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INTRODUCTION

Dissolved organic matters (DOM), one of the
major pools of organic carbon in aquatic ecosys-
tems, can be an important source of carbon and
energy for both heterotrophic microorganisms
and higher trophic levels (Amon and Benner,
1994; Lampert and Sommer, 1997; Wetzel,

2001). However, only a minor portion of DOM is
involved in a fast carbon cycle, while the re-
mainder is resistant to microbial degradation
(Sendergaard and Borch, 1992; Sendergaard et
al, 1995; Wetzel, 2001). Much attention has
been paid to the role of ultraviolet (UV) radiation
on the biological cycling of DOM in aquatic sys-
tems. The UV light can alter or cleave the DOM
inte smaller and more labile organic molecules
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(Miller and Zepp, 1995; Wetzel ef al, 1995; Amon
and Benner, 1996; Moran and Zepp, 1997; Wetzel,
2000). As a result, UV radiation can increase the
pool of labile DOM in aquatic systems and there-
by enhance bacterial production.

However, these processes may be limited to the
allochthonous DOM, which is mainly comprised
of aromatic, recalcitrant and high melecular
weight compounds. Recent studies noted that the

- autochthonous DOM (originating primarily from
phytoplankton), which is composed of relatively
labile compounds, is resistant te photodegrada-
tion (Thomas and Lara, 1995; Tranvik and

Kokalj, 1998; Pausz and Herndl, 1999). Further-

more, labile DOM such as proteinaceous subst-

. rates and phytoplankton exudates can be trans-

formed into recalcitrant forms after UV radiation
exposure (Naganuma et al, 1996; Tranvik and

Kokalj, 1998; Pausz and Herndl, 1999; Oberno-

sterer et al., 2001). These results suggest that
the autochthonous DOM seems to be resistant to
photodegradation, but obviously altered in its
characteristic. With progressing eutrophication
autochthonous DOM becomes increasingly im-
portant. If lake waters displaying this feature
are also exposed by UV radiation, this may affect
the carbon cycling and pools of the aquatic
systems. Nevertheless, there is little information
on the photoalteration of the autochthonous

DOM. Especially there have been very few stud-

fes on photochemical change in chemical com-
position of autochthonous DOM.

The purpose of this study was to examine the
photoalteration of algal DOM produced from two
blue-green axenic cultures by comparing their
biodegradability and DOM fraction distributions
before and after UV exposure. Bacterial degrada-
tion test was used as a measure of biodegrada-
bility of algal DOM. The algal DOM was frac-
tionated into five classes using three kinds of
resin adsorbents. Some organic aclds newly pro-
duced during UV exposure also were analyzed
with capillary electrophoresis system.

MATERJALS AND METHODS

Preparation of algal DOM

To obtain the aigal-derived DOM, two axenic
cultures of Microcystis aeruginosa and Oscilla-
toria agardhii that were isolated from Lake
Kasumigaura (Japan) were grown axenically in

10 7 polycarbonate bottles at 25°C and about 50
pE/m¥sec under a light/dark cycle of 12h:12h
on CB medijum. The cultures were stirred by air
bubbles provided from a pump equipped with a
0.2 um sterilizing filter. Since the standard CB
medium contains a high concentration of organic
carbon, we modified the medium composition by
substituting K;HPO, for f-glycerophosphate and
NaHNO; for Tris buffer. DOC concentrations in
the medium after inoculation were below 0.5
mgC/l. When the cultures reached their statio-
nary phase, they were filtered through.pre-
combusted (450°C for 4 h) Whatman GF/F glass-
fiber filters. The flltrates were used as sources of
the algae-derived DOM.

UV irradiation experiments

For the UV radiation treatment, one liter of
DOM sample was put in 1.3 7 pyrex bottle of a
photo-reaction apparatus (USHIO, Japan) and

‘the radiation experiments were conducted for 2,

4, 6, 8, 10, 12 and 24 h. UV light source was pro-
vided by UM-452 lamp which emitted the light
of nearly all UV wavelength ranges (220 to 400
nm). Since pyrex bottles used in this experiment
selectively cut off UV light shorter than 280 nm
(the transmission of the pyrex was zero at 280
nm, and was 70% at 320 nm), short UV radiation
{UV-C) was not included. UV radiation was
measured with a radiometer (M1-340 UV meter,
Eikoseiki, Japan)}, equipped with a UV-A sensor
(316~ 400 nm) and a UV-B sensor (280~ 315
nmj.

Biodegradability experiments

Biodegradability of algal DOM before and after
UV exposure was quantified through a series of
microbial degradation experiments. A portion
(200 ml) of the algal DOM samples before and
after UV exposure was poured into pre~combust-
ed 300-ml glass bottles (550°C for 4 h), and then
1 ml of bacteria concentrate were added to give
an initial bacterial abundance of around 10°
cells/ml. Water for the bacteria inoculum was
collected from Lake Kasumigaura. The bottles
were then incubated in darkness at room tem-
perature (ca 20°C) for 20 days. Ten milliliters of
sub-samples for DOC determination were coll-
ected from the bottles after ¢, 1, 2, 3, 4, 5, 7, 10,
15 and 20 days. The biedegradability experi-
ments were performed in triplicate.
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Table 1. Classification of organic compoﬁnds for dissolv-
ed organic matter in natural waters.

Fraction Selute compound classes
hydrophobic acids (HoA) L‘nua"%gli‘i‘ggtgggfs (humic
hydrophobic neutrals (HolN) ?gg“p‘;ﬁggn& carbonyl

: carboxylic acids (fatty and
hydrophilic acids (HiA) hydroxyl acids), sugg; acids
hydrophilic bases (HiB) Ei}?f,‘ii‘s‘a;‘;‘,‘;‘“ acids,
hydrophilic neutrals (HilN} 31(} ;.)Ssaac(izcl'?:rriﬂi::’

DOM fractionation

The DOM samples before and after UV treat-
ment were fractionated into five fractions: hydro-
phobic acids (HoA), hydrophobic neutrals (HoN),
hydrophilic acids (HiA), hydrophilic bases (HiB),
and hydrophilic neutrals (HiN}, based on their

adsorption on a series of macroporous resin adsor-

bents. Nonionic Amberlite XAD -8 resin (20~60

mesh), strong cation exchange resin (Bio-Rad

AG-MP-50, 50~ 100 mesh), and strong anion
exchange resin (Bio-Rad AG-MP-1, 50~ 100
mesh) were used for fractionation. The fractiona-
tion procedure was according to Imai et al (2002).
Appropriate classification of organic compounds
according to the DOM fraction is listed in Table 1
(Leenheer, 1981; Thurman, 1985).

Chemical analyses

Some carboxylic acids that were found to be
major products formed during UV exposure were
analyzed on a capillary electrophoresis (CE) sys-
tem (Quanta 4,000, Waters). A 70 cm fused silica
capillary (75 pm inner diameter), and a 100 mM
sodium boric acid buffer containing 0.5 mM of an
electro-osmotic flow modifier (OFM-BT, Waters)
was used for the analyses. A separaticn voltage
of 15 kV was applied and the analytes were de-
tected by indirect UV detection at 185 nm. Stan-
dard curves (10~1,000 ug/l) were made for the
three detected carbexylic acids {oxalic, formic,
and acetic acids). '

DOC was measured as non-purgeable DOC
with a Shimadzu TOC-5,000 total organic car-
bon analyzer equipped with Pt catalyst on quartz
wool. At least triplicate measurements were made
for each sample and analytical precision was
within 1% of coefficient of variance (CV). Potas-

sium hydrogen phthalate (Kanto Chemical Co.,
Tokyo) was used as standard.

RESULTS AND DISCUSSION

It is well recognized that UV radiation can
alter the DOM pool in natural waters by com-
plete degradation into COz, and by cleaving into
more smaller and labile molecule enhancing the
bacterial utilization. The photochemical removal
of DOC into CO: in many natural waters shows a
wide range of 0 to 60%, depending on the DOM
sources, light sources, and time of light exposure
(Wiegner and Seitzinger, 2001). In this study, no
significant changes of dissclved organic carbon
(DOC) were observed in algal DOM during UV
radiation exposure, showing a constant levels of
12.34+0.08 mgC/l in M. aeruginosa and 8.68
0.05 mgCA in O. agardhii (Fig. 1). This implies
that complete degradation of algal DOM to CO:
did not accur during UV exposure. The UV treat-
ment (for 24 h under 42 W/m?) used in the pre-
sent study corresponds to the level shown the
photochemical effect in other natural waters.:
Hence, no change of algal DOC in this study is
not due to the light treatment, but prebably the
DOM sources having resistant to UV radiation.
Similar results were reported in other studies
with phytoplankton exudates (Thomas and Lara,
1995; Tranvik and Kokalj, 1998).

On the other hand, there was a great difference
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Fig. 1. Changes in concentrations of algal derived DOC
with UV exposure times.
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Fig, 2. Degradation curves of algal DOM before and after
UV exposure. Bars represent standard deviation.

in the biodegradability between before and after
UV exposure both in two algal DOM sources.
Microbial degradations were reduced in the UV
exposed algal DOM by 17% in M. aeruginosa and
53% in O. agardhii, respectively (Fig. 2}. Decom-
position rates also were two times lower in UV
exposed algal DOM (0.20/day in M. aeruginosa
and 0.45/day in O. agardhii, respectively) than in
raw algal DOM (0.40/day in M. aeruginosa and
0.91/day in O. agardhii, respectively). The decre-
ased bacterial activity on UV exposed algal DOM
has also been reported in other studies (Tranvik
and Kokalj, 1998; Pausz and Herndl, 1999). They
found that microbial activity on the UV exposed
algal DOM was inhibited by 15 to 20%, while the
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Fig. 3. Proportions (%) of DOM fractions for before and
after UV treated samples. Bars represent stan-
dard deviation.

loss of DOC was less than 1% during the UV
exposure. These results indicate that algal DOM
can be altered qualitatively without complete
degradation by UV radiation. Thus, we further
tried to fractionate the algal DOM before and
after UV exposure to understand the change of
their chemical compositions caused by UV radia-
tion.

The hydrophilic bases (HiB) and acids (HiA)
were dominant fractions of the algal DOM (more
than 70% both in M. aeruginosa and O. agard-
hif}, although the proportion of each fraction
differed with the sources of algal DOM (see black
bars in Fig. 3). Hydrophobic fractions (HoA and
HoN} contributed only 16% in M. aeruginosa and
20% in O. agardhii, respectively. After UV radia-
tion exposure, the proportions of the HiB (protein
-like DOM) and HiA (carboxylic acids-like
DOM) fractions were considerably changed com-
pared with other fractions (see white bars in Fig.
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3). In both algal DOM sources the fractions of
the protein-like DOM decreased considerably
(16.8% and 20.0% of DOM, respectively) after UV
exposure. In contrast, the carboxylic acid-like
DOM increased as much as the decrease of the
protein-like DOM after UV exposure. Differen-
ces in the chemical compositions of algal DOM
between before and after UV exposure also pro-
vided evidence that algal DOM changed quali-
tatively by UV radiation.

Contradictory results were reported by Thomas
and Lara (1995), who found no changes in chemi-
cal compositions as well as concentration of algal
DOM after UV exposure. The differences bet-
ween their and our results may be due to the
algal DOM used in two experiments. We used
freshly produced algal DOM, while the DOM
used in their experiments had been aged in the
presence of bacteria for 8 months. During the
long incubation, bacteria would utilize initially
labile constituents that also would be changeable
by UV radiation. Thus, initially labile DOM
might be not involved in their experiments in
spite of the fact that they are important fraction
of algal DOM.

To clarify the increase of the carboxylic acids-
like fraction after UV exposure, we measured
several carboxylic acids (oxalic, formic, and acetic
acids) with capillary ion electrophoresis (CE)
system. The three carboxylic acids increased
after UV exposure in both algal DOM sources,
although the extent of increase for each organic

Table 2. Results of the CIE analysis indicating an in-
crease of carboxylic acids after UV exposure.
The values are averages of duplicates. {Unit: ug/)

M. aeruginosa O. agardhii
Carboxylic acids
before after before  after
Oxtalic acid 50 460 70 180
Formic acid 30 560 550 560
Acetic acid " 150 200 30 150

acid differed with the sources of algal DOM
(Table 2}. Especially, a substantial increase of
oxalic acid (410 pg/l) and formic acid (330 pg/l)
after the UV exposure was observed in DOM
from M. aeruginosa (Fig. 4, Table 2). In general,
carboxylic acids are easily decomposable mate-
rials for bacteria (Allard et al, 1994; Bertilsson
and Tranvik, 1998; Wetzel, 2000). Hence, the
increased HiA fraction {(probably. produced as
photo—product of HiB fraction) may not be linked
to the recalcitrance of algal DOM by UV expo-
sure. Further research is needed to clarify the
mechanism of the photoalteration of algae-
derived DOM in aquatic ecosystems.

In the present study, we presented that algal
DOM can be photochemically altered in its
chemical composition and biodegradability. The
photoalteration of algal DOM is likely to have an
influence on the carbon cycle and pool in aquatic
systems, especially algal DOM is impertant car-
bon source, e.g. by making algal DOM unavail-
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able for the production of bacteria.

ABSTRACT

The effect of ultraviolet (UV) radiation on the
characteristics of algae-derived dissolved organ-
ic matter (DOM) was examined by comparing the
biodegradability and DOM fraction distribution
of algal DOM before and after UV exposure. Al-
gal DOM from two axenic cultures of Microcystis
aeruginosa and Oscillatoria agardhii were irra-
diated for 24 h at a UV intensity of 42 W/m’. A
complete degradation of algal DOM during the
UV exposure did not occur, remaining at cons-
tant concentrations of dissolved organic carbon
(DOC). After UV exposure, however, microbial
degradations were reduced by 17% in M. aerugi-
nosa and 53% in O. agardhii, respectively, and
decomposition rates aiso were two times lower in
UV exposed algal DOM. In addition, the chemi-
cal compositions of algal DOM altered substan-
tially after UV radiation exposure. The propor-
~tions of hydrophilic bases (HiB; protein-like
DOM) decreased considerably in both algal DOM
sources after UV exposure {16.8% and 20.0% of
DOM, respectively), whereas those of hydrophilic
acids (HiA; carboxylic acids-like DOM) increased
as much as the decrease of the HiB fraction.
Capillary ion electrophoresis (CE) analysis show-
ed that several carbexylic acids increased signi-
ficantly after UV exposure, further confirming
an increase in HiA fractions. The results of this
study clearly indicate that algal DOM can be
changed in its chemical composition as well as
biedegradability without complete degradation
by UV radiation.
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Abstract

Dissolved organic matter (DOM) in Lake Unmun (Korea) and its two inflowing rivers was fractionat-
- ed using three resin adsorbents (XAD-8 resin, macroporous cation and anion exchange resins) into five
classes : aquatic humic substances (hydrophobic acids), hydrophobic neutrals, hydrophilic acids, bases,
‘and hydrophilic neutrals. The characteristics of DOM were investigated by evaluating DOM fraction
distribution, ultraviolet ray absorbarice of DOM fractions (UV absorbance at 260nm), and molecular size
distribution of DOM. Aquatic humic substances (AHS) and hydrophilic acids (HiA) were found to be
predominant in both lake and river waters. In particular, AHS were greater in percentage fraction than
HiA. The UV to dissolved organic carbon (DOC) ratio (UV/DOC ratio) of AHS was two times higher
than that of HiA. The UV/DOC ratios of the total DOM, AHS and HiA were 12.9-32.8, 7.2-28 .4 and
5.3-17.1 [m ABS cm+/-g C'] , respectively. The molecular weight distribution of the lake water
DOM was determined by high-pressure size exclusion chromatography and found to exhibit a relatively
narrow size range and low weight-averaged molecular weights ranging from 1,010 to 1,110 g=mole-*.

Key words :DOM fractionation, aquatic humic substances, hydrophilic acids, molecular weight

distribution
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)R L EMMO=>TH 5,

Y Ik, BAN>SOEENASWEEZILN
BHA(DL), 7 AL (DC), EFIIh 6 OBENAS
weFEz eI HE (UL), HANOFAS (DR),
EFYHOFMAHS (UR) 5 S$FEL 7z, 1998456 Hin o
19945 AZCH 1EO~=—X T, HATII AV E—y
RARBEAWTERK (1 m) 22 KL, BARE
Jibzk b BT 2 13k L7z,

A FNEAS0°C 4 BHEALER U Fs Y 5 AR i Y
Lize F¥FZARMOERRLTTF 7054 F—{f5
DLDOEAWE, BRI, 7—F—Fv 2 A ANKS
RETERZICR LB o7 703 i it ENE
L7 Whatman GF/F 7 4 % — (IR0 Tem) %
Aoz, Sk, E5 KRBT E RVBEITE £°C, Wil
RTFEEL.

Fig. 1 Location of the sampling sites in Lake Unmun.
DL : Dongchang Point; DC: Dam Center; UL :
Unmoon Point; DR : Influent river, the Dong-
chang River, ito Lake Unmun; UR: Influent
river, the Unmoon River, into Lake Unmun.
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2.2 BEERM (DOM) HBEFH

EFHEiIc BT, FFADOM ik 3 EEOME 1
A ERBR 7 7 U VRIS XAD-8 [Amberlite 20-60
Ay ¥a, FHHEEREGIm.g], Bl 7 of—
7 ABA4 A 5 #alilE [Bio-Rad AG-MP-50, 50-100
Aoz, KEA X VE] BEEEY 7 oX—F XBA
# >l [Bio-Rad AG-MP-1, 50-1004 v ¥=,
HBEAFUE]D kD, BOKER (7398, Bk
e, FANER, EENDE, L TNk
BEOSOEHEINE, EGEFEHETIE, BkiEeE
L HAREFBY O S8 XAD-3 B~ 0RES 3
WIEHIC L VIRERCER Uiz, I OBikiE—EAKY:
OFEBEIBEFTOBEL Y AR T 2 XAD-8 %
BEDOHI Lo THREEIND, 1FLABKE7 7 7550
DRI NT, 50%BL 1 XAD- s#isw ke s h 3
b D EHAEESY, 50%B EAEHT 3 b0 25k
L LY, pH.2 TXAD- S IS ICRE L T4 Y
TEHT % b O P HKEE (hydrophobic acids), pH iz
BAfR < XAD-S Wl BE L, BTH 7LV THE
HLULWE OEBHKETEYE (hydrophobic neutrals,
HoN) LEE LIz, BEAMBOBEOERR 7 98
(aquatic humic substances, AHS) OSBEEMEER—T
b2, pH 2 DEMTXAD-8iEL T 4 2 BELEA
ArRBEBECHESRLS b O RIEEHYE (bases,
BaS) & Uiz —75, B4 A4 > 3CHuiis & BB L T’4 4
EBESIBICIHEREEN S b0 2B AMR (hydrophilic

 acids, HiA), B & > ZHUIE S B o S 3obuiilg

bR E Ny b O R EAERESE (hydrophilic neu-
trals, HIN) & L, EES WG T 5 2 E L oW 55
{b&%1% Table 1 WwiR7,

XAD- 8 ##f8 Thurman & Malcolm®® 5 ICfE-
THELE, BEEAXAD-3E8BIIke 2AF /7 —1D
ESEDPCHEELE, 3 mio XAD-SEEEF S A0
S AKRFELT, $200ml @ Milli-Q & (Milli-Q SP.
TOC, Millipore) T¥E¥ L 72%, 0.1M NaOH &%, X
0. 1M HCl BHROEFCELH10ml 2@k 55
fEx 3EEDEL, 0.1M HCl OB EKROBIC 7>
YT NEERLE (B,

B A v ATHRAE & A A g, A 5’ s =
TUREY v 7 AV —HE LIz, 85 i, B4 4%
BRECOWTEBIEEDOIMEED 1 M NaOH B &
DABES A VBEBRLE. BA4rBiUldity
PR T Milli-Q KT ieE L ictk, B4 ov%
EuifE 6 mi, BA & BIELm 2 EXFF A T AT
FTRL, BAZ>, BAA4H8EY 7 LOEFCESL

Table 1 Classification of organic solutes for dissolved
organic matter fractionation

Fraction Solute Compound Classes
Hydrophobic Acids Aquatic Humie Substances ( humic and fulvic acids )
Hydrophobic Neutials Hydrocacbons, Pesticides, Carbomyl Compounds, LAS
Hydrophitic Acids Sugar Acids, Fatty Acides, Hydroxyl Acids
Bases . Protein, Amino Acids, Aminosugars

Hydrophilic Neutrals Oligosaccharides, Polysaccharides
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DOM§

{AHS + HoN + HiA+ Bas + HIN)

STEP1: - DOM 2 (AHS)

200 mL Sample filirafe
 Adjustment to pH 2 with HC

XAD-8 Resin

nom:-.-’ {HiA + BasS + HiN)

STEP 2:
Elution with 0.1M NaOH

STEP3:

AG-MP-50H" Saturated
Catlon Exchange Resin

DOM 4 (HIA + HIN)

AG-MP7 OH Saturated
Anion Exchange Resin

DOM 5 (HIN)

Fig. 2 Experimental procedure for dissolved organic
matter (DOM) fractionation. DOM fractions are
AHS, aquatic humic substances; HoN, hydro-
phobic neutrals; HiA, hydrophlhc acids; BaS
bases ; HilN, hydrophilic neutrals.

B H 1 1 0 Milli-Q Ak Bk L 7z, Bk, K2 D4
SADBTZ I IARERLE (B2, B3,
DOM S@EF ik OFIE* Fig. 2 wx=1?%, HCI T pH
2ICHREL -S> 7 A20ml (DOM 1) 2 3 mi @
XAD- 8884 T A EBA LIz, 1<y FEEOHEY
T50.01M HCIEREEA L 24, 83~ FERWHE

47 50.1M NaOH 2HHFFIEK L, BEHEEPAE

L7 (DOM 2), XAD- 8 54 7 4 @S (DOM 3)
2, BA4r—Bd 4 rEREEOEFTEEE LT
DOH T AEA LT, BA AV REBIEOI AV FE
BIBE T3 FAER LI, BA A oot s
A7 A5 (DOM 4), ROTEA F o T8EEY 5 A
(DOM 5) DIETH 7 LA BBEEHEI LY, EEIO
DOM EERBTERTR D200 > &L,
AZLABREFEIA T Fa—~TE2AOTRYRIEXTS
T#1 mirmin™, BEHE0.5m/i-min 'L TOHETE
B, Br7F 2RO Fa—t S 3eTs7
2rFa—-TERAG, SEERTEIC, DOMI~DOMS
BXUBI~B3oDOC#EES X U‘éf‘?%:ﬂ!%b"éﬁ (Uv)
BHIE LIz,
AHS=DOM2 X (Elutant Volume)/ (Sample Volume)
(1)
HoN=DOM1—-AHS— (DOM3—B1) (2)
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BaS= (DOM3—3B1) — (DOM4—B2) (3)
HiA=(DOM4—B2) — (DOM5—B3) {4}
HiN=DOM5—B3 (5)

ZZT, Bl:XAD-88E 777, B2 BA A VK
BEiE TS0 7, B3 B4 A A 4 o EEE TS
V7. XAD-8 OIS v 7 DFEHDOCEER
0.2340.08 (sd) mg+I~* (n=59), [B4 A > ZcHuisIES
5 > 7120.050.04 (sd) mg-I™ (n=59), KA A V&
PSS 7 7 > 7 120.0420.03 (sd) mg+ I (n=59) TH->
e

2.3 TFESH )

WA BEY > 7N (DOM) OAHFRATS & T
FB%, VB Brav 75 74— (Hitachi L-6200
# >, Hitachi L-4000UV % 1552, Hitachi D-2500
F—F 4 >»F 7 v —%—, RheodyneTl2s 474 >
Prr¥—) KEOBELEY, L5870 b 7T
7 4 —%F 5k LTI Water Protein Pak 125 (94—
NEEE LY ) A5 N, BELem) 2RV, BEREE -
LT, 0.004M U Bty 7 » —T pH6.8, 4 M NaCl
PHRERNLCA A VBEI.IMEREEL-LD% AN
Yoo BEMEFEIZ 1 ml-min~?, HBHEHEIZ260nm, ¥
INBEI0p THolc, DA L B R
HErEUCEECZ3 X354 M NaCl 0. IMBEiE
BlLi, VB BIORINTFT4ODTRBAY V5 —
FELTR, #VRFUYALRIEF NI YL (BF

- 235000, 18000, 8000, 5400, 1800) v /=®, 2BE

EBET N EBOTRD ., BE - @lilkfizsn
TDOM O h OFMFELED 27 3 08, ¥
Laf WREE LTEET B LELONE™, fEE, &
EWHL LTHEAESATE S VA2 BRBRIRTH Y,
DOM O5-FR & EATHES 2B 2H 2. 8> T, FHF
KT, BRF VR 7ETREL T S Aa1 R8T
FETERVAFUYANLKBEDFERAY VF—F
LUTERLY,

2.4 DHHE

DOC #Eix, 2w 2 M HCl 25&mL pH 2 ICHE
Lich o7 iz y U7 HF R MER) 2BR LESE
$EEREEL 2, Shimadzu TOC-50001 & B HIE Lz,

L ARSI 1 BT TH o T EAEERE T,

BRImOAELLEH VT, BKE2H60 nm T
Shimadzu UV-PC 2500z L DEEL Tz, 7 2 > ED
TVR—FUEEZERD 7 2 /- EEY, BEE
B, EREAERLEDOBAEATBNER (r— %8
$8) 12200-200nm WFEET 2, HERE260nm ORJLEIZ
WA Ay, R4 VEOEEIERTE, Bomt
ERYCERETH LHETA TR, Bl EDE
HC260nm 2PEHE L LTHEIN L, ¥ 700 pH
# HCITpH 2 88%L, Mili-Q k2772l T
BAEEBIE Lz, £W{LEEFEERE (BOD), COD,
EEEEWRE. (SS), o7 .4i-q (Chl.-q) &2¥
OXEEERER, EEOAEREERAERBRE VS
& Uf Standard Methods' ¥ U7 547 L 7x,

3. BREEE
3.1 EFTHAERATNRDKE 5 & U DOM HE
EPTIz B 54E (BOD, COD, SS, Chl ~a) @
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199844 &19994Eh i TOE{L % Fig. 3WmRT. 59,
56 eI T Chl -2 DEEMS 13ug- 12 TERL
Joo OB BEEOWENERTH - LBAbRS,
8 At 9 Aciz, BOBOD4IImm, 36dmm DB L VEE
Pl s N, FEEEBYWHE (SS) BEIIR &K
¥inLi-0R), 5, §ALIBOBEFOES L
3Bt ED 5 OBRBYWE DM 1 » BB ol
BLUTHEBELE- LD TRV EEHS D, B8R
ERUEKETHZBODREMEELTEVERRL
Tro —F, EEHURETH 2 COD DREIED ok
BT Th TP 2EEER L, -
EMMAD 3 #k (RAJHEEE DL, #i.:DC, &
IS - UL) & 2 DOWARNA (A : DR,
EFI:UR) ODOCEE # Fig. 4w & 5. #MAD

Chl.-a{ xgil)

T T T T 7

(mm)

P T TP

o
[=]
[=]
—
=

$§(mg/L) .

rainfall

JEMAMIJASONDIFMAM °
1998 1999

Fig. 3 Seasonal variations of water quality parameters
(COD, BOD, Chl. -a, SS and rainfall) in Lake
Unmun from January 1998 to May 1999. DC: Dam
Center.

—--DL
—O=-DC
4 | ——UL

DOC (mg/L)

Jun Jul Aug Sep Oct Nov. Dec Jan Feb Mar Apr May Jun
Sampling Time(month)

. Fig. 4 Seasonal variations of dissolved organic carbon
(DOC) in Lake Unmun water and rivers inflowing
to Lake Unmun from July 1998 to May 1999. DL :
Dongchang Point; DC: Dam Center; UL: Un-
moon Point; DR: Influent river, the Dongchang
River, into Lake Unmun ; UR : Influent river, the
Unmoon River, info Lake Unmun.
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DOC K, AEOFEHEICB->TEZL, 6B
S9HETHRWEELRL, WECRBUELSL, 128
HULERL, 20%, BFE6RB: Tl T 3ERALT
Lo MARIIAUZ DV i, B 2 FJII T DOC BE®D
Py PiREECRET o7, MANE S Efic DOCE
ERRA LR ofs, AN (DR) ikF v DOC RE»
R LOoOER T 2 ERERL, —F, EMII{UR) T
X DOCEBENIVH BB L, #hilkE, 11512
BTHLERT 8, BR—EDEIELRL7.DR %
BT, BF3 #iE S & 0P UR ¢k DOC #EE»108 1o
BECHEP Lz, 8HE I B KBOBERSb-TZ &
¥%Ez22t (Fig. 3}, 2O DOCREDETRERE
IEEORBRLEEENS, 1272, DR, T b sEEN

- O DOCEBERERD L TWwivizo, BRO DOC BEA

DEERZ UR, $obbEMNcEECRERLEEEL
5. EMP & ORNKEHIX L TH AR REEREK
DOCHECRIZL TS EHRAIshE,

FELHRC BT, 1998459 B X 19994E12 8 %25
T, WAFNKD DOCREDIE S HEIALD & W
HEER LIz, - T, MPEECERT 2 DOM L
BRI ENIEERELDOTRERVEEDbAS, B
A7k DOM OHFER7k DOM O 2853 507
BEREMTE Y, A

3.2 EMMK EHRAAN Ko DOM 2H

R 3MES L U2 00WATITCERLE=Y> A
EDOMaBEFE2ERBL TR S DOM S BS 4
(CF5{E) % Fig. 5 KR T, £ TOH 7 CBwTHE
B, 7ab57 I UH (BUKER) L BKMROEE
HESgEBL Tz, 73 YYEHRLE L, RoTEA
R, BEEEWE, Bkl Bk ERBEOIRI
BN E R,

7 3 YUBOEHERT, MO AT [EIH S (DL)
#3626 (0.88mg-IY), F AL (DC) T39% (0.90
mg-[7"), HAROEMIEHE (UL) #5740% (0.89

70

mDL
g0 | . ooc
BUL
EDR
BUR

Percent of DOC [ %)
]

AHS HoM Hia Bas HiN

Fig. 5 DOM-fraction distributions in Lake Unmun.
DOM fractions are AHS, aquatic humic sub-
stances; HoN, hydrophobic neutrals; Ba$S,
bases; HiA, hydrophilic acids ; HiN, hydrophilic
neutral. Error bars represent+lstandard devia-
tion. DL Dongchang Point; DC: Dam Center;
UL: Unmoon Point; DR: Influent river, the
Dongchang River, into Lake Unmun: UR: In-
fluent river, the Unmoon River, into Lake Unmun.
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mg+I7), &Il (DR) T47% (0.96mg-I), M
(UR) 742% (0.96mg-/1) THolz, EFEALEN
KCEERER 2 o7z, ﬁﬂcﬁé&@mé, PN
O DCETI21%, DL HoZT23%, UL HET27%C
B9, MAFNKC BT 2T MBOGTEL L E VT
bbsrdovz (AN (DR) 24% - M1 (UR) 26%).
SBEMEWE I OV TR THEI1-18%, Wik ik Es
14-21% % &0, BAkEBERE W T iElk oWy
15-18%, WIIAKFHI1-12% % 50iz, —%, Bkt
EVEOTWIFELIZIONUT LEL, BEvp ks
C&H, B RZNCEWO & 5 R BRSO A s
L UFEN A DOM NOFSIME L E 2 b e,

Thurman'®i%, 7 £ * 98 3 XK 4 0 DOC O
40-60%% 50, A CROBBELHEL TV, £,
ANARDRECHE 7 & WEHES U DOC ORI50% %
9, BN %EE LBELTw 5, David &
Vance'®iZ, KEX A Y HOMNKCBWT 7 2 98
12 DOC DF57%, 0% TH-i- ERELTnE, &
Tz, SHSPVIEEN L B BOdkE L VA [z
© DOM S ESREHEL T, ¥WACHEAERE:,
MAKTRZ 2 VYBESEE T2 55 L7z, M EDEE
BREORED S, XFEOHRTHLEMNAL 20
AT AT BT H DOM SESAACEL TR E
FHEN S L PR, #kEmIxTRT & HE
BLURKMEROEERC REZE 2 EBNES Y o hiy
B0l WAKTH 7 SV YBENBELTWEZ o,
EMF LA HTREAEE DRISEREZI L 5 DOM ~AD
FEBP O THERIE NS, ZHEEFS A5
BLTHE RN AMTHS Z L icBEL T 5 TEEH
BhHi,

FFIF A8 3 #8135 DOM S ES G OEHEL,
% Fig. 6 073, 7 X v PHEOFELRBCR LB VE
BARLz, CHhIRSSEEOSEE FRCHELTEY
(Fig. 1), U WEERTIC & 2 KT OB, Bin» s 7 £
VHEERE L BUAPWARCHNAATELDEEL bh

70

W Spring
O Summer
Autumn
B Winter

60

50

40

30

S AT

Percent of DOG [% |

20 ¢

¥

AHS Hol HiA BaS HiN
Fig. 6 The seasonal variations of DOM-~fraction distri-
butions in Lake Unmun. DOM fractions are AHS,
aquatic humic substances; HoN, hydrophobic
. neutrals; HiA, hydrophilic acids; BaS, bases;
HiN, hydrophilic neutral. Spring indicates the
data in March; summer does from June to
August ; ‘autumn does from September to Novem-
ber; winter does from December to February.
Error bars represent+1standard deviation of the
mean.
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50 —H, BAMBIECFOFELNKE (ol _
BEORDOM OFSBERAES k- L Bbh
B0, SRR, B ATAL I, Skt
B2 8-20%0FELERL, BrBETcELEETL
7zo BUKMFHEDERECHEERSAE N o7,

3.3 EFEARUFARNMK® UV/DOC 1

B L AFA T D RE UV/DOC K% Fig.
TERT, Widke DOM ©Fy UV/DOC iz 16-21 [m
ABS cm™+{-g C], #liiZke DOM ©¥# UV/DOC
Hi323-28 [m ABScmt+l-g C'] TH ol DL Hisk
DO¥A DOM @ UV/DOC Hii312-29 [m ABS cm-t-7-
g C'], ¥ A¥0 DCHES W B 3 DOM 0 UV/DOC
Hi311-38 [m ABS em-/-g C-'], UL #15 DOM ©
UV/DOC Fix13-43 [m ABS cm™+7-g C'] Thoi-,
miATH2EAN (DR) LEF (UR) © DOM D
£ UV/DOC Hiid, %% 23, 28[m ABS cm™t+f-g C1]
T, fNARDED B3WA L D B ERFRL 7, ¥k DOM
BAEEHIZ X 5 DOM X SR L3 DOM e
BEEZONDY, EMEBHSERE LD DOM i
R 7 v 7 BEOEHEEESTHY, =
O UV/DOC HZ B e ME ST W3, Thbb A
BSFAT 3 DOM @ UV/DOC ik iz B <, W
HEEEDOM O ThiXMEWEEL bR G, o1, &
AfjiAd DOM UV/DOC EEiiADEh E b &K=
22 LFL6ND, BMHAEBAFA]KO DOM
UV/DOC o i 2w d ML EASE=Z Y 5 h
77 .

7 3 B OFH UV/DOC iz ik 24 [m ABS
cm~t+log C1] T, AR OEEN] (DR) &=
(UR) T%%29 [m ABS cm™-/-g C'], 24 [m ABS
cm™-{+g C'] DEERL, EMAMNizkEL T DOM
BEXFEOEEZ]] (DR) DES b FhHizigwn UV/
DOC laFL Ttz BAE I ER OIE4S, UV/DOC K

A

50

UV/DOC [ m ABS em'G" ]

DL DC UL DR UR

Fig. 7 The ratios of ultraviolet absorbance to dissolved
organic carbon (UV/DOC) in Lake Unmun and its
inflowing river waters. DOM, dissolved organic
matter ; AHS, aquatic humic substances; HiA,
hydrophilic acids. Error bars represent-+1 stan-
dard deviation. DL: Dongchang Point; DC:
Dam Center; UL: Unmoon Point; DR : Influent
river, the Dongchang River, into Lake Unmun,
UR: Influent river, the Unmoon River, into Lake
Unmun.
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@ DL, FA80L(DC), UL oA TIERELTH
10 (m ABScm™+i~g C'] THolze —F, AllAKD

&, BEa&lll (DR) #E 711 [m ABScm™*-I.g C'],
£ (UR) #5712 [m ABScm-l-g C] THo
7o

3.4 FNonvbTIT74—IZL R FRLSHBE

EFIF LD 3HR, TRbBELNIE (DL) Hik,

Fauhl (DC), EFUNE (UL) R TEERs iy

T@FTae 7 IAE e kT, BARN K
ODEBRREWEELONS DLHEL ULMATOZ
Ov M SACHETS L, FYAMLTHE DCHEAD
7a V77 ARBSTFETY UEWEERL Thui,
DLSOZu<w b7 ARBWT DA, HERBRAGE
(FFE200FLE) wAkERe—B8TD s, 2O
&5 2R CESTFODOM i+ —2, BB
ERMEAAK, £EMIEK, TA9mAiED DOM 7 aw
FTARBWTRESATWAED (S, FREF—
#), 2EEAK, TLd DLHEOARCIBEL - 0I3HE
BTTHETH S,

" Fig. 807 u< 277 Ao ROLBTE (Mn) B &
UEREIGSTFE (Mw) % Table 2 o33, &35, DL
HiEDZa< b 77 ACHRERMNECHR LY —2
BEAL . EFHADOMO Mw X » 2 0 K <

53500

B2500 |
[

B1500

UV absorkance at 260 nm [10%V)

41000

[} 2 4 L] [ 1 112 14 . 18 18 20
Ratention Time {min}

Fig. 8 5ize exclusion chromatograms of the waters from
DL, DC and UL in Lake Unmun from June 1998 to
July 1998. DL : Dongchang Point ; DC: Dam Cen-
ter ; UL : Unmoon Point. Retention times for PSS
molecular weight standards of 35X%10%, 18x 107,
5.4 10%, and 1.8X 10° dalton are 6.7, 7.19, 8.00, 8.49,
and 9.63 min, respectively. The retention time of
acetone, which corresponds with the total permea-
tion time, is 13.04 min.

Table 2 Weight-averaged molecular Wéight, number
~averaged molecular weight and polydispersity
of dissolved organic matter in Lake Unmun

HPSEC
¥
Sampling ( Detector Wavelength : 260 nm )
Station Polydispersity
Mn Mw
Mw / Mn

DL 760 1210 145

DC . 710 1010 143
- UL 760 1090 144

63—

1,010-1,110g*mole* ThH -7, THED DCHAOS
FERIRLE,o S, $A3HE (DL, DC, UL) T
BEGFTREOVWTOEERERREA R P o,
Mn & Mw O, +2bbRYF4 R =57 4 (Mw/
Mn) i, DL #i371.45, FA¥0LDC T1.43, UL #
ETLUTH T, #>T, EFHIK DOM it i
SEE(Mw/Mr<2)THY, AL 25FEERD
ERVOESEETHBEN Y, BMiiAk DOM O4F
EiX, Chin 584570 72 Fryxell #7k DOM D¥#553>
F&(Mn:73, Mw:1,080)%, Zhou 5DHEM &
% Missouri /I DOM O 5578 (Mn 780, Mw
1,188) DE KL TBY, RY YA =T 4 (Mw/
M)z D THERREERLTEY, BERE LS
LTz, !
ICTERERETAAIL, PO UV RS
3% DOM 2R ELTOZBHTHEHTH 5, ¥
o DOM Az UV 2R L 2w PESSBicEdth
TwaEAR, FHETESh v 75 ARE
®" @ DOM 4 FB5H L —B L B wifEtEnd 3,

4. % &£ &

EFY AHB L UEAR20HE LT, Bik—8
i, B —ISEM OBV ICE S Wi EEE Y (DOM)
B & o T, JAB £ UHIADOM % 7 = > #E,
Bk E EAMER, PHERUERNEBEO 5 25
E L, DOM 2 E546, BXERE, 2 FRoM ML
P

PR & FWAFNA TR DOM SESHICEE E
WRFED bR o Tz, BAKE L UHA L B iz, DOM
B LTCHBEE, Thbb 73 g HiEkEEySE
BHL, Bwr s rmEngs L cunlk,

Wiz DOM SiEsrp = MRNc /b T 2 EE 58D
Lz, 7EUVPEOFEERREIETL, RiciEAL
2o —H, FAHBROEEHREICBALZ -, I5E
HMEOREERLEFC, BAEPEDEoEELRE
BWERRLE, ,

MR OENRFNE (UV) /EBEREESE (DOC) H
DfEiE 7 & Y8, DOM, FHAEEOETEML, 73
»BE D UV/DOC ELi A MO UV/DOCEE L v i

2 EREE» o2,

B DOM 0 EEF %45 F & 31,010—1,110 (g-
mole™) DEHFHICH -7, RY YANN—v T4 (EETFE
BOFE/ SRS FE) 31,431, S5O HBR/NE 28
Frl, WADOM RHEENICRCH4 Z05Fhs0
BEAKTHE I ENTERSE,

(RF&2(T 2002229 H 9 H)
(Ef=®E 2003 8 A27H)

&2 F ¥ m
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growth phases: DOM-fraction distribution and
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Abstract: The photoalteration of dissolved organic matter (DOM) produced in differ-
ent growth phases of the blue-green alga, Microcystis aeruginosa, was investigated by
comparing the biodegradability and distribution of fractions of algal DOM after differ-
ent ultraviolet (UV) treatments. The distribution of DOM-fractions (based on hydro-
phobic-hydrophilic and acidic-basic breaks) showed that two of the fractions, hydro-
philic acids (HiA) and bases (HiB), were more abundant in all growth phases of M.
aeruginosa than the other three fractions, hydrophobic acids (HoA), hydrophobic neu-
trals (HolN), and hydrophilic neutrals (HilN). The proportion of HiB increased, while
the HiA fraction decreased with aging of the algae. After UV treatment, all algal DOM
became recalcitrant to bacterial degradation without complete photo-degradation. This
was more pronounced in DOM from older cultures (staticnary phase) as compared to
DOM from the exponential growth phase. The DOM distribution was also signifi-
cantly different after UV exposure, implying photoalteration to the chemical composi-
tion of algal DOM. The proportions of the HiB fraction decreased as 2 percent of the
tota! dissolved organic carbon pool by 1.5—8.1% after UVA treatment and by 5.3-
15.8 % after UVB treatment. In contrast, the HiA fraction jncreased by similar
amounts. Analyses of fluorescent properties and some carboxylic acids confirmed the
changes to the HiB and HiA fractions. However, the increased HiA fraction may not
be linked to the recalcitrance of algal DOM after UV exposure, since there was no dif-
ference in the biodegradability of this fraction before and after UV treatments. The ini-
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tially labile HiB fraction, however, became less available to bacteria after UV expo-
sure depending on intensity and thus may be linked to the recalcitrance of algal DOM
after UV exposure. Our results confirm earlier reports that algal DOM can be changed
in its chemical composition as well as biodegradability by UV radiation, and suggest
that the HiB fraction may be important in the formation of recalcitrant algal DOM.

Key words: algal DOM, growth phase, UV effects, photoalteration, biodegradability,
chemical composition. :

Introduction

Dissolved organic matter (DOM) can play a major role as a source of carbon
for heterotrophic bacteria in freshwater ecosystems (WETZEL et al. 1972,
AMON & BENNER 1994, CARLSON et al. 1994, LamperT & SoMMER 1997,
WerzEL 2001). There are two major sources of DOM in lake waters: alloch-
thonous, i.e. derived from the catchiment area, and autochthonous, i.e. pro-
duced within lakes. Allochthonous DOM is composed of primarily terrestrial
humic substances (HS) which are recalcitrant to bacterial degradation, while
autochthonous DOM is composed of relatively more labile compounds
(MuNsTER & CHROST 1990, WETZEL 2001). In most lakes, where allochtho-
nous material is the dominant DOM source, most of the pool is comprised of
recalcitrant DOM (WEeTzEL 2001). However, even in eutrophic lakes and
oceanic waters, where the majority of DOM is autochthonous, much of the
DOM pool is resistant to microbial degradation (SENDERGAARD & MIDDEL-
BOE 1995, CHo1 et al. 2001).

Recent studies have noted that autochthonous DOM can be transformed
into recalcitrant forms, without complete degradation to CO,, after exposure to
UV radiation, implying that photoalteration is manifest in chemical character-
istics (TRANVIK & Kokavrr 1998, Pausz & HerNDL 1999, OBERNOSTERER et
al. 2001). However, there is little information on the changes induced by UV
radiation in the chemical characteristics of autochthonous DOM and, thus, a
relevant approach to evaluating photoalteration of algal DOM is needed. The
first step may be to separate DOM into well-defined macromolecular fractions
and to compare their distribution before and after UV exposure. |

In pelagic waters, one of the most important sources of autochthonous
DOM is extracellular organic matter (EOM) released from phytoplankton.
This EOM may occur as a result of active excretion of photosynthetic products
and/or leakage from senescent and dead algal cells, and its chemical composi-
tion varies with the physiological state of the algae (NALEwWAIKO & LEaN
1972, SHARP 1977, FoGa 1982, CHROST & FaUsT 1983, HaMa & Hanpa 1987,
Bamgs & PAcE 1991). It therefore seems reasonable to consider the physio-
logical state of the algae in an examination of photoalteration of algal DOM.
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The objective of this study was to examine the photoalteration of algal
DOM produced from different growth phases of Microcystis aeruginosa by
comparing the biodegradability and distribution of DOM-fractions, before and
after UV exposure. The algal DOM was fractionated into five classes: hydro-
phobic acids, hydrophobic neutrals, hydrophilic acids, hydrophilic neutrals,
and hydrophilic bases, using three kinds of resin adsorbents. To confirm the
changes in the distribution of these fractions after UV exposure, we also ex-
amined their fluorescent propertics and some of the organic acids of algal
DOM. A bacterial degradation test was used as a measure of blodegradabﬂJty
of the algal DOM.

Materials and methods

Preparation of algal DOM

To obtain the algal-derived DOM, an axenic culture of M. aeruginosa (NIES-843), iso-
lated from Lake Kasumigaura (Japan), was grown in ten litre (101) polycarbonate boti-
les at 25 °C and about 50 uEm /s under a 12h: 12 h light/dark cycle on CB medium.
The culture was stirred by air bubbles from a pump equipped with a 0.2 pm sterilising
filter. Since the standard CB medium contains a high concentration of organic carbon,
we modified the medium by substimting K,HPO, for B-glycerophosphate and
NaHNOQ; for Tris buffer. The concentration of dissolved organic carbon (DOC) in the
medium after inoculation was below 0.5mg1™.

To determine the growth phases of the culture, its optical density (OD) was meas-
ured with a Shimadzn UV-2500 UV/VIS spectrophotometer at a wavelength of 550 nm
using z 1 ¢m long quartz cell. The growth period was divided into one exponential and
two stationary phases. When OD doubled within 24 h, growth was considered fo be ex-
ponential (Phasel on day 7), and the foowing stages, in which OD remained more or
less constant, were considered to be stationary phases (PhaseIl on day 10 and Phase IIL
on day 13). In each growth phase, cultures were collected and then filtered through
pre-combusted (450 °C for 4 h) Whatman GF/F glass-fibre filters. The ﬁln*ates were
used as the source of algal-derived DOM.

uv fcfeatments

For the UV treatments, triplicate 400 ml sub-samples of filtrate were transferred to
500-m] quartz tubes with silicon stoppers peneirated by three glass fubes. To estimate
the effect of different UV radiation levels on the algal DOM, two artificial UV lamps
were used throughout the experiments. UVB treatment (2.4 W/m? of UVB and 2.0 W/
m? of UVA) was provided using two Philips TL 40 W/12RS lamps with a wavelength
range of 280 to 400 nm (maximum emission: 300 nm). UVA treatment (13.6 W/m? of
UVA) was provided using four Q-Panel UVA-340 lamps (wavelength range: 300 to
400 nm, maximum emission: 340 nm) and UVB cutting film with zero transmission at
320 nm (C. I. Kasei, Japan). The quariz tubes contfaining the filtrate were irradiated for
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24 b at 25°C under the two different UV regimes. Sub-samples (20 mi} for analyses of
DOC and fluorescence were taken at 2, 6, 12 and 24 h. All incubation during the UV
treatments was conducted under sterile conditions by using a 0.2 pm sterilising filter.
UV radiation was measured with a radiometer (MI-340 UV meter, Eikoseiki, Japan),
equipped with a UV-A sensor (316—400 nm} and a UV-B sensor (280-315 nm).

Biodegradability experiments

The biodegradability of the algal DOM before and afier UV exposire was quantified
through a series of microbial degradation experiments. Before and after UV exposure a
portion (200 ml) of each algal DOM sample was poured into pre-combusted 300-ml
glass bottles (550 °C for 4 h), and 1ml of bacterial concenirate was added to give an
initial bacterial count of around 10°cells/m]. Water for the bacterial inoculum was col-
lected from the hyper-eutrophic Furuike Pond, Japan. The bottles were then incubated
in darkness at room temperature (ca 20 °C) for five days. Sub-samples (20ml) for DOC
determination were collected from the bottles after 0, 1 and 5days. The biodegradabil-
ity experiments were performed in tfriplicate.

DOM fractionation

Before and after the UV treatment and the biodegradation tests, the DOM samples
were fractionated into five classes: hydrophobic acids (HoA), hydrophobic neutrals
(HoN), hydrophilic acids (HiA), hydrophilic bases (HiB), and hydrophilic neutrals
(HilN), based on their adsorption on to a series of macroporous resin adsorbents. The
original fractionation method described by LEENHEER (1981) produced six fractions,
including hydrophobic bases (HoB), but we disregarded the HoB fraction since it is
known to be very small (IMAI et al. 1998).

Nonionic Amberlite XAD-8 resin (20—60 mesh), strong cation exchange resin
{Bio-Rad AG-MP-50, 50-100 mesh), and sirong anion exchange resin (Bio-Rad AG-
© MP-1, 50-100 mesh} were used for the fractionation. The column capacity factor, k',
for separating hydrophobic acids through the XAD-8 resin column was 50. Appropri-
ate classification of organic compounds according to the DOM fractions is listed in Ta-
ble 1 (LEENHEER 1981, THURMAN 1985).

The XAD-8 resin was cleaned and conditioned as described by TeurMAN & MAL-
coLM (1981), Three millilitres (3 ml wet volume) of the XAD-8 resin was packed into 2
glass column and rinsed three times, alternating from 0.1M NaOH to 0.1 M HCI, just

Table 1. Classification of organic solutes for dissolved organic carbon (LEENHEER
1981, THURMAN 1985).

Fraction Sclute compound classes

hydrophobic acids (HoA) bumic substances (humic and fulvic acids)
hydrophobic neutrals (HoN) = hydrocarbons, carbonyl compounds

hydrophilic acids (HiA)} carboxylic acids (fatty and hydroxyl acids), sugar acids
hydrophilic bases (HiB) protein, amino acids, aminosugars

hydrophilic neutrals (HilN} oligosaccharides, polysaccharides
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before application of the sample. A blank sample was collected in the final rinse with

0.1M HCI (B1). Both AG-MP-50 (hydrogen-form) and AG-MP-1 (chloride-form) re-

sins were Soxhlet-extracted with methanol for 24 h. AG-MP-1 was then converted into
the free base-form with 1M NaOH and rinsed with Milli-Q water (Milli-Q SP. TOC,

Millipore). Glass columns containing 6 ml (wet volume) of the cation exchange resin

and 12ml (wet volume) of the anion exchange resin were connected in series and con-

ditioned by pumping about one litre of Milli-Q water through the resins. Blank sam-
ples (B2 and B3) were collected from each column after conditioning,
The flow scheme of the DOC fractionation procedure was as follows (IMAI et al,

1998). .

Stepl: Acidify filtrates (DOC1) to pH 2.0 with 6 M HC1, pass 200m] of the filtrate
through the XAD-8 column by a peristaltic pump with Tygon tubing at a flow
rate of about 1mI/min, and rinse the column with 1-2 bed volumes of 0.1 M
HCL.

Step2: Elute the column in the reverse direction with more than 3 bed volumes of
0.1M NaOH at a flow rate not exceeding 0.5 ml/min (DOC?2), and measure the

. elutant volume.

Step3: Pump the effluent from the XAD-8 column (DOC3) through a series of cation-
anien resin columns at a flow rate of about 1 ml/min, and after pumping 1-2
bed volumes of the sample, collect elutant samples from the anion resin col-
umn (DOCS) and then from the cation resin column (DOC4).

DOC fracticnation was performed in duplicate. After the fractionation, DOC was
measured for DOCs 1-5 and for the blank samples. Each DOC fraction was calculated
as follows:

HoA = DOC2 X (elutant volume)/(sample volume) ‘ (D
HoN = (DOC1-B1)— HoA —DOC3 ¥4}
HiB = (DOC3 -B1)—(DOC4 —-B2) (3)
HiA = (DOC4-B2)-(DOCS5 -B3) ' ()]
HiN = DOC5-B3 ()]

In order to examine the recovery efficiency of the DOM fractionation method, the
relative standard deviation (RSD) of the duplicated measurement for each fraction was
estimated according to Standard Methods (APHA 1998). The RSD values were less
than 10 % for the determination of the HoA, HiA and HiB fractions and 20 % for the
HoN and HiN fractions.

Chem ical analyses

Some carboxylic acids that were found to be major products formed during UV expo-
sure (BERTILSSON & TRANVIK 1998, WeTZEL 2000), were analysed on a capillary ion
electrophoresis (CIE) system (Quanta 4000E, Waters). Two millilitres of each algal
DOM sample were collected in polypropylene vials and 20l of octansulfonate was
added to a final concentration of 70 {M to obtain isotachophoretic conditions during
the electromigrative sample introduction (30 s at 5kV). Duplicate sub-samples of
0.5 mi were added to polypropylene vials for analysis. A 60 cm fused silica capillary
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(75 pm inner diameter), and a 100 mM sodium boric acid buffer containing 0.5mM of
an electro-osmotic flow modifier (OFM-BT, Waters) were used for the analysis. A sep-
aration veltage of 10kV was applied and detection of carboxylic acids was accom-
plished by indirect UV detection at 185nm. Standard curves (10—500 ug/1) were made
for the three carboxylic acids (oxalic, formic, and acetic acids) detected.

Fluorescence can provide rapid and sensitive analysis of DOM, such as humic-type
and protein-like DOM (MAYER et al. 1999). In the present study, we measured the
fluorescence at 270/350 nm of excitation/emission because the excitation/emission
wavelength is used as an index of protein-like DOM in natural water and phytoplank-
ton exudates (MAYER et al. 1999, FukusHma et al. 2001). A fluorescence spectropho-
-tometer (Shimadzn RF-5300 PC) equipped with a 150 W xenon lamp was used for the
fluorescence measurements. The fluorescence of Milli-Q water was used as a blank.

DOC was measured as non-purgeable DOC with a Shimadzu TOC-5000A. total or-
ganic carbon analyser equipped with Pt catalyst on quartz wool. Triplicate measure-
ments were made for each sample and analytical precision was within 1% of the coef-
ficient of variance. Potassium hydrogen phthalate (Kanto Chemical Co., Tokyo) was
used as the standard.

Results

Photoalteration of algal DOM produced from M. aeruginosa |

Exposure to UV radiation made no significant changes to the amounts of dis-
solved organic carbon (DOC) in the DOM produced from different growth
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Fig. 1. Changes in DOC concentrations of algal DOM exposed to UV for various
lengths of time (Phasel: exponential growth phase on day 7, PhaseII: stationary phase
on day 10, PhaseII: stationary phase on day 13). Error bars represent the standard
deviation of the mean of triplicate treatment flasks (Emors less than the size of the
symbols are not shown).



