where LE is the RLU of E, at 1.0X 10 M; Lc is the RLU of the control cell lysate (in 10% DCC
FBS medium); and Lt is the RLU of the test chemical and sample. The relative luciferase activity

is expressed as a mean value of test results of triplicate samples.

Analytical procedures

TOX and TOC were measured by a TOX-10 £ analyzer (Mitsubishi Chemical
Corporation) and a TOC-5000A analyzer (Shimadzu), respectively. E, and 4-nonyl phenol (4-
NP) were measured by an enzyme-linked immunosorbent assay (NEOGEN Corporation) and a
gas chromatograph with a mass spectrometer, respectively (Ministry of the Environment of Japan,
1998). The chlorine concentration in mg-Cl,/L. was measured by the DPD ferrous titrimetric

method (Clesceri et al., 1998).

RESULTS AND DISCUSSION

Behavior of the estrogenic effect in water treatment
Figure 1 shows the results of the MVLN assay of Lake Biwa raw water and treated waters.

Sample waters were concentrated using the XAD7HP resin. It clearly shows that coagulation and
treatment with granular activated carbon reduced the estrogenic effect of the Lake Biwa water.
The estrogenic effect nearly disappeared after treating with activated carbon. Figure 2 shows the
water quality of raw and treated waters from Lake Biwa. Figures 1 and 2 show that the reduced
estrogenic effect by granular activated carbon treatment is consistent with the removal of TOC.
On the other hand, chlorination increased the estrogenic effect of waters. It is noteworthy
that chlorination newly produced the estrogenic effect in the water although the estrogenic effect
nearly disappeared after treating with activated carbon. Figure 3 shows TOX produced by the

chlorination.
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Itoh et al. (2000a) found that commercial
humic acid exhibits the estrogenic effect, which
increases upon chlorination. In addition, Itoh et
al. (2000a) demonstrated that the estrogenic
effect of concentrated Lake Biwa water using
the XAD7HP resin increases up to 2.3 times
upon chlorination. The reasons that chlorination
increases the estrogenic effect could be 1)
chlorine produces by-products such as

150 . :
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£ é g organochlorine  substances,  which  are
= = . " .

£ % S §,§ estrogenic; 2) a low-molecular-weight fraction,
-4 = " . »

S 8 & which may bind to the estrogen receptor in a

Figure 3 TOX procuced by chlorination in Lake Biwa cell, increases due to the oxidation and

water and its treated waters. . B
hydrolysis caused by chlorination; and 3)

chlorine releases estrogenic substances, which interact with humic substances in the aqueous
environment. Itoh et al. (2000b) revealed that the main factor affecting the increase in the
estrogenic effect is the effect of chlorination by-products.

The results shown in Fig. 1 suggest that the estrogenic effect is formed due to the reaction
of chlorine with organic matter that remains after water treatment. It should be emphasized that
this phenomenon is very similar to the formation of THMs in the drinking water treatment
process, that is, natural organic matters (NOMs) are major precursors for both the estrogenic
effect and THMs.

Characteristics of the estrogenic effect of drinking water and sample preparation

procedure
In fact, the results shown in Fig. 1 were obtained by focusing on humic substances in the
water, since the water samples were concentrated using the XAD7HP resin. In addition to humic
substances, individual compounds such as E, and alkyl phenols are present in natural water. Itoh
et al. (2003b) examined the

—@— 0ASIS FLB (Lake Biwa vaten) recovery efficiencies of solid phase
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S el Consequently, this study used the
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dichloromethane as an adsorbent
and a desorbing solvent,
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Figure 4 Comparison of sample preparation procedures ,
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Biwa water to nearly disappear. This direction of change is reverse to that shown in Fig. 1.

In contrast, chlorination increased the estrogenic effect of Lake Biwa water concentrated
by the XAD7HP resin. This direction of change is consistent with that shown in Fig. 1. Thus, Fig.
4 clearly reveals that the effect of chlorination was completely reversed between the samples
concentrated by the OASIS HLB resin and the XAD7HP resin. It is supposed that humic
substances and their chlorination by-products are recovered by the extraction using the XAD7HP
resin and NaOH. Individual compounds and their by-products are supposed to be recovered by
the extraction using the OASIS HLB resin and dichloromethane (Itoh et al., 2003a). It seems that
different types of compounds recovered by the two concentration methods used resulted in
different outcomes with respect to their estrogenic effects.

Itoh er al. (2000a) showed that E, and 4-NP contribute to the estrogenic effect of Lake
Biwa water. Figure 5 and Table 1 show the changes in the concentrations of these compounds
during chlorination and the change in the estrogenic effect of E,, respectively. In all cases, 1
mg/L of chlorine was added. Chlorine altered both compounds and the estrogenic effect of E,
drastically decreased. Thus, E, and 4-NP are examples of compounds that show a decreased
estrogenic effect upon chlorination.

The effects of chlorination of BPA, 4-NP, estrone (E,), E,, estriol (E;), and 17 « -
ethynylestradiol (EE,) on the estrogenic effect have been reported (Aizawa, 2002; Hu et al.,
2002; Kuroto-Niwa et al., 2002; Hu et al., 2003; Kitanaka et al., 2003; Lenz et al., 2003; Tabata
et al., 2003; Deborde er al., 2004; Garcia-Reyero er al., 2004; Lee et al., 2004, Nakamura et al.,
2006). In fact, some chlorinated derivatives or intermediates during chlorination of BPA and 4-
NP show stronger estrogenic effect than parent compounds, however, it seems that the estrogenic
effect of these compounds eventually decreases after the chlorination with chlorine dosage
typically used in practice.

Thus, chlorination can either increase or decrease the estrogenic effect. In other words,

—@—E, initial concentration 0.002g/L
-.-Ez, initial concentration 0.01 ug/L
-=é&=3==NP, initial concentration 1.9ug/L
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o Table 1 Change in the estrogenic effect of
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Figure 5 Decomposition of 178 -estradiol (Ez)
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organic matters of which estrogenic

kil Micro- effect increases or decreases after

substances polivnants chlorination are present in natural

R water. Figure 6 illustrates these

changes. It shows that a) humic

substances have some estrogenic

_E:Lg:inated effect (Itoh er al., 2000a), b)

chlorination increases the estrogenic

effect of NOMs as shown in Figs. |

and 4, and ¢) chlorination decreases

the estrogenic effect of micro-

pollutants. The important point is that

the overall estrogenic effect in

chlorinated drinking water is the sum
of the increased activity and the decreased activity after chlorination.

The detection of the increase or decrease upon chlorination is dependent on the sample
preparation procedure. Based on Fig. 4, the preparation procedure using the OASIS HLB resin is
recommended to detect the estrogenic effect in Lake Biwa raw water. The preparation procedure
using the XAD7HP resin, however, has to be used to detect the estrogenic effect in drinking
water treated with chlorine, because the increased estrogenic effect after chlorination cannot be
detected with the procedure using the OASIS HLB resin.

>

Estrogenic effect

Figure 6 Change in the estrogenic effect of organic
matter in natural water by chlorination.

?l : Change by chlorination

Effect of hydrolysis on the estrogenic effect formed by chlorination

The change in the estrogenic effect after chlorination of humic acid was examined. After
finishing the chlorination of humic acid as described in Chlorination of humic acid, the pH of
the chlorinated solution was adjusted to 7.0 or 10.0, and the change in the estrogenic effect was
measured by the MVLN assay. The final concentration of the chlorinated solution in the culture
medium was 25 mg/L as TOC. Trace of residual chlorine (less than 0.05 mg-Cl,/L.) was detected
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[ after the chlorination, but one day after
adjusting the pH, residual chlorine was not

4 detected.

Figure 7 shows the result of the assay.

Ghlorination Estrogenic ) -
by-products effect siates|Estrogenic  The estrogenic effect of the chlorinated
effec

formation  solution increased even without residual
Potaele! chlorine at pH 7. It is known that the
concentration of THMs increases while in
i the distribution system. The obtained result
suggests that some part of the estrogenic
effect in drinking water also increases over
time after chlorination. The increase in
estrogenic effect was faster at pH 10.0 than at pH 7.0, which is reasonable because the hydrolysis
rate increases as the pH increases.

Figure 8 shows the effect of pH and water temperature. The estrogenic effect increased

Estrogenic
substances

Figure 9 Components of the estrogenic effect
in drinking water.

under the condition of pH 7 and 80°C for 1 hour, however, the increased estrogenic effect
decreased under the alkaline condition and 80°C. In addition to this, Fig. 7 shows that the
increased estrogenic effect began to decrease after two days at pH 10. These results suggest that
hydrolysis increases the estrogenic effect in chlorinated water, but further hydrolysis decreases
the effect. Conditions of pH and water temperature in these experiments are for examining the
effect of hydrolysis, and it does not intend to predict the estrogenic effect of drinking water in the
actual water supply system. However, since drinking water is maintained at the neutral pH and
the normal temperature in the actual water supply system, it seems that the estrogenic effect
would increase in the distribution system.

Figure 9 illustrates this phenomenon. Based on Figs. 7 and 8, the estrogenic substances
formed just after chlorination are part of the chlorination by-products. The components, which
are called the “estrogenic effect formation potential” and the “estrogenic effect intermediates”,
can be defined in a chlorinated humic acid solution. The “estrogenic effect intermediates” change
into estrogenic substances over time. On the other hand, the “THM formation potential™ and the
“THM intermediates” in the formation process of THMs have definitions that are similar to those
illustrated in Fig. 9. This also suggests that to decrease the estrogenic effect of drinking water,
NOMs in addition to suspected EDCs should be removed before chlorination.

CONCLUSIONS

Coagulation and treating with activated carbon decreased the estrogenic effect of Lake
Biwa water, but chlorination increased the estrogenic effect. This phenomenon is similar to the
formation of THMs during the drinking water treatment process since NOMs are major
precursors for both the estrogenic effect and THMs.

It was found that organic matters of which estrogenic effect increases or decreases after
chlorination are present in natural water. Thus, it is important to remember that the estrogenic
effect of chlorinated drinking water is the sum of the increased activity and the decreased activity

9



after chlorination. The detection of the increase or decrease upon chlorination is dependent on
the sample preparation procedure.

The estrogenic effect of chlorinated water increased even without residual chlorine. The
components, which are called the “estrogenic effect formation potential” and the “estrogenic
effect intermediates”, are defined in a chlorinated humic acid solution. The process for the
estrogenic effect formation is similar to the process for THMs formation. The obtained results
suggest that to decrease the estrogenic effect of drinking water, NOMs in addition to suspected
EDCs should be removed before chlorination.
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Detection of bacterial regrowth in water distribution system
using endotoxin as an alternative indicator
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ABSTRACT

Endotoxin concentrations and their fractions, which can be measured in a short time, were
focused as new indicators for regrown bacteria in distribution systems instead of traditional
heterotrophic plate count (HPC) method. It was found that almost all part of endotoxin was existed
as free endotoxin in tap water. Once chlorine residual was neutralized, HPC in several samples
were increased after 7 days incubation. The concentrations of cell-bound and total endotoxin were
increased drastically, and the ratios of free endotoxin were decreased relatively. The biofilm
accumulation was monitored under continuous flow condition using annular reactors at different
concentrations of chlorine residual. There were trends toward increasing HPC numbers in the
effluent of AR with biofilm accumulation. The concentrations of cell-bound and total endotoxin
were also increased with HPC numbers in effluent, and could be indicators for regrown bacteria
only in the situation that significant bacterial regrowth (HPC>5000 CFU/mL).

INTRODUCTION
Disinfection of finished water is considered as an important treatment to supply

microbiologically safe drinking water. In Japan, free chlorine of 0.1 mg/L is required at each end of

distribution systems, and it works very effectively to control infectious risks by bacterial agents.
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However, many people have complaints about odor in drinking water, particularly chlorinous odor
(Itoh et al., 2007). The chlorine disinfection also causes formation of disinfection by-products
(DBPs), such as trihalomethane and haloacetic acid. It has been recognized widely that the
chlorine level should be reduced as low as possible to mitigate odor and DBPs problems. But, in a
situation that decreased chlorine residual, an advanced monitoring for bacterial regrowth and
organic control are highly required in order to minimize microbiological risks at the same time. It
is because bacteria in finished water could grow easily using small amount of biodegradable
organics such as assimilable organic carbon (AOC) (van der Kooij, 1981).

At present, in water quality standard for drinking water in Japan, the standard values of
standard plate count (SPC; 100 CFU/mL) and Escherichia coli (not detected), and the provisional
targeted value of heterotrophic plate count (HPC; 2,000 CFU/mL) are established as indicators for
bacteria. It is well known that the HPC is an excellent indicator for integrity of water treatment
process and hygienic status of water distribution system, HPC data in finished water or during
water treatment process therefore have been accumulating currently. However, it usually takes 1
week for HPC measurement, so it seems unrealistic to establish water quality monitoring system
based on HPC data in distribution systems, which have relatively short detention time in Japan.
Thus, new indicators for regrown bacteria, which can be tested rapidly and in practical use, are
highly concerned to manage microbiological drinking water quality properly.

Endotoxin is an outer membrane component of gram-negative bacteria and cyanobacteria, and
one of bacterial toxins acting on human. Endotoxin can be measured using simple procedure
within 1 hour. There are several reports about endotoxin concentrations in water resources and
drinking water and their removal during drinking water treatment (Anderson ef al., 2002; Sykora
et al., 1980). Endotoxin could be released from bacterial cells with cell multiplication or cell
damage caused by chlorination, and it was cited as free endotoxin. Total endotoxin represents sum
of two types of endotoxin, cell-bound endotoxin and free endotoxin. But the information about
endotoxin exist in water phase was limited, while the concentrations of total endotoxin were
described in many reports. In our previous research, it was found that large part of endotoxin in
finished water existed as free endotoxin in dissolved organic fraction (Ohkouchi et al., 2007),
because almost all parts of bacteria were inactivated by chlorine disinfection. Conversely, it is
expected that increase of cell-bound endotoxin could be a good indicator for regrown bacteria.

In this paper, endotoxin was examined as an alternative indicator for bacterial regrowth. First,
tap water samples were collected in two different water distribution areas, and the concentrations
of endotoxin and the ratios of free endotoxin to total endotoxin, defined as the ratio of free
endotoxin, were determined. Then those changes along with bacterial regrowth were examined in
batch mode experiment, by incubation of tap water samples after neutralizing chlorine residual.
Finally, the biofilm accumulation under continuous flow condition was examined using two

annular reactors at different concentrations of chlorine residual, to confirm applicability of



endotoxin as indicator for bacterial regrowth in water distribution system.
MATERIALS AND METHODS

1. Sampling methods

Two typical water treatment plants (A and B) and their distribution systems were selected. The
water treatment plant A had treatment processes including flocculation, sedimentation, rapid sand
filtration, and chlorination. Forty-six water samples were taken in the distribution system from
plant A (DS-A) at two different seasons, May - June 2007 and January 2008, respectively. In plant
B, the surface water was treated by flocculation, sedimentation, rapid sand filtration, ozonation,
biologically activated carbon adsorption, and chlorination. Six water samples were taken in
distribution system from plant B (DS-B) in January 2008. The water samples after 5 min flashing
were collected in the glass bottles treated by heat sterilization at 250 °C for 2 hours for chemical or
microbiological analyses except for AOC measurement. For AOC measurement, the carbon-free
glass bottles were prepared by thermal treatment at 550 °C for 4 hours. The samples for chemical
or bacterial analysis were processed within 4 h after sampling. For endotoxin assay, water samples

were preserved at -80 °C after fractionation by centrifugation.

2. Bacterial regrowth in batch mode experiments

To neutralize chlorine residual, the autoclaved solution of sodium thiosulfate was added to 25
tap water samples taken in distribution system of Plant A as a final concentration of 0.03 %. Then,
the each sample were incubated at 20°C for a week under light-protected condition. The samples

were taken at 0, 1, and 7 days, respectively, and provided for HPC and endotoxin measurement.

3. Biofilm accumulation in continuous flow reactor systems

Two annular reactors (ARs) Model 1320 LS (BioSurface Technologies Corporation, Bozeman)
were used in this investigation. The AR is consisted of an outer grass cylinder and a rotating inner
drum. Twenty removable polyvinyl chloride (PVC) coupons are mounted on the drum surface.
Each PVC coupon has a wetted surface area of 17.9 cm’. By rotating inner drums at 84 rpm, it
could simulate a shear stress, which was equivalent to a velocity of 0.4 m/s in a 125 mm diameter
PVC pipe. The outside of outer each glass cylinder was covered with aluminum foil. Tap water at
Katsura campus of Kyoto University was adjusted their chlorine residuals at 0 and 0.1 mg CL/L
with addition of sodium thiosulfate solution, respectively, and was pumped to each AR at flow rate
of 8.3 mL/min. These AR systems were operated at 20°C. The detention time in each reactor was 2
hours. The flow diagram of these systems was illustrated in Fig. 1. The biofilm were accumulated
on the surface of 20 PVC coupons, so one or two coupons were removed regularly, and were

provided for measurements of HPC or total bacterial cells. The biofilm samples were detached



from each coupon by scratching using rubber policeman after loosen by sonication for 2.5 minutes

with appropriate volume of autoclaved phosphate buffer.
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Fig. 1 Flow diagram of annular reactors for biofilm accumulation test

4. Analytical methods

Culture-based and direct enumeration of bacteria HPC bacteria were enumerated by pour plate
procedure with R2A agar incubated at 20 °C for 7 days. Total bacterial cells were enumerated by
staining with 4°,6-diamidino-2-phenylindole (DAPI). The bacterial cells in 1mL water samples or
vulture broth were collected on 0.2 pm black polycarbonate membrane filter (Nihon Millipore K.
K., Tokyo) and then the DAPI solution (1 pg/mL) were added onto filter. After 10 min staining, the
DAPI solution was removed by vacuum filtration. The filters were air-dried and mounted on
slide-grasses with cover slip. The fluorescence images were observed under MICROPHOTO-FX
epifluorescence microscope (Nikon, Tokyo) under UV excitation. Each image was captured by
digital camera PDMC Iii (Nikon, Tokyo) and the image processing was carried out with software,

ImagePro version 4.1 for Windows.

Endotoxin The endotoxin in water samples was fractionated by centrifugation at 14,000 rpm for
10 min, and the supernatant fraction was used for free endotoxin determination. Each endotoxin
was determined by endpoint-colorimetric microplate method using Endospecy ES-50M Set and
Toxicolor DIA-MP Set (Seikagaku Kogyo, Tokyo). The formation of diazo-compounds was
monitored using microplate reader (Model 550, Bio-Rad) at 545 nm with reference wavelength at
650 nm. Endotoxin from E. coli strain O113:H10 was used for calibration. The samples were
diluted serially using endotoxin free-water. The pipet chips and microplate guaranteed of

endotoxin-free were used for this analysis.

Organic carbon Total organic carbon was analyzed using TOC 5000 analyzer (Shimadzu, Kyoto).



Assimilable organic carbon (AOC) were determined by slightly modified procedure reported by
van der Kooij ef al (1982). One mL mineral solution was added to 100 mL sample pasteurized at
75°C for 30 min. Then, Pseudomonas fluorescens strain P17 (ATCC 49642) and Aquaspirillum sp.
strain NOX (ATCC 49643) were inoculated. The inoculated samples were incubated at 20°C. With
interval of a few days, the bacterial cells were enumerated by counting colonies formed on R2A
agar plate separately. The AOC-P17 and AOC-NOX concentrations were calculated from the
maximum colony counts divided by the yield factors, which were determined preliminary using
acetate as a sole carbon source, respectively. The yield factors in this study were determined as
4.53x10° CFU/pg-C for P17, 1.54x10” CFU/ug-C for NOX, respectively.

Chlorines Free and combined chlorines were determined by DPD-Ferrous titration method
according to established method (APHA-AWWA-WEF, 1998).

5. Statistical analysis

All statistical analyses were performed with GraphPad Prism ver. 4.0 for Macintosh (GraphPad
software Inc., San Diego). A Kruskal-Wallis test was carried out to compare the differences
between water qualitiy parameters in different distribution systems and seasons. To compare the
differences between two groups of samples, a nonparametric /-test was performed. Significant

differences were determined with a level of p<0.01 in all analysis.

RESULTS AND DISCUSSION

1. Water quality parameters associated with bacterial regrowth

The averages of water quality parameters in two different distribution systems were compared
in Table 1. In both distribution systems, total chlorine residuals not less than 0.3 mg/L were
detected in average, and HPCs were inactivated sufficiently. The average TOC content in DS-A
was higher than that in DS-B. It seemed that TOC was removed effectively by ozonation and
biological activated carbon adsorption processes in DS-B. The average AOC content in DS-B,
however, was slightly lower than that in DS-A, but the difference was not significant. This result
suggested that advanced water treatment system consisted of ozonation and GAC or BAC had a
definite improvement in AOC removal. It has been well-known that ozonation increased AOC
content by degrading high molecular weight organics to low molecular weight and polar
compounds (Hammes et al.,2006). Then, some parts of AOC was removed during BAC process
(Hu et al., 1999), but the totally efficiency of AOC removal was not improved significantly.

Total and free endotoxins in DS-B were higher than those in DS-A as opposing to organic
carbons. The reason has not been identified yet, but in our previous research, the same level of

endotoxin, 10 EU/mL approximately, was found in finished water at other water treatment plant,



which is located at near place of Plant B, and has a similar treatment processes including ozonation
and BAC (Ohkouchi et al., 2007). Two possible explanations are following; 1) Endotoxin
concentration in raw water of Plant B is higher than that of Plant A, 2) BAC process causes to
increase endotoxin in finished water. The average ratio of free endotoxin to total endotoxin was

slightly lower in DS-B, but the difference was not significant.

Table 1. Average of parameters associated with bacterial regwowth in tap water

DS-A DS-B
Parameter May-June 2007 January 2008 January 2008
Sample numbers n=40 n=6 n=6
TOC (mg-C/L) 1.840.25 - 1.3£0.13*
AOC (pg acetate-C/L) 59.8+15.6 173.9+43 5* 136.0+36.2*
AOC-P17 39.5+13.8 135.6441.7* 104.7+£37.1*
AOC-NOX 20.349.6 38.3+11.0* 31.243.9
Chlorine residual (mg Cly/L) 0.52+0.13 0.30+0.06* 0.31x0.11*
Free chlorine 0.40+0.12 0.25+0.06 0.21x0.10*
Combined chlorine 0.1240.02 0.088+0.03 0.096+0.02
HPC (CFU/mL) 0.3+0.5 0.0£0.0 0.8£1.9
Total endotoxin (EU/mL) 1.48+0.69 1.16+0.13 6.72+1.85%*
Free endotoxin (EU/mL) 1.46+0.56 1.08+0.23 5.52+0.95%"
Ratio of free endotoxin 1.01+0.15 0.93+0.18 0.85+0.19

Values are the means with standard deviation.
* P<0.01, compared with the samples taken in early summer in distribution system supplied by DS-A.
* P<0.01, compared with the samples taken in winter in distribution system supplied by DS-A.

On the other hand, in comparison of AOC contents in summer and winter in DS-A, the average
AOC in winter was three-fold greater than that in summer. In winter, biological activity in water
and biofilm were decreased because of low water temperature, so larger amount of AOC was
remained through the water distribution. van der Kooij (1992) has proposed that AOC level for
prevention of bacterial regrowth was less than 10 pg-C/L, but all our AOC data exceeded that
biostable level substantially. Besides, there were no differences in the average endotoxin level and

the average ratios of free endotoxin in both seasons.

2. Bacterial regrowth in batch mode experiments

Among examined 25 samples, the bacterial regrowth phenomena after 7 days incubation were
observed in only 6 samples. In these samples, HPC numbers ranged from 2.3x10° to 4.7x10°
CFU/mL. Endotoxin levels and the ratios of free endotoxin between regrown samples and

not-regrown samples were compared in Fig. 2. At 1 day after neutralizing chlorine residual, there



were no significant differences in all parameters (data not shown). At 7 days, it was found that total

endotoxin concentrations were increased in the range of 10 to 40 EU/mL of water samples

observed regrowth, while free endotoxin showed little increase. The cell-bound endotoxin

concentrations were determined by subtracting free endotoxin from total endotoxin, and they

represented large proportion of total endotoxin
increases. Then, the ratios of free endotoxin were
determined to compare decreased dramatically. It
has been believed that free endotoxin was released
from bacterial cells with multiplication or
environmental stresses. Although almost all part of
endotoxin was existed as free endotoxin in a
situation of co-existence of some stressor, such as
disinfectant residual in tap water, the cell-bound
endotoxin seemed to be increased along with
regrowth of bacteria once the stressor was removed.
These results indicated that cell-bound endotoxin or
ratios of free endotoxin in addition to total endotoxin
could be considered as useful indicators for regrown

bacteria.

3. Biofilm accumulation in an annular reactor
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Fig. 2 Camparison of endotoxin
between regrown and non-regrown

samples.

Effects of chlorine residual on biofilm accumulation on PVC coupons ~ The biofilm accumulation

on PVC coupons were examined under continuous flow conditions. The time-dependent change of
HPC and total bacterial cells in biofilm were shown in Fig. 3. The HPC in biofilm on PVC coupons

in AR without chlorine residual reached a stationary phase after 100 days operation, and the

maximum biofilm density was approximately 5x10° CF U/cm?. In AR with chlorine residual of 0.1
mg/L, the actual concentrations of chlorine residual were 0.07=0.05 mg/L. The HPC in biofilm
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Fig. 3 Changes of HPC and total bacterial cells in biofilm.



fluctuated after 85 days operation, but the maximum density of biofilm was approximately 2-log
lower than that in AR without chlorine residual. At initial phase of biofilm accumulation, the total
bacterial cells in AR without chlorine residual remained at higher level than corresponding HPC,
but the percentages of HPC were increased drastically. In AR with chlorine residual, the total
bacterial cells remained 10 times higher than HPC in average for the entire period.

The biofilm accumulation rates were calculated based on each HPC data until around 110 days.
The biofilm accumulation rate of 0.078 day™ in AR without chlorine residual was twofold greater
than that in AR at chlorine residual of 0.1 mg/L (0.040 day™). Pederson (1990) has reported that
the doubling time of total number of microorganisms in biofilm was 11 days using biofilm reactors
fed tap water with chlorine residual of 0.1 mg/L. The biofilm accumulation rate was calculated as
0.063 day’', and our results were nearly equal to his result. These results indicated that low
concentration of chlorine residual such as 0.1 mg/L could not prevent biofilm formation inside

distribution pipes, but it could slow progression of biofilm in terms of accumulation rate and

amount.
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Fig. 4 Changes of HPC in influent and effluent of each AR.

Changes of HPC in effluent from ARs  The time-dependent change of HPC in effluent each
reactor was shown in Fig. 4. During all phase of biofilm accumulation, there were trends toward
increasing HPC numbers in the effluent from both ARs. The correlation between HPC in biofilm
and HPC in effluent of ARs was shown in Fig. 5. The measurement dates of HPC in biofilm were
not always corresponding to those of HPC in effluent, therefore only the data, whose time intervals
were within 1day, were used for this analysis. After logarithmic transformation of all HPC data,
the HPC, which was increased in ARs, was increased proportionally with HPC in biofilm, and the
slope of linear regression line and the correlation coefficient (R*) were 0.873 and 0.687,
respectively. It is not practical to take biofilm samples from surface of pipes and test HPC
frequently. This correlation proved that HPC in bulk water phase could be a surrogate indicator for

progression of biofilm inside pipes.
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Endotoxin The changes of total endotoxin in effluent were y = 0426 + 0.873x R’= 0687

L]

shown in Fig. 6. In effluent from AR without chlorine, total
endotoxin was increased and fluctuated significantly after

Y

50 days, while no significant increase of total endotoxin

was observed in case of AR without chlorine. The

n

relationship between HPC in water phase and cell-bound

HPC in effluent (log,CFU/mL)
w

endotoxin was shown in Fig. 7 (A). In fact, regrowth of

-

bacteria was occurred immediately after adjusting chlorine

residual, therefore, all HPC data in both influent and ST Sl T
HPC in Biofim (log 1oCFU/cm?)

effluent were used for the following analysis. When HPC

numbers in water phase were 1000 CFU/mL or higher, the Figi5 Relationship bobwoon HPC

in biofilm and HPC in effluent of
AR.

cell-bound endotoxin tended to be increased with HPC
numbers. Especially in the range of over 5000 CFU/mL,
the concentrations of cell-bound endotoxin were greater
than 0.5 with one exception. However, these increased amounts were smaller than those observed
in regrown samples in batch mode experiment described above. These results suggested that
growth of bacteria in water phase contributed little to the increases of HPC in effluent because of
short detention time, nevertheless Manuel ef al. (2007) have reported that the specific growth rate
in bulk water phase was much greater than that in biofilm. It was estimated paradoxically that HPC
numbers in effluent were increased by HPC came from biofilm. As a result, it seemed that the
amount of cell-bound endotoxin in effluent was affected by the difference in membrane integrity

of bacterial cells in biofilm and in stagnant water as in batch mode experiment.
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Fig. 6 Changes of endotoxin in influent and effluent of AR.

On the other hand, a poor correlation between HPC in water phase and ratios of free endotoxin
(Fig. 7 (B)) was obtained. One possible explanation is that not only cell-bound endotoxin, but also
free endotoxin were increased simultaneously under continuous flow condition, because there

were more other stressors for bacteria than chlorine residual. Total endotoxin followed a similar



pattern with cell-bound endotoxin as shown in Fig. 7 (C). The concentration of total endotoxin
were greater than 2.0 with one exception at HPC levels of over 5000 CFU/mL, and the regression
slope was greater than that of cell-bound endotoxin. Based on above results, it is recognized that
total endotoxin could be a better and more sensitive indicator for regrown bacteria rather than
indicators related to cell-bound endotoxin. However, it should be also noted that these indicators
of endotoxin could work effectively only in the situation that significant bacterial regrowth, such

as over 5000 CFU/mL, was occurred.
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Fig. 7 Relationship between endotoxin and HPC in effluent.

CONCLUSIONS

As indicator for regrown bacteria in distribution system, which can be measured in a short time,
endotoxin was examined in this study. In tap water samples taken in two different distribution
systems, there was a difference in total endotoxin concentrations. It was suggested that endotoxin
levels in raw water or BAC treatment process could affect the concentrations of total endotoxin. It
was also confirmed that large part of endotoxin in tap water existed as free endotoxin. Once
chlorine residual was neutralized, bacteria started to grow in several water samples. In these
samples, the concentrations of cell-bound endotoxin were increased drastically. At the same time,
the concentrations of total endotoxin were also increased, and the ratios of free endotoxin were
decreased relatively. The biofilm accumulation was also monitored using two annular reactors
under continuous flow conditions. It was found that HPC in effluent of ARs was changed
reflecting the progression of biofilm accumulation. There was positive correlation between the
concentrations of cell-bound endotoxin or total endotoxin and HPC numbers in water phase,
therefore cell-bound or total endotoxin could be indicators for regrown bacteria only when
significant bacterial regrowth such as over 5000 CFU/mL was occurred. However, a poor

correlation between the ratios of free endotoxin and HPC numbers in water phase was observed.
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Primary investigation of measurement of DNA labeled with bromodeoxyuridine for rapid
quantification of heterotrophic bacteria.
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