo, Japan).

Bacteriophage assay
PFU method

The infectious bacteriophages were enumerated according to
the double-layer method (Adams 1959) by using the bacterial
host Escherichia coli (NBRC 13965). Serially diluted raw
water or MF filtrate (1 mL) was poured onto a solid-bottom
agar plate followed by 0.3 mL of host E. coli culture mixed
with 3 mL of molten top agar. The plates were incubated
for 16-24 h at 37 °C. To measure the concentrations of infec-
tious bacteriophage in the water samples, we calculated the
average plaque counts of triplicate plates prepared from one
sample on plates with 30 to 300 PFU, which we considered
a countable number of plaques, and determined the number
of plaque forming units per millilitre.

For quantification of low infectious bacteriophage con-
centrations (i.e. <30 PFU/mL) in the MF filtrate, 50 mL of
MEF filtrate was mixed with 5 mL of bacterial host E. coli cul-
ture and 50 mL molten agar, and the mixture was then poured
into 10 plates (without bottom agar). The plates were incu-
bated for 16-24 h at 37°C. We calculated the number of
plaque forming units per millilitre by dividing the total
plaque counts for the 10 plates by the sample volume (50 mL).

Real-time reverse-transcription polymerase chain
reaction method (RT-PCR)

The viral RNA of bacteriophages was quantified by the real-
time RT-PCR method. This method detects all bacterio-
phages, regardless of their infectivity and the existence of
aggregates. The detailed procedure for the real-time RT-
PCR method has been described in our previous study (Shir-
asaki ef al. 2010).

RESULTS AND DISCUSSION
Effect of coagulant type on bacteriophage removal

Figure 1(a) shows the effect of coagulant type on the
removal of infectious QB, assessed by the PFU method, in
the in-line coagulation-ceramic MF process (source water

was river water 1). Because the diameter of QB
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Figure 1 | Effect of coagulant type on removal of infectious QP by the in-line coagulation-ceramic MF process as evaluated by the PFU method. Source water was river water 1. Coagulant
dosage was 1.08 (a) or 2.16 (b) mg-Al/L. Values are filtration time-averaged removals, and the error bars indicate standard deviations. The absence of a bar indicates that the QB

concentrations were below the quantification limit in the treated water.

(approximately 25 nm) was smaller than the nominal pore
size of the ceramic MF membrane (0.1 um), no removal of
infectious Qp was observed in the absence of coagulation
pretreatment (data not shown). In contrast, in-line coagu-
lation pretreatment dramatically enhanced the removal
ratios (log[Co/Cs)) of infectious QB compared with ceramic
MEF alone at around pH 6.8 of treated water. Greater than
6-log removals were achieved by a combination of in-line
coagulation pretreatment and ceramic MF filtration, regard-
less of the type of coagulant, because during the coagulation
pretreatment, QB was effectively incorporated into the
aluminum flocs, which were larger than the nominal pore
size of the ceramic MF membrane, and the flocs with incor-
porated QB were removed by ceramic MF filtration.

The infectious QB removal performances of AlCl5, alum,
and PACI-1.5 were markedly decreased when the pH of the
treated water shifted from 6.8 to 7.8. Even when the coagu-
lant dosage was increased from 1.08 to 2.16 mg-Al/L, <1-log
removals were observed for those coagulants (Figure 1(b)).
In contrast, PACI-2.2 continued to remove viruses with
high efficiency (>6-log removal of infectious Qp) even
under weakly alkaline pH conditions (Figure 1(a)). This
result indicates that the type of coagulant affects virus
removal performance in the inline coagulation-ceramic
ME process, especially under weakly alkaline pH con-
ditions, and that a high-basicity PAC! (e.g. PACI-2.2) can
remowve viruses more effectively than the other commercially

available aluminum-based coagulants used in the present
study.

Effect of PACI basicity on bacteriophage removal

As described above, PACI-2.2 removed infectious QB more
efficiently than did other aluminum-based coagulants,
including PACI-1.5, especially under weakly alkaline pH
conditions. To precisely quantify the effect of PACI basicity
on virus removal, we compared the removal of QB by in-
line coagulation pretreatment with four PACls with differ-
ent basicities followed by ceramic MF filtration within
the pH range 6.8-7.8 (Figure 2, source water was river
water 2). More than 8-log removals of infectious QB,
assessed by the PFU method, were attained by the in-line
coagulation-ceramic MF process with all the PACls when
the pH of the treated water was about 6.8, regardless of
their basicity (Figure 2(a)). In contrast, the removal effi-
ciencies of infectious Qf depended on the basicity of the
PACls when the pH of the treated water was about 7.8.
The in-line coagulation-ceramic MF process with PACI-
1.5 and PAC}-1.8 achieved approximately a 1-log removal
of infectious Qp, but approximately 6-log and >8log
removals were achieved with PACI-2.2 and PACI-2.5,
respectively. A similar trend was observed for removal
ratios of total QB, assessed by the RT-PCR method.
Although high removal efficiencies of total Qp, at least
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deviations. The absence of a bar indicates that the Qff concentrations were below the quantification limit in the treated water.

6-log removals, were achieved for all PACIs at around pH ~ compared to commercially available aluminum-based
6.8, marked differences in removal ratios were observed  coagulants.
among the four PACls when the pH of the treated water The Qp removal ratios determined by the PFU and RT-
was about 7.8 (Figure 2(b)). These results suggest that the PCR methods differed markedly, depending on the coagu-
basicity of PACIs affects virus removal perférmance in  lation conditions. The infectious QB removal ratios
the in-line coagulation-ceramic MF process, especially (Figure 2(a)) were larger than the total Qf removal ratios
under weakly alkaline conditions. (Figure 2(b)). Because our previous study demonstrated
As shown Figure 2, the in-line coagulation-ceramic MF  that QB loses its infectivity after being mixed with aluminum
process with PACI-2.5 effectively removed viruses compared hydrolyte species during coagulation with PACl-1.5 (Mat-
to the performance of the other PACIls used in the present  sushita ef al. 201), the virucidal activity of the PACIs
study. In addition, this process removed DOC and UV260-  contributed to the removal efficiency of infectious Qp
absorbing NOM more efficiently and resulted in a lower during the in-line coagulation-ceramic MF process.
residual aluminum concentration than did the processes
with PACI-1.5, PACI-1.8, and PACl2.2, especially under Characterization of coagulants
weakly alkaline conditions (whereas approximately 20-
30% and 40-50% removals for DOC and UV260-absorbing  To elucidate why PACI-2.5, which has a higher basicity, was
NOM, respectively, and 0.08-0.15 mg-Al/L residual alumi-  more effective in removing viruses, we used ESI-TOE-MS to
num concentrations were observed for PAC1-1.5, PACI-1.8, analyze the aluminum hydrolyte speciation in PACI-2.5. In
and PACI-2.2 at a pH of about 7.8, approximately 50% the ESI-TOE-MS spectra of all the coagulants (Figure 3), we
and 70% removals for DOC and UV260-absorbing NOM, found the most intensive peak at m1/z 97, which is assigned
respectively, and <0.01 mg-Al/L residual aluminum concen-  to the monomeric aluminum species [AI{OH),(H,O),]"
trations were attained for PACI-2.5). Accordingly, the (Urabe et al. 2007). In addition, fragment ions of tridecameric
combination of coagulation pretreatment with high-basicity species —i.e. Alyz species such as [(Al;504(OH)4(H,0)12)]”*
PACl and ceramic MF is effective in treating drinking  with peaks at m/z 303 [Al;304(OH)5(H,0)>* and 454
water, including virus removal, over a broader pH range [Al;304(OH),0/*" (Stewart et al. 2009) ~ were observed for
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Figure 3 | ESI-TOF-MS spectra of coagulants: ACls (a), alum (b), PACI-1.5 (c), PACI-1.8 (d), PACI-2.2 {e), and PACI-2.5 (f).

PACI-2.2 (the relative intensities of these two peaks were
0.7-0.9%) and PACI-2.5. In contrast, no peak for Al;5 species
was confirmed in the spectra of AlCls, alum, PACI-1.5, and
PACI-1.8. Moreover, other strong peaks of Al;s species
at m/z 297 [Al;s04(OH)g>*, 309, 315, 321, 327, and
333 [Al;304(0H),5(HL0)0-6>" (Stewart ef al. 2009) were
observed in the spectrum of PACI-2.5. These results suggest
that high-basicity PACls such as PACI-2.2 and PACI-2.5

contain Alys species, but these species are not present in
AlCl5, alum, PACI-1.5, and PACI-1.8.

Some researchers have demonstrated that the content of
Al species in a coagulant is approximately equal to that of
Aly, species categorized by the Ferron method (Chen et al.
2006). In the present study, whereas strong peaks related
to Alys species were observed for PACI-2.5, the content of
Aly in PACI2.5 was very similar to those in other
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aluminum-based coagulants used in the present study
(Table 2). In contrast, the content of Al varied as a function
of the coagulant type and was highest in PACI-2.5 (Table 2).
Because the Also species [(Also04(0H)s6(H20)24)]*3" does
not react with Ferron reagents within 120 min, it is categor-
ized as Al by the Ferron method (Chen et al. 2007). In
addition, the Also species is known to consist of two Al
species connected by four monomeric aluminum species
(Chen et al. 2007), the implication being that the peaks of
monomeric aluminum species and fragment ions of Aljs
species will also be observed when the Alzg species in a
coagulant is decomposed by fragmentation in the ESI-
TOF-MS analysis. Actually, these peaks were clearly con-
firmed in the ESI-TOE-MS spectrum of PACI-2.5, as shown
in Figure 3. Therefore, PACI-2.5 possibly contained not
only Alys species but also Als, species.

The positive colloid charges of the coagulants were also
determined by using a colloid titration technique (Figure 4).
The colloid charge densities of the AlCl; and alum were
very small and almost constant, regardless of the aluminum
concentration. In contrast, the colloid charge densities of
the PACls increased with increasing concentrations of alumi-
num. In addition, the colloid charge density of PACI-2.5 was
the highest among the aluminum-based coagulants used in
the present study. Because Alys species and Alsq species are
known to be effective coagulants because of their strong
charge neutralization capability and high structural stability
(Chen et al. 2006; Zhang et al. 2008), the presence of Al3
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Figure 4 [ Colloid charge densities of the coagulants as evaluated by the colloid titration
technique.

species, Alsg species, or both in PACI-2.5 is possibly associ-
ated with the large amount of positive colloid charge. In
addition, the absence of sulfate in PACI-2.5 probably also con-
tributed to its high colloid charge density compared with that
of other sulfated PACls such as PACI-1.5, PACI-1.8, and
PACI-2.2, because the presence of sulfate during the coagu-
lation process reduces the charge neutralization capability
of coagulants (Wang et al. 2002). These characteristics of
PACI-2.5 account for its high capability to neutralize the nega-
tive charges on viruses during coagulation pretreatment.
Actually, the in-line coagulation-ceramic MF process with
PACI-2.5 could effectively remove viruses not only under neu-
tral pH conditions but also under weakly alkaline conditions,
as described above.

We have shown through this study that coagulation pre-
treatment with PACI-2.5 followed by ceramic MF has a
variety of advantages, including effective removal of viruses,
DOC, and UV260-absorbing NOM, and the process results
in very low residual aluminum concentrations compared
with other aluminum-based coagulants, even under weakly
alkaline conditions. To elucidate whether the in-line coagu-
lation-ceramic MF process with high-basicity PACI is
actually useful for drinking water treatment, further investi-
gations using a wide variety of water sources are needed,
because the concentration of viruses in the treated water
may be affected by the characteristics of the source water.

CONCLUSIONS

1. The basicity of PACls affects the virus removal perform-
ance of the in-line coagulation-ceramic MF process.
The high-basicity PACls, PACI-2.2 and PACI-2.5, could
effectively remove viruses not only under neutral pH con-
ditions but also under weakly alkaline conditions.

2. Among the various aluminum-based coagulants used in
the present study, PACI-2.5, which has a high Al. content
(including Al;5 species and possibly Alsy species) and a
high colloid charge density, removed viruses more effi-
ciently (>8-log for infectious viruses; >6-log for total
viruses) than the other aluminum-based coagulants in
the pH range 6.8 to 7.8.

3. The inline coagulation-ceramic MF process with
PACI-2.5 removed not only viruses but also DOC and
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UV260-absorbing NOM more efficiently and resulted in a
lower residual aluminum concentration than did com-
mercially available PACls, especially under weakly
alkaline conditions.
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Quantitative detection of human enteric adenoviruses in
river water hy microfluidic digital polymerase chain
reaction

Naohiro Kishida, Naohiro Noda, Eiji Haramoto, Mamoru Kawaharasaki,
Michihiro Akiba and Yuji Sekiguchi

ABSTRACT

We describe an assay for simple and accurate quantification of human enteric adenoviruses (EAdVs)
in water samples using a recently developed quantification method named microfluidic digital
polymerase chain reaction (dPCR). The assay is based on automatic distribution of reaction mixture
into a large number of nanolitre-volume reaction chambers and absolute copy number quantification
from the number of chambers containing amplification products on the basis of Poisson statistics.
This assay allows absolute quantification of target genes without the use of standard DNA.
Concentrations of EAdVs in Japanese river water samples were successfully quantified by the
developed dPCR assay. The EAdVs were detected in seven of the 10 samples (1 L each), and the
concentration ranged from 420 to 2,700 copies/L. The quantified values closely resemble those by
most probablé number (MPN)-PCR and real-time PCR when standard DNA was validated by dPCR
whereas they varied substantially when the standard was not validated. Accuracy and sensitivity of
the dPCR was higher than those of real-time PCR and MPN-PCR. To our knowledge, this is the first
study that has successfully quantified enteric viruses in river water using dPCR. This method will
contribute to better understanding of existence of viruses in water.

Key words | absolute quantification, digital PCR, gastroenteritis, real-time PCR, waterborne
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infectious diseases

INTRODUCTION

The accurate quantification of pathogenic microorganisms
in water is crucial for estimating and controlling health
risk of waterborne infectious diseases. Real-time polymerase
chain reaction (PCR) is widely used for quantifying micro-
organisms in water (Rajal et al. 2007; Wyn-Jones et al. zom;
Kishida et al. zo12a). However, the quantified value by
realtime PCR is unstable if the copy number of target
genes in the reaction mixture is small, because the effect
of annealing error at the beginning of the PCR cycle (PCR
drift) on the amplification efficiency is high (Wagner et al.
1994). Although it is possible to increase copy number by
concentrating microorganisms in water by filtering or
centrifugation, excess concentration increases inhibitory
substances for PCR, such as humic acids, fulvic acids and
polysaccharides, which are typically co-extracted with
target DNA from natural water samples (Hata ef al. 201m).

doi: 10.2166/wst.2014.262

Due to the inhibitory -effect, the concentration of microor-
ganisms in water is often underestimated (Hamza et al.
2009; Hata et al. 201). If copy number is small, and inhibi-
tory effect is high, estimated quantified value can be less
than one copy. This phenomenon sometimes occurred in
our previous experiments (data not shown). In addition,
accurate preparation of copy number of standard DNA is
generally difficult, which increases quantification error.

In this study, we focused our attention on a recently
reported novel molecular method for the quantification of
nucleic acid sequences named microfluidic digital PCR
(dPCR) (Dube et al. 2008; Spurgeon ef al. 2008) as an
improved method for the quantification of microorganisms
in water. The microfluidic dPCR is a new technology that
allows absolute quantification of target genes without the
use of standard DNA. As shown in Figure 1, the reaction
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Figure 1 | Schematic presentation of microfiuidic dPCR for estimating the target DNA
without the use of standard DNA. (*The number of reaction chambers is much
larger in an actual device.)

mixture for PCR is automatically distributed and partitioned
into a large number of nanolitre-volume reaction chambers.
After conducting PCR in the chambers, the amount of target
DNA is estimated from the number of chambers containing
amplification products on the basis of Poisson statistics,
which can predict how input DNA is distributed into all
small chambers (Dube ef al. 2008). This method provides
binary output because the PCR reaction in each nanolitre-
volume chamber is either positive or negative, and-the quan-
tified copy number is independent of the PCR amplification
efficiency (Hoshino & Inagaki 2012). Therefore, this method
can accurately and simply quantify microorganisms even if
inhibitory substances exist in the reaction mixture (Hoshino
& Inagaki 2012). However, this method has rarely been
applied to quantification of pathogenic microorganisms in
water,

In the present study, we developed a microfluidic dPCR
assay for accurate quantification of human enteric adeno-
viruses (EAdVs) as representative microorganisms, and
applied the assay to the detection in water samples collected
from a Japanese river. To investigate validity of the micro-
fluidic dPCR, conventional real-time PCR assay and most
probable number (MPN)-PCR assay were also performed,
and the quantification data for the three techniques were
compared.

MATERIALS AND METHODS

Collection of river water samples, virus concentration
and DNA extraction

In total, 10 river water samples were collected from one
sampling site in the Tone River in Japan, from October
2011 to March 2012. The Tone River has a total length of
322 km and a catchment area of 16,840 km?, with approxi-
mately 800 tributaries. The sampling site was located on

the right bank at the Tone Diversion Weir, where the surface
water is utilized for the production of drinking water for the
Tokyo Metropolitan Area. Over 2 million people live in the
upper river basin of the sampling site, and there are many
wastewater treatment plants and private septic tanks in the
area. Enteric AdVs have been frequently detected at this
sampling site in a previous study by us (Kishida ef al. 2012b).

One litre of sampled river water was concentrated to
approximately 0.6 mL using electronegative and ultrafiltra-
tion membranes as described previously (Haramoto et al.
2005). For detection of EAdVs, 200 pL of the concentrated
sample was subjected to DNA extraction using a QlAamp
DNA mini kit (Qiagen, Tokyo, Japan) to obtain 200 pL of
the resulting DNA.

Quantification of EAdVs by dPCR, real-time PCR and
MPN-PCR

The primer pairs and the TagMan probe used for dPCR, real-
time PCR and MPN-PCR were designed to amplify adeno-
virus stereotypes 40 and 41 (Ko et al. 2005). The dPCR
was performed using the BioMark Realtime System and
12.765 Digital Array, which consisted of 12 panels contain-
ing 765 reaction chambers each (Fluidigm Corporation,
San Francisco, USA). Aliquots of 1.15uL of extracted
DNA solution were mixed with 3.45 ulL. of reaction buffer
containing 2.3 pL. of TagMan Gene Expression Master Mix
(Life Technologies Japan, Tokyo, Japan), 900 nM of each
primer, and 250 nM of TaqMan probe. The reaction mix-
tures were incubated at 50°C for 2min and 95°C for
10 min followed by 45 cycles of 95°C for 30s, 55°C for
30s and 72°C for 30s. After amplification, Digital PCR
Analysis Software (Fluidigm Corporation) was used to
count the number of positive chambers. Finally, the software
statistically estimated the absolute copy number of target
DNA in panels using Poisson statistics. The theory and
equations used in this study have been described elsewhere
(Dube et al. 2008; Bhat et al. 2009). Briefly, the copy number
of template DNA (M) is given by

H
M= —Cxln(l ——5>
where Cis the number of all chambers in a panel (=765) and
H is the number of positive chambers (Hoshino & Inagaki
2012). Because the molecules in the reaction mix are distrib-
uted in small chambers, dPCR quantifies the number of .
molecules instead of the copy number of genes estimated
by realtime PCR. For example, a genome fragment
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possessing three copies of the target gene in a reaction
chamber should be quantified as one by digital PCR,
whereas real-time PCR quantifies it as three (Hoshino &
Inagaki 2012).

Real-time PCR and MPN-PCR were performed using
LightCycler 480 System II (Roche Diagnostics, Tokyo,
Japan). For real-time PCR, aliquots of 1.15 uL of extracted
DNA solution were mixed with 18.85 L of reaction buffer
containing 10uL of 2xLightCycler 480 Probe Master
(Roche Diagnostics), 400 nM of each primer, and 200 nM
of TagMan probe. The reaction mixtures were incubated at
95 °C for 10 min followed by 50 cycles of 95°C for 10s
and 55 °C for 30 s. When fluorescence intensity is over the
threshold value within 45 cycles, the sample was considered
to be positive. Tenfold serial dilutions of chemically syn-
thesized oligo-DNAs of adenovirus serotype 40 (Accession
No.: X16583; position: 614-723) were used to make a stan-
dard curve. The concentration of the standard was
calculated from the optical density measurement. Validation
of concentration of standard DNA was also performed using
dPCR. Namely, standard DNA with the concentration of
500 copies/reaction calculated from the optical density
measurement was quantified using dPCR.

For MPN-PCR, DNA sample was manually diluted as
described previously (Katayama et al. 2008). The reaction
mixture composition and incubation condition of MPN-
PCR were the same of those of real-time PCR except for tem-
plate volume. To compare detection sensitivity of each PCR,
the total volume of template DNA solution before dilution
for MPN-PCR was set as 1.15 uL. Each PCR test was per-
formed in triplicate.

RESULTS AND DISCUSSION
Validation of concentration of standard DNA using dPCR

Figure 2 shows binary results of each reaction chamber of
dPCR. Positive and negative chambers were -clearly
divided. Therefore, the number of positive chambers was
successfully counted, and copy number was quantified on
the basis of Poisson statistics. The quantified values for
standard DNA tested in triplicate resemble each other
(78 £ 10 copies/reaction). However, these values were
much less than the input copy number (500 copies/reac-
tion). This result indicates that the copy number of
standard DNA prepared by the optical density measure-
ment and dilution was not accurate.

Figure 2 [ Images of the digital PCR array after 45 cycles of PCR. Each panel contains 765
chambers, and white chambers are positive. (a) Negative control, (b)-(d)
standard DNA (n = 3), (e)-(h) river water samples (examples).

Quantification of EAdV concentration in river water
sample using dPCR

The EAdVs were successfully detected from river water
samples using dPCR. As shown in Table 1, EAdVs were
detected in seven of the 10 samples (70%). In this study,
the water sampling was conducted only in the winter

-season when detection frequency of EAdVs is high. In

fact, the detection efficiency is higher compared to a pre-
vious study conducted yearround which covered all
seasons at the same sampling site (Kishida ef al. 2012b).

Tahle 1 | Concentration of EAdVs in river water samples from the Tone River in Japan
determined by microfiuidic dPCR

concentration (copies/L)

Test no. (n=3)
Sample no. 1 2 3 Mean Standard deviation
1 0 0 0
2 0 0
3 0 0
4 420 420 420 420 0
5 1,000 1,500 1,500 1,300 290
6 460 920 1,400 920 460
7 1,300 2,500 4,000 2,700 1,500
8 440 880 1,800 1,000 670
9 440 1,300 1,300 1,000 510
10 1,600 1,600 2,000 1,700 230
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Although the reason why detection efficiency is high in the
winter season is not clear, a seasonal variation in the
number of infected patients may be one of the reasons.
According to limited clinical data reported to the National
Institute of Infectious Diseases, Japan, the number of con-
firmed EAdVs (patients/surveillance site) was larger in
the winter season in 2011/2012 compared with other sea-
sons (National Institute of Infectious Diseases 2014).
Hence, it is suggested that EAdVs were shed from
humans and discharged into the water environment via
wastewater treatment plants in this season, which may
cause an increase in the concentration of EAdVs in river
water. Another reason may be a seasonal variation in rain-
fall. Near the sampling site, the amount of rainfall was
small in the winter season in 2011/2012 (Japan Meteorolo-
gical Agency 2014), which decreases the water level of the
river and the dilution effect by rainfall, and may cause an
increase in the concentration of EAdVs in river water.
Meanwhile, the first three samples (No. 1-3 in Table 1)
were negative for EAdVs. This may be because the
amount of rainfall near the sampling period was different.
The amount of rainfall in the early winter season that the
first three samples were obtained was larger than that in
the late winter season when the other samples were
obtained (Japan Meteorological Agency 2om). Dilution

effect by rainfall would be higher in the early winter
season, which decreased the concentration of EAdVs in
river water.

Although river water samples were concentrated using
electronegative and ultrafiltration membranes, the quanti-
fied copy number of each reaction was less than 10, as
shown in Figure 2, because the EAdV concentration in
river water sample is normally lower compared to those in
sewage samples (Haramoto et al. 2007). Nevertheless, rela-
tively stable quantified values were obtained. The mean
concentration of each sample tested in triplicate ranged
from 420 to 2,700 copies/L. This contaminant level is simi-
lar to that of the previous study conducted at another
Japanese river (Haramoto et al. 2007).

Comparison of quantified data among dPCR, real-time
PCR and MPN-PCR

Table 2 shows quantified data of EAdVs by dPCR, real-time
PCR and MPN-PCR. Standard deviations of positive
samples quantified by dPCR are lower than those by real-
time PCR. This indicates that stable quantification data
can be obtained using dPCR even when the target copy
number in the reaction mixture is small. This is because
dPCR provides binary output since the PCR reaction in

Table 2 | Concentration of EAdVS in river water samples using three different PCR methods (unit: copies/reaction; n = 3)

Real-time PCR

dPCR MPN-PCR
Adjustment® Non-adjustment®

sample no. Mean s.n.° Mean $.D.° Mean S.D.° Mean S.D.°
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0
4 1.0 0 1.9 1.6 0 0 0
5 2.7 0.58 4.0 34 3.7 3.0 23 19
6 2.0 1.0 0 0 1.2 0.42 7.7 2.7
7 6.3 3.5 6.2 2.7 3.7 39 24 25
8 23 1.5 4.7 2.7 22 2.0 14 13
9 23 1.2 2.1 1.8 1.5 0.66 9.7 42
10 4.3 0.58 3.7 0.94 1.7 12 11 7.6
Mean? 3.0 14 3.8 22 2.3 19 15 12
Detection frequency 70% 60% 60% 60%

2Quantified values when the concentration of standard DNA was adjusted (validated) by dPCR.

bquantified values when the concentration of standard DNA was ot adjusted (validated) by dPCR.

“standard deviation.
dMean values of the positive samples,
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each nanolitre-volume chamber is either positive or nega-
tive, and the quantified copy number is independent of the
PCR amplification efficiency. In addition, the standard devi-
ations quantified by dPCR are lower than those by MPN-
PCR. This is because the handling error does not exist in
the dPCR measurement. The reaction mixture is automati-
cally distributed and partitioned into a large number of
nanolitre-volume reaction chambers in dPCR whereas it is
manually diluted and distributed in MPN-PCR.

The detection frequency of dPCR is a little higher than
those of real-time PCR and MPN-PCR. This can be
expected because amplification efficiency of dPCR is
higher. Since the reaction chamber is very small, heat
transfer of reaction mixture during PCR cycles would be
efficiently completed. In a further study, the detection sen-
sitivity could be thoroughly investigated by applying dPCR
to quantification of microorganisms in a larger number of
water samples.

The mean values of positive samples determined by real-
time PCR are similar to those determined by dPCR and
MPN-PCR when the standard DNA was adjusted (validated)

by dPCR. However, they varied substantially when the stan-

dard was not adjusted as shown in Table 2. This strongly
indicates that the standard DNA concentration calculated
from the optical density measurement is not accurate. Gen-
erally, accurate preparation of standard DNA for real-time
PCR is difficult and troublesome. Although the reaction
time of dPCR and real-time PCR is almost the same, hand-
ling time considerably decreases in dPCR because accurate
data can be obtained without the use of standard DNA.

CONCLUSIONS

Concentrations of EAdVs in Japanese river water
samples were quantified by dPCR and other current
detection techniques. The accuracy and sensitivity of
the dPCR were higher than those of current detection
techniques. Therefore, the dPCR ‘can be applicable to
quantify pathogenic microorganisms in aquatic environ-
ments in the cases where accuracy and sensitivity are
more important than analytical costs. Accurate analytical
data are strongly required when the data are used for
regulation. In addition, dPCR measuring may be suitable
for quantitative microbial risk assessment because accu-
rate and sensitive data are required to increase the
precision of the assessment.
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