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BEEFBHENREANE BRLE AHEENRKEWRESR)
KB DFKLES S VEKBIEICE T HMEN RV EERNKEEEFEICET M%)

TH 23 FEMIFRBEE |
kBRI 45 11 5 B A W) (D BT A M A AT

MRSEE ERAFERERIFZRHRH ZE B
MEBNE RERFRERIZRHER Kir=5h

MRES ‘

IKIEFRELAGRIZH U DI E AR 27T 2 FIEORET & | B OB - HitaT
BITHE D NI FHEPEILR ORAT 21T - 72, AGEAK T ORIRE B #EEEH B O DNA HiH 5%
BRI LIER, AU D —RR— T NV F =L AR L, ©—XEEZAVE
FiER v T X 5 DNA fliH OHA D OEIRERE 2 & A b2z -7z, £72,HPC
HEERR O FE L LT, ZHEIEM T-RFLP OB A ATREMEZ RS L. EBICAGE KD & B Eg
LIEROGZBEICERATH L Z L 2B L, EROENEAREEZIERLE LT, HE - Kt
WD MR R BLR 2B LICRER, R CEBREIER O T, KRO EE 2
EH, EEHELVHPC B EF T2 L 2H oI Lz, Ll 2L BUKBICIZHERTO L
ITERINTRD Z b, MEESEEIIRIT 2SI TRAEL TWA Z LSS
oo Elo, IHERRE L EEBEOEMN L ORI G, BIEIEYT 5 MR O EEI IR,
280 THDZ LB LT, W - BORICHE O MEREEME ORI 21TV, FHEE L7
ICHET D EHESND T T A OB EIT o7,

A BFREH |

BREEFEOEBALAED b DT, AEREKRICEIT 2 MEEEE) 27 R3EE5 2
ERRASN TS, BEEREELEER LoD, EWRIICEE R AKEKE O
T A2, MEEHEE S EYICER, ST 3 FEORSIARD bR TS, Z
DIZDITHL, FHEET DB QAR « AREZEMT 5 2 L ARMERVAR, HAETIIA
EARFOMEFHEECHERGRESZ ., —BEEICINZ T MEBHEME (Heterotrophic
Plate Count: HPC) | #84Z (i 20 4 4 A 75 AGEKE S BAEEICEMN : BE BIEE
2000CFU/mL) & W9 SFEMNREETIMEL TWAORHRRTHS, L, HPC i
B BT ICOW TR, +ARMERERES TR,

FIT, AR TR, UTOEBICET 2R ED, BHIEMEOATE - ARBEHIC
ESWEFHEAEOFEFE - SIEEORERTH L BLT5, SEERFROD
EOICET AR R R LTz,

O EBICHEHEET 5 MEREOMBRIEE

@ WBIEEMEOSEM DN

@ TERFBMEOFEEREORNT GEEM R, BEERE, HRmHE)




@ FREFEORVIEREBMEZ AV FLEA IR (Assimilable Organic
Carbon : AOC) HIEFIEDFAFE

B. ARAE
1. JKEAKBOEREM@EMENSD DNA Hith 7 EORE
Pseudomonas ﬂuoresceﬁéPﬂ B (ATCCA49642) %V T. FHEOD—@IR LR
% RHE, T ERIC X 5 DNA BRSO #2470 7, O &£ @22V Tk, P17 JK (4.6X107
cells/mL) 1ml % VU VERMBEIR 1L ICAIR L, 8% B0 L7z%, DNA #2177 - 72,
@I oWTHE, Bk 1mL #3058 L, [EIX L7z Btk % DNA HItiBUs & L,
O H—1rV v IPRKT 4L F—Sterivex™-GP 0.22um Filter Unit(Millipore)iZ X % &
#g—PowerWater® Sterivex™ DNA Isolation Kit(MO BIO)IZ X % #iH
@ Tsopore membrane filter 0.22pm(Isopore) (& & % #& — FastDNA for
soil(Q-Biogene)lZ X A H |
@ TANE—I L BEHETREEEEL, EOSEEC X % E AN —FastDNA for soil
(Q-Biogene)iZ & 2 #HH
ZEROWHE - FIHAAEI X - TH b iv/ DNA fliHiE 2 AV, B8 PCRIZ L - T 168
rRNA #/EF 2 ©—#% TagMan PCR¥EIC L 0 B & Lz, 7235, & L7 16S rRNA ¥
F 3 BTV T P17 #0168 rRNA AT 2 ©—3K (5) & AV CEIBICHE L e,

2. HPC BEEHRD OTU S EFHEDKRET

KA B BEE L7 HPC BBERE (86 © Y-1, Y5, £ : W-8, W-12, 7 : R-13, R14 Ot
6 k) @ 16S rRNA EETFOSH HES LT, ZEEZH#IZ L 5 Terminal Restriction
Fragment Length Polymorphism (T-RFLP) D@ %R A7, 774 <—Zid, MED
16S rRNABE T Z4ZH & L 27F & 90Tr # WV ENEND T T A = — D 5K & FAM,
HEX TH % \[Z#E#k L7, PCRIBIE®R, HIREER Hhal I X 2HLEZTV, T 7 —v
— 4 ¥ —ABI3100-Avant (Applied Biosystems) (2L 277 7 A b a 77,

3. WARICBTAHMEBEREAEZRLFERBEEOBRK

20114 12 A 12 H»H 16 BiThe > T, HRRKFERENORKIEE XIS L LTEK
24770, MO, 5L/min T 5 OBk EITo 7%, 10L 28K L7z, WOT, ke
% 24 BERAGERIMELR L L, FRARRRAHSE DOKEKZ W SRz, ZO%., /KiEK%E 5L/min T
Hok L. 9L FoMeaic 4 L7248 5 3 20L 240k Ui, Ui, B2 IERM % 24, 16, 8,
4 FFH E LS E, AMROBKZME Y R L7z, Bk LIRBHT DWW T, KR K& OEREHE R
BEZRAET D LI, 2EEAUOEBREMEL (Heterotrophic Plate Counts: HPC)
RO, REEOBEICVTIE, BB OMAEY % SYBR Green T (Invitrogen) Y
L%, 7a—H% A A —F— (Accuri C6, BD #t) ZH W TEEK L=, HPCIZ. R2A
A AV, 20CT T HEEE L, Bl S cae =—HE 8 LT, £, BUKER 0-2L



(&t 2L) DFELE . Hok# 10-20L (B 10L) Ok 2 x5 E LT, T-RFLP &I L 5 B4E
SRR 21T o 72, 3B Isopore membrane filter 0.22umIsopore)iZ k% AB%{TF-> T
BEEZ R L7, FastDNA for soil (Q-Biogene)iZ Lk 2Hit 21T -7,

C. BIRBR
1. JKEKPOEREMBEREENSD DNA fIH HFiEORE
AKEKFOMMEBIIFHEFEITE N 2D, MR R BEEMBERENT O 72 DIIZEIREO &
DNA M AEZERT 2 MNERH D, £ 2T, 3FEEDOEN - DNA it FiE0 hihat %
To7 , ;
EEPCRIZL S 16S rRNA B2 U — 5 (BEHE) [CESSEREOR-RER 112
Y, TORER, BINERRLEWVDIL, Isopore A 7 L2 TEHE L. FastDNA for soil
THIHT 2Q0 4, —2 T, EREIT 6.7% Th o7, BHETELELABL LT, AL
FastDNA for soil THith L7c@D 7 — A Tik, EUEIT4.8%TH Y., QDR L KEITR
bNRpoTe, —FH, TRNETIHEERETERERNDH S Sterivex & AV TIRHMEL .
Sterivex EHDHIH F v F THh % PowerWater® Sterivex™ DNA Isolation Kit % BV 7=
BOEINEITDTH 0.2%THY, O, OQDFELEELTY llog U HEVVETH -7,

2. HPC Btk OTU 2 EF DR

FAMAER L7274V — 74 ~—&, HEXEBH L=V A= T 54 ~—% AT, Kk
B D HEE L7 BRD 16S rRNA Ef5F% T-RFLP T L7z, = 2 Tk, ERKRERSE
D7KEK 200mL (5L/min T 5 S HIHKZICERAK) 0> 5 BEE L7 HPC (GO : Y1, Y5,

£&1 U734 L PCR AIEHHER (DNA HitE 5D LLE)
s 1mL H=Y

i DNATUL 1= Y . HHBRE
E{AREIR . EHatr—# LEH (%)
O E—#(copies/ul) (cells/mL.)
(copies/mL)
Sterivex 4.5x10°
(0.22um) 5.3x10° , 4.9x10° 1.1x10° 0.2
(PowerWater) 4.9x10°
Isopore 8.4x10*
(0.22um) 7.4x10* 1.5x10" 3.1x10° 6.7
(FastDNA) 8.2x10*
' 6.7x10*
R WPVRAEEE , .
6.0x10 1.1%10 2.2x10 4.8
(FastDNA) ----msmmmmmmmmomo oo oeee
5.5x10*

* 16SrRNA BIEFa v —#% 3.6 L LA
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E. BRIZEEL TR, BICKABAIIERFETH 2Tz,

1z T-RFLP &R %2 RT, &E (Y1,Y5), K (R-13,R-14) OKTIE, ThLT
NEEME SERWMOMAEIKETHBELTEBY, AL OTU DKRTHDLZ &L D, —
¥5. B0 (W-8, W-12) 2o\ Tk, HEX &% L7z S RBOMARIIFA L THD b D
@, FAM E# L7= RGO A BRI TR R >, Z0Z b, REBIRALCTH-
TH. OTU &A% HPC BEET 5 Z &R h,

3. #MKRICHTIMEFEERREFERMEOBMR

210, B DM L Z OBOBUKIZHE S fakIZk 1T 5 KEELZ R KR,
k% 8-24 BRI SR T, 15.2-18.0CH1 5 18.8-19.2CETER L7, 45
M OEEIC X 3/KE EFIIARE IR o T, TEHERREE L, RN 0.27-0.36mg/L
C AR BE SR STV, 24 BERIOMEEEIZ L Y 0-0.07Tmg/L ¥ TRA LTz, WH
BRI AN L 72 B2, WABIINEL RoTz, BUKIZX W KIBOET, EBERFRRED
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2 BERUBKIZH S KR KEKDKEEL
WK, BEREERBE. B)2EH. MHEREMER (AL 16 BMED 10-12L BASIERH)

ERMNREI N, EBEERIBEIL. 6L BEKEIZIZ. WThOBA D 0.25mg/L Ll EIZE
‘LT,

EEEIT. ERBEARITIE 2.0X102 cells/mL TH o 7228, 24 BERIHEHI21X 3.9X 108
cells/mL (IZHEM L., MWETICHIBEFHEMENE U2 ERH LR -T2, BUKEITY &
EEBIIZZHIZED U, 2L BKBITIXHEERTO LIV R - 72, BE, #fkex 24 E#

M SR O2FEEL, 1EHOHELRAEE (3.6X103 cells/mL) FTHEML, Ak
BIZEIT 2B EHERERSICIIERENRD b, HEER L 16 BEIC L7254 bR’
EOBEALSHER S, 8B OBAIL 0.71og DEMKIZE PV, 24 B DEE (F
¥j1.41log) X 16 FFHDOHE (1.2log) & HEL THEMEN D27, 4 FFHOHEIC X
LEMIBO N2 o7, —F, HPC b, £EHEFHEOELLER Lz, EBREMKIFRIC
iZ 1 CFU/mL Th - 72725, 24 B OEE%121% 302 CFU/mL F ¢Hin L7c, HKZEATS
&R L7223, 20L )%Unkfﬁf % 156 CFU/mL Th o7z, B, 24 RefHE W 2RETIX 570
CFUmLIZHML THY | ZIERBEOHENEE I, HEHRHZ 16 BEIC LZEE
b, #EERIH% T 5CFU/ML 225 425CFU/mL £ THEML, 1SIFREEQMENEE S
7o TEEEREREIAS 8 FEREILL T OFAITIE, BHEREMIER S o7,

THEERER] 16-24 B OB 2 8 & U CHIEFEE D T-RFLP f#T 21T o 7242 %X 3 12
Yo FEIDRTIE, EIT 52, 75,332, 833bp R EIIBOT T T AV FRR LN, Thb
DI IRE DB %, BUKBE TELT 2T AR SN, —F ., BEOREHZ L <,
B CEBEDRNWT F 7 A My R b, EERT T 7 A2 N Thb b2, 75, 332,
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Fragment length (bp)

3 HBE-BUKICHESHBEHREED
1k (24, 16 BER#E)

833bp DFEX ' — 7 E DB O T %X 4 IZRF, #iT, 75,3320p D7 T 7 A MID
WTIE, AR E— 7 BERHE®RIC LR, BKRICBD T 2R F OB I,

D. &%

1. KEKPOEREMHEERENSD DNA I 5 iEDORE

M FIEORSIOFER, Tsopore X 7 L T X BEME—FastDNA for soil (2 X% DNA
] LWV QOLEARBEINERLAEL, 74 MZ—ICX2BEORDYIC ELTEE
12 X B EfE—FastDNA for soil I & 5 DNA fitH] &\ 9 @D At & IZIERRE DEILERT
Holn, BB L AEAERMEICONTIE, mARNRERVEEZON D72, DNA
HBFIZ Isopore A V7 LU DB EENEMCHBEL TWD Z L3RI sh D, —J7., R
CCHERERZDH D [Sterivex 12 X A EHE—PowerWater® Sterivex™ DNA Isolation Kit
2k % DNAHHH] &0 2 QDML EUENFERITE» o7, Sterivex 2> b DOFIHE, *
v N OEINEDWFIUTRE D B 5 MNE5 B O EER CTIZHA L2 TIEARVWA, BHE. DNA
HOFETHERNPKRE BT 2AEEEEZRB L TWD, BEhdEINEOREZBTEL,
BAEMETE. DNAMHFEORS kT 2 LER S D,



2. HPC EBHRD OTU S EFEDOBE

AHFFETIL, HPC & U THBESNDRROAR « AR EZTEM+TI 2L 2L LTE
D, EOLS A THPC 20T 5000 Z LR KERBETHD, KEDan=
—EZNBANCHIET D LT TRFLP IZERTH 52, BRI OER DO RIAEE L TN B 7=
O, FHROREOBEIND, TR, SEHEMA Lz “EE#% T-RFLP T, IREAOE
BOIMKT DI LN TED72D, LVEVKEETHPC OSENTHEICARS LEETE 3,
KR, RLBCEFALARDan=—TH25 W-8 W-12 1221 T, SEBOWHEIZFR L
T%otﬁ\5%%%@%%5&%&ﬁ%%ﬂ\%%?5:kﬁ?%ko~ﬁ\%@(YL
Y-5), R (R-13,R-14) Dau=—{Zo\Tit, MEBOBAEER—K L. FIC OTU <
HHZ EOEEMEREE -, WEELME, £< 0 HPC ¥ HEE, SETAFEL LT, F
AT 2TETH S,

3. MAKRIZBTHHMEBEERR LHERMEOBER

REROKERAEER R L LT, MEFEEEOERELEE U8, EEEERN 8-24 i
RIOHEEIITEEED LF A, 16-24 B OB-AI121E HPC © LR AR S, 71,
HPC D& ARfEIX 570 CFU/ml Th v . KEEH EEE 2000 CFU/mL X ¥ &+ /E< |
KEEHE EORBEITR, MEOFIEEAI L LTt BHEEEEREDRTRE—
FELTWDLEEZ NSNS, WEICHEI KR LR LHEOMEEEZ DTN D LR
MHEmSNTo, B 2AGEKFOREME LTIE, BEZ 102 cells/ml BRETH B, 16 5%
L E DR IZ & - T 103cells/m]l DA — & —I2 F THINT BEAEMNE SN2 5Tz, 7272
L. 2L HOKSICRMBHO L~ UCES 2 L b bR o7, A R BT B AFTHIZE
TIE, B AGEKFROREE L TR L% 104 cells/ml &\ 5 ERHE STV S

(Lautenschlager et al, 2010), F&AE LV & 100 fFE< BV DI, BEEERR /2
OTH D, FEERARE (10 2387 TOWEE (—h) OLBEIL, B LT 1.1 X105 cells/ml
TH Y, ABFICENT 24 BRSO RERICBEE SN - 2EH (3.6~3.9X 103 cells/ml)
WZEEARTH 30 RS @mVMETH 5, KK DEEICOWTIHL, IEEICHIAARTES LT
BY . WEE 200mL KT 5 Z L CREHMMNEERIOLAVICESZ LERLTVWS, K
MFETIL 2L AN B TORAKD =0, MR BTN CH DM, AL RADEFIFRE. MEE
IR T RO R BT CA LT\ D 2 L MR SN B,

5 IZHFEEIFH] L % 02 EE, HPCIBE L DBMEE R Lz, = 2 CIHMETHICLAK
BABEIC BT DENEMEEE LT, MEEEMOBEEEETS, M5205L. o8
BOGE RSB L EEER RS R TERNLS, —F. HPC 05413, HENEENTH
V. 8K & 16 FEIDOMICKERX ¥ v 70 3, Z ORI HPC THRE SIS L A il
ERII B E LT AR S5, @ L HPC ORIMER OER) 5. HPC
TR SN DMERIZ, SMEOF THLERIBWIEEELE L T\ ENEZ BN,

612, MEEHE LI 2E L R L OBMRE R, ISR Y B g
] 4 B2 5 16 BRI TOR OB E 2B Y | HEEE #3845 & 0.22(1/h) & 5 AR
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& 57z, Lautenschlager Hi% (2010), AA AD7KHEAF (EFEM) (2B1T HMEO
BRI % 0.22(1/h) & B L TR D . ABEORKEL 2B LTV 5, KEKTOR
BRI OB S Z 2 5 TR THRIREVWNR TH D, 728, I OHBEEEE DR
e, 2.8 TH D,

. T-RFLP O OfER. Mkt — 7 MEICEET 52 & T, 5T 75,8320p DT T 7 A
RS, EEEETE UM HCET A RS HER Sk, IR ICITEEESEML TV D
DT, HTTI AL MUEYETIMEOBE LML TN D LHETE 28, SEORBRL
T IR ERREREY T A LITRBRARDL S, SR, N0 TTTA DT B
VI RFTV., M REEREES LT, BENL T IA—ERET O LT, KE
KB B Zh b OMER OB 2 TS 5 - & RRET LTV,

<BEI > , ,

K. Lautenschlager et al., Overnight stagnation of drinkingywater in household taps
induces microbial growth and changes in community composition, Water Reseérch, 44,
4868-48717.



E. #&55R
SEEOHROFRER, LT OfmE AT,

O KEAFOEBEMERED SO DNA T EE LB LR, 74 YRT AV
7L CHEZYE L, FastDNA for soil TDNA 24 2 FIEDEINENRE N LA
LMoz,
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Regulations and perspectives on disinfection hy—products:
importance of estimating overali toxicity
Sadahiko Itoh, Bruce A. Gordon, Philip Callan and Jamie Bartram

ABSTRACT

Chemical disinfection of drinking water results in the formation of disinfection by-products (DBPS).
This paper reviews evidence on the overall toxicity of disinfected water instead of focusing on the
effects of individual DBPs. The possible health effects of ingesting DBPs include development of
cancer and adverse reproductive/developmental outcomes. Only a few of the 600-700 chlorinated
by-products are regulated, accounting for only a small portion of the overall toxicity of DBPs. This
review showed that current water quality management, based on complying with standard values
set for individual DBPs, is insufficient in responding to overall toxicity from DBP species. Becatise
water suppliers typically focus their water quality management efforts on meeting the defined
maximum concentration standards for individual regulated parameters, current water management
practices may not adequately focus on effectively reducing overall DBP toxicity. Therefore, we
recommend a progressive shift towards preventive and holistic DBP management based on a
comprehensive health-based risk assessment that takes into account the overall toxicity and is
supported by a validation of the control processes. We also present a prioritized research agenda
that will help determine risk assessment and management and facilitate the development of
regulations. This includes the development of an index for overall DBP toxicity.
Key words | carcinogenicity, disinfection by-products, drinking-water quality standards,
reproductive/developmental toxicity

WEAKNESSES IN THE CURRENT REGULATORY
APPROACHES ON DBPS
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Trihalomethanes (THMs) were originally recognized as a
potential health concern in drinking water in the 1970s.
Since then, there has been extensive effort by researchers
internationally to detect and identify other disinfection by-
products (DBPs) (Krasner et al. 1989; Stevens et al. 1990;
Richardson 1998). Although THMs are the most commonly
regulated DBP group, they only account for 20-30% of
total organic halides (TOX) formed by chlorination. With
advances in analytical technologies, 600-700 chlorinated
by-products have now been identified. Despite these efforts,
it is estimated that detectable by-products account for
approximately 50% of TOX. Richardson et al. (z007)
recently reviewed this issue focusing on carcinogenicity
and genotoxicity of DBPs. In addition, the evidence to
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date has been considered adequate to set health-based
values for less than 20 DBPs. As a matter of fact, a total of
18 DBPs currently have health-based values including provi-
sional guideline values that have been derived by the World
Health Organization (2006), the US (US Environmental
Protection Agency 2006), European Union (1998), Canada
(Health Canada 2007) and Japan (Council on Public Welfare
Science 2003). No by-product has a health-based value that
was determined to account for reproductive and develop-
mental endpoints.

Internationally, current DBP-related norms and regu-
lations (World Health Organization 20006; Karanfil ef al.
2008) address only a relatively small fraction of the overall
DBP toxicity. This proportion cannot be easily increased



262 S.liohetal. | Regulations and perspectives on disinfection by-products

Surt al of ,Water:su'dbl")ﬁ Research and Teéhnology%f\giua' [ 605 2011

by monitoring increased numbers of DBP species, because
regulation and monitoring of more DBPs has both scientific

and financial constraints. These constraints are acknowl-

edged in the Guidelines for Drinking-water Quality (World
Health Organization 2006), which recommend a general
~shift in emphasis away from monitoring an increasing
number of chemical parameters in favour of preventive
risk management. Therefore, efforts have focused on the
overall toxicity of drinking water. ,

Here we review the results of studies on the overall tox-
icity of disinfected water instead of focusing on individual
DBPs. The toxicity described in this report includes not
only carcinogenicity but also reproductive and developmen-
tal toxicity. First, this paper presents evidence that
demonstrates the presence of toxicity in disinfected water
that cannot be attributed to the currently regulated by-
products. This confirms the importance of estimating
the overall toxicity of drinking water. Next, we review
attempts to evaluate the overall toxicity of disinfected
water using in vivo bioassays. We discuss problems with
these assays and describe ongoing related research by the
US Environmental Protection Agency (US EPA). Finally,
we highlight requirements of future drinking-water quahty
regulation and make recommendations.

IMPORTANCE OF ESTIMATING OVERALL TOXICITY
OF DISINFECTED WATER

Contribution of individual by-products to the toxicity of
chlorinated water

Some: researchers have measured the concentrations of
by-products and examined the toxicity of individual

by-products by in vifro bioassays. Table 1 shows an example
obtained by Itoh & Echigo (2008). The chromosomal aberra-
tion test using Chinese hamster lung cells and the
transformation test using mouse fibroblast cells were per-
formed as indices to estimate the initiation and promotion,
respectively, in the carcinogenesis process. Three by-
products: chloroform, dichloroacetic acid (DCA) and
trichloroacetic acid (TCA), contributed 2.9% of the chromoso-
mal aberrationdnducing activity and 1.4% to the
transformation efficiency. The contributions of MX (3-chloro-
4~(dichloromethyl)-S-hydroxy—z(SH)-furanone) and bromate
ion were almost negligible (less than 0.1%).
Previousresearch has also reported that individual DBPs

make small contributions to overall mutagenicity, as

reviewed by Donald e al. (1989) Meier et al. (1985) estimated
that the summed mutagenicity of ten chlorinated by-products
was only 7-8% on TA100 and less than 2% on TA98 by the
Ames test. Research using the Ames test has shown that
MX contributes from 0.2 to 60% of the mutagenicity of chlori-
nated water (Kronberg ef al. 1988; Kinae et al. 2000). On the
other hand, the contribution of MX to mutagenicity assessed
by the Ames test and by a test using cultured mammalian cells
differs. Plewa et al. (2002) measured the DNA-damaging
activity of several DBPs and MX by alkaline single-cell gel
electrophoresis (SCGE, comet assay) using Chinese hamster
ovary (CHO) cells. This assay indicated that the genotoxicity
of MX was very weak compared with that of bromoacetic
acid. This is because MX has high affinity for protein and
other nucleophiles to reduce its genotoxicity in mammalian
cells. Thus, an estimate of MX based on the result of the
Ames test may overestimate its cancer risk (McDonald &
Komulainen 2005).

It is widely known that the individual by-products ana-
lysed in these studies account for a small proportion of the

Table 1 ] Contribution of individual DBPs to the chromosomal aberration-inducing activity and the transformation-inducing activity in chiorinated water (itoh &'Echigo 2008)

chromosomal aberration-

Transformation-inducing activity

DBPs inducing activity (by the two-stage assay) Experimental conditions

Chloroform 0.5% 0.9% , ,
' DCA 0.8% 0.25% Humic acid solution chlorinated with Cl,/TOC = 1.0

TCA 1.6%  0.25%

MX <0.1% <0.1% Chlorinated Lake Biwa water

Bromatev <0.1% . - Humic acid solutlon treated with ozone/chlorme sequential

treatment. Br~ in the humic acid solution; 37.5 mg/L
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overall genotoxicity of chlorinated water and the toxicity of
chlorinated water can be attributed predominantly to by-
products other than those currently regulated. The overall
toxicity measured by in vitro and in vivo bioassays is dis-
cussed below in the sections ‘n vitro mutagenicity testing’
and ‘in vivo testing’, respectively. There is no guarantee
that the concentrations of the regulated DBPs track the con-
centrations of all DBPs of adverse health consequences. An
implication is that current water quality management, based
on standard values for individual by-products, is insufficient
in responding to overall toxicity arising from all DBP species
in drinking water.

Contributions of organobromine compounds and
bromate ion

In general, the concentrations of brominated by-products
formed by chlorination are lower than those of chlorinated
by-products. However, brominated low molecular weight
by-products such as brominated THMs and haloacetic
acids (HAAs) are more toxic than chlorinated by-products
(Plewa et al. 2002; Richardson et al. 2007). A complex
mixture of by-products from humic acids formed by hypo-
bromous acid has threefold greater mutagenicity than that
formed by hypochlorous acid (Echigo ef al. 2004).

A previous study assessed the contribution of organo-
bromine by-products-to the induction of chromosomal
aberrations in chlorinated water (Echigo et al. 2004).
~Total organic chlorine (TOCI) and total organic bromine
(TOBr) in TOX were measured separately. This study
found that the contribution of TOBr ranged from 28 to
52% in the actual tap water conditions of [Br ]/TOC =
0.05-0.1mg Br/mg C and [HOCI/TOC=1.0-15mg
Cly/mg C. In most chlorinated waters, the concentration
of TOBr is far lower than that of TOCl; however, TOBr
is more toxic. Thus, the contribution of TOBr can be unex-
of the world the
concentrations of naturally occurring bromide ions in

pectedly large. In some parts
source waters are often over 100 pg/L. In these cases, the
contribution of TOBr to overall toxicity may exceed that
of TOCL

The contribution of bromate ions to the toxicity of ozo-
nated and chlorinated water is very small or negligible, as
shown in Table 1.

Figure 1 summarizes these findings on ozonated/chlori-
nated water. The areas of ellipses approximately show the
strength of mutagenicity based on the results of the chromo-
somal aberration test (Echigo et al. 2004). TOCl and TOBr
are formed in chlorinated waters. Although the TOBr con-
centration is low, the contribution of TOBr to overall
toxicity is significant. In waters that are both ozonated and
chlorinated, oxidized by-products without halogen are
formed, including bromate ions that contribute a very
small proportion of the overall toxicity.

Figure 2 shows the induction of chromosomal aberra-
tions by humic acid solutions containing bromide ion that
had been chlorinated and ozonated/chlorinated (Echigo
et al. 2004). When ozonation was followed by chlorination,
the chromosomal aberration-inducing activity was less than
that of water treated only with chlorine. Bromate ion up to
1.1mg/L was formed by ozonation. Water containing

Bromate ion
‘\\\

Other
by-products

Figure 1 ] Contributions of DBPs to the mutagenicity of ozonated/chlorinated water.

O,+Cl,
sequential treatment

0, only

Chromosomal aberrations {/50 cells)

‘1

Orzone dose (mg/ mg}

2

Figure 2 [ Effect of ozonation on the chromosomal aberration-inducing activity in
chlorinated water with Br~ (Echigo et al. 2004); conditions: humic acid con-
centration, 750 mg C/L; Br~, 37.5 mg/L; reaction time, 1 day; temperature,
20°C; chlorine dose, 1,500 mg Cl,/L; pH, 7.0.
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bromated ions that has been treated only with ozone has a
weak chromosomal aberration-inducing activity. Because
ozonation changes the chemical structures of natural
organic matter (NOM), different by-products will be

formed and induction of chromosomal aberration is less in

chlorinated water if it has been ozonated. Thus, ozonation
can produce safer (chlorinated) drinking water even with
the formation of bromate ion.

Some water supply utilities reduce bromide ion in raw
water by chlorination to decrease the concentration of bro-
mate ions that is formed by subsequent ozonation (Buffle
et al. 2004). Chlorination before ozonation can result in for-
mation of organobromine by-products (TOBr). However, the
contribution of bromate ion to the toxicity of chlorinated
water as a final product is negligible, and organobromine
by-products have a far greater contribution as shown in
Figure 1. Therefore, this procedure may increase overall tox-
icity of drinking water and a careful safety evaluation should
be performed before this is implemented.

Meeting water quality standards for individual DBPs
(bromate ion in this case) may result in other potentially sig-
nificant problems being overlooked, leading to potentially
inappropriate and counterproductive treatment measures.
- Water quality standards for DBPs should be considered as
a reference for water quality management. The relative
evaluation of the toxicity of brominated organic by-products
and bromate ion (Figure 1) and the result indicating the sig-
nificance of ozonation (Figure 2) presént examples of the
necessity of measuring the overall toxicity of drinking
water.

Change of the toxicity of chlorinated water
and its index '

. As concentrations of THMs and HAAs in chlorinated drink-
ing water increase in water distribution systems (Tanaka
et al. 1991; Sasaki & Ueda 1992; Summers ef al. 1996;
Arora et al. 1997), it is widely believed by water supply utili-
ties that the toxicity of drinking water also increases.

On the other hand, it has been found that mutagenicity
of chlorinated water and some chlorinated by-products is
not stable. Meier ef al. (1983) have examined the effect of
pH on the stability of mutagenicity of chlorinated water.
Mutagenicity of chlorinated humic acids decreases with

increasing pH. Nazar & Rapson (1982) have shown that
mutagenicity of the known organochlorine mutagens
decreases by cleavage of organically bound chlorine. As
cleavage of chlorine proceeds by hydroxide ion, mutageni-
city decreases faster at higher pH. These findings have
shown that the structure of some organochlorine com-
pounds produced by chlorination can be changed by
hydrolysis.

Itoh et al. (2006) investigated changes in the toxicity in
chlorinated water after chlorine addition. Figure 3 illustrates
the results. The chromosomal aberration test and transform-
ation test were carried out as indices to initiation activity
and promotion activity, respectively. Firstly, it shows that
initiation activity just after chlorination is stronger than pro-
motion activity. This was found by a comparison between
chlorinated water and various chemicals. Secondly,
initiation activity is produced by chlorine; however, it is
unstable and decreases sharply over time after chlorination
even in the presence of residual chlorine. In contrast, pro-
motion activity produced by chlorine increases slightly
over time after chlorination.

Thus, toxicity that decreases or increases is present in
chlorinated water. The increasing toxicity (promotion
activity) is present in chlorinated water; however, initiation
activity dramatically decreases. As the toxicity of water is
measured by in vitro assays in this study, it is not possible
to reach a conclusion on the change of toxicity on the
human body. However, it should be noted that the overall

Immediately afier
chlorination

s A fter the lapse of time

‘ Normal cell I

l Pretumour cell l
Promotion activity
) v
l Tumour cell ] { Tumour ceﬁ;

Figure 3 | Proposed change of the toxicity of chlorinated water (itoh et al. 2006). The
thickness of arrows shows the strength of initiation activity and promotion
activity; changes of the thickness of arrows after the lapse of time indicate
changes of initiation activity and promotion activity in the presence of residual
chlorine.

Normal cell

Initiation activity
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toxicity associated with carcinogenic activity can be mainly
attributed to initiation activity and presumably decreases
over time after chlorination. This was also suggested by
the non-two-stage transformation test that is an index of
the sum of initiation and promotion activity.

It is well known that concentrations of typical by-pro-
ducts such as THMs and HAAs increase after chlorine
injection based on studies on characteristics of DBP for-
mation by chlorination and factors affecting the DBP yield
(Rockhow et al. 1990; Zhuo ef al. 2001; Liang & Singer
2003). Since many investigations have been carried out on
the mutagenicity in chlorinated drinking water, some
characteristics of the mutagenicity have been clarified.
One of the representative characteristics is that the muta-
genicity easily changes and decreases over time after
disinfection depending upon pH and temperature of water
(Rapson et al. 1980; Meier et al. 1983; Kinae ef al. 1992;
Ueda 1996; Itoh et al. 2001). These findings suggest that the
direction of change in the mutagenicity is inconsistent
with those of THMs and HAAs. In addition to these pre-
vious views, Figure 3 obtained by in vifro tests as indices
of initiation activity and promotion activity shows that the
toxicity of chlorinated water is not consistent with concen-
. trations of THMs and HAAs. These by-products are widely
measured; however, they would not be appropriate as indi-
ces to compare the toxicity of chlorinated drinking water
in distribution systems.

The stability of some DBPs after production by chlorine
has been examined and discussed (Glezer ef al. 1999;
Nikolaou et al. 2001; Lekkas & Nikolaou 2004; Xie 2004).
MX, a strong mutagen and carcinogen (McDonald &
Komulainen 2005), is also produced by chlorination; how-
ever, it has been found that it decreases over time after it
is formed by chlorine (Meier ef al. 1987; Kinae ef al. 1992).
This decrease could be attributed to hydrolysis and the reac-
tion of MX with residual chlorine. This direction of change
is the reverse of those of THMs and HAAs. In addition, the
change in concentration of MX was quantitatively consist-
ent with the change of the toxicity (Itoh et al. 20006).
Consequently, MX is appropriate as an index for comparing
the carcinogenicity of tap water near and far from a water
purification plant.

This example suggests that we have to focus on the over-
all toxicity of chlorinated water and indicator by-products

have to be selected in view of the purpose of water quality
management.

Toxicity and characteristics of chlorine dioxide-treated
water

The use of so-called ‘alternative’ (meaning non-chlorine) dis-
infectants can markedly reduce the levels of halogenated
organic compounds, including THMs, in drinking water
(Fielding & Farrimond 1999; Singer 1999; Barrett ef al.
2000). DBPs formed by chlorine dioxide including inorganic
by-products such as chlorite and chlorate ions have also
been examined (Chang ef al. 2000a, b; Dabrowska ef al.
2003; Veschetti ef al. 2005). Chlorine dioxide is generally
thought to be suitable for practical disinfection processes
with reducing levels of halogenated DBPs (Gates 1998).
However, the use of alternative disinfectants has had unex-
pected consequences, including the production of a
different set of toxic DBPs (Sedlak & Von Gunten 20m).
For this reason, we have to consider the overall level of tox-
icity of water that is formed by these disinfectants, in
addition to typical halogenated DBPs.

From this point of view, in vitro short-term genotoxicity
tests are useful, because they can evaluate the combined
action of DBPs present in drinking water as complex
mixtures. Actually, there have been some studies on muta-
genicity formation by chlorine dioxide and comparison
between waters treated with chlorine dioxide and chlorine
(Donald ef al. 1989; Anderson ef al. 1990; Itoh et al. 200r;
Guzzella ef al. 2004; Onarca et al. 2004). As described
above in the section ‘Change of the toxicity of chlorinated
water and its index’, the mutagenicity in chlorinated water
changes over time after chlorination. A few studies show
the change or persistence of DBPs formed by chlorine diox-
ide in distribution systems (Korn ef al. 2002; Hoehn et al.
2003); however, no studies have been conducted on the
change in the mutagenicity formed by chlorine dioxide
over time after the water treatment. We have to consider
that there are some differences in the mutagenicity level
and the change rate of the mutagenicity over time after dis-
infection between chlorination-and chlorine dioxidation.

In one study the toxicity of chlorine dioxide-treated
water and associated changes were examined and compared
with that of chlorinated water (Itoh et al. 2007). The
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chromosomal aberration-inducing activity is produced by
chlorination and chlorine dioxidation; however, this activity
is unstable and gradually decreases over time after the treat-
ments. Moreover, this activity decreases even under
conditions where residual chlorine and chlorine dioxide
can be detected. Changes in the chromosomal aberration-
inducing activity were estimated to compare the safety of
drinking water treated with chlorine and chlorine dioxide
in distribution systems. The time to reach the maximum
chromosomal aberration-inducing activity' observed in
chlorinated water or chlorine dioxide-treated water was set
at 24 hours or 10 hours, respectively, based on the data
obtained. Decreasing rate constants for the chromosomal
aberration-inducing activity were calculated as a function
of the concentration of residual disinfectants. It has been
found that the decreasing rate constant is smaller, as the
residual disinfectant concentration is higher. Residual
concentrations in distribution systems were set at 0.1 and
0.4 mg/L. Figure 4 shows an estimated result based on typi-
cal drinking water in Japan. The 1.0 on the vertical axis
indicates the maximum chromosomal aberration-inducing
activity in chlorinated water. ,

The levels of chloroform and TOX formed by chlorine
dioxidation were approximately 1% and 5-7%, respect-
ively, of those formed by chlorination (Itch et al. 2007).

e Chilorinated veater, 0.1 mg/L
=esmwee i gter treated with C102, 0.1 mg/L
—Chiotinated water, 0.4 mg/L
-----=- Y ater treated with 0102, 0.4 mg/L

1

Activity inducing
chromogsomal aberrationg
o)
oy

o 1 2 3 4
Time {day).

Figure 4 ] Estimated changes in the chromosomal aberration-inducing activity in drinking
water (itoh et al. 2007). DOC of raw water, 2.0 mg/L; DOC after rapid sand
fittratioh, 1.1 mg/L; added disinfectant, 1.1 mg/L (disinfectant/DOC = 1);
assumed residual disinfectant concentrations, 0.1 and 0.4 mg/L.

A major advantage of chlorine dioxide over chlorine is
that it produces significantly lower levels of halogenated
organic compounds. Figure 4 shows, however, that the
chromosomal aberration-inducing activity produced by
chlorine dioxidation is stronger than would be expected
based on the quantity of the formed by-products. There-
fore, it is important to note that the use of chlorine
dioxide instead of chlorine as an alternative disinfectant
does not dramatically reduce the mutagenicity of the trea-
ted water.

Figure 4 shows that the activity in chilorine dioxide-
treated water that induces chromosomal aberrations
decreases more slowly, indicating that the mutagenicity

~of chlorine dioxide-treated water is more stable. The

chromosomal aberration-inducing activity in chlorine
dioxide-treated water is weaker than that in chlorinated
water just after treatments; however, the difference in the
two activities decreases over time after treatment. In par-
ticular, when the residual disinfectants are 0.1 mg/L, the
activity in chlorine dioxide-treated water that induces chro-
mosomal aberrations becomes equal to that in chlorinated
water at approximately four days. After that, the relation-
ship is reversed. When the residual disinfectants are
0.4mg/L, the difference in the two activities does not
rapidly decrease.

Assuming that the drinking water is retained in distri-
bution systems typically for less than two days, Figure 4 also
suggests that the mutagenicity of chlorine dioxide-treated
water would be 70-80% of that of chlorinated water - a
potential advantage of chlorine dioxide treatment. In
addition, although chlorine dioxide-treated water is less
mutagenic than chlorinated water, the difference is small
when the drinking water remains in the distribution
system for a long period of time. ,

Thus, while at face value chlorine dioxide treatment can
‘solve’ the THMs problem, it should be noted that it is simi-
lar to chlorine in terms of the mutagenicity of drinking
water.

Chlorate ion and chlorite ion are formed as inorganic
by-products by chlorine dioxide and standard values have
been set for these by-products that prevent its widespread
use because they are not easy to achieve. The finding pre-
sented here is an additional limitation in using chlorine
dioxide.
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Contribution of DBPs to the estrogenic effects of
drinking water

The potential health risks of endocrine disrupting chemicals
(EDCs) were of great public interest in the mid-to-late 1990s.
Many epidemiological studies have been conducted to
examine the relationship between adverse reproductive
and developmental outcomes and exposure to chlorinated
drinking water. Some reviews of these studies (Zavaleta
et al. 1999; International Programme on Chemical Safety
2000; Nieuwenhuijsen ef al. 2000; US Environmental
Protection Agency 2006) have suggested that adverse out-
comes, such as spontaneous abortion, stillbirth, low birth
weight, neurotoxicity and birth defects, can be associated
with THMs and chlorinated by-products. These associations
were not reported in other studies and further research
would be needed to confirm any association.

Hundreds of compounds have been listed as suspected
EDCs (Endocrine Disruptor Screening and Testing Advisory
Committee 1998), and most research on EDCs focuses on
these individual micropollutants. In contrast, the relation-
ship between the consumption of chlorinated water and
reproductive and developmental toxicity has been explored
in epidemiological studies as mentioned above. Therefore,
chlorinated by-products formed from NOMs should be of
interest in addition to typical EDCs.

We consider it is important to measure the estrogenic
effects of raw water containing both micropollutants and
NOMs, and of chlorinated by—products'in addition to sus-
pected EDCs. The Endocrine Disruptor Screening and
Testing Advisory Committee (EDSTAC) (1998) established
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by the US EPA also recommended that a mixture of DBPs
be evaluated for their potential to cause endocrine
disruption.

Figure 5(a) illustrates the components of water that
induce estrogenic effects and how they are changed by
chlorination (Itoh et al. 2009). First, NOMs have a weak
estrogenic effect that increases after chlorination. Itoh
et al. (2000a) found that commercial humic acid exhibits
the estrogenic effect, which increases upon chlorination.
In addition, this study 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 organo-
chlorine substances, which are estrogenic; (2) a low
molecular weight fraction, which may bind to the estrogen
receptor in a cell, increases as a result of the oxidation
and hydrolysis caused by chlorination; and (3) chlorine
releases estrogenic substances, which interact with humic
substances in the aqueous environment. Itoh ef al. (2000b)
revealed that the main factor affecting the increase in the
estrogenic effect is the effect of chlorination by-products.
However, it has not been successful in detecting specific
by-products contributing to the increase in the estrogenic
effect.

In addition, coagulation and activated carbon treatment
decreased the estrogenic effect of the source water, but
chlorination increased the estrogenic effect of the source
water and treated waters (Itoh et al. 2009). These results
suggest that the estrogenic effect is formed by the reaction
of chlorine with organic matter that remains after water

Estrogenic
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Figure 5 [ Components of the estrogenic effects in chiorinated drinking water (itoh et al. 2009).



