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Ozonation followed by granular activated carbon (GAC) is one of the advanced drinking
water treatments. During GAC treatment, ammonia can be oxidized by ammonia-oxidizing
microorganisms associated with GAC. However, there is little information on the abun-
dance and diversity of ammonia-oxidizing microorganisms on GAC. In this study, the
nitrification activity of GAC and the settlement of ammonia-oxidizing archaea (AOA) and
bacteria (AOB) in GAC were monitored at a new full-scale advanced drinking water treat-
ment plant in Japan for 1 year after plant start-up. Prechlorination was implemented at the
receiving well for the first 10 months of operation to treat ammonia in raw water. During
this prechlorination period, levels of both AOA and AOB associated with GAC were below
the quantification limit. After prechlorination was stopped, 10° copies g-dry " of AOA amoA
genes were detected within 3 weeks and the quantities ultimately reached
10°-107 copies g-dry ', while levels of AOB amoA genes still remained below the quanti-
fication limit. This observation indicates that AOA can settle in GAC rapidly without pre-
chlorination. The nitrification activity of GAC increased concurrently with the settlement
of AOA after prechlorination was stopped. Estimation of in situ cell-specific ammonia-
oxidation activity for AOA on the assumption that only AOA and AOB determined can
contribute to nitrification suggests that AOA may account for most of the ammonia-
oxidation. However, further validation on AOB contribution is required.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

However, it has been observed that microorganisms are
colonized on the surface of GAC if chemical disinfection does

Granular activated carbon (GAC) filtration combined with
ozonation is widely used in drinking water treatment plants
as an advanced treatment process. GAC filtration was origi-
nally designed to remove organic matter by adsorption.

not precede GAC. They can contribute to water treatment
through biological oxidation of ammonia and biodegradable
organic matter such as assimilable organic carbon (Rittmann
and Snoeyink, 1984; Simpson, 2008). This biologically
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activated carbon; OTU, Operational Taxonomic Unit; PCR, polymerase chain reaction; Q-PCR, quantitative-polymerase chain reaction;
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enhanced GAC is referred to as biological activated carbon
(BAC) (Wilcox et al., 1983). In Japan, this advanced treatment
system has been used by large urban water systems since the
early 1990s. Tokyo metropolitan government will include
ozonation-GAC (BAC) treatment in almost all of its drinking
water treatment plants by 2013. One of the specific goals is to
remove ammonia by nitrifying microorganisms associated
with GAC. Ammonia, usually in the form of ammonium ion in
raw water, not only increases chlorine demand in water
purification process but also serves as a precursor of tri-
chloramine when chlorine is used. Trichloramine is regarded
as a major cause of chlorine odor in tap water. Thus, water
utilities are required to control ammonia in order to suppress
the unintended production of trichloramine. Although GAC
filtration is a possible treatment process for removing
ammonia, the nitrification mechanism in GAC filtration is not
well understood. Specifically, little information is available on
nitrifying microorganisms associated with GAC. Microbiolog-
ical information, including the abundance, diversity, and
activity of ammonia-oxidizers, is helpful when evaluating the
nitrification performance of GAC, as well as when achieving
rapid development of nitrification activity.

Until recently, it has been known that ammonia oxidation
is carried out exclusively by ammonia-oxidizing bacteria
{(AOB) belonging to Beta- and Gamma-proteobacteria. However,
the recent discovery of novel ammonia-oxidizing archaea
(AOA) affiliated with non-thermophilic Crenarchaeota
dramatically changed our understanding of nitrification
(Konneke et al., 2005; Schleper et al., 2005; Treusch et al., 2005).
AOA are widely distributed and frequently outnumber AOB in
various environments (Francis et al., 2005; Leininger et al,,
2006; Wuchter et al., 2006). However, only a single isolate of
non-thermophilic AOA, Candidatus Nitrosopumilus maritimus
SCM1, has been obtained to date (Kénneke et al., 2005;
Martens-Habbena et al., 2009). According to the genomic
comparison of N. maritimus SCM1 and marine metagenomes,
this isolate can be regarded as a representative of AOA found
in marine environment {(Walker et al., 2010). The contribution
of AOA to ammonia oxidation is a controversial issue (Prosser
and Nicol, 2008; You et al., 2009). Some researchers argue that
AOB could play a central role in ammonia oxidation despite
the predominance of AOA (Jia and Conrad, 2009; Wells et al.,
2009). Wells et al. (2009) suggested that ACA were minor
contributors to ammonia oxidation in highly aerated activated
sludge systems. Other studies have demonstrated that AOA
are indeed involved in nitrification (Herrmann et al., 2008;
Offre et al., 2009; Schauss et al., 2009).

Only two reports describe the occurrence of AOCA in
drinking water treatment and distribution systems (de Vet
et al., 2009; van der Wielen et al.,, 2009), and they demon-
strate that AOA as well as AOB are widely present in
groundwater treatment processes and distribution systems in
the Netherlands. Because ammonia removal is correlated
significantly with the abundance of AOA, van der Wielen et al.
(2009) suggested that AOA could be responsible for the
removal of ammonia in groundwater treatment plants.
However, the contribution of AOA to drinking water treatment
processes, including GAC filtration, remains unclear.

In this study, we monitored AOA and AOB associated with
GAC at a new full-scale advanced drinking water treatment

plant in Japan from plant start-up. The plant was designed to
treat river water with ozonation followed by GAC filtration.
Prechlorination was performed during the first 10 months of
operation. Abundance and diversity of AOA and AOB on GAC
were examined together with nitrification potential in order to
better understand the nitrification mechanism.

2. Materials and methods
2.1.  Drinking water treatment plant

Field sampling was conducted at a new advanced drinking
water treatment plant in Chiba Prefecture, Japan. The plant,
which has a production capacity of 60,000 m?® day, started
operation on 1 October 2007. River water enters the receiving
well and is treated using coagulation/sedimentation followed
by ozonation, GAC filtration, disinfection by hypochlorite, and
rapid sand filtration. Prechlorination (break-point chlorina-
tion) was implemented at the receiving well from plant start-
up so that residual free chlorine in the effluent of receiving
well would be 0.3 mg 1"* in order to remove ammonia and
algae. However, prechlorination was stopped on 24 July 2008.
The GAC used in the plant is made of coal and has an average
diameter of 1.2 mm. Ozonated water is introduced from above
into the fixed GACbed, which is 2.0 m deep. The linear velocity
of GAC filtration is maintained at 240 m day* so that the
average retention time is 12 min. The filters are backwashed
every 3—4 days using air and finished water. The data on
ammonia concentrations in the treatment process and pre-
chlorination dosage from October 2007 to December 2008 was
provided by the drinking water treatment plant.

2.2 Sampling of GAC and raw water

Two liters of GAC samples were collected from the surface
layer of the same bed approximately every month from
October 2007 to December 2008. Two liters of raw water were
also obtained at the receiving well. GAC and raw water
samples were brought to the laboratory in cold containers
within 2 h and treated immediately, as described below.

2.3.  Nitrification potential test

The nitrification potential of GAC was evaluated by incubating
100 g-wet of GAC with 200 ml of inorganic medium containing
S mg NH{-N 17! at 20 °C with agitation at 100 rpm. Inorganic
medium per 1 L of water was composed of 23.57 mg of
(NH4)2504, 200 mg of MgS0,-7H,0, 20 mg of CaCl,, 174 mg of
K,HPO,, 156 mg of NaH,PO4, 1 mg of Fe-EDTA, 200 mg of CaCOs,
0.001 mg of Na,MoQO,-2H,0, 0.002 mg of MnCl,-4H,0, 0.002 mg
of CoCl,-6H,0, 0.02 mg of CuSO,-5H,0 and 0.1 mg of
ZnS0,-7H,0. After 0, 8, 16, 24 and 48 h of incubation, super-
natant was collected and filtered through 0.2-um pore size
polytetrafluoroethylene membranes (Advantec, Japan). The
ammonia concentration was determined with a spectropho-
tometer (U-2000, Hitachi, Japan) following the indophenol-blue
colorimetric method. The nitrite and nitrate concentrations
were analyzed with a suppresser-type ion chromatograph (761
Compact IC, Metrohm, Switzerland).
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2.4, Nucleic acid extraction

Three 0.5-g portions of the GAC sample were separately
collected into three tubes. Then, nucleic acid was extracted
from each portion using a PowerSoil DNA Isolation Kit (Mo Bio
Laboratories, CA) according to the manufacturer’s instruc-
tions. The kit can efficiently extract DNA by using bead-
beating method. Bead-beating was carried out at a speed 4.0
for 30 s with a FastPrep FP120 (Qbiogene, Irvine, CA). Finally,
all three DNA extracts were combined to obtain a composite
DNA extract for further analysis. Microorganisms were
collected from raw water by filtering a 100-ml sample through
0.2-um pore size polycarbonate membranes (Isopore track-
etched membrane, Millipore, MA). Nucleic acid was extracted
from the membranes using the same method.

2.5.  Quantitative PCR

Quantitative-polymerase chain reaction (Q-PCR) was per-
formed to determine the quantities of 16S rRNA genes of
Bacteria and Archaea as well as amoA genes of AOA and beta-
proteobacterial AOB. All reactions, including negative control,
were performed in triplicate with a LightCycler 480 II (Roche,
Switzerland). The crossing point at which the fluorescence of
a sample rose above the background fluorescence was calcu-
lated following the second derivative maximum method with
LightCycler software version 1.5 (Roche). In this study, PCR
fragments carrying reference genes prepared from plasmids
were used as external standards.

Bacterial 16S rRNA genes were quantified with previously
described primers and fluorescence probe (Nadkarni et al,,
2002). The PCR reaction mixture (20 pl) contained 10 pl of
LightCycler 480 Probe Master (Roche), 0.50 uM of each primer,
0.20 pM of probe and 1 pl of DNA extract. The amplification
program was as follows: 95 °C for 5 min, followed by 45 cycles
consisting of 95 °C for 10 s, 60 °C for 50 s and 72 °C for 1 s
(detection). Plasmids containing nearly full lengths of 16S
rRNA genes of Escherichia coli IFO3301 were prepared with
a QIAGEN PCR Cloning plus Kit (QIAGEN, Germany). The
fragments containing the target were then amplified using the
plasmid-specific M13 primer set. The purified M13 products
were used as the standard in a 10-fold dilution series from
5.0 x 10! to 5.0 x 10 copies reaction™'. PCR efficiencies and
linearity (R?) for standard curves were 81.5-85.4% and
0.9991-0.9996, respectively.

Archaeal 16S rRNA genes were quantified with the primer
set of Ar109f and Ar912rt (Lueders and Friedrich, 2002). The
PCR reaction mixture (20 pl) contained 10 pl of LightCycler 480
SYBR Green I Master (Roche), 0.50 uM of each primer and 1 pl of
DNA extract. The amplification program was as follows: 95 °C
for 5 min, 45 cycles consisting of 95 °C for 30 s, 52 °C for 30 s
and 72 °C for 1 min (detection), followed by melting curve
analysis (65 °C—97 °C with a heating rate of 0.1 °C ™). Plas-
mids containing nearly full lengths of 165 rRNA genes of
Methanobacterium formicicum ATCC 33274 were prepared. The
fragments containing the target were then prepared as the
standard using the same method as for bacterial 16S rRNA
genes. PCR efficiencies and linearity (R?) for standard curves,
ranging from 5.0 x 10! to 5.0 x 10’ copies reaction™*, were
86.4-87.0% and 0.9996—0.9997 respectively.

AOA amoA genes were quantified with the primer set of
Arch-amoAF and Arch-amoAR (Francis et al., 2005). The PCR
reaction chemistry was the same as for archaeal 16S rRNA
genes. The amplification program was as follows: 95 °C for
5 min, 45 cycles consisting of 95 °C for 10 s, 53 °C for 20 s and
72 °C for 30 s (detection), followed by melting curve analysis.
The AOA amoA gene clone “NG-B-081028_K1” (Accession No.
AB550804) retrieved from GAC collected on 28 October 2008
was used as the standard. The 10-fold dilution series, ranging
from 5.0 x 102 to 5.0 x 10° copies reaction !, demonstrated
that PCR efficiencies and linearity (R?) for standard curves
were 85.9—88.2% and 0.9982—0.9994, respectively. The lower
concentration of 5.0 x 10" copies reaction™ was regarded as
the detection limit in this study because its response was
clearly discriminated from the negative control, although it
was removed from quantification.

AOB amoA genes were quantified with the primer set of
amoAlF* and amoAZ2R (Stephen et al., 1999). The PCR reaction
chemistry was the same as for archaeal 16S rRNA genes. The
amplification program was as follows: 95 °C for 5 min, 45 cycles
consisting of 95 °C for 10s, 54 °C for 20s, 72°C for 30 s and 80°C
for 5 s (detection), followed by melting curve analysis. Stan-
dards were prepared from plasmids containing amoA genes of
Nitrosomonas europaea ATCC 19718. The 10-fold dilution series,
ranging from 5.0 x 10? to 5.0 x 10° copies reaction?, guaran-
teed that PCR efficiencies and linearity (R?) for standard curves
were 81.4—82.3% and 0.9982—0.9985, respectively. The lower
concentration of 5.0 x 10" copies reaction™! was regarded as
the detection limit as with AOA amoA genes.

2.6. T-RFLP

AOA amoA genes for T-RFLP analysis were amplified using Arch-
amoAF and Arch-amoAR. In addition, archaeal 16S rRNA genes
were amplified using Ar109f and Ar912rt. The 5’ ends of Arch-
amoAF and Ar912rt were labeled with FAM. The PCR mixture
(50 pl) contained 1.25 units of TaKaRa EX Taq HS (TAKARA BIO,
Japan), 5 ul of 10 x Ex Taq Buffer, 4 ul of ANTP mixture (all
chemicals were provided by TAKARA BIO), 0.2 uM of each primer
and 1 pl of the template. The amplification programs for ACA
amoA genes and archaeal 16S TRNA genes were as follows: 30
cycles consisting of 94 °C for 45 s, 53 °C for 1 min and 72 °C for
1min for AOA amoA genes; 30 cycles consisting of 94 °C for 30s,
52°Cfor45sand72°Cfor 1 min forarchaeal 16SrRNA genes. The
final extension was carried out at 72 °C for 10 min. The amplified
products were checked by electrophoresis on a 1.2% agarose gel.
The fluorescence-labeled PCR products were purified with
a MinElute PCR Purification Kit (QIAGEN). The 150 ng of AOA
amoA gene fragments were digested with 10 U of Hhal
(TAKARA BIO) at 37 °C for 6 h, while the same amount of
archaeal 165 rRNA gene fragments were digested with Taql
(TAKARA BIO) at 65 °C for 6 h. The FAM-labeled fragments
were separated with an ABI PRISM 3100-Avant Genetic
Analyzer (Applied Biosystems). GeneMapper version 3.5
(Applied Biosystems) was used for fragment analysis.

2.7.  Cloning and sequencing

The AOA amoA genes amplified with the primer set of
Arch-amoAF and Arch-amoAR and archaeal 16S rRNA genes
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amplified with the primer set of Ar109f and 1492r (Lane,
1991) were purified using a QIlAquick PCR Purification Kit
(QIAGEN). They were cloned using a QIAGEN PCR Cloning
plus Kit (QIAGEN) according to the manufacturer’s instruc-
tions. The clones were screened by T-RFLP analysis in the
manner shown above in order to find clones that corre-
sponded to each distinctive T-RF. The sequences of the
selected clones were determined using a BigDye Terminator
Cycle Sequencing kit version 3.1 (Applied Biosystems) with
an ABI PRISM 3100-Avant Genetic Analyzer (Applied Bio-
systems). Sequence homology searches were performed at
the DNA Data Bank of japan (DDBJ) using the BLAST
network service. The alignment and phylogenetic tree
construction was performed by the Neighbor-Joining algo-
rithm with CLUSTAL W offered by MEGA version 4.0
(Tamura et al., 2007).

2.8. Nucleotide sequence accession numbers

The AOA amoA gene and archaeal 16S rRNA gene sequences
determined in this study were submitted to the DDBJ/EMBL/
GenBank  databases  under  accession numbers
AB550804—AB550806 and AB550807—-AB550821, respectively.

3. Results

3.1.  Operational performances of the advanced drinking
water treatment plant

Fig. 1 shows temporal variations of ammonia concentrations
in the treatment process and prechlorination dosage from
start-up in October 2007 to December 2008, which were
measured by the drinking water treatment plant. The average
concentration of ammonia in raw water was 0.07 mg N 1 %,
ranging from below the quantification limit (<0.02mgN17") to
0.26 mg N17%. Water temperature fluctuated from 4.0 to 28.0°C
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Fig. 1 — Tempeoral variations of ammonia concentrations
and prechlorination dosage in actual operation from plant
start-up in October 2007 to December 2008. No data is
available for coagulation basin effluent and GAC effluent
from October 2007 to the middle of January 2008.
Prechlorination was implemented from start-up until 24
July 2008,

during the monitoring period. When the water temperature
dropped to less than 10 °C in winter, the ammonia concen-
tration in raw water was frequently above 0.10 mg N 1%
Because ammonia was removed by prechlorination from
start-up until 24 July 2008, no ammonia was detected in the
effluent from coagulation basin. However, trace amounts of
ammonia were observed in the GAC effluent until the middle
of June 2008. After prechlorination was stopped, ammonia in
the coagulation basin effluent increased to the same level as
in the raw water, and was significantly higher than that during
prechlorination period (p < 0.05; t-test). However, ammonia
was removed completely by GAC.

3.2.  Nitrification patential of GAC

The nitrification potential of GAC was evaluated by incu-
bating GAC with inorganic medium containing 5 mg NHj-
N 17* for 48 h. The removal percentage of ammonia during
48 h incubation period was shown in Fig. 2. From October
2007 to April 2008, ammonia was not well removed and even
increased sometimes during incubation. In addition, an
increase in nitrate without ammonia oxidation was some-
times observed during this same period. In May and June
2008, the removal percentage of ammonia increased to 50%.
However, during this time, ammonia was removed only in
the first 16 h and no change in concentration was observed
until the end of incubation. On 28 July 2008, 4 days after
stopping prechlorination, the removal percentage rose to
72%, and reached almost 100% on 13 August. Thereafter,
high potential was maintained until the last sampling on 19
December, except for a tentative drop on 22 September.
Ammonia oxidation profiles after stopping prechlorination
were well described by the pseudo first-order rate reactions
(R* = 0.924-0.994), while profiles in May and June 2008 did
not follow these reactions.

3.3.  Temporal changes in the abundance of bacteria and
archaea in raw water and associated with GAC

Bacterial and archaeal 16S rRNA genes in raw water ranged
from 3.0 x 10° to 4.2 x 10° (average: 1.2 x 10% and from
7.1 x 10% to 4.2 x 10* (average: 5.6 x 10°%) copies ml~?, respec-
tively. No seasonal variations were observed for both genes.

Fig. 3(a) indicates temporal changes in the quantities of 165
rRNA genes of bacteria and archaea associated with GAC.
Quantities of bacterial 165 rRNA genes increased rapidly from
7.2 x 10% to 3.6 x 107 copies g-dry " (the dry weight indicates
the dried GAC weight) in the first 2 months of operation,
indicating that bacteria could settle in GAC despite pre-
chlorination. After stopping prechlorination on 24 July 2008,
the quantities jumped tenfold in 3 weeks and reached
11 x 10° to 2.7 x 10° copies g-dry’. On the other
hand, quantities of archaeal 16S rRNA genes were below the
quantification limit until 28 july 2008, 4 days after
stopping prechlorination. However, they increased to
4.8 x 10° copies g-dry ! on 13 August, indicating that certain
groups of Archaea could settle in GAC rapidly without pre-
chlorination. Thereafter, they maintained the abundance in
the magnitude of 10° copies g-dry .
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Fig. 2 — Removal percentage of ammonia during 48 h of
incubation in the nitrification potential test. Initial ammonia
concentration was set at approximately 5mg N1~ %,

3.4.  Temporal changes in the abundance of AOA and
AOB in raw water and associated with GAC

Quantities of AOA and AOB amoA genes in raw water were
below the quantification limit throughout the monitoring
period, except when AOB amoA genes were at the level of
3.7 x 10% + 2.2 x 10? copies ml ! on 29 August 2008. However,
Q-PCR analysis demonstrated positive responses of these
genes, which were clearly discriminated from the negative
control. Thus, both AOA and AOB amoA genes were present at
very low concentrations in river water.

As shown in Fig. 3(b), quantities of AOA and AOB associated
with GAC showed different trends. Quantities of AOA amoA
genes were below the detection limit from start-up until 28 july
2008, 4 days after stopping prechlorination. However,
5.9 x 10° copies g-dry ' of AOA amoA genes were observed on 13
August, 3 weeks after stopping prechlorination. Thereafter,
quantities increased to a maximum of 1.3 x 107 copies g-dry™*
on 28 October and then decreased to 2.8 x 10° copies g-dry~" on
19 December. The trend for AOA amoA genes clearly indicates
that prechlorination inhibited the settlement of AOAin GAC. In
contrast to AOA amoA genes, amoA genes of AOB associated
with GAC were always below the quantification limit
throughout the monitoring period, even after stopping pre-
chlorination. Although Q-PCR results indicate that AOB amoA
genes were actually present in quantities above the detection
limit from April to December 2008, quantities of AOB associ-
ated with GAC were significantly lower than those of AOA.

3.5.  Diversity of amoA genes of AOA associated with
GAC

PCR products of AOB amoA genes were not obtained from all
GAC samples. The primer set specific to 165 rRNA genes of
betaproteobacterial AOB (Kowalchuk et al., 1997) was used to
detect AOB associated with GAC. However, amplification of
AOB 16SrRNA genes also failed. In contrast to AOB amoA genes,
AOA amoA genes for T-RFLP analysis were amplified from GAC
from 13 August to 19 December 2008. A single-terminal

restriction fragment of 169 bp was detected from GAC after 13
August 2008. The results indicate that the diversity of ACA
amoA genes assessed by Hhal digestion was very simple,
primarily consisting of the single OTU (Operational Taxonomic
Unit). AOA amoA genes corresponding to the fragment of 169 bp
were successfully cloned from GAC collected on 28 October
2008. The nucleotide sequence of the target was 100% matched
with the amoA gene of uncultured Crenarchaeota clone DR11
that was retrieved from the Dongjiang River in China. The
target also had 81% similarity to amoA genes of N. maritimus
(Konneke et al., 2005). As shown in Fig. 4, AOA amoA gene
sequences obtained from GAC were affiliated with those of
Crenarchaeota in the lineage of Group 1.1a, including N. mar-
itimus. However, they appeared to form a distinctive cluster
which was different from that of N. maritimus and clones
retrieved from groundwater treatment and distribution
systems in the Netherlands (van der Wielen et al., 2009).

3.6.  Diversity of archaea in raw water and associated
with GAC

Archaeal 16S rRNA genes for T-RFLP analysis were amplified
from all raw water samples, even though they were obtained
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Fig. 3 — Temporal changes in quantities of 16S rRNA genes
of bacteria and archaea (a) and amoA genes of AOA and
AOB (b) associated with GAC. The quantification limits
(LOQ) of both bacterial and archaeal 165 rRNA genes were
2.5 x 10* copies g-dry~?, while those of both AOA and AOB
amoA genes were 2.6 x 10° copies g-dry . Open symbols
show data below the LOQ. Error bars denote standard
deviation of the triplicate Q-PCR analysis.
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from GAC after 13 August 2008, 3 weeks after prechlorination
was stopped. Fig. 5 compares T-RFLP profiles of archaeal 165
rRNA genes in raw water and GAC on 29 August and 28
October 2008. Raw water contained several archaeal 16S TRNA
gene fragments. On the other hand, T-RFLP profiles of GAC
were dominated by a single OTU of 186 bp. The T-RFLP profiles
of the other GAC samples consisted of the same OTU alone.
This distinctive fragment was also found in raw water
throughout the monitoring period. The clones corresponding
to the fragment of 186 bp were successfully retrieved from
GAC collected on 28 October 2008. As shown in Table 1,
a homology search revealed that they were closely related to
16S rRNA genes of N. maritimus, coinciding with the phyloge-
netic analysis of AOA amoA genes. This indicates that the
archaeal community associated with GAC was dominated by

only AOA in the Group 1.la lineage. Archaeal community
structures in raw water were stable during the monitoring
period, consisting of different members including AOA and
methanogens (Table 1). However, the result showed that only
AOA could selectively settle in GAC.

4, Discussions

4.1.  Influence of prechlorination on nitrification activity
of GAC

Biological activity of GAC is generally reduced when water is
prechlorinated in advance of GAC (Wilcox et al, 1983;
Simpson, 2008). From October 2007 to April 2008 when
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Fig. 4 — Phylogenetic tree of deduced amino acid sequences of AOA amoA genes. Neighbor-joining tree was constructed

based on the Jones-Taylor-Thornton substitution model. Bootstrap analysis was conducted with 1000 replicates and only
bootstrap values above 50% are shown. The bar represents a 2% evolutionary distance. Clones obtained from GAC in this
study are marked with closed circles, while those obtained from groundwater treatment processes and distribution systems
in the Netherlands (van der Wielen et al., 2009) are marked with open triangles. The tree was rooted with a soil cluster of

AOA amoA genes.
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Fig. 5 — T-RFLP profiles of archaeal 16S rRNA genes for raw water and GAG collected on 29 August 2008 (left) and 28 October
2008 (right). The restriction enzyme Rsal was used for digestion. Phylogenetic affiliations of the designated fragments are

shown in Table 1.

prechlorination was implemented and levels of both AOA and
AOB associated with GAC were below the quantification limit,
GAC had no nitrification potential and inorganic nitrogen
species were sometimes rather released from virgin GAC
during the incubation test. It is necessary to find more specific
ways to discriminate biological ammonia-oxidation from
other factors. In May and June 2008, the increase in nitrifica-
tion potential up to 53% removal of ammonia was observed.
After prechlorination was stopped, ammonia removal
percentage in the nitrification potential test reached 100%
within 3 weeks. This observation is in close agreement with an
earlier report demonstrating that ammonia was completely
removed in 2 weeks after start-up of GAC filtration in a full-
scale advanced drinking water treatment plant that did not
include prechlorination (Muramoto et al., 1995).

Q-PCR clearly revealed that settlement of AOA in GAC was
severely inhibited by prechlorination. Quantities of amoA
genes of AOA associated with GAC were below the detection
limit from start-up until 28 July 2008. However, they reached
the magnitude of 10°—107 copies g-dry ! after prechlorination
was stopped. This level of AOA is close to or a little bit less
than the quantities of AOA reported for soils (Jia and Conrad,
2009; Offre et al., 2009; Schauss et al., 2009), sediments
(Bernhard et al.,, 2010) and sands used for biofiltration in
a marine aquarium (Urakawa et al., 2008). Rapid attachment
and growth of AOA as well as improvement in nitrification
potential were simultaneously observed within 3 weeks after
prechlorination was stopped. In addition, ammonia was
completely removed by GAC in the actual treatment after
prechlorination was stopped as shown in Fig. 1. Therefore,
AOA could probably contribute to ammonia-oxidation at least
after prechlorination was stopped. We can propose that pre-
chlorination should be avoided in drinking water treatment in
order to promote settlement of AOA and establish GAC with
high nitrification activity.

However, behavior of AOA alone could not account for
partial nitrification potential observed from May 2008 until the
stop of prechlorination. It is necessary to consider AOB

contribution though their low abundances were not accu-
rately quantified in this study. AOB amoA genes were detected
from GAC at levels between the detection limit and the
quantification limit from April to December 2008, corre-
sponding to approximately 2.6 x 10*-2.6 x 10° copies g-dry?,
which were in the range of previously reported AOB abun-
dances in soil and so on (Urakawa et al., 2008; Jia and Conrad,
2009; Offre et al., 2009; Schauss et al., 2009; Bernhard et al.,,
2010). Several researchers pointed out AOB could play
a major role in nitrification despite the predominance of ACA
(Jia and Conrad, 2009; Wells et al., 2009). Thus, it is possible
that low level of AOB associated with GAC might be respon-
sible for moderate nitrification potential observed in May and
June 2008 and even after prechlorination was stopped. More
sensitive assay for AOB quantification would reveal the
correspondence between nitrification potential and AOB
abundance in the monitoring period.

4.2.  Dominance of AOA on GAC

Although both AOA and AOB were present in raw water at
very low concentrations, it is interesting that AOA could
selectively settle in GAC after prechlorination was stopped.
There are possible explanations for the predominance of AOA
on GAC. First, AOB can be more sensitive to environmental
perturbation than AOA. Thus, the amounts of AOB which can
survive to reach GAC would be less than those of AOA,
possibly because AOB are more likely to be removed or inac-
tivated during the precedent treatments such as coagulation
and ozonation. In addition, periodic backwashing of GAC filter
may have a negative impact on the stable settlement of AOB.
Intensive monitoring of the behaviors of AOA and AOB in the
overall treatment process and before and after backwashingis
necessary. Another explanation is that AOA may have higher
affinity for attaching to GAC than AOB. Urakawa et al. (2008)
reported that similar amounts of AOA and AOB were associ-
ated with sands used for marine aquarium biofiltration. It
should be determined whether different surface properties of
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Table 1 — Phy

to major terminal-restriction fragments.

Sample Designation® T-RF (bp)

enetic affiliation of cloned archaeal 16S rRNA genes retrieved from raw water and GAC and their affiliation

Phylogenetic group Similarity (%)

Raw water (29 Aug 2008) a 186
b 284
c 393
Raw water (28 Oct 2008) d 186
GAC (28 Oct 2008) e 186

Nitrosopumilus maritimus SCM1 (DQ085097) §2-96
Methanothrix soehngenii (X51423) 97-98
Methanomicrobiales archaeon SMSP (AB479390) 96
Nitrosopumilus maritimus SCM1 (DQ085097) 88-96
Nitrosopumilus maritimus SCM1 (DQ085097) 92

a Corresponding to the designated fragments in Fig. 5.

GAC and sand can affect the attachment of AOA and AOB.
When substrate level is considered, it is possible that low
ammonia concentration in raw water (average: 0.07 mg N 1)
could be one reason for giving AOA an advantage over AOB.
Ammonia-oxidizers associated with GAC are usually exposed
to very low nutrient conditions. In fact, N. maritimus SCM1 was
stimulated by as little as 0.2 uM (0.003 mg N 1"!) ammonia,
while AOB such as N. europaea and Nitrosococcus oceani did not
respond to such a low level of ammonia (Martens-Habbena
et al, 2009). This suggests that N. maritimus-like AOA prob-
ably has a much higher affinity to ammonia than AOB under
extremely low ammonia concentration. Thus, after attach-
ment to GAC, AOA is likely to use low level of ammonia
preferentially and grow better than AOB. Since it is still
unclear if ammonia level alone can determine niche of AOA
and AOB, further work such as incubation of GAC under
different ammonia concentrations could elucidate the
mechanism of AOA dominance.

T-RFLP analysis of archaeal 16S rRNA genes for GAC
explicitly indicates that the archaeal community associated
with GAC consisted of AOA alone. Indeed, temporal changes
in the quantities of Archaea associated with GAC appeared to
be in agreement with those of AOA, as revealed by Q-PCR
analysis in Fig. 3. There is a strong correlation (R> = 0.87)
between quantities of archaeal 16S TRNA genes and quantities
of AOA amoA genes for GAC samples taken after 13 August
2008, 3 weeks after prechlorination was stopped. The slope of
the relationship is 2.1, indicating that AOA associated with
GAC possess amoA genes nearly twice as many copies as 16S
TRNA genes though further genome analysis is required. This
value is similar to the findings on the relationship between
AOA amoA genes and crenarchaeotal 16S rRNA genes pre-
sented by Beman et al. (2008) and Wuchter et al. (2006), who
reported that slope values were 2.5 (the Gulf of California) and
2.8 (North Sea), respectively. On the other hand, Cenarchaeum
symbiosum, a marine sponge symbiont AOA, and N. maritimus
SCM1 have only one copy of both amoA gene and 16S rRNA
gene (Hallam et al., 2006a; Walker et al., 2010). It is likely that
freshwater AOA discovered from GAC may have genomic
features that differ from those of C. symbiosum lineages.

4.3.  Contribution of AOA to nitrification

To evaluate the contribution of AOA to actual ammonia
removal in GAC treatment after stopping prechlorination, in
situ  cell-specific =~ ammonia-oxidation  activity  (rin:
fmol cell * h™') for ammonia-oxidizers was estimated by
considering removal amounts of ammonia in the GAC filter

and total abundance of AOA and AOB in the filter. The esti-
mation was carried out on the simple assumption that only
AOA and AOB determined could take part in ammonia
removal. Other possible removal mechanisms such as
ammonia assimilation of heterotrophic bacteria were not
considered in this study. In activated sludge system where
AOB accounted for only a few percent of total biomass and
high concentration of ammonia was treated, 10—20% of total
ammonia removal was allocated to ammonia assimilation of
heterotrophs (Daims et al., 2001; Harms et al., 2003). However,
Martens-Habbena et al. (2009) suggested that ammonia turn-
over per unit biomass of N. maritimus SCM1 would be more
than 5 times higher than that of heterotrophic bacteria. It
means that N. maritimus-like AOA can outcompete with
ammonia assimilation activity of heterotrophic bacteria
under limiting ammonia concentration. In addition, they also
indicated that the half-saturation constant (K,) for ammonia
of N. maritimus SCM1 (0.133 pM total ammonia) was more than
10 times lower than the lowest K,,, for ammonia assimilation
of heterotrophic bacteria. These data suggest that ammonia
assimilation of heterotrophic bacteria may be insignificant in
GAC filter treating low concentration of ammonia. On the
other hand, considering that bacterial abundance is approxi-
mately two or three orders of magnitude higher than AOA, we
may need to take a certain level of ammonia assimilation into
account. However, since no data was available for estimating
or discriminating actual contribution of ammonia assimila-
tion of heterotrophic bacteria, it was not considered in the
following calculation.

mAOA OTAOB

100%

75%

50% F

25%

0%
13- 29- 22- 28 21- 19
Aug Aug Sep Oct Nov Dec

Relative contributions to
in situ ammonia-oxidation rates

Fig. 6 — Relative contributions of AOA and AOB to in situ
ammonia-oxidation rates. In the estimation of r;, for AOA,
Tin for AOB is set at 50 fmol cell 2 h~2.
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Fig. 7 — Temporal variations of in situ cell-specific
ammonia-oxidation activity for AOA and an influent
ammonia load to GAC filter. In situ cell-specific ammonia-
oxidation activity for AOA is estimated under the condition
that AOB activity is a maximum of 50 fmol cell " * h~?%,
Influent ammonia load is calculated by daily amounts of
treated water multiplied by ammonia concentration in the
coagulation basin effluent.

Because the ammonia concentration in the GAC influent
was not available, the ammonia concentration in the effluent
of the coagulation basin was alternatively used. The amounts
of ammonia removed in the GAC filter per hour (in situ
ammonia-oxidation rates) were estimated based on the
quantity of water treated hourly multiplied by the difference
of ammonia concentrations in the coagulation basin effluent
and the GAC effluent. Copy numbers of amoA genes were
converted to cell numbers based on the simple assumption
that an AOA cell carries 2.1 copies of amoA genes (this study),
while an AOB cell carries 2.5 copies of amoA genes (Okano
et al,, 2004). First, the contribution of AOB to nitrification
was estimated assuming that AOB were present on GAC at
a maximum of 2.6 x 10° copies g-dry * which corresponds to
the quantification limit of Q-PCR. Moreover, we assigned 1 or
50 fmol cell™* h™* to r;, for AOB by referring to the following
studies on in situ activity of AOB: 1.3—8 fmol cell™* h™! in
freshwater sediment (Altmann et al, 2003) and
0-49.6 fmol cell™® h™* for activated sludge in municipal
wastewater treatment plants (Limpiyakorn et al., 2005). After
calculating the AOB contribution, r;, for AOA was estimated by
dividing the remaining part of in situ ammonia-oxidation rates
by AOA abundance. The relative contributions of AOA and
AOB to in situ ammonia-oxidation rates after 13 August 2008
were compared. When r;, for AOBis 1 fmol cell *h™*, AOA can
account for almost 100% of the in situ ammonia-oxidation
rates with ri, of 4.9—80.6 fmol cell ' h~'. On the other hand, as
shown in Fig. 6, AOA are still responsible for 75-93% of in situ
ammonia-oxidation rates with r;, of 4.1-74.9 fmol cell™* h™?!
even when AOB have 50 fmol cell > h™?, which can be regar-
ded as the highest r;, for AOB. AOB contribution to nitrification
is estimated to be at most 7—25% of in situ ammonia-oxidation
rates. Since the ammonia concentration in the nitrification
potential test (initial concentration is 5 mg N 17%) is signifi-
cantly higher than the actual level in the treatment and AOB
have higher K, for ammonia than AOA (Martens-Habbena

et al., 2009), AOB contribution in the nitrification potential
test may be higher than the estimates based on the in situ
ammonia-oxidation rates. The estimated ry, for AOA is
equivalent to or higher than r, for AOB. However, several
studies have shown that the cell-specific ammonia-oxidation
activity of AOA was generally lower than that of AOB as
follows: 0.002—1.2 fmol cell * h~? in soil (Jia and Conrad, 2009;
Schauss et al., 2009), 0.53 fmol cell* h~* for N. maritimus SCM1
(Martens-Habbena et al., 2009) and 0.5 fmol cell'> h™! in
freshwater sediment (Herrmann et al., 2008). It is possible that
AOA associated with GAC have physiological features that
differ from those of previously known AOA. Although it may
be necessary to consider the possibility that the primer sets
used in this study fail to cover all AOA or AOB amoA genes,
further research is required to validate the hypothesis that
AOA with higher activity could play an important role in
ammonia oxidation in GAC filtration.

In Fig. 7, temporal variations of r;, for AOA estimated under
the conditions that ry, for AOB is 50 fmol cell™ h™! and
ammonia assimilation of heterotrophs is not considered are
shown with an influent ammonia load to GAC filter. Fig. 7
suggests that rj, for AOA were relatively high in August 2008
(55.3-74.9 fmol cell * h™?), likely because fresh AOA was very
active during the initial stage of settlement or growth. With an
increase in AOA abundance, r;, for AOA remained at low levels
(4.1-34.9 fmol cell ' h™%) from September to November 2008.
However, 1, for AOA again increased to 52.8 fmol cell™* h™*
probably in accordance with an increase in the influent
ammonia load. A similar relationship between ry, or the
maximum cell-specific ammonia-oxidation rates and influent
ammonia load has been presented for AOB in wastewater
treatment (Fujita et al., 2007, 2010). Thus, it is likely that AOA
also change their activity depending on their abundance and
the influent ammonia load.

When calculating r;,, we assumed that all AOA and AOB
were equally active enough to contribute to nitrification. A
more accurate estimation of r;, should be based on only active
players For example; quantification of amoA gene transcripts
would demonstrate more direct activity of AOA and AOB. In
addition, it is possible that AOA associated with GAC are
capable of using organic matter as an energy source instead of
autotrophic metabolism. Such a mixotrophic feature of AOA
has been suggested by several researchers (Hallam et al.,
2006b; Jia and Conrad, 2009; Walker et al., 2010). Due to
insufficient availability of ammonia, AOA could possibly
utilize organic matter to maintain their abundance. Only in
situ autotrophic activity should be considered when assessing
Tin for AOA associated with GAC.

5. Conclusions

e AOA, rather than AOB, could settle in GAC rapidly after
stopping prechlorination. In accordance with AOA settle-
ment, the nitrification potential of GAC increased. Pre-
chlorination should be avoided to achieve GAC with high
nitrification activity.

e Among archaeal community members in raw water, only
AOA could selectively settle in GAC. Thus, the archaeal
community associated with GAC was dominated by AOA.
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e In situ cell-specific ammonia-oxidation activity for AOA
associated with GAC was estimated to be equivalent to or
higher than that of AOB. Considering the predominance of
AOA over AOB, AOA may be major contributors to
ammonia-oxidation in GAC filtration.

« Though AOB abundance was not accurately quantified, AOB
contribution to ammonia-oxidation was suggested. Further
validation on AOB activity is required.
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