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Occurrence of fish larvae and juveniles in coast of Kumamoto Pref.

Hirokazu VYamasita, Izumi Hirayama, Norihisa Tobase
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XEH J\RE FHE  HBRA BFER e B =mpe BARE ze BiEg BlE

YNALTY o [ J 1-4,12 470 0.04% 4.44 0.20% 28.98 0.22% 382 0.13%
*EFd © ® @ 4-10,12 91.96 0.71% 333.42 15.10% 1958 0.15% 444.96 1.568%
T4y © ® © 1-4,12 19.83 0.15% 1212 0.58% 7 0.01% 33.12 0.12%
Gyt © ® 7-10 1955 0.15% 78.43 3.55% 673.36 501% 771.34 2.69%
a/svn © ® [ ) 2—-7 9.698.68 74.745% 2.80 0.13% 282513 21.02% 1252661 43.76%
PEOFAIY o o o BE 4,137.23 3188% 246546 11169%  9.24125 68.77% 15,44.14 55.35%
LT ET7 IV AGE © © © 7-12 1.48 0.01% 18.77 0.85% 314.37 2345 334.62 7%
Z¥Z O O O 48.10 0.76 0.03% 7.54 0.06% 8.30 0.03%
pRYETY © O @) 13912 459 0.04% 0.00% 459 0.03% 9.18 003%
PEELES: © O 123 0.97 001% 220 0.10% 339 0.03% 6.56 0.02%
33Ty O [ ) © 1213 140 0014 751 0.34% 157 001% 10.48 0.04%
F=NEHE O 3 0.00% 0.99 001% 0.99 0.00%
Favzy O O 23 158 0.01% 5.24 0.24% 6.82 0.02%
RISV O 10 1.19 001% 1.19 0.00%
RTFATVH O 3 085 001% 0.85 0.00%
TvH [ @ @ 4-11 89.66 0.69% 11.22 051% 37129 2.76% 47247 1.65%
AR O 10 1.19 0.01% 1.19 0.00%
FHIY © O O 46 751 0.06% 215 0.10% 0.00% 966 0.03%
FAATUH O 3 0.90 0.01% 1.47 0.01% 237 0.01%
43 DE @) 3 084 0.04% 0.00% 0.84 0.00%
AZFNEH © 3,10 0.89 0.04% 097 001% 1.86 001%
TINEH ® [ © 37101 1985 0.15% 1320 0.60% 26.37 0.20% 59.42 0.21%
DARINER O 3 099 0.01% 0.9 0.00%
EYNTH O il 1.28 0014 1.28 0.00%
b NE BR © O 3 0.93 0.04% 3.28 0.02% 421 001%
NERATUE ® O ® 33 2190 0.17% 12.37 0.56% 5.90 0.04% 40.17 0.14%
FAGFATVER © O 12,10 3.66 0.17% 28.82 0.21% 32.48 0.11%
FHNEHE @) 6.12 141 0.06% 741 0.03%
SR O 8 1.41 0.01% 14 0.00%
P O O 45 223 0.10% 223 001%
PEDE:] O O @] 5 294 0.02% 2.94 0.13% 5.88 0.02%
FEDAHE (@) O 5-8 0.00% 363 0.16% 2.23 0.02% 5.86 0.02%
NH> O O O 7-10.12 33.74 0.25% 33.74 0.12%
HH¥OT ® ©® © 1-4,8-12 385 0.03% 385 0.17% 888.72 6.61% 896.42 313%
Eb ik ] O @ O 57-12 18.74 0.85% 14.42 0.11% 33.16 0.12%
EleDArFy (@) ® @ 4-12 13247 102% 2987 1.35% 7383 055% 236.17 0.83%
BYIF TR o (@) ® 5-12 319.69 2.46% 36.9 167% 21428 1.59% 570.80 1.99%
FIHSH © ® O 1-6.40-12 736 0.06% 1825 0.83% 8.74 0.07% 3435 0.12%
G H ® o © 7-12 18.29 0.14% 18.29 0.83% 379.43 2.82% 416,01 1.45%
HoLoFH O 68 233 0.02% 2.33 0.01%
FLOR O O 9.10 2.7 0.02% 276 001%
%700 © O 9-11 246 0.02% 357 0.16% 6.03 0.02%
ThOE A ® 44112 187 001% 0.78 0.84% 117 0.01% 382 001%
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=il E b O 7 027 0.00% 0.27 0.00%
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AXF ® [ ) @ 1-3,12 57.36 0.44% 46.39 2.10% 144,73 1.08% 248.48 0.87%
AZPAIHE . @ . 6-12 18.56 0.14% 14,90 0.67% 1313 0.10% 46.59 0.16%
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U O 68 0.69 0.03% 1.20 0.01% 1.89 001%
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7Y [ ) o ® 1-8,10-12 12.14 0.09% 34.61 157% 5263 0.39% 99.38 0.35%
LOFUR @) O 346-8,10 55.87 0.42% 55.87 0.20%
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FohHs O 5 1.00 0.01% 1.00 0.00%
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TIHAF O 8 12 001% 112 0.00%
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*FR © i 468 0.04% 468 0.21% 0.00% 9.36 0.03%
DITRHAH O O 8 2148 0.16% 21.46 0.07%
XLFeoHA @) 8 1.22 0.01% 122 0.00%
AXAS A @ O @ 7-10 363 0.03% 1412 0.64% 1313 0.10% 30.88 0.11%
RIH [ @ o 14-12 179.59 1.38% 54,30 2.46% 429.40 3.20% 663.20 2.32%
SHINE A O (@] O 311,12 3841 0.29% 3841 0.13%
ThEFH o ] ©) 37-12 2491 0.19% 1333 0.60% 6218 0.48% 100.42 0.35%
TZXRRE o [ @ 5-12,1-3 129.34 1.00% 8577 3,89% 219.97 1.64% 435.08 152%
BADAHFT O 9 0.00% 122 0.01% 122 0.00%
Eeoba=t © O ® 12,1-3 2,868.49 22.10% 3793 1.72% 61.12 0.45% 2.967.54 10.37%
Y O 4 0.79 0.04% 0.79 0.00%
L2y © ©® 2-4 365 0.03% 485 0.22% 097 0.01% 9.47 0.03%
HI3 O 78 367 0.17% 367 001%
VOEHUAR ® 56.8 0.89 0.01% 0.89 0.04% 8.25 0.06% 1003 0.04%
JO8FHTAH O 8.1 0.00% 1415 0.11% 1415 0.05%
BFIAH O O 9,10 57.72 0.43% 57.72 0.20%
BFIF o o ® 15-12 1.166.20 8.99% 145.24 6.58% 581.29 433% 1,892.73 6.61%
LR O 8 8.92 0.07% 8.92 0.03%
FATH O 7 3.98 0.03% 398 0.01%
AT A ® ® 24-12 17339 1.34% 17.64 0.60% 119.58 0.89% 310.61 1.09%
TFHVA O 7 0.00% 0.00% 6.44 0.05% 6.44 0.02%
NEH ® o [SES 386.36 2.98% 41192 18.66% 1.898.65 14.13% 2.696.93 9.42%
9525 B O 6,10 0.00% 0.00% 219.97 1.64% 219.97 0.77%
FSERE . @ 2-718,10 14.18 0.11% 6.11 0.28% 21.65 0.16% 41.94 0.15%
FSXAR O 5 1.00 0.01% 1.00 0.00%
N © © 37-1012 476 0.04% 11.36 0.08% 16.12 0.06%
sLvAIER © m12 4.96 0.04% ase 0.02% 846 0,03%
EVES - O 879 11.37 0.08% 11.37 0.04%
fUFxR o [ [ ) 3-12 476 0.04% 46.23 2.09% 22.52 0.17% 7351 0.26%
FRBE O O 7-9 0.00% 0.00% 39.76 0.30% 39.76 0.14%
ST HTH . . @ 1-6 6.48 0.05% 19.89 0.90% 4175 0.36% 74.12 0.26%
TYhYEaH @ o [ ] 1.3.6-12 48.60 037% 24.49 1.11% 87.36 0.65% 160.45 0.56%
PV o L ] o 1-4,12 41.30 0.32% 31.23 1414 75.88 0.56% 148.41 0.52%
HRAIL @) 2 123 aot% 123 0.00%
LHUA O © 1-36 7.50 0.06% 182 0.0t% 932 0.03%
Hy o o @ 1-5,12 5.458.90 4207% 165.63 750% 467658 34.80% 1030111 35.99%
TAT AR (@) © 1-3 562 0.04% 7.96 0.06% 13.58 0.05%
aFH © @) @) 1-3,5-12 419 0.03% 16.81 0.76% 78.78 0.59% 99.78 0.35%
NTFH L] © O 9, 2-4 458 0.04% 278 0.13% 15.23 0.11% 22.59 0.08%
AR L J ® ® 1-7,10-12 156.76 1.21% 7210 3.27% 2182 2.02% 500.78 1.75%
THOFER O O O 346,12 1433 0.65% 14.33 005%
AR O 810 322 002% az oo
E> O ® @ o A 485.28 3.74% 82.70 3.75% 3572 0.27% 603.70 2.11%
£S5 AR o o o 1-8,10.11 2357 0.18% 29.57 1.34% 4258 0.32% 95.72 0.33%
£S5 o L ] ® 1-4 2732 021% 636 029% 4234 0425 7602 0.27%
FLTaHLA O 78 299 0.02% 2.99 001%
BT IS4 © O @] 1.3-19 21.90 0.17% 2.57 0.12% 23.34 0.17% 47.81 0.17%
TIAHUARE, ® © @) 3-18 6.79 0.05% 9.30 0.42% 8.49 0.06% 24.58 0.09%
TRIHVAFH @ L © B 25.56 0.20% 29.68 1.34% 141 0.01% 56.65 0.20%
AL3HLA ® ® [ t-4.12 620 0.05% 21.52 0.97% 22.26 0.17% 4998 0.17%
afA O O O 24 2.58 0.02% 038 0.04% 3.56 0.01%
ALHLA O (@) O 1.3 219 0.10% 965 0.07% 11.84 0.04%
Yo/ LHH @ @ @ 4-1.8-11 120 001% 23.32 1.06% 11151 083% 136.03 0.48%
Loyt e ® ® 2-46-12 75.89 0.58% 418 0.19% 119.58 0.89% 199.63 0.70%
AONKR ® ® o 25-11 365.20 281% 91.76 4.16% 446.27 3.32% 903.23 3.16%
258 [ J o ® 4-9 74.82 0.58% 32.13 1.46% 64.61 0.48% 171.56 0.60%
& 9 S3EMBED: 2F MK O 1FHE 12.976.74 100.00% 2,207.69 10000%  13,438.36 100.00% 28,622.79 100.00%
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The Stocking Efficiency for Japanese Flounder of

the Coast of Yatushiro
Hirokazu Yamashita, Izumi

and Ushibuka in Kumamoto Pref.
Hirayama, Norihisa Tobase
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Studies on the distribution of a short-—necked clam in 1992 to 2003,

at the mouth of Midori river.
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The appearance of sharks of the genus Carcharhinus(Elasmobranchii:

Carcharhiniformes : Carcharhinidae) on the coastal sea surrounding

Amakusa island Kumamoto prefecture,Japan.

Shinji Kawasaki, Yoshinori Nomura, Kensaku Maeda
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Experiment of Spawning in Yellowtail (Seriola quinqueradiata)

Manipulation of Water Temperature and Photoperiod.
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Antioxidative Substances in Brown Algae and Their
Antimicrobial Activity

Koki Nagayama
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Abbreviation

BHA: 2{3}-tert-butyl-4-hydroxyanisole

BHI: brain heart infusion

BHIA: BHI agar

BHT: 2,6-di-tert-butyl-p-cresol

BHQ: tert-butylhydroquinone

CFU (cfu): colony-forming unit

COLOC: long-range shift correlation spectra
EGCQG: epigallocatechin gallate

EIMS: electron impact mass spectra

FABMS: fast atom bombardment mass spectra
GLC: gas liquid chromatography

HPLC: high performance liquid chromatography
ICR: institute of cancer research

MRSA: methicillin-resistant Staphylococcus aureus
MBC: minimum bactericidal concentration
NMR: nuclear magnetic resonance

ODTA: 67,97, 127, 15Z-octadecatetraenoic acid
PBS: phosphate-buffered saline

StB: sensitivity test broth

TCBS: thiosulfate citrate bile saccharose

TLC: thin-layer chromatography

Toc: tocopherol

UV: ultraviolet
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Chapter 1. General Introduction

Algae have long been recognized as very important
marine bioresources for use as both food products and
animal feeds, and for their mineral or polysaccharide
contents (Gregorio, 1972; Nishiide, 1993; Jensen,
1998). In Japan, some species of algae; wakame
(Undaria pinnatifida), kombu (Laminaria spp.), hiziki
(Hizikia fujiformis) and nori (Porphyra spp.), are very
popular foods and they are consumed on a daily basis
(Sato et al, 1976; Iwaki er al, 1983; Ohno et al,
1998). Algal polysaccharides, such as fucoidan,
alginic acid, carraginnan etc. are utilized as drink and
food additives of functional foods, and antitumor
activity of fucoidan and its oligomers has also been
reported (Yamamoto et /., 1981; Chida et al., 1987,
Zhuang et al., 1995). Furthermore, in some regions of
Japan, a new project of the farming of algae, such as
Ulva, Laminaria or Ecklonia spp. is now under
investigation (Hirata, 1999; Maruyama, 1999). The
algae are expected to purify the polluted seawater
around fish nursery ground by absorbing nutrients.
However, many kinds of and large masses of algae,
distributed
throughout the littoral zone of Japan and in spite of

which are barely utilized, are still
much research, very few of the biologically active
substances in algae are currently being utilized. Two
of the possible reasons for this are insufficient
research into all the effective activities of algal
substances, and lack of steady supply of the alga itself.

To promote the utilization of algae, the biological



activities of algae have been increasingly studied,
especially during the last few decades (Fukuyama et
al., 1985; Kakizawa et al., 1988; Nishibori et al.,
1988; Horikawa et al., 1999). One of the most
promising targets could be their antioxidative activity.
Although kinds

antioxidants are already being used to prevent the

some of synthetic or natural
autoxidation of lipids, the development of more
effective and/or economical antioxidants is anticipated.
Moreover, there are some questions concerning the
safety of the synthetic antioxidants currently in use.
For example, Ito et al. (1985) discussed the possible
carcinogenicity of BHA and BHT. Accordingly, there
have been many studies which have investigated
natural antioxidative substances (McLaughlin et al.,
1979; Miyashita et al., 1987, Wu et al., 2002). In
addition, the roles of antioxidative substances in vivo
have recently been attracting special interest; free
radicals are now thought to cause several diseases,
such as cancer, ischemic heart disease and brain
disease (Yang et al., 1989; Peterson et al., 1990; Luo
et al., 1995). The results of these studies suggest that
antioxidative substances are useful for maintaining
good health or for medical use. Several kinds of
terrestrial plant extracts, tocopherols, carotenoids,
catechins and other polyphenols are known to be as
such antioxidative substances and some of them are
used today. However, the number of reports which
discuss the antioxidative substances present in algae is
extremely small when compared with those dealing
with terrestrial plants. Furthermore, none of the
substances in algae are currently used for their
antioxidative activity. Ando et al. (1968) first reported
the presence of phospholipids as an antioxidative
substance in algae. Nishibori ef a/. (1988) identified
pheophytin a as an antioxidative substance, which has
the same structure as that of porphyrin in chlorophyll,
in the lipid of Aonori (Enteromorpha sp.).

Another target, antimicrobial activity may also be
promising. Infections caused by pathogenic bacteria,
e.g. food-borne illnesses, are still major problems
throughout the world today (Giessen et al., 1996; Pan
et al., 1997; Takeda, 1997). To prevent and to treat
these illnesses, synthetic or natural antibiotics or
antibacterial substances have been used. However,

under certain circumstances, natural antibiotics are
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preferred over synthetic antibiotics for the reasons
explained above in the discussion of antioxidants.
Hence, many researchers have been studying the
antimicrobial effects of various substances in plant
extracts (Caccamese ef al., 1981; Burapadaja et al.,
1995; Bennamara et al., 1999; May et al., 2000).
Barley and tea leaf extracts are now used for the
antibacterial activity of polyphenols. Algicidal activity
against harmful microalgae may also be an interesting
target, especially in fisheries science. As for antialgal
(allelopathic) activity of algal products, the activity of
mucilage and a fatty acid have been reported
(Kakizawa et al., 1988; Tanaka et al., 1988). However,
in spite of many studies on killing or inhibiting the
growth of red tide microalgae (Fukami et al., 1992;
Imai et al., 1993; Lovejoy et al., 1998), only natural
clay is currently used for reducing red tide of
Cochlodinium polykrikoides in a region of Japan.
Therefore, the development of natural products which
have an immediate lethal effect on red tide microalgae
is urgently needed.

Phlorotannins, polymers of phloroglucinol (1,3,5-
trihydroxybenzene) are algal polyphenols
characteristically found in several species of brown
algae. Their biological roles in algae are reported to be
to deter feeding or inhibit the growth of a variety of
marine herbivores as a form of chemical defence
(Altena et al., 1992; Boettcher ef al., 1993; Targett et
al., 1995). Taniguchi er al. (1992a) reported that
phlorotannins from E. kurome and E. cava showed
potent feeding-deterrent activity against ezo-abalone
(Haliotis discus hannai). On the other hand, studies
into other biological activities of phlorotannins remain
sparse. Fukuyama ef al. (1985, 1989a, 1989b) and
Nakayama et al. (1989) reported that phlorotannins
from E. kurome act as anti-plasmin inhibitors,
however phlorotannins are not currently used for this
purpose. To our knowledge, when the author began
this thesis study, neither the antioxidative nor the
antimicrobial activity of phlorotannins had been
previously reported.

The purpose of this study is to develop new uses of
brown algal substances with the useful biological
activities in order to increase the utilization of algae.
In particular, the author focuses his attention on brown

algal phlorotannins which have antioxidative and



antimicrobial activities. Chapter 2 describes the
development of a rapid, simple and sensitive method
with which to specifically detect antioxidative
substances. In Chapter 3, the author identifies the
antioxidative substances detected in algae, and the
contents of these antioxidants are quantitatively
determined. In Chapter 4, the author isolates and
identifies phlorotannins from the brown alga FEisenia
bicyclis as antioxidative substances. Moreover the
antioxidative activity of phlorotannins is determined.
In Chapter 5, the author describes the algicidal effect
of phlorotannins on harmful red tide microalgae. In
Chapter 6, the author demonstrates that phlorotannins
show bactericidal activity against a range of
pathogenic bacteria. For the practical utilization of
phlorotannins, it is necessary to investigate not only
their useful activities, but also their safety and toxicity.
In Chapter 5, the influences of phlorotannin exposure
on fish are described, in consideration of the spraying
of phlorotannins over coastal areas that are used for
aquaculture. Furthermore, in Chapter 6, the effect of
the oral administration of phlorotannins on mice is
investigated, in order to confirm the safety of
phlorotannins for mammals. Finally, in Chapter 7, the
author investigates the utilization of phlorotannins
with antibacterial activity. Namely, the author studies
the bactericidal activity of phlorotannins against
harmful Vibrio that have adhered to the surface of fish,
in consideration of their practical use during the

preservation or transportation of fish.
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Chapter 2. A Rapid and Simple
Method to Detect Antioxidative
Substances on a Thin-Layer
Chromatography Plate

2-1. Introduction

To facilitate the search for new antioxidants, a
simple and rapid method for screening or monitoring
of antioxidative substances is needed. Usually, after
extraction and  chromatographic  purification,
antioxidative activity of the preparations is evaluated
by measuring the retardation of the oxidation of the
lipids. The thiobarbituric acid or iodometric method
has been used for this purpose (Palmateer et al., 1960;
1977, Aoyama et al., 1982;

Ramarathnam et al., 1989). However, some of these

Kawashima et al,,

methods are tedious and the latter method requires a
relatively large sample size. The weighing method,
originally developed by Olcott ef al. (1958), is simple
but time consuming; the test requires days or weeks
until an expected weight gain could be obtained
(Fujimoto et al., 1980; Ishikawa et al., 1984). Other
methods, measuring of bleaching time of carotenoids
in oil solution (Bickoff, 1951; Pratt, 1965; Marco,
1968), oxygen uptake of the lipid in a Warburg
apparatus and the like (Quencer et al., 1964; Niki et al.,
1984), intensity of chemiluminescence (Niki et al.,
1982), or of amounts of specified hydroperoxides by
high performance liquid chromatography (Stocker et
al., 1987; Kohen et al., 1988; Terao, 1989), have also
been used. All these methods are suitable for a
quantitative and comprehensive evaluation of the
antioxidant activity of the preparations. However, the
methods described are complicated, tedious and/or
time-consuming for use in rapid screening or
monitoring of unknown antioxidants in preparations
containing large amounts of impurities.

Thin-layer chromatography (TLC) is a simple and
excellent method for separation of complicated
constituents in preparations. However, few detection
methods specific universally for a wide range of
antioxidative substances are available. Seino ef al.
(1971) detected tocopherols and their dimers in the
sludge of soybean oil using TLC and a newly-devised

method: the TLC plate was sprayed with linoleic acid,
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then, exposed to UV light (365 nm) for 10 min, and
with 1% N, N-dimethyl-
p-phenylenediamine hydrochloride in ethanol. Pratt

finally  sprayed
(1980) used another spray reagent made up of
B-Carotene and linoleic acid to detect antioxidative
substances on a TLC plate or filter paper. These
methods utilizing oxidation of the linoleic acid are
simple and resourceful, however, their time is required
to oxidize the unsaturated acids and/or to bleach the
carotene (“usually within 3 h”, described in the text).
Furthermore, the resultant yellowish color of the
antioxidant spots obtained by the latter method is not
sensitive enough to distinguish colored spots from
other spots than the antioxidative substances.

The author describes here the development of a
more rapid and sensitive method to specifically detect
antioxidative substances, using a combination of TLC
and subsequent bleaching of sprayed pigments by
ultraviolet (UV) irradiation.

2-2. Materials and Methods

2-2-1. Antioxidative Substances 2,6-di-tert-
butyl-p-cresol (BHT), tert-butylhydroquinone (BHQ),
2[3]-tert-butyl-4-hydroxyanisole (BHA), and ethoxy-
quin were purchased from Tokyo Kasei Kogyo Co.
(Tokyo, Japan). Ascorbic acid, carnosine, capsaicin,
glutathione, D-mannitol, DL- « -tocopherol and uric
acid were obtained from Wako Pure Chemical Ind.
(Osaka, Japan). Bilirubin and indomethacin, and
hydroquinone were purchased from Sigma Chemical
Co. (St. Louis, MO) and Kishida Chemical Co. (Osaka,
Japan), respectively.

2-2-2. Pigments

available as a food additive, was donated by Takeda

Paprika pigment, commercially

Pharmaceutical Ind. (Osaka, Japan). Astaxanthin and
canthaxanthin, and shikonin were donated by Dr. Y.
Tanaka (Kagoshima University, Japan) and Mitsui
Ind. (Tokyo,

B-Carotene, purpurin, cochineal pigment, monascus

Petrochemical Japan), respectively.
pigment and seven other water soluble pigments were
purchased from Wako Pure Chemical Ind., and
capsanthin was obtained from Tokyokasei Kogyo Co.
Forty-four artificial pigments of food additives were
obtained from commercial sources.

Corn oil was purchased from Wako Chemical Ind.



Lipids were extracted from a brown alga Ishige
okamurae by the method using CHCl;/MeOH (2:1,
v/v) (Folch et al. 1957). All other chemicals were of
either first class grade or extra pure grade.

2-2-3. Detection of Antioxidative Substances
The pigments described were dissolved either in
benzene, chloroform, ethanol or in deionized water
(1-5 mg/mL). After spraying the pigment solution
uniformly onto the TLC plate and removing the
solvent by air blowing with a hair dryer, the plate was
exposed for an appropriate time to UV light (254 nm)
with a UV illuminator (7000 W, model 20-TC, Atto
Co. Tokyo, Japan). The optimum exposure time was
determined by regular interval irradiation. TLC was
carried out on a silica gel plate (Silica Gel 60 plate,
250 wm, E. Merck, Darmstadt, Germany).

2-3. Results

2-3-1. Selection of Pigments After spotting
the antioxidants (2.5, 5, 10 pg/2.5 pL CHCls)
onto Silica gel plates, each of the pigment
solutions was sprayed, uniformly. The plates
were dried with a hair dryer and exposed to UV
light, separately and for suitable time. As the
background pigment was bleached by UV light,
the antioxidant spots were gradually embossed.
As shown in Fig. 2-1, paprika pigment (mainly
capsanthin), capsanthin, and canthaxanthin
were excellent, and B-Carotene and astaxanthin
were suitable as spray reagents.
Although B-Carotene was able to be sprayed
homogeneously, the yellowish color was less
clear than the reddish colors of the others.
When these carotenoid reagents were used, a
few minutes of UV irradiation were sufficient
to detect the antioxidant spots. Since the
purpurin is more stable than the carotenoids
described above, much more time was needed
for the background color to fade out on the
silica gel plate. The cochineal, monascus and
other water soluble pigments were not suitable
for detection of the lipoidal antioxidants,
though some antioxidant spots were detectable.
The shikonin and the artificial pigments (food
additives) tested faded little within time of
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experiment.

Fig. 2-1.

antioxidative

to detect

Screening of pigments
a TLC plate.
Antioxidants, 2.5, 5 and 10 pg in 2.5 pL
chloroform, were spotted onto a silica gel plate.

substances on

After spraying the pigment solution and drying
with a hair dryer, each plate was exposed to UV
time. BHA: 2[3]-tert-butyl-4-
hydroxyanisole, BHT: 2, 6-di-fert-butyl-p-cresol,

light for a suitable

BHQ: fert-butyl-hydroquinone, Toc: a-tocophe-
rol.

2-3-2. Application for TLC Olive oil (100 pg),
containing authentic antioxidants (0.5 or 2 pg) was
separated on a pair of silica gel plates using
n-hexane/diethyl ether/acetic acid (70:30:1, v/v/v) as
the developing solvent. One plate was sprayed with a
pigment solution and the other was charred with 50%
sulfuric acid. As shown in Fig. 2-2 (A), using the
paprika pigment solution (5 mg/mL CHCl;), even 0.5
ng of the antioxidants of reddish brown spots was
clearly detected without disturbance of olive oil; the
larger amounts of triglycerides were detected only on
the plate charred with the sulfuric acid. This method
using the paprika pigment solution, usually was more
sensitive than that using sulfuric acid and was also
applied to screen or monitor antioxidative substances
in algae. As in Fig. 2-2 (B), three colored bands of
antioxidative substances were detected in the extracted
lipids of a brown alga Ishige okamurae.



(A)

(B)

carotenoid |

i |
| 50% HiSO,

solvent front

TG

, origin

Fig. 2-2. Separation and detection of antioxidants by TLC and by the combined use of pigment-spraying
and UV light bleaching. (A): Olive oils (100 pg) containing 0.5 and 2 pg antioxidants, (B): Lipids of a
brown alga Ishige okamurae. Both were developed with n-hexane/ethyl ether/ acetic acid (70:30:1, v/v/v)
on duplicate silica gel plates (Silicagel 60, 250 pum) respectively. After removing the solvent, one plate
was sprayed with 50% H,SO, and charred, while the other was sprayed with a paprika pigment solution
(5mg/mL CHCIls) and exposed to UV light. Abbreviations used in the figures are the same as in Fig. 2-1.
TG: triglycerides , A-1 and A-2: antioxidative substances.

2-4. Discussion

Authentic antioxidants other than shown in the
figures were also tested with the paprika reagent.
Colored spots of ascorbic acid, capsaicin, ethoxyquin,
hydroquinone and indomethacin were clearly visible.
Spots of biological antioxidants, bilirubin (Stocker,
1987) and wuric acid (Ames, 198]) were obscure
because of their inferior solubility. However, those of
other radical scavengers found in biological systems,
(Kohen 1988),
(Tirmenstein ef al., 1989) and mannitol (Misra et al.,

carnosine et al, glutathione
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1976) were not detected as colored spots. Possible
reasons for this discrepancy may be due to lack of
affinity between the hydrophilic antioxidant and the
lipophilic spray reagent, differences of scavenging
specificity to the radicals produced or to lower
antioxidative activities of the biological antioxidants
than that of the carotenoid in the spray reagent;
carotenoids have long been known as antioxidants,
scavengers of singlet molecular oxygen in plants
(Foote, 1976). Further studies using another pigments
are in progress.



Thus, with the combined use of TLC and UV light
bleaching of sprayed carotenoids of less than one ug
of antioxidative substances led to a clear detection on
the TLC plate with few exceptions. The paprika
pigment used in this study is a low priced food
additive commercially available in Japan. The UV
illuminator is a popular equipment used in laboratories
to detect fluorescent substances on chromatograms or
electrophoresis patterns.

2-5. Summary

A simple, rapid and sensitive method was devised to
detect specifically antioxidative substances on a TLC
plate. After chromatography on a silica gel plate, the
plate was sprayed with a pigment solution and
irradiated with ultraviolet light. Only the spots of
antioxidative ability were embossed as the background
pigment was bleached. Among the pigments tested,
paprika pigment (mainly capsanthin), capsanthin, and
canthaxanthin were excellent, and p-Carotene and
astaxanthin were adequate for the spray reagents.
Using the paprika spray reagent, antioxidants added to
olive oil and antioxidative substances in a brown alga
Ishige okamurae were clearly detected on the TLC
plates. Generally, a few minutes of ultraviolet light
irradiation with a commercially available illuminator
(2000 puW) were sufficient, and less than one pg of
antioxidative substances on a silica gel plate was
detectable.
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Chapter 3. High Tocopherol Content
in a Brown Alga Ishige okamurae

3-1. Introduction

Using a newly devised screening method as
described in Chapter 2 (Nakamura et al., 1991) the
author found remarkable amounts of antioxidative
substances in a brown alga, Ishige okamurae. This
chapter describes the identification and distrxibution
of the antioxidative substances in the alga and
twenty-three other algae.

3-2. Materials and Methods
3-2-1. Materials

intertidal zone of Shikanoshima Island and its vicinity

Algae collected from the

in Fukuoka City were washed with fresh water,
air-dried and pulverized. Tocopherol (Toc) standards
were kindly donated by Eizai Co. (Tokyo, Japan).

3-2-2.  Extraction and Separation of
Antioxidative Substances Five grams of each
pulverized algaec were homogenized with 100
mL of CHCls-methanol (2:1, v/v) for 3 min
with an Ultra disperser (LK-21, Yamatokagaku,
- Tokyo, Japan). The mixtures were filtered and
the solvents removed under reduced pressure to
yield crude lipid extracts. The extract was
fractionated by chromatography on Wakogel
C-300 (Wako Pure Chemical Ind., Osaka,
Japan). Elution was at first performed with
ethyl ether-n-hexane (5:95, v/v) to remove
pigments such as chlorophylls and carotenoids.
Then antioxidative substances were eluted with
ethyl ether-n-hexane (25:75, v/v) and the
solvents removed under reduced pressure.
These compounds were fractionated by
Sephadex LH-20 (Pharmacia Co., Tokyo,
Japan) with CHCls-methanol (1:1, v/v). Each
150 drops fraction was collected and
evaporated in vacuo. Consecutive fractions that
showed antioxidative activity were pooled and
purified by HPLC on p-Porasil (Waters Assoc.
Inc., Milford, MA, USA) with n-hexane-2-
propanol (99:1, v/v) as eluent.
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3-2-3. Structural Analysis of Antioxidative
Substances Antioxidative substances (A-1, A-2;
see Fig. 2-2B in Chapter 2) were identified by 'H and
BC nuclear magnetic resonance (NMR) with a JEOL
INM-GX400 spectrometer (JEOL Ltd., Tokyo, Japan)
with
Negative fast atom bombardment mass spectra
(FABMS) were obtained on a JMS-DX300 (JEOL
Ltd.) at an ion source accelerating voltage of 10 kV,

tetramethylsilane as an internal standard.

with glycerol as the matrix. Electron impact mass
spectra (EIMS) were recorded with a GC-MS
QP-1000 Co., Japan).
Trimethylsilyl ether derivative of Tocs were prepared
by N,O-bis
trifluoroacetoamide in pyridine (Green ef al., 1978).

{Shimadzu Kyoto,

treatment  with (trimethylsilyl)

3-2-4. Quantification of Antioxidative Substances in
Algae To 5 g of freshly harvested and pulverized
alga, one mg aliquot of 2,2,5,78-pentamethyl-6-
hydroxychroman (PMC; internal standard, Tokyo
Kasei Kogyo Co., Tokyo, Japan) was added. About
one fifth of the crude lipid extract obtained by the
same extracting method described above (3-2-2) was
applied on a small column packed with 2 g Florisil

(Florisil  Co.) and eluted with 30ml of ethyl
ether-n-hexane (25:75, v/v). Tocs in the fraction were
determined by high performance liquid
chromatography  (HPLC) on  p-Porasil  with

n-hexane-dioxane-2-propanol (985:10:5, v/v/v). Each
Toc was eluted and monitored with a variable
fluorescence spectrometer (821-FP, JASCO, Tokyo,

Japan), excitation 296 nm, emission 323 nm, and was

quantified using the calibration curve for the
corresponding Toc.

3-3. Results

3-3-1. Isolation and Characterization  As

shown in Fig. 2-2B in Chapter 2, two antioxidative
bands (A-1, A-2) detected
CHCl;-methanol extract from /. okamurae. They were

were in the
purified successively by chromatography on Wakogel
C-300, Sephadex LH-20, and on p-Porasil.

The two antioxidative substances were identified as
follows. Structure of A-1

HRMS: m/z 43038142 (M" CaoHsp0s, caled. as

430.38082); EIMS (70 eV): m/z 430 (100%), 165 (71),



205 (6), 28] (4); TMS derivative: m/z 502 (100%), 237
(66), 277 (4) (Fig. 3-1); NMR &y (CDCl;): 0.80-0.93
(12H, m), 1.23 (3H, s), 1.0-1.6 (21H, m), 1.72-1.85
(ZH, m), 2.11 (6H, s), 2.16 (3H, s), 2.58-2.62 (2H, m),
4.17 (1H, s) (Fig. 3-2a); NMR &, (CDCl5): 11.3, 118,
12.2,19.7,19.8,20.8,21.0,22.6,22.7,23.8,24.5, 24 8,
28.0,31.6,32.7,32.8,37.3,37.4,37.5,394, 39.8, 74.5,
117.4,118.5, 121.0, 122.6, 144.5, 145.5 (Fig. 3-2b). This
compound was identified as a-tocopherol (a-Toc).

165 intact
205
')IL Al S STV S 'dL llllllll
70 70 1 130 130 v 130 il 2 2w & &30
430
M C29Hs5002
73 237 TM™S
'LL lvl"l """""""" Iv' A .ir et
=0 7o 0 134 1 7o 21 218 X z%0 are 7
502
M+
L a2 T T 1(‘0 i )3‘ i 0. " Iﬂ i 44’0 T 4&'6 i ,0 i 'IO ’ ‘;
Fig. 3-1. Mass spectra of antioxidative

substance (A-1) in Ishige okamurae. TMS:
trimethylsilyl derivative.

Structure of A-2

HRMS: m/z 402.35107 (M+ Cy7Hy460,, caled. as
402.34954); EIMS (70 eV) m/z 402 (100%), 137 (62),
177 (25); TMS derivative: m/z 474 (100%), 209 (20),
249 (9) (Fig. 3-3); NMR &y (CDCls): 0.80-0.90 (12H,
m), 1.24 (3H, s), 1.68-1.82 (2H, m), 1.0-1.6 21H, m),
2.12 (3H, s), 2.66-2.70 (2H, m), 4.4 (1H, s), 6.37 (1H,
m), 6.47 (1H, m) (Fig. 3-4a); NMR &, (CDCl5): 16.1,
19.7,19.8,21.0,22.5,22.6,22.7,24.1, 24.5, 24.8, 28.0,
31.3, 32.7, 32.8, 37.3, 374, 37.5, 394, 39.9, 75.6,
112.6, 115.6, 121.3, 127.4, 146.1, 147.6 (Fig. 3-4b).
This compound was identified as 3-Toc.
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Fig. 3-2. NMR spectra of antioxidative
substance (A-1) in Ishige okamurae. (a),
'H-NMR; (b), *C-NMR.
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Fig. 3-3. Mass spectra of antioxidative

substance (A-2) in Ishige okamurae. TMS:
trimethylsilyl derivative.



PPM 8 6 4 2 0

(b)

||

PPM

| M”H

NMR spectra of antioxidative
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Fig. 3-4.
substance (A-2) in Ishige okamurae. (a),
'H-NMR; (b), C-NMR.

3-3-2. Distribution
Substances in algae
okamurae, harvested in September 1991, by HPLC is

of  Antioxidative
Separation of Tocs in /.

shown in Fig. 3-5. Among Tocs and PMC, a- Toc was
at first eluted and followed by PMC, B-, y-, and 8-Tocs,
successively. Toc contents in twenty-four algae are
shown in Table 3-1. Relatively higher amounts were
found in the Phaeophyta, while lower amounts were
found in the Rhodophyta and Chlorophyta. In Ishige
okamurae, remarkably high amounts of a- and 6-Tocs,
and a total of 28-41 mg/100g dry matter all year round

and the highest amount in September were observed.

3-4. Discussion

In the present study, the author found remarkably
high amounts of a- and 8-Tocs in Ishige okamurae,
and relatively higher amounts were found in the
Phaeophyta than those in the Rhodophyta or
Chlorophyta. Interestingly, the highest amounts of
Tocs in 1. okamurae in September were five to six

times higher than the amount in Hizikia fusiformis
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3-5. in I
okamurae by HPLC on p-Porasil column. Elution

Fig. Separation of tocopherols
was performed at a flow rate of 3.0 mL/min using
n-hexane-dioxane-2-propanol (985:10:5, v/v/v)
variable fluorescence
296
a-tocopherol, B: B-tocopherol, y: y-tocopherol, &:
PMC: 2,2,5,7,8-pentamethyl-6-
hydroxychroman (internal standard).

with a spectrometer,

excitation nm, emission 323 nm. o

5-tocopherol,

known as the highest content species in algae
(Miyashita et al., 1987; Kanematsu et al., 1983) and
also greatly exceeded the amount of soybean
(McLaughlin et al., 1979). Since the lipid contents in
the brown alga were 0.40-1.05% of the dry matter, the
Toc content reached 2.7 to 8.3% of the crude lipid

extracts.



Table 3-1. Tocopherol contents in algae.

Algae

Contents (mg/100 g dry matter)

Date
collected B > 5 Totl
Phaeophyta (1991)
Ishige okamurae Mar. 14.86 0.52 1.50 1296  29.84
June 13.38 0.24 1.14 13.30 28.06
Sept. 21.40 0.37 2.02 17.46 41.25
Dec. 18.04 0.46 1.84 12.90 33.24
Ishige sinicola Mar 4.58 0.20 0.22 4.49 9.49
Petrospongium rugosum Mar 3.04 0.21 5.22 0.58 9.05
Endarachne binghamiae Mar 4.49 0.16 2.55 0.79 7.99
Hizikia fusiformis Sept 4.36 - 0.44 0.86 5.66
Scytosiphon lomentaria Mar 2.49 0.01 0.36 0.21 3.07
Sargassum ringgoldianum Jan. 291 - - - 291
ssp. coreanum
Sargassum thunbergii Jan. 1.84 - 0.46 - 2.30
Myelophycus simplex Jan. 0.91 - 0.30 - 1.21
Ecklonia kurome Mar. 0.94 - - - 0.94
Eisenia bicyclis Mar. 0.87 - - - 0.87
Rhodophyta
Pterocladia capillacea Jan. 0.71 - - - 0.71
Gracilaria asiatica Mar. 0.64 - - - 0.64
Carpopeltis affinis May 0.50 - - - 0.50
Gloiopeltis complanata May 0.37 - - - 0.37
Plocamium telfairiae Jan. 0.27 - - - 0.27
Gymnogongrus flabelliformis May 0.17 - - - 0.17
Gloiopeltis furcata Feb. 0.13 - - - 0.13
Grateloupia filicina Feb. 0.07 - - - 0.07
Corallina pilulifera Feb. 0.05 - - - 0.05
Polysiphonia senticulosa Feb. 0.09 - - - 0.09
Chlorophyta
Cladophora sp. Apr. 0.80 - - - 0.80
Enteromorpha linza May 0.18 - - - 0.18
Monostroma nitidum Feb. 0.08 - - - 0.08

3-5. Summary

Using a newly devised screening method, the author
found remarkable amounts of antioxidative substances
in a brown alga, Ishige okamurae. This chapter
describes the identification and distribution of the
antioxidative substances in the alga and twenty-three
other algae.

Antioxidative substances in the extract from I
okamurae were purified by chromatography on

Wakogel C-300, Sephadex LH-20 and on p-Porasil,

and were then identified as Tocs by GC-MS and NMR.

Tocs in the alga were quantified by HPLC.
Toc

quantitatively determined,

contents in twenty-four algae were

and relatively higher

amounts were found in the Phaeophyta. In /.

okamurae, remarkably high amounts of o- and
8-Tocs, and a total of 28-41 mg/100g dry matter all
year round and the highest amount in September were
observed. These were five to six times higher than the
amount in Hizikia fusiformis known as the highest
content species in algae and also greatly exceeded the
amount of soybean. Since the lipid contents in the
brown alga were 0.40-1.05% of the dry matter, the Toc
content reached 2.7 to 8.3% of the crude lipid extracts.
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Chapter 4. Antioxidant Activity of
Phlorotannins Isolated from the
Brown Alga Eisenia bicyclis

4-1. Introduction

The literature on algal antioxidants is sparse.
Fujimoto ef al. (1980) investigated antioxidative
substances of the brown alga FEisenia bicyclis and
found phosphatidylethanolamine to be an antioxidant.
Later, they reported bromophenols, 5-bromo-3.4-
dihydroxybenzaldehyde as the main constituent and
5-bromo-benzylalcohols, in the red alga Polysiphonia

urceolate (Fujimoto et al., 1985, 1986). Nishibori ef al.

(1988) studied antioxidative substances of a green alga
Enteromorpha sp., and identified pheophytin a, one of
the Mg-free chlorophylls, as the main component.
Cahyana er al. (1992) found a related compound,
pyropheophytin a, in the brown alga FEisenia bicyclis
and showed its higher antioxidant activity than that of
which
antioxidants in terrestrial organisms, are also present
in algae (Brown, 1953; McLaughlin er al., 1979;
Miyashita et al., 1987). In Chapter 3, the author

a-tocopherol.  Tocopherols, are popular

described an extremely high content of tocopherols in
the brown alga Ishige okamurae and their wide
distribution in  Phaeophyta, Rhodophyta and
Chlorophyta.

These antioxidative substances described above are

usually isolated from the lipid fraction of algal extracts.

However, using a TLC-screening method shown in
Chapter 2 (Nakamura ef al., 1991), the author detected
prominent antioxidative bands in the non-lipid fraction
(Folch et al., 1957) of the brown alga Eisenia bicyclis.
The the
identification of the antioxidative substances in the

author describes here isolation and

alga and their potent antioxidant activity.

4-2. Materials and Methods

4-2-1. Materials The brown alga Eisenia bicyclis
collected from the coast of Tsuzumi Island, Fukuoka
Prefecture in July 1992 was washed with tap water,
air-dried, and pulverized. The algal powder was
stocked at -40°C until use.
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4-2-2.  Extraction and Separation of
Antioxidative Substances The algal powder
(100 g) was extracted with methanol (800 mL)
in an iced bath using an Ultra disperser (LK-21,
Yamatokagaku, Tokyo, Japan). The extracts
were concentrated to ca. 200mL, to which were
added CHCIl; (400mL) and deionized water
(150 mL). The upper layer, corresponding to
the non-lipid fraction (Folch et al., 1957), was

extracted with ethyl ether (2X150 mL). The

ether extract was fractionated by silicic acid
chromatography on a column of Wakogel

C-300 (10 mm

Chemical Ind.,, Osaka, Japan) with
CHCls-methanol-  water (50:30:7, v/v) as
eluent. The eluates were monitored by UV
absorption at 310 nm using a Hitachi L-400 UV
detector. If necessary, preparative TLC was
used under the conditions mentioned below.

i.d. X 30cm, Wako Pure

4-2-3. Structural Analysis of Antioxidative
Substances 'H and *C nuclear magnetic resonance
(NMR), and 'H-"C long-range shift correlation spectra
(COLOC) were measured with a JEOL FX-400
(JEOL L.,
tetramethylsilane as an internal standard. Negative fast

spectrometer Tokyo, Japan) with
atom bombardment mass spectra (FABMS) were
obtained on a JMS-DX300 (JEOL Ltd.) at an ion
source accelerating voltage of 10 kV, with glycerol as
the matrix.

Electron impact mass spectra (EIMS) were recorded
with a GC-MS QP-1000 (Shimadzu Co., Kyoto,
Japan). Gas liquid chromatography (GLC) was carried
out using a Shimadzu GC-14A gas chromatograph on
a capillary column (DBP-1 , 30m X025 mm id.
Shimadzu Co.). IR spectra were measured in KBr
tablets with Hitachi EPI-G21

Trimethylsilyl ether derivative of phloroglucinol was

a spectrometer.

prepared by treatment with N,O-bis (trimethylsilyl)
trifluoroacetoamide in pyridine (Green et al., 1978).

4-2-4. Antioxidant Assay TLC plates (Silica Gel
60 Fas4, 0.25 mm, Merck Co., Darmstadt, Germany),
which had been activated at 110°C for 1 h before use,



were developed with CHCl;-methanol-water-acetic
acid (50:25:4:3, v/v). One plate was sprayed with 50%
sulfuric acid and charred on a hot plate. Another plate
was sprayed with a paprika pigment solution (10
mg/mL benzene) and exposed for several minutes to
UV light (254 nm) using a UV illuminator (7000 uW,
model 20-TC, Atto Co.) after removal of the solvent
(Nakamura et al., 1991). Antioxidative substances
appeared as colored spots. A paprika pigment, the
main component of which is capsanthin, was donated
by Takeda pharmaceutical Ind. Antioxidant activity
was measured by the weighing method developed by
Olcott et al. (1958). Mixtures of methyl a-linolenate
(200 mg) and aliquot amounts of phlorotannins in
Petri dishes (i.d. 36 mm) were left in an incubator at
40°C. Increasing weight was measured at appropriate
intervals.

Phloroglucinol was purchased from Wako Pure
Chem. Ind., while methyl o-linolenate was from
Tokyo Kasei Ind. (Tokyo, Japan). All reagents used in

this experiment were of analytical grade.

4-3. Results

4-3-1.  Isolation and  Characterization
Antioxidative substances in the ether extract, 0.90 g
from 100 g of the dry alga, were separated on TLC
plates. As shown in Fig. 4-1, five antioxidative bands
(T-1~5) were detected with little contaminants other
than antioxidative substances. An upper band of T-1 is
a pigment since the color was apparent before
spraying the paprika pigment solution. These five
antioxidative substances were isolated by column
chromatography on a Wakogel C-300 and preparative
TLC. T-1, T-4, and T-5 were successfully isolated only
by column chromatography, while T-2 and T-3 were
finally purified by preparative TLC. About 20 mg of
T-1 and 100 to 150 mg for each of T-2~5 were
obtained from 100 g of the dry alga.

IR spectra (KBr) of the purified T-2~5 were similar
to each other, showing bands at 3400 (OH),
1650-1450 (phenyl), 1200 and 1050 (ether), and 820
em”  (1,3,5-substituted phenyl).
suggested that they were phloroglucinol derivatives
(Ragan, 1985).

These results

T-2 showed an [M-H] ™ ion peak at m/z 371 (rel. int.

100%) in negative FABMS, matching a formula of

87

4-;L phloroglucinol

8 T-2

T-1 (unidentified tetramer)

B T4
5

origin

4-1. of

antioxidative substances in the brown alga Fisenia

and detection

Separation

Fig.

bicyclis by thin layer chromatography. Ether
extract was applied onto a pair of plates (Silica gel
60 Fas4, 0.25 mm, Merck Co.) and developed with
(50:25:4:3,
v/v). After removal of the solvent, one plate (A)

CHCls-methanol-water-acetic  acid
was sprayed with a paprika pigment solution
followed by exposure to UV-light, while the other
plate (B) was sprayed with 50% H,SO4 and
charred on a hot plate.

CisH;,0y, along with fragment ions m/z 355 (M-17,
3.9), 263 (M-109, 12.3), 247 (M-125, 5.3), and 139
(M-233, 6.5). The ¥C NMR spectrum measured in
CD;0D exhibited signals at 6 95.4 (C6), 95.8 (C2’,
C6%), 97.8 (C4%), 99.5 (C3), 99.9 (C8), 124.6 (C4a),
124.9 (C9a), 125.6 (Cl), 138.6(C10a), 143.4 (C4),
1443 (C5a), 147.1 (C2), 147.3 (C9), 154.6 (C7),
160.2 (C3’, C5’), and 161.9 (C1°). In addition, NMR
data obtained in DMSO-ds were in good agreement
with those of eckol, T-2 in Fig. 4-2. Thus, T-2 was
identified with eckol reported by Fukuyama et al.
(1985, 1989a).

T-3 exhibited an [M-H] ion peak at m/z 601 (rel.
int. 100%), matching a formula of C;yH;70,4, and
fragment ions m/z 585 (M-17, 8.0), 492 (M-109, 21.3),
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Eisenia bicyclis.

Structure of phlorotannins found in

476 (M-125, 7.1), 369 (M-233, 10.6), 353 (M-249,
6.6), and 339 (M-263, 6.5) in negative FABMS. The
BC NMR spectrum measured in CD;0D contained
signals at § 95.5 (C2’, C6°, C2”, C67), 96.2 (C13),
97.7 (C47), 97.8 (C4”), 99.5 (C3), 100.0 (C9), 1053
(C6, C7), 122.4 (C11), 124.7 (C1), 125.0 (C4a), 128.1
(Cl4a), 135.4 (C5a), 138.4 (Cl15a), 144.0 (C4), 146.0
(C14), 1483 (C2, C8), 151.2 (Clla), 151.7 (C10),
153.2 (Cl2a), 160.1 (C3°, C5°, C37), 160.2 (C5™),
161.8 (C17"), and 161.9 (C1). NMR data obtained in
DMSO-ds were in good agreement with those of
phlorofucofuroeckol A (Fukuyama et al., 1990). Thus,
T-3 was phlorofucofuroeckol A.

T-4 revealed an [M-H] ion peak at m/z 741 (rel. int.
4.6%), matching a formula of C3¢H2,04, and fragment
ions m/z 725 (M-17, 0.7), 633 (M-109, 0.6), 617
(M-125, 0.4), 495 (M-247, 0.7), 479 (M-263, 0.3), 387
(0.7), 371 (1.2), and 355 (0.5) in negative FABMS.
The "C NMR recorded in CD;0D showed signals at &
95.4 (C6), 95.8 (C27), 95.9 (C6°, C67), 96.2 (C2,
C67), 97.7 (C47), 99.4 (C37), 99.5 (C3), 99.8 (C8),
99.9 (C8"), 124.6 (C4a), 124.7 (C43™), 124.9 (C9a™),
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125.6 (C17), 125.7 (C1), 126.2 (C9a), 126.5 (C4™),
138.5 (C10a”), 138.7 (C10a), 143.3 (C4), 143.4 (C4™),
144.2 (C5a), 144.3 (C5a™), 146.9 (C9), 147.1 (C9™),
147.3 (C2), 147.4 (C27), 152.4 (C3*, C5™), 154.5
(C7), 156.0 (C7), 157.8 (C1°), 160.1 (C3°, C5’), and
161.8 (C17). NMR data obtained in DMSO-ds were in
good agreement with those of dieckol (Fukuyama et
al., 1989b). COLOC data also suggested the dimeric
structure of eckol. Therefore, T-4 was identified as
dieckol.

T-5 gave an [M-H] ion peak at m/z 741 (rel. int.
1.8%), matching a formula of C56H»;015, and fragment
ions at m/z 725 (M-17, 0.3), 633 (M-109,0.3), 617
(M-125, 0.3), 509 (M-233, 0.2), 493 (M-249, 0.3), and
477 (M-265, 0.2). The "C NMR spectrum measured in
CD;0D revealed signals at 6 95.4 (C2’, C6°), 95.9
(C6), 97.8 (C4%), 99.4 (C3), 105.4 (C8), 124.6 (C4a),
125.2 (C9a), 125.6 (C1), 138.4 (C10a), 143.4 (C5a),
143.5 (C4), 145.4 (C9), 147.2 (C2), 152.8 (C7), 160.2
(C3’, C57), and 161.8 (C1). NMR data obtained in
DMSO-ds were in good agreement with those for
8,8’-bieckol (Fukuyama et al., 1990). COLOC data
suggested the symmetrical structure. Thus, T-5 was
8,8’-bieckol.

The identification of T-1 was not conducted in this
study.

4-3-2. Antioxidant Activity of Phlorotannins
The antioxidant activity of T-2~5 was examined by
the weight gain test (Fig. 4-3). At a concentration of
0.05% addition, a mixture of T-2 and 3 was as
effective as a-tocopherol. Although phloroglucinol
showed a low activity at 0.05%, it was most effective
at 0.5%,; the induction period was elongated more than
700 h at 40 °C .
phlorotannins seems to depend on the degree of
of

phlorotannins of lower molecular weights were more

The antioxidant activity of

polymerization phloroglucinol.  Generally,

effective than those of higher weights.
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Fig. 4-3. Antioxidant activity of isolated phlorotannins. a: methyl a-linolenate, b: 0.05% phloroglucinol,

¢: 0.05% T-4 (dieckol), d: 0.05% T-5 (8, 8’-bieckol), e: 0.05% a-tocopherol, f: 0.05% T-2+3 (mixture
of eckol and phlorofucofuroeckol A), g: 0.5% T-5, h: 0.5% T-4, i: 0.5% T-2+3, j: 0.5% phloroglucinol.

4-4. Discussion

It has long been known that brown algae contain
phlorotannins, phloroglucinol and its polymers, in
subcellular bodies called physodes (Ragan, 1976;
Pellegrini, 1980). In the present study, phloroglucinol
and four phlorotannins: eckol, phlorofucofuroeckol A,
dieckol, 8,8-bieckol were identified from FEisenia
bicyclis. These compounds were firstly detected in
Ecklonia kurome as anti-plasmin inhibitors (Fukuyama
et al., 1985, 1989a, 1989b, 1990; Nakayama et al.,
1989).

Studying the inhibitory spectra of eckol derivatives,
Nakayama et al.(1989) suggested that the dibenzo
1 ,4-dioxane skeleton was necessary for the inhibition
of a plasmin inhibitor. Geiselman et a/. (1981) and
Taniguchi et al. (1991, 1992a, 1992b) reported that
phlorotannins of various molecular weights played
important roles in chemical defenses against marine
of
phloroglucinol, the same compounds described in the

herbivores. However, with the exception

present paper were not reported. Kita et al. (1990)
identified eckol and its dimeric compounds (not
identified) as oral deodorants in E. bicyclis. However,
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there is no documented research on the antioxidant

activities of  polyphloroglucinols of isolated
compound.

In this chapter, the author described the antioxidant
activities of polyphloroglucinols and their possible
usefulness as antioxidants. The method of preparation
used in this experiment is simple and convenient for
preparing phlorotannins since most of the contaminant
lipids were removed before the chromatographic

purification.

4-5. Summary

Five antioxidative substances in the brown alga
Fisenia bicyclis were isolated by silicic acid column
chromatography and thin-layer chromatography. They
were identified to be polymers of phloroglucinol,
namely eckol, phlorofucofurceckol A, dieckol, and
8,8’-bieckol on the basis of spectroscopic evidence (IR,
FABMS, and 'H and “C NMR). Their potent
antioxidant effect extended the induction time of
autoxidation of methyl a-linolenate.



Chapter 5. Algicidal Effect of Phloro-

tannins on Red Tide Microalgae
(Nagayama ef al., 2003)

5-1. Introduction

Extreme blooms of some microalgae which induce
mass mortalities of cultured fish or shellfish cause
serious damage to aquaculture industries. Especially
the blooms of Karenia (formerly Gymnodinium)
mikimotoi,  Cochlodinium  polykrikoides  and/or
Chattonella antiqua cause heavy damage almost every
year in Japan and other countries. Because of these
the red
microalgae have been conducted. Global overviews

problems, many studies about tide
about harmful algal blooms are described in the
Manual on Harmful Marine Microalgae (Hallegraeff
et al. Eds., 1995). Rensel (1995) described several
techniques to mitigate the effects of harmful algal
bloom on finfish aquaculture in the book. Many
studies on killing or inhibiting the growth of red tide
microalgae have been conducted. In particular, several
groups have focused on bacteria with algicidal or
inhibitory activities against the microalgae (Fukami et
al., 1991, 1992; Imai ef al., 1993, 1995; Yoshinaga et
al., 1995, 1997, Kim et al.,, 1998; Lovejoy et al.,
1998). Since bacteria play important roles in the
development and decline of red tide in the sea and
some of them kill or inhibit the growth of harmful
microalgae without affecting other phytoplankton,
they may be valuable biotic agents for controlling red
tide. However, bacterial methods need several days to
kill microalgae. Hence, in spite of these in vitro
studies, little information is available on practical
methods for reducing red tide. Natural clay is used in a
region of Kyushu Island in Japan because of its ability
to rapidly kill or agglutinate and precipitate some
species of red tide microalgae. However, no natural
products except the clay have been used in practice.
Kakizawa et al. (1988) reported that 6Z, 97, 12Z,
15Z-octadecatetraenoic acid (ODTA) from the brown
alga Cladosiphon okamuranus has an immediate lethal
effect on some microalgae. However, Kakizawa et al.
(1988) did not investigate algicidal substances other
than unsaturated fatty acids in a methanol extract from
C. okamuranus. In addition, they did not test the
algicidal activity of ODTA against C. polykrikoides.
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Phlorotannins from the brown alga Ecklonia kurome

or those from FEisenia bicyclis are known as
anti-plasmin inhibitors (Fukuyama et al., 1985, 1989a,
1989b, 1990; Nakayama et al., 1989), glycosidase and
hyaluronidase inhibitors (Shibata et a/., 2002a, 2002b)
or as antioxidants (described in Chapter 4; Nakamura
et al., 1996). In addition, phlorotannins deter feeding
or inhibit growth of a variety of marine herbivores
as chemical defences (Altena ef al., 1992; Boettcher
et al., 1993; Hay et al., 1988; Steinberg, 1992; Targett
et al., 1995). On the other hand Jennings et al. (1997)
suggested that phlorotannins are less likely to be
effective defences against epiphytes than non-polar
metabolites, which can adhere to the surface of the

producing organism. However, to our knowledge, no

reports have found an algicidal effect of the
phlorotannins.
In the present study, crude and isolated

phlorotannins from the brown alga E. kurome were
assessed for algicidal effects on K. mikimotoi, C.
and C. addition,

influences of phlorotannin exposure on red sea bream,

polykrikoides, antiqua. In the
tiger puffer, and larval blue crab were preliminarily
of spraying of

phlorotannins over coastal areas that are used for

investigated in  consideration

aquaculture.

5-2. Materials and Methods

5-2-1. Red Tide Microalgae Red tide samples of
K. mikimotoi ca. 20,000 cells/mL seawater and C
polvkrikoides ca. 3,000 cells/mL seawater used in the
experiment were collected from the surface of the
Ariake Sea and Shiranui Sea, respectively in July 2000
(wild microalgae). They were cultured in modified
SWM-3 medium (Chen et a/., 1969) until the algae
were in the logarithmic growth phase (cultured
microalgae). C. antiqgua was collected from seawater
in the Ariake Sea containing about 10 cells/mL in
August 2000. It was cultured in SWM-3 medium until
the alga was in the logarithmic growth phase for use in
the experiment. Incubation temperature was 25°C, and
photoperiod in the incubator was regulated under a
12L:12D cycle. Light intensity during the light period
was about 60 wmol photons/m*/s on the surface of the
culture flasks and tubes.



5-2-2. Preparation of Phlorotannins In this
chapter, phlorotannins were prepared from the brown
alga Ecklonia kurome Okamura that are more readily
available than E. bicyclis in Kumamoto Prefecture.
The composition of phlorotannins in E. kurome was
previously confirmed to be similar to that in £
bicyclis.

E.
Kumamoto Prefecture in May 2000. The alga was

kurome was collected near Tsuji Island,
washed with tap water to remove sediments and
dried by

pulverized. The algal powder was stored at —40°C

epiphytes, indoors air-blowing, and
until use. The algal powder (moisture ca. 10%, 800 g)
was extracted with methanol (2,400 mL) with stirring
at 5°C for 1 day. The extracts were concentrated in
vacuo to a small volume, and to which was added
methanol (240 mL), CHCl; (480 mL) and deionized
water (180 mL). The upper layer, corresponding to the
non-lipid fraction (Folch er al., 1957), was extracted
with ethylacetate (2 X 300 mL). The ethylacetate
fraction was dried under reduced pressure (crude
phlorotannins). The yield of the crude phlorotannins
was about 3% of the algal powder.

The crude phlorotannins were composed of
phloroglucinol (2%), eckol (9%), phlorofucofuroeckol
A (28%), dieckol (24%), 8,8’-biekcol (7%), and others
(30%); 1t was determined by using high performance
liquid chromatography (Inertsil ODS column, 6 X
150mm, GL Science Co., Tokyo, Japan). Elution was
performed at a flow rate of 1.0 ml/min using a linear
gradient from 30% to methanol with UV detection at
290nm. These compounds were fractionated by silicic
acid chromatography on a column (15mm i.d. X
150cm, Wakogel C-300HG, Wako Pure Chemical Ind.,
Osaka, Japan) with CHCl3-methanol-water (80:20:2,
v/v) as eluent. Each 5 mL fraction was collected and
evaporated in vacuo. Purity checks were carried out
using TLC (Nakamura et al., 1996). Consecutive
fractions that showed the same single spot on TLC
were pooled. Namely eckol, phlorofucofuroeckol A,
dieckol, and 8,8’-biekcol were isolated.
above 98%

purity) was obtained from Wako Pure Chemical

Phloroglucinol (as dihydrate,
Ind. Terrestrial polyphenols, catechin (above 90%
purity) and epigallocatechin gallate (EGCG, above

95% purity) were obtained from Kurita Water Ind.
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(Tokyo, Japan).

5-2-3. Bioassays The isolated or crude
phlorotannins and catechins were dissolved in 70%
methanol, and aliquots in the 25 pL solutions were
added to 20 mL of microalgal suspensions in test tubes.
The cells were then cultured under the conditions
described above. Cell numbers were counted with a
microscope at 0.1, 0.5, 1, 2, 3, and 24 h after the
addition of the polyphenols. Control tests with the
methanol amount conducted

same wWere

simultaneously.

5-2-4. Acute Toxicity Test of Phlorotannins
on Fish and Crab Red sea bream Pagrus major,
134 £ 1.3 (mean = SD) g and larval blue crab
Portunus trituberculatus, carapace length ca. 2 mm
were kindly provided by Kumamoto Prefectural
Farming Fisheries Association in Japan. Tiger puffer
Fugu rubripes rubripes, 102.2 + 9.1(mean = SD) g
were purchased from a local mariculturist. The fish
were acclimated to 25°C in filtered seawater in the
laboratory for at least 14 days prior to use. For the
experiments, red sea bream (n=7) and tiger puffer
(n=7) were placed in two separate containers with 15
L filtered seawater and crude phlorotannins (200
mg/L). Blue crab (n=7) were placed in a container
with 2 L filtered seawater and crude phlorotannins
(200 mg/L). Parallel control tanks (without crude
phlorotannins) were set up for each species. Water
temperature was kept at 25°C. Dissolved oxygen was
enhanced by air bubblers. The number of fish and
crabs that survived after the 0.5 h-exposure were
counted. All fish used in this experiment were free
from any visible disease before the test.

5-3. Results

5-3-1. The Effects of the Crude Phlorotannins
The effects of the crude phlorotannins on cultured K.
mikimotoi at different concentrations are shown in Fig.
5-1(a). In the 150 mg/L concentration medium,
phlorotannins significantly inhibited swimming of K.
mikimotoi. More than 98% of the cells of K. mikimotoi
lost their motility within 0.5 h after the phlorotannins
were added. At a phlorotannin concentration of 100
mg/L, over 90% of the cells changed to immotile cells
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Fig. 5-1. Effects of phlorotannins on the motilities of cultured dinoflagellates, K. mikimotoi (a) and

C. polykrikoides (b), and a raphidophyceae, C. antiqua (c). A, without phlorotannins; X, 20 mg/L;
*,50mg/L; O, 100 mg/L; @, 150 mg/L; 1,200 mg/L; A, 500 mg/L crude phlorotannins.

within 3 h. At 50 mg/L, all motile cells were still
swimming, but their moving speed decreased to a
quarter of that of the control. After losing their motility,
almost all of the immotile cells became round, and
then expanded and burst (Fig. 5-2, 5-3). As time
passed, the burst cells fragmented and became difficult
to count. Hence, the ratio of burst cells shown in Fig.
5-3 is underestimated in the later period of the
experiment, especially at 3 h. A half hour after the
phlorotannin addition (150 mg/L in the medium), 24
round cells were transplanted into the normal medium.

Fig. 5-2. Algicidal process of phlorotannins against

cultured K. mikimotoi. A, normal vegetative cell; B,

rounded cells; C, expanded cell; D, burst cells.

No cells recovered to normal vegetative cells within
24 h; 60% of the cells burst and the rest remained
round.
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Fig. 5-3. Change in degraded cell ratio of K.
mikimotoi after addition of phlorotannins. M,
swimming cells; %, immotile cells; ,
rounded or expanded cells; [, burst cells.

The effects of the crude phlorotannins on cultured C.
polykrikoides at different concentrations are also
shown in Fig. 5-1(b). In the 100 mg/L concentration
medium, 98% of the C. polykrikoides lost their
motility within 0.5 h. Like K. mikimotoi cells, almost
all of immotile C. polykrikoides cells became round,
and then expanded and burst, successively (Fig. 5-4).
the effects of the crude
phlorotannins on cultured C. antigua were much

On the other hand,

weaker (Fig. 5-1(c)). At a concentration of 500 mg/L,
phlorotannins only slightly inhibited the swimming of



Fig. 5-4.
against cultured C. polvkrikoides. A, normal

Algicidal process of phlorotannins

vegetative cells; B, expanded cells; C, burst cells.

C. antigua within 3 h. However, by the end of the 24 h
incubation, over 99% of the cells were destroyed even
with the 100 mg/L concentration .

The effects of the phlorotannins on wild (not
cultured) K. mikimotoi and C. polykrikoides were also
tested. Although there were some discrepancies, e.g., a
stronger effect on wild K. mikimotoi and a weaker
effect on wild C. polykrikoides, than on the respective
cultured ones (Fig. 5-1, 5-5), almost all cells of K
mikimotoi and of C. polykrikoides lost their motility
within 1 h in the medium containing 150 mg/L of
crude phlorotannins.

5-3-2. The Effects of Isolated Phlorotannins
The effects
(phloroglucinol, eckol, phlorofucofuroeckol A, dieckol
and 8, 8'-bieckol), and catechin and EGCG on cultured

of five isolated phlorotannins

K. mikimotoi and C. polykrikoides are illustrated in Fig.

5-6. Among the isolated phlorotannins and the
catechins tested, phlorofucofuroeckol A and EGCG
showed the most potent algicidal activities against
both microalgae. In the 100 mg/L concentration of
A, K
swimming immediately. In the 50 mg/L concentration,

phlorofucofuroeckol mikimotoi  stopped
C. polykrikoides stopped swimming within 0.5 h. No
effects were observed with catechin or phloroglucinol

during the test periods.

5-3-3. Acute Toxicity Test of Phlorotannins

Acute toxity of phlorotannins on red sea bream (ca. 13
g), tiger puffer (ca. 102 g) and blue crab (ca. 2 mm)
were investigated. Throughout the 0.5 h exposure
period no fish or crab died. However, immediately
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after red sea bream and tiger puffer were exposed to
phlorotannins, the fishes writhed with gasping for
several seconds or more, and then they eventually
calmed down. Some of them ejected oral mucus. No
effects were observed on the crab.

(a) K. mikimotoi
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5-5.
motilities of wild dinoflagellates, K. mikimotoi (a)
and C. polykrikoides (b). A, control; X, 20 mg/L;
* 50 mg/L; O,100 mg/L; @, 150 mg/L; [, 200
mg/L; A, 500 mg/L crude phlorotannins.

Fig. Effects of phlorotannins on the

5-4. Discussion

In this chapter the author demonstrated that
phlorotannins, especially phlorofucofuroeckol A, a
pentamer of phloroglucinol, from E. kurome were very
effective at killing or inhibiting the swimming of red
tide dinoflagellates. Once microalgae became rounded
by the addition of phlorotannins, they could not be
restored to swimming cells. These effects were more
immediate than those of bacteria (Fukami ef al., 1991,
1992; Imai er al., 1993, 1995; Yoshinaga et al., 1995,
1997; Kim et al., 1998; Lovejoy et al., 1998). The
bacterial method needs at least several days to kill or
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Fig. 5-6. Effects of isolated phlorotannins, catechin

and epigallocatechin gallate on cultured K. mikimotoi
and C. polykrikoides. M, phloroglucinol; X, eckol;
* _ phlorofucofuroeckol A; O, dieckol;, @,
8,8"-bieckol; A,

gallate (EGCG). Each polyphenol concentration in

catechin; [, epigallocatechin
the medium was 100 mg/L for K. mikimotoi, and 50
mg/L

inhibit the growth of microalgae. Furthermore, the
problem of how to multiply the bacteria to the levels
10°

cells/mL) remains to be solved. In this study, the toxity

needed to kill microalgae in the field (ca.

of phlorotannins was preliminarily tested, and no fish
killed by 0.5
phlorotannins, Although prolonged toxicity tests on

were h exposure to 200 mg/L
fishes (e.g. different species, size and sex) are
essential, the application of phlorotannins would
be useful near the nursery. Moreover, the application
may be more effective in the case of the red tide
dinoflagellates congregating at the surface of the sea
in the daytime. However the most effective and
practical method in each case should be devised.
Also, it will be essential to investigate the impact of

treatments on many other marine animals including
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planktonic organisms before field application.

E. kurome and E. bicyclis grow in the sea naturally
and are used as foodstuff in some districts in Japan.
Therefore there may be safer ways to utilize the
algicidal activities of phlorotannins and/or EGCG to
reduce red tide in coastal aquaculture areas. However,
at present it is expensive to produce phlorotannins
from algae. One solution might be to use crude
extract directly.

The algal-killing mechanism of phlorotannins
remains to be elucidated. Schulz er al. (1992)
that the of
polyphenols might result from their interaction with
lkigai er al. (1993)
reported that catechins damage bacterial membranes.

suggested antimicrobial  activity

bacterial enzymes and proteins.

Furthermore, strong interactions between algal
phlorotannins and proteins have been reported by
Stern et al. (1996). It can therefore be presumed that
the interactions of phlorotannins with microalgal
proteins play important roles in the algicidal actions of
phlorotannins. Especially, interactions with channel
proteins in membranes may disturb the control of
osmotic pressure, because after losing their motility,
almost all of non-motile cells expanded and burst.

The author found a threshold of algicidal effect
of phlorotannins. Namely, lower concentrations
less than 50 mg/L had little effect on K. mikimotoi
and C. but

differences at the 100 mg/L concentration (Fig. 5-1,

polykrikoides, there were large
5-5). A similar threshold of antibacterial effect of
tea extracts (contains tannins) was pointed out by
(1974). This be

characteristic among tannins in inhibiting or killing

Nishiyama tendency might

microorganisms.

5-5. Summary

The algicidal effects of phlorotannins from the
brown alga Ecklonia kurome on three species of red
tide microalgae (Karenia mikimotoi, Cochlodinium
and  Chattonella

examined. Swimming cell density of K. mikimotoi

polykrikoides antiqua)  were
and C. polykrikoides decreased to less than 2% of the
initial density within 30 min in medium containing
150 mg/L crude phlorotannins. After losing their
motility, almost all of the cells became round. They

then expanded and burst. Once cells had become



round, none of them recovered to normal vegetative
cells within 24 h even if they were transplanted to
normal medium. On the other hand, no change was
observed on C. antigua in the 500 mg/L. medium
within 3 h after inoculation. However, by 24 h, over
99% of the cells were destroyed even in the 100 mg/L
medium.

Among the five phlorotannins isolated from E.

kurome, phlorofucofuroeckol A, a pentamer of

phloroglucinol, had the strongest algicidal activity,
which was comparable to that of EGCG.

No mortality was observed among red sea bream
Pagrus major, tiger puffer Fugu rubripes rubripes
(body weights ca. 13 g and 102 g, respectively) or
larval blue crab Portunus trituberculatus (total
carapace length ca. 2 mm) which were exposed to 200
mg/L phlorotannins for 30 min.
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Chapter 6. Bactericidal Activity of
Phlorotannins (Nagayama er al., 2002)

6-1. Introduction

Food-borne illnesses and methicillin-resistant
Staphylococcus aureus (MRSA) infections are still a
major problem in the world today. To help prevent and
to treat these illnesses, many researchers have been
studying the antimicrobial effects of various plant
extracts, such as essential oils and tannins (May ef al.,
2000; Burapadaja ef 1995). Recently the

antimicrobial activities of tea (Camellia sinensis)

al.,

extracts and/or tea catechins have attracted special
interest (Yam ef al., 1997, Kolodzeij et al., 1999;
Amarowicz er al., 2000). Among tea catechins,
epigallocatechin gallate (EGCG) has been shown to
have the strongest antimicrobial activity (Amarowicz
et al., 2000; Mabe et al., 1999). Similarly, several
papers have described antimicrobial activity in algae
(Caccamese et al., 1981; Bennamara et al., 1999).
(1999)
anti-MRSA activity by crude methanol extracts from

Horikawa ef al. reported  significant
11 species of Japanese marine algae, and they isolated
four bromindoles from the red alga Laurencia
brongniartii as antibacterial substances. However,
their study did not investigate the antibacterial
substances of brown algae. To our knowledge, the
antibacterial or bactericidal activities of marine
tannins against food-borne pathogenic bacteria and
MRSA have yet to be reported.

Ecklonia kurome has been utilized as a food product
in Japan, and phlorotannins, which are oligomers of
both
1989;

Fukuyama ef al., 1990) and antioxidants (described in

phloroglucinol, have been reported to be

anti-plasmin inhibitors (Nakayama et al,

Chapter 4; Nakamura et al.,, 1996). They have also
been found to have algicidal activities against red tide
microalgae (described in Chapter 5).

The present study was undertaken in order to
examine the bactericidal effects of crude and purified
phlorotannins from the brown alga E. kwrome on
pathogenic bacteria, primarily including food-borne
pathogenic bacteria and MRSA. In addition, the effect
of the administration of phlorotannins on male and
female mice was investigated in order to confirm the
safety of phlorotannins for mammals.
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6-2. Materials and Methods

6-2-1. Bacterial Strains and Growth
Conditions for Preincubation  Bacillus cereus
(two strains), MRSA (nine strains), S. aureus,
Streptococcus  pyogenes, Campylobacter fetus, C.
Jejuni (three strains), Escherichia coli (three strains),
Salmonella enteritidis (nine strains), S. typhimurium
(four strains) and Vibrio parahaemolyticus (two
strains) were obtained from our collection or from
held The
Sero-Therapeutic Research Institute, Japan.

clinical  isolates within Chemo-

The reference strains used in tests comprised: S.
aureus Smith, S. aureus ATCC 25923 (MRSA), S.
pyogenes ATCC 19615, B. cereus ATCC 19637, C.
fetus CIP 53105, C. jejuni CIP 702, E. coli ATCC
25922, E. coli NIHJ) JC-2, S. enteritidis S-48, S.
enteritidis 1.-248, S. enteritidis L-540, S. typhimurium
L-719, S wphimurium L-767, S. typhimurium
SIC-8401 and S. typhimurium ATCC 14028.

All the bacteria except for Campylobacter spp. were
cultured aerobically without shaking in 10 mL of brain
heart infusion (BHI) broth (Nissui, Tokyo, Japan), at
37°C for 18 h. NaCl (2.5%) was added to the medium
used for V. parahaemolyticus. Campylobacter spp.
were grown on fresh Skirrow agar plates (Merck,
Tokyo, Japan), at 37°C for 48 h in a Campy Pouch
(Becton Dickinson, San Jose, CA, USA).

6-2-2. Preparation of Phlorotannins The
brown alga Ecklonia kurome Okamura was collected
from an undersea forest of algae near Tsuji Island,
Kumamoto, Japan, in May 2000 and washed with tap
water to remove sediment and epiphytes, before being
air-dried and pulverized. The algal powder (800 g,
moisture ca. 10%) was extracted with methanol (2400
mL) with shaking (90 rpm) at 5°C  for 48 h. The
extracts were concentrated in vacuo to a small volume
before methanol (240 mL), chloroform (480 mL) and
deionized water (180 mL) were added, and then the
upper and lower layers were separated (Folch ef a/.,
1957). The upper layer was extracted twice with
ethylacetate (300 mL). The ethylacetate fraction was
evaporated in vacuo. The extract is hereafter referred
to as crude phlorotannins. The algal powder produced
a yield of phlorotannins of about 3%.



The crude phlorotannins were composed of
phloroglucinol (2%) and its oligomers: eckol (trimer,
9%), phlorofucofuroeckol A (pentamer, 28%), dieckol
(hexamer, 24%), 8,8’-bickcol (hexamer, 7%) and
(unidentified 30%). The
components were identified by TLC (Nakamura et al.,
1996) and determined quantitatively by HPLC (Inertsil
ODS column, 6 X

Japan). Elution was performed at a flow rate of 1.0

others tetramer etc.,

150 mm, GL Science, Tokyo,

mL/min using a linear gradient of 30-100% methanol
with UV detection at 290 nm. These compounds were
fractionated by silicic acid chromatography on a
column (15 mm i.d. X150 cm, Wakogel C-300HG;
Wako Pure Chemical Industries, Osaka, Japan) with

chloroform:methanol:water (80:20:2, v/v) as the eluent.

Each 5 mL fraction was collected and evaporated in
vacuo. Consecutive fractions that showed a single spot
representing eckol, phlorofucofuroeckol A, dieckol or
8,8’-biekcol on TLC were pooled (>90% purity).
Phloroglucinol

(as dihydrate, >98% purity) was

obtained from Wako Pure Chemical Industries.
Terrestrial polyphenols, catechin (>90% purity) and
EGCG (>95% purity) were obtained from Kurita

Water Industries (Tokyo, Japan).

6-2-3. Determination of Bactericidal Effects
The minimum bactericidal concentration (MBC) of the
phlorotannins, taken as the lowest concentration that
could kill 99.9% of the initial inoculum within 24 h,
was determined using a broth microdilution method.
All tests were performed in sensitivity test broth (StB;
Eiken Chemical, Tokyo, Japan) in 24-well microtitre
plates. All cultured cells were suspended in StB to
give a concentration of 10%-10° cfu/mL, and | mL of
broth culture was pipetted into each well. The
concentration of each inoculum was determined using
viable counts on BHI agar (BHIA) plates for bacteria.
Fresh Skirrow agar plates or 2.5% NaCl-added BHIA
plates were used for Campylobacter or Vibrio spp.,
respectively. The isolated or crude phlorotannins and
catechins were dissolved in 70% methanol, and 20 uL
of the solution was added to each well, before being
incubated with shaking (60 rpm) aerobically at 37°C
for 24 h. To determine the MBCs, 20-200 uL of
culture was removed from each well at various time
and in BHIA. After aerobic

points incubated
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incubation at 37°C for 24 h, the colonies were
enumerated. V. parahaemolyticus was tested in
medium supplemented with 2.5% NaCl. Fresh Skirrow
agar plates were used for Campylobacter spp. instead
of BHIA, and these were incubated for 72 h. The
microtitre and fresh agar plates seeded with
Campylobacter spp. were incubated in a Campy Pouch.
1.4%) in the

medium, did not affect the growth of the strains during

The methanol (final concentration,

the experiments. The experiments were repeated two
or three times.

6-2-4. Administration of Crude Phloro-
tannins to Mice hundred inbred
4-week-old ICR (Institute of Cancer Research) mice

Two

were obtained from Japan SLC (Shizuoka, Japan).
After they had been acclimatized for 1 week, they
were maintained throughout the study in a specific
pathogen-free environment with a temperature of 24+
2°C, a humidity of 60X15% and a 12 h light-dark
cycle. The mice were housed in aluminum cages, each
of which held 10 mice and they were provided with
the pellet diet CE-2 (CLEA Japan, Tokyo, Japan) ad
libitum. In Experiment 1, crude phlorotannins were
freely available. The mice were provided with the
phlorotannins in solution (5000, 2500, 1250, 625 or 0
mg/L in tap water) ad libitum in 200-mL plastic water
bottles. In Experiment 2, the crude phlorotannins were
After
administration of 1 mL of the phlorotannin solution
(5000, 2500, 1250, 625 or 0 mg/L in phosphate
buffered saline), the mice were allowed free access to

administered only  once. intragastric

food and tap water. Each group comprised 10 male
and 10 female mice. Body weights were recorded
every 2 or 3 days: the initial weights of the male and
female mice were 30.1=1.6 and 25.8%=1.4 g (mean=*
SD), The of the
phlorotannin solution was measured every day in

respectively. consumption
Experiment 1. The experiments continued for 14 days.
This study was approved by the Ethical Committee for
Animal Experiments, The Chemo-Sero-Therapeutic
Research Institute.



6-3. Results

6-3-1. Bactericidal Activity of Crude Phloro-
tannins The crude phlorotannins showed
bactericidal activity against all 35 strains tested:
S. aureus (MRSA) (MBCs, 100-200 mg/L), S.
aureus (MBC, 100 mg/L), S. pyogenes (MBC,
400 mg/L), B. cereus (MBCs, 200-400 mg/L),
C. fetus (MBC, 50 mg/L), C. jejuni (MBC, 50
mg/L), E. coli (MBCs, 200-400 mg/L), S.
(MBCs, 200-800 mg/L), S
typhimurium (MBC, 200 mg/L) and V.
parahaemolyticus (MBC, 200 mg/L). Overall,

Campylobacter spp. was

enteritidis

most susceptible
followed by S. aureus. There was considerable
variation in the MBCs among the different
strains of S. enteritidis. Of all the bacteria
tested, only two strains of Vibrio were killed
within 2 h at twice the MBC. The other bacteria
were largely unaffected by this concentration,

even at 4 h (data not shown).

6-3-2. Bactericidal Activity of Purified

Phlorotannins The MBCs of five purified
phlorotannins  (phloroglucinol, eckol, phloro-
fucofuroeckol A, dieckol and 8, 8&'-bieckol),

catechin and EGCG against six reference strains
and the clinical isolate of V. parahaemolyticus
(Table 6-1). For all the
polyphenols, the MBCs were lowest for C. jejuni

were determined

among the bacteria tested. The lowest MBCs
against C. jejuni and the other bacteria were, 0.03
and 0.13-0.54

umol/mL for both dieckol and 8,8'-bieckol; 0. 08 and
0.33-1.08 both  eckol  and
phlorofucofuroeckol A; and 0.03 and 0.44-1.75
umol/mL for EGCG, respectively. On the whole, the
bactericidal effects of eckol, phlorofucofuroeckol A,

pumol/mL  for

dieckol and 8, 8'-bieckol were more pronounced than
those of the catechins, although EGCG had a similar
MBC to both dieckol and 8,8-bieckol against C.
Jjejuni.

Like the
phlorotannins killed only V. parahaemolyticus within a
short time (Figure 6-1). At twice the MBCs, eckol,

crude phlorotannins, the purified

X
//
6 /
- X
0
5
0 2 4 24
Time (h)
Fig. 6-1.  Time-kill curve for V. parahaemolyticus
KRI1151 obtained using purified phlorotannins and
EGCG at twice the MBCs. X , without

phlorotannins; [, eckol; A, phlorofucofuroeckol
A; O, dieckol; A, 8.8-bieckol; @, EGCG.

Table 6-1. MBC:s of five purifieded phlorotannins, catechin and EGCG against seven strains of pathogenic bacteria.

MBC (pmol/mL)

Strain phloroglucinol  eckol phlorofucofuroeckol A dieckol  8,8-bieckol  catechin EGCG
Gram-positive bacteria

S. aureus ATCC 25923(MRSA) >6.35 0.54 0.33 0.13 0.13 >2.76 0.44
B. cereus ATCC 19637 >6.35 1.08 0.66 0.54 0.54 >2.76 >1.75
Gram-negative bacteria

C. jejuni CIP702 0.79 0.08 0.08 0.03 0.03 0.34 0.03
E. coli ATCC 25922 >6.35 0.54 0.66 0.27 0.27 >2.76 1.75
S. enieritidis S-48 >6.35 0.54 0.33 0.27 0.27 >2.76 1.75
S. typhimurium ATCC 14028 >6.35 0.54 0.33 0.27 0.27 >2.76 1.75
V. parahaemolvticus KR1151 >6.35 1.08 0.33 0.27 0.27 >2.76 0.44
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phlorofucofuroeckol A and dieckol all killed the
bacteria within 0.5 h, and 8, 8'-bieckol killed them
within 2 h; on the other hand, EGCG did not show any
bactericidal activity, and yet it inhibited the growth of
the bacteria within 4 h.

6-3-3. Administration of Crude Phloro-
tannins to Mice
daily intake of phlorotannins was 1500 mg/kg of

In Experiment 1, the maximum

initial body weight in males and 1286 mg/kg in
females. In Experiment 2, the maximum dose of
phlorotannins was 168.2 mg/kg in males and 193.7
mg/kg in females. Survival in all groups at the end of
14 days was 100% (Table 6-2). Moreover, no harmful
with  the
administration of crude phlorotannins, and the rate of

effects were observed even largest

weight gain in all groups was no less than that of the
controls. No signs or symptoms of disorders were
observed in any of the groups, in either experiment.

Table 6-2.

activity of brown algal phlorotannins against a range
of pathogenic bacteria. All the crude and purified
phlorotannins, with the exception of phloroglucinol,
showed bactericidal activity against all the strains
tested.

Several studies have found that catechins exhibit
stronger antibacterial effects on Gram-positive than on
Gram-negative bacteria (Ikigai ef al., 1993; Toda ef al.,
1990). However, in the present study, we could not
find any remarkable difference in susceptibility to
phlorotannins between Gram-positive and
Gram-negative bacteria. For example, Campylobacter
spp, which are Gram-negative, were the most sensitive
among the bacteria tested. Moreover, the species
of the effect of

phlorotannins may be smaller than that of EGCG

specificity bactericidal the
(Table 6-1). However, since the sample size (the
number and kinds of strains) was small, further
experiments may be necessary to confirm these

tendencies.

Effect of phlorotannins on weight gain in mice.

Concentration of crude

Intake of phlorotannins”

weight gain (%)

Experiment” Sex phlorotannins (mg/L) (mg/kg) Tdays 14days
Expt. 1 male (n=10) 5000 1500 116.941.1 127.1£2.9
2500 680 116.5+0.9 127.4+1.6
1250 347 115.0=0.7 125.541.1
625 170 115.0+1.4 124.7+1.5
control 0 117.3+0.6 128.7+1.1
female (n=10) 5000 1286 110.6+2.8 120.1%1.3
2500 619 107.3+0.9 117.0£1.6
1250 345 107.9+1.4 115.4+2.4
625 199 108.8+0.9 119.6£2.3
control 0 109.2+1.3 18.1+1.3
Expt. 2 male (n=10) 5000 168.2 115.6£1.0 126.6x1.4
2500 80.7 115.240.9 126.7+1.3
1250 423 118.9+1.8 130.1+1.8°
625 20.8 114.3%0.5 125.541.0
control 0 114.7+1.0 125.1£1.2
female (n=10) 5000 193.7 107.7+0.8 117.9+1.1
2500 92.0 106.1x0.9 115.8+2.0
1250 493 109.2+0.9 121.3+1.8
625 24.5 108.1+1.2 116.4+1.8
control 0 108.0+1.4 116.2+1.4

“In Experiment 1, the mice were provided with phlorotannins in solution ad libitum. In Experiment 2, the mice were
administered 1 mL with phlorotannin solution. "Daily intake of phlorotannins per initial weight in Experiment 1.
“Weight gain is shown as the mean£S.E. of 10 mice. dSignificantly different from control (P<0.05, Student's t-test).

6-4. Discussion Moreover, tests to determine whether or not mutants

This is the first study to demonstrate bactericidal resistant to the phlorotannins can be generated need to
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be performed in the future.

the killed V.
parahaemolyticus within 0.5-2 h when administered at
twice the MBCs (Fig. 6-1). The reason for this is
unclear, however, a similar effect of phlorotannins was

Interestingly, phlorotannins

found against other Vibrio spp., V. vulnificus, V.
cholerae and V. anguillarum (data not shown).

In this chapter, the MBCs of polyphenols are
expressed as umol/mL to allow a comparison of
activities per molecule (Table 6-1). The bactericidal
effects of phlorotannins tend to increase with
polymerization of phloroglucinol. This tendency is
different from the case of tea catechins, whose effects

are augmented with the addition of gallate-group.

Schulz ef al. (1992) suggested that the antimicrobial

activity of polyphenols may result from their

interaction with bacterial enzymes and proteins. Ikigai
et al. (1993) reported that catechins damage bacterial

cell membranes. Furthermore, strong interactions

between algal phlorotannins and proteins have been
reported by Stern et al. (1996) Although the mode of
the activity of phlorotannins is still obscure, the
interactions of phlorotannins with bacterial proteins
may play an important role in the bactericidal action
of phlorotannins.

E. kurome as well as Eisenia bicyclis is used as a
food product in some areas of Japan. Accordingly, it is
of interest to note that no harmful effects were
observed on oral administration of a large quantity of
phlorotannins in mice: 90.0 g/60 kg per day in males
and 64.3 g/50 kg per day in females, or a single dose
of 10.1 g/60 kg at in males and 9.7 g/50 kg in females.

The results obtained in the present study suggest
that phlorotannins have pronounced bactericidal

activity against pathogenic bacteria. Therefore
phlorotannins as well as E. kurome and E. bicyclis
may be useful as a food product or as a drug with

antibacterial activity.

6-5. Summary

The bactericidal activity of phlorotannins from
brown algae against food-borne pathogenic bacteria
(25 strains), MRSA (nine strains) and Streptococcus
pyogenes (one strain) was examined and compared
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with that of catechins. In addition, the effect of the
oral administration of phlorotannins on mice was
investigated.

of
phloroglucinol, were extracted from thalli of the

Phlorotannins, = which  are  oligomers

brown alga Ecklonia kurome and prepared by silicic
acid chromatography. The bactericidal activity of
polyphenols was determined using a broth
microdilution method.

Of the bacteria tested, Campylobacter spp. were the
most susceptible to the phlorotannins. MBCs of the
dieckol 8,8'-bieckol
(hexamers), and that of EGCG against C. jejuni were
50 mg/L, 0.03 pmol/mL and 0.03 pmol/mL,

respectively. On the whole, the bactericidal effects of

crude phlorotannins, and

the phlorotannins were more pronounced than those of
the catechins. The phlorotannins were as effective
against MRSA as against the other bacteria tested. At
twice the MBCs, all Vibrio parahaemolyticus were
killed within 0.5-2
concentration, catechins showed little bactericidal

h. However, at the same

activity within 4 h. No effect on mice was observed
with oral administration of the phlorotannins under the
conditions tested.



Chapter 7. Bactericidal Effect of
Phlorotannins on Vibrio spp.

7-1. Introduction

Vibrio spp. are ubiquitous within the marine
environment. Several of these are recognized as
human pathogens and are considered to be one of the
major causes of food-borne illnesses today (Pan et al.,
1997, Wallace et al., 1999; Ministry of Health and
Welfare 2000; Ministry of Health, Labor and Welfare
2001).
pathogen found on fish and seafoods. In Japan,
50-70%
infections

Vibrio parahaemolyticus is a halophilic
of the outbreaks of bacterial food-borne

are caused by V. parahaemolyticus
(Sakazaki et al., 1986). V. vulnificus is an emergent
and virulent human pathogen (Blake er al., 1979;
Tacket ef al., 1984), and the bacteria is a well-known
cause of septicemia, especially in patients with liver
disease (Tacket et al., 1984; Morris, 1988). In addition
to food-borne illnesses, wound infections can result
from the handling of shrimp (Hoffmann ef al., 1988;
Chuang et al., 1989). To help prevent infections with
Vibrio spp., numerous investigations have focused on
their inhibition. Kaspar ef al. (1993) and Motes ef al.
(1998) reported the influence of water temperature and
salinity on the growth and survival of V. vulnificus in
seawater. Toda ef al. (1989, 1991) reported significant
|4

parahaemolyticus and/or V. cholerae O1. On the other

antibacterial activity of tea extracts against
hand, in the previous chapter, the author described
how V. parahaemolyticus is sensitive to phlorotannins
from the brown alga Ecklonia kurome, and how it was
killed within 0.5-2 h at twice the MBC (described in
Chapter 6; Nagayama et al., 2002). However to date,
no reports have described the antibacterial effect of
catechins or phlorotannins on V. vulnificus.

fish,
transported while still alive. Ozone, ultraviolet (UV)

Some shrimp, crab and shellfish are
rays, and/or artificial seawater are sometimes used to
kill or inhibit the multiplication of pathogenic or
spoilage bacteria in seawater during the preservation
or transportation of fishes. However ozone is
foul-smelling, while UV rays and artificial seawater
are not able to kill bacteria on the surface of the fish.
Moreover, such equipment is expensive.

In the present study, the antibacterial activity of
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V.

vulnificus and V. cholerae was investigated at various

phlorotannins  against V. parahaemolyticus,
temperatures. Furthermore, the application of the
activity of phlorotannins to live fish and shrimp was

investigated with regard to the practical use of

phlorotannins  during  their  preservation  or
transportation.

7-2. Materials and Methods

7-2-1.  Bacterial Strains and Growth

Conditions for Preincubation Vibrio parahae-
molyticus (4 strains), Vibrio vulnificus, and Vibrio
cholerae (non-O1), used in the present study were
held The
Sero-Therapeutic Research Institute,

Chemo-
The
bacteria were cultured aerobically without shaking in
10 mL of brain heart infusion (BHI) broth from Nissui,
Japan, at 37°C for 18 h. 2.5 % NaCl was added to the

medium

clinical  isolates within

Japan.

used for V. parahaemolyticus and V.

vulnificus.

7-2-2. Preparation of Crude Phlorotannins
The brown alga Eckionia kurome Okamura was
collected from an undersea alga forest near Tsuji
Island, Kumamoto, Japan in July 2000. Preparation of
phlorotannins from the alga was performed as
previously described (Nagayama et al, 2002). The
yield of phlorotannins was about 3% of the algal
powder (moisture ca. 10%). The phlorotannins were
(2%), eckol (9%),
A (28%), dieckol (24%),
and others (30%); this was
using

composed of phloroglucinol
phlorofucofuroeckol
8,8’-biekcol (7%),
determined by high-performance liquid
chromatography (Inertsil ODS column, 6 X 150 mm,
GL Science Co., Tokyo, Japan) as described in

Chapter 5.

7-2-3. Determination of the Bactericidal
Effect on Vibrio in PBS The Vibrio culture
was sedimented by centrifugation (8,000 rpm X 5 min),
washed with phosphate buffered saline (PBS, Nissui),
then resuspended in PBS to give a concentration of
10*-10* cells/mL. 2.1% NaCl was added to the PBS
for V. parahaemolyticus and V. vulnificus. The MBC of
the phlorotannins, that is the lowest concentration
which is capable of killing 99.9% of the initial



inoculum within 24 h, was determined. All tests were
performed in PBS for V. cholerae or 2.1% NaCl-added
PBS for V. parahaemolyticus and V. vulnificus in
24-well microtitre plates. All cultured cells were
suspended in PBS or 2.1% NaCl-added PBS to give a
concentration of 10°-10% cells/mL, and 1 mL of the
The
concentration of each inoculum was confirmed using

samples was pipetted into each well
viable counts on BHI agar (BHIA) plates for bacteria.
2.5% NaCl was added to the BHIA used for V
parahaemolyticus and V. vulnificus. Positive growth
The

phlorotannins were dissolved in 70% ethanol, and 20

controls were incubated in every test.
pb of the solution were added to the well, and
incubated with shaking (60 rev min™") aerobically at
4°C, 25°C or 37°C for 24 h. To determine the MBCs,
20-200 pL of the culture were removed from each well
at various time points, and incubated in BHIA. After
aerobic incubation at 37°C for 24 h, the colonies were
enumerated. 2.5% NaCl was added to the medium
used for V. parahaemolyticus and V. vulnificus. The
ethanol (final concentration, 1.4%) in the medium, did
not affect the growth of the strains during the

experiments.

7-2-4. Determination of the Bactericidal
Effect on V. vulnificus Adhering to the Body
of Tiger Shrimp  Tiger shrimp Penaeus japonicus,
26.2 + 2.1 (mean = SD) g were purchased from a local
mariculturist. The shrimp were contaminated by being
dipped into a diluted culture of V vulnificus (3 % 10°
CFU/mL) for 10 Then, the shrimp were
to filtered the
phlorotannins (0, 100 or 400 mg/L) and removed after

min.
transferred seawater containing
5 min. The water temperature was kept at 25°C for
this test, and dissolved oxygen was enhanced by air
bubblers. The shrimp were subsequently packed into a
paper box with sawdust and kept at 15°C. At 1, 24 and
48 h after being packed into the box, the surface of the
body of the shrimp (n=3) was wiped with a piece of
sterilized gauze soaked in 2.1% NaCl-added PBS and
a piece of dry sterilized gauze, successively. To
determine the bactericidal effect of phlorotannins,
these pieces of gauze were washed in 20 mL PBS with

2.1% NaCl, and 50-1,000 pl. of the sample were
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incubated in thiosulfate citrate bile saccharose (TCBS)
agar (Nissui). After aerobic incubation at 37°C for 24
h, the dark-green colonies were counted.

All the shrimp used in this experiment were free
from any visible disease before the test. Few colonies
were detected in the seawater or on the shrimp in the
pilot study with TCBS agar.

7-2-5. Determination of the Bactericidal
Effect on V. parahaemolyticus Adhering to
the Body of Red Sea Bream
Pagrus major, 21.6 £ 5.1 (mean = SD) g were kindly

Red sea bream

provided by the Kumamoto Prefectural Farming
The fish
contaminated by being dipped into a diluted culture of
V. parahaemolyticus (5% 10 CFU/mL) for 15 min.
Then, 25 fish were transferred into separate containers
with 25 L filtered containing
phlorotannins (0, 25, 50 or 75 mg/L). The water
temperature was kept at 25°C for this test, and

Fisheries Association in Japan. were

seawater the

dissolved oxygen was enhanced by air bubblers, At 3,
6, 12 and 24 h after the transfer of the fish, the surface
of the body of the fish (n=5) was wiped with a piece of
sterilized gauze soaked in 2.1% NaCl-added PBS and
a piece of dry sterilized gauze, successively. To
determine the bactericidal effect of phlorotannins,
these pieces of gauze were washed in 20 ml PBS with
2.1% NaCl, and 50-1,000 pL of the sample were
incubated in TCBS agar (Nissui). After aerobic
incubation at 37°C for 24 h, the dark-green colonies
were counted.

All the fish used in this experiment were free from
any visible disease before the test. Few colonies were
detected in the seawater or on the fish in the pilot
study with TCBS agar.

7-3. Results

7-3-1. Bactericidal Effect on Vibrio in PBS
The bactericidal effect of phlorotannins on 3 species
of Vibrio at various temperatures is shown in Fig. 7-1.
Overall, all the strains were most susceptible at 37°C
and most resistant at 4°C. The MBCs of the
phlorotannins against V. parahaemolyticus KR1151 at
4,25 and 37°C were more than 100, 100 and 25 mg/L,
respectively. 100 mg/L of phlorotannins killed more
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Fig. 7-1. Time-kill curve for V. parahaemolyticus KR1151, V. vulnificus KR061759, and V. cholerae
KR080023 at 4, 25 and 37°C. O, without phlorotannins; X, 6.25 mg/L; A, 12.5 mg/L; A, 25

mg/L; 1, 50 mg/L; M, 100 mg/L phlorotannins.

than 99.9% of the bacteria within 3 h at 37°C and
within 12 h at 25°C, but did not show any bactericidal
effect within 24 h at 4°C. The bactericidal effect on the
other 3 strains of ¥V parahaemolyticus (KR1109,
KR1613, and KR1645) was approximately the same as
that on V. parahaemolyticus KR1151 (data not shown).
On the other hand, the MBC of the phlorotannins
against V. vulnificus KR0O61759 at the 3 temperatures
was 12.5 mg/L. Moreover, 25 mg/L of phlorotannins
killed more than 99.9% of the bacteria within 3 h at
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37 °C and within 6 h at 25°C. As in the case of V/

vulnificus, the phlorotannins showed the same MBC
(50 mg/L) at all 3 temperatures against V. cholerae
KRO80023. Moreover, 100 mg/L of phlorotannins
killed more than 99.9% of the bacteria within 3 h at
37°C, within 6 h at 25°C, and within 12 h at 4°C. The
bactericidal effect of the phlorotannins in a short time
on the strain (V. vulnificus
KRO61759) was investigated (Fig. 7-2). 800 mg/L of
phlorotannins killed all the bacteria within 0.5 h, while

most  susceptible



400 mg/L and 200 mg/L killed all within 1 h, and 100
mg/L killed all within 2 h at 37°C.
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Fig. 7-2. Time-kill curve for V. vulnificus

KR061759 at 37°C. O, without phlorotannins; A,
12.5 mg/L; A, 25 mg/L; [, 50 mg/L; W, 100
mg/L; -+, 200 mg/L; X,400 mg/L; @, 800 mg/L
phlorotannins.

7-3-2. Bactericidal Effect on V. vulnificus
Adhering to the Body of Tiger Shrimp The
bactericidal effect of phlorotannins on V. vulnificus
KR061759 attached to the surface of tiger shrimp
is shown in Fig. 7-3. Over 99% of the bacteria on
the surface of the body of the shrimp was killed
within 1 h after 5-min exposure to the phloro-
tannins (400 mg/L), however the phlorotannins
little effect the
concentration of 100 mg/L. By 24 h after the 5-min

showed bactericidal at
exposure, the number of the bacteria had decreased
in the control group, however 2.6 X 10° CFU of
bacteria per shrimp was detected. On the other
hand, no colonies were detected on the surface of
the shrimp that were exposed to the phlorotannins

(400 mg/L).

7-3-3.  Bactericidal  Effect on V.
parahaemolyticus Adhering to the Body of
Red Sea Bream  The bactericidal effect of
phlorotannins KR1151
attached to the surface of the body of red sea bream is

on V. parahaemolyticus

shown in Fig. 7-4. After transfer of the fish to the

104

6
Q.
E 4
ﬁ -0
2 X
(6]
27
0 X !
0 1 2
Time (d)

Fig. 7-3. Bactericidal effect of phlorotannins on ¥
vulnificus KR061759 adhering to the surface of
tiger shrimp. O, without phlorotannins; M, 100
mg/L; X, 400 mg/L phlorotannins.
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Fig. 7-4. Bactericidal effect of phlorotannins on

V. parahaemolyticus KR1151 adhering to the surface
of red sea bream. O, without phlorotannins; WM,

25 mg/L; X,50mg/L; A, 75 mg/L phlorotannins

seawater with or without phlorotannins, some of the
bacteria on the surface of the fish left the fish and
moved into the water. Therefore, in all groups, the
number of bacteria on the surface of the fish at 3h was
less than that at 0 h. However the bacteria at a
phlorotannin concentration of 0 mg/L began to
multiply after 3 h. At the concentration of 75 mg/L,
bacteria were not detected on the surface of the fish



within 6 h. At 50 and 25 mg/L, the number of detected
bacteria was less than 1% that of the control after 12 h.
Namely, the phlorotannins showed a bactericidal effect
at 75 and 50 mg/L and an antibacterial effect at 25
mg/L.

7-4. Discussion

This is the first study to demonstrate the bactericidal
activity of phlorotannins against V. vulnificus and V.
cholerae. As in the case of V. parahaemolyticus
(Nagayama et al., 2002) phlorotannins killed these
Vibrio strains within a short time. The activity was
more pronounced at a high temperature than at a low
temperature (Fig. 7-1). Although the reason for this is
unclear, this result would seem to suggest that it is
preferable to use phlorotannins with bactericidal
activity against Vibrio at a higher temperature. On the
other hand, the MBC of phlorotannins against V.
parahaemolyticus in PBS was lower than that in the
medium used in the experiment in Chapter 6
(Nagayama et al., 2002). The reason for this difference
may be that strong interactions between phlorotannins
and proteins present in the medium results in a
reduction in phlorotannins (Stern et al., 1996).

Many researchers have published reports about
controlling V. parahaemolyticus, V. vuinificus and/or V.
cholerae, and some of them have described the
applications of their data. Koo et al. (2000) reported
the acid sensitivity of V. vulnificus, and described the
applications of their data to clarify the survival of V.
the
gastrointestinal tract. Toda er al. (1992) investigated

vulnificus in acid-containing foods and in
the protective activity of catechins against V. cholerae
O1 using mice and rabbits, and suggested the
possibility that catechins demonstrate oral therapeutic
|4

application studies have demonstrated the ability of

activity against cholerae  Ol. However, no
natural antibacterial substances to reduce the number
of Vibrio bacteria on the surface of live fish.
In the present study, the applications of the
of
of

phlorotannins for only 5 minutes accelerated the

bactericidal  activity phlorotannins ~ were

investigated.  Exposure tiger shrimp to

decrease in the number of ¥ vulnificus adhering to the
body of the shrimp. Even though the 5-min exposure
of shrimp to phlorotannins may not be completely
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effective on Vibrio (e.g. in the alimentary canal of the
shrimp), the exposure of shrimp to phlorotannins may
be effective for decreasing the risk of food-borne
infections of Vibrio and in particular, the wounding
infections of V. vulnificus. On the other hand, 3-12-h
exposures of red sea bream to phlorotannins (25-75
mg/L) showed either a bactericidal or an antibacterial
effect on V. parahaemolyticus on the surface of the
body of red sea bream. These results suggest that
phlorotannins may be useful since they have an
antibacterial effect, thereby killing harmful Vibrio or
inhibiting the multiplication of bacteria adhering to the
body of fish or shrimp during their preservation or
transportation.

7-5. Summary
The bactericidal effect of phlorotannins from the
Ecklonia Vibrio

parahaemolyticus, V. vulnificus and V. cholerae was

brown  alga kurome  on
examined. All the strains were most susceptible at
37°C and most resistant at 4°C under the conditions
tested. The MBCs of the phlorotannins against ¥
parahaemolyticus at 4, 25 and 37°C were more than
100, 100 and 25 mg/L, respectively. 100 mg/L of
phlorotannins killed more than 99.9% of the bacteria
within 3 h at 37°C. The MBC of the phlorotannins
against V. vulnificus at the 3 temperatures was 12.5
mg/L. However, 25 mg/L of phlorotannins killed more
than 99.9% of the bacteria within 3 h only at the
condition of 37°C. As in the case of V. vulnificus, the
phlorotannins showed the same MBC (50 mg/L) at all
3 temperatures against ¥ cholerae. However, 100
mg/L of phlorotannins killed more than 99.9% of the
bacteria within 3 h only at 37°C. With 5-min exposure
to the phlorotannins (400 mg/L), over 99% of the ¥
vulnificus adhering to the surface of the body of the
tiger shrimp was killed within 1 h and no colonies
were detected within 24 h. At a phlorotannin
concentration of 75 mg/L, V. parahaemolyticus was
not detected on the surface of the body of red sea
bream within 6 h. At 50 and 25 mg/L, the number of
detected bacteria was less than 1% of that of the
control after 12 h.



Chapter 8. General Discussion

In this thesis, the author described the development
of a method to detect antioxidative substances, and
then identified the detected substances in algae.
Moreover, the author investigated the antimicrobial
of harmful

microorganisms.

activity these substances against

In Chapter 2, the author described the development
of a new method to specifically detect antioxidative
substances, using a combination of TLC followed by
the subsequent bleaching of sprayed pigments by UV
irradiation. The method is not only rapid and simple,
but also sensitive. Less than one pg of antioxidative
substances is detectable with this method. Using this
method, the authors detected remarkable amounts of
antioxidative substances in the extracted lipids of the
brown alga, Ishige okamurae.

In Chapter 3, the author identified the antioxidative
substances which had been detected
2

Moreover, the contents of o, B, ¥ and d—tocopherols in

in Ishige
okamurae in Chapter as being tocopherols.
1. okamurae and twenty-three other algae were
quantitively determined. Of all the algae examined,
higher amounts of tocopherols were found in [
okamurae. These were five to six times higher than the
amount of tocopherols in H. fusiformis, hitherto
known as the alga with the highest content of
tocopherols (Kanematsu et al., 1983; Miyashita et al.,
1987). The author also detected some antioxidative
substances in methanol extracts from the brown alga F.
bicyclis.

In Chapter 4, the author isolated and identified
phlorotannins from the brown alga E. bicyclis as being
The

phloroglucinol and its oligomers: eckol (trimer),

antioxidants. identified phlorotannins were
phlorofucofuroeckol A (pentamer,), dieckol (hexamer)
and 8,8’-biekcol (hexamer).

In Chapter 5, the author showed that phlorotannins,
especially phlorofucofuroeckol A, a pentamer of
phloroglucinol, from E. kurome are very effective at
killing or inhibiting the swimming of fish-killing
dinoflagellates. Similarly, the author confirmed that
phlorotannins are effective at inhibiting the swimming

of Heterocapsa circularisquama, which is known as a
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novel shellfish-killing dinoflagellate. After losing its
motility, at 50 mg/L phlorotannins H. circularisquama
became a temporary cyst. It was then consumed and
digested by the pearl oyster (Pinctada martensii). In
addition, most of the cells of Gymnodinium catenatum
and Alexiandorium catenella, shellfish-poisoning
dinoflagellates, changed to immotile cells within 0.5 h
at 50 mg/L and 100 mg/L phlorotannins, respectively
(data not shown). These results suggest that the
algicidal effect of phlorotannins may be useful for
protecting not only finfish, but also shellfish, from the
harmful effects of algal bloom near nurseries. In
addition, the algicidal effect may be useful for
preventing shellfish-poisoning.

Chapter 6, that

phlorotannins showed bactericidal activity against a

In the author demonstrated
range of pathogenic bacteria, and noted that no
effects

administration of a large quantity of phlorotannins in

harmful were  observed upon  oral
mice. Of all the bacteria tested, only two strains of
Vibrio were killed within 2 h at twice the MBC. The
other bacteria were scarcely affected by this
concentration, even at 4 h. Therefore, subsequent
experiments regarding the bactericidal activity of
phlorotannins against 3 species of Vibrio were carried
out in Chapter 7.

Chapter 7, the that ¥

parahaemolyticus, V. vulnificus and V. cholerae were

In author showed
most susceptible at 37°C and most resistant at 4°C.
Most of the V. vulnificus on the surface of the body of
tiger shrimp was killed within 1 h after 5-min
exposure to the phlorotannins (400 mg/L). Moreover
3-12-h exposures of red sea bream to phlorotannins
(25-75 mg/L) showed either a bactericidal or an
antibacterial effect on V. parahaemolyticus on the
surface of the body of red sea bream. These data
suggest that phlorotannins may be effective for killing
V. vulnificus and V. parahaemolyticus and for
inhibiting the multiplication of these bacteria adhering
to the body of fish or shrimp during their preservation
or transportation.

In this research, the author has described some of
the useful physiological activities of phlorotannins;
antioxidant, algicidal and bactericidal activities.
Moreover the author has confirmed that phlorotannins

show antiviral activity against 19 species of harmful



virus (data not shown). However, with regard to the
practical use of phlorotannins, some problems still
need to be solved. Nevertheless, the author expects
this study about phlorotannins from brown algae to
contribute towards the utilization of some species of
brown algae as a source of phlorotannins.
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