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1.1.

1-1

1878

Francis, 1878 1900

Falconer et al., 1983; WHO, 1984; Carmaichael et al., 1985;
Palmstrom et al., 1988; Turner et al., 1990; Kotak et al., 1995 1996 4
Microcystis
microcystin-LR
55
Dunn, 1996; Jochimsen €t al., 1998

microcystin

Stotts et al., 1993



microcystin

Falconer and Buckley, 1989; Falconer, 1991; Runnegar et al., 1991

microcystin

-0 TNF-a Robinson €t al.,
1991 microcystin LR LDsg, 50
pg kg RR 660 pg kg microcystin Sttotts et al.,
1993  microcystin

1
microcystin microcystin
1980

Watanabe et al., 1980

Microcystis aeruginosa

1986
M. viridis M. aeruginosa M. wesenbergii
Watanabe et al., 1986 1993
20 Anabaena 9
Microcystis Oscillatoria Aphanizomenon Anabaenopsis
Phormidium Anabaena
Microcystis

Park et al., 1993; Watanabe and Harada, 1993; Tsuji et al., 1996; Alam et al.,

2001; Wei et al., 2001

microcystin nodularin
anatoxin-a anatoxin-a(s) cylindrospermopsin

saxitoxin (Namikoshi
etal., 1996) 1-1 microcystin

microcystin



microcystin-LR

59

COD

40%

WHO

1984

microcystin

1994

microcystin

10

COD

BOD COD
1-3

microcystin

WHO, 1998

60

1-2



A

1998

7 29
Microcystis sp.
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1.2.

1.2.1. microcystin

Microcystis Anabaena Oscilatoria

microcystin Krishnamurthy et al., 1986, 1989; Harada et al., 1991; Carmichael et al., 1992;

Rinehart et al., 1994 7

cyclo(D-Ala-L-X-erythro-f-methyl-D-isoAsp-L-Z-Adda-D-isoGlu-N-methyldehydro-Ala)

3 D- Ala

B-MeAsp

N- Mdha 20

2,6,8-trimethyl-10-phenyldeca- 4,6-dienoic acid 5
et al., 1988 X Z L-
60 microcystin
Rinehart et al., 1994; Sivonen, 1996
Arg X

Arg Tyr LR RR YR 3

B- Adda
Noduraria spumigena
microcystin

microcystin

1.2.2. microcystin

D- Glu D-B-

Adda 3-amino-9-methoxy-

Carmichael

Harada et al., 1990;
Z
Leu

1-4  microcystin

nodularin 1-1

— microcystin
Moore etal. 1991 microcystin-LR M.aeruginosa PCC7820
microcystin
Adda 4 L-
D-Glu L-Glu B -Me-Asp  L-Glu
Arg L-Glu



cyclosporine S

gramicidin S tyrocidin surfactin

nonribosomal peptide synthetases, NRPS (Kleinkauf and Dohren, 1996)

microcystin
50
NRPS Neilan et al., 1999; Dittmann et al., 2001
NRPS thio-template
mechanism Aerment and
Carmichael, 1996 NRPS 100 1,700 kDa Marahiel et al.,
1997 aminoacyl adeylation (A),

condensation (C), aminotransferase (AMT), racemase (RC), N-methyltransferase (NM),

epimerization (Ep), thioesterase (TE) 1-6
— microcystin
(-CHz-)n
erythromycin

(Katz, 1997)
Cane and
Walsh, 1999 polyketide synthases, PKS NRPS
PKS
B-ketoacyl synthase (KS), acyltransferase (AT), acyl
carrier protein (ACP), ketoacyl reductase (KR), dehydratase (DH), C-methyltransferase (CM),

O-methyltrasferase (OM) 1-6
microcystin — microcystin mcy 51 kbp 1-5
2 mcyABC
microcystin-LR Mdha-Ala-Leu-MeAsp-Arg
microcystin 7 Adda
(-CHz-)n mcyDEFG 1 PKS
mcyD 2 NRPS/PKS mcyE mcyG 1



mcyF

microcystin mcyDEFG
microcystin Adda
1.2.3. microcystin

microcystin pH
microcystin
1-2 20
30 microcystin
pH 9 10
pH 7.0 microcystin
pH
microcystin

Microcystis microcystin



microcystin-LR L-Leu L-Arg

microcystin-RR L-Arg L-Arg

microcystin-YR L-Tyr L-Arg

1-4 microcystin
1994
il 8 16 24 12 40 48 6 Bdkh
_| | [I. |
dnal mids ok iyl micy A meyH s Usig —4
amcyl-g
1-5 microcystin mcyABC mcyDEFGHIJ

Tillett et al., 2000

10
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microcystin

20 Microcystis aeruginosa UV006 Van der Westhuizen and Eloff (1985)
20-25 Oscillatoria agardii 97 Sivonen et al. (1990)
15-25 Oscillatoria agardii CYA128 Sivonen et al. (1990)
25 Microcystisviridis Song et al. (1998)
pH 7.0 Microcystisviridis Song et al. (1998)
15-30 Oscillatoria agardii 97 Sivonen et al. (1990)
12-24 Oscillatoria agardii CYA128 Sivonen et al. (1990)
Em2sl 40 Microcystis aeruginosa Utkilen and Gjoleme (1992)
H 15 Microcystis viridis Song et al. (1998)
68-400( ) Microcystis aeruginosa PCC7806 Kaebernick et al. (2000)
Microcystis aeruginosa MASHO1-A19 Orr and Jones (1998)
Anabaena flos-aquae UTEX 1444 Kearns and Hunter (2000)
Fe®* Microcystis aeruginosa CYA228 Utkilen and Gjoleme (1995)
Microcystis aeruginosa Kotak et al. (2000)
N/P 16 Microcystis aeruginosa UTEX2388 Lee et al. (2000)
Microcystis aeruginosa MASHO1-A19 Orr and Jones (1998)
NO3s-N Microcystis aeruginosa MASHO1-A19 Long et al. (2001)
Microcystis spp. GL260735, GL060916 ~ Vezil et al. (2002)
POLP Microcystis aeruginosa UTEX2388 Oh et al. (2000)
-

Microcystis spp. GL260735, GL060916

Vezie et al. (2002)

12



1.2.4.

Microcystis

microcystin

Microcystis
microcystin

microcystin

Microcystis

1.3.
1
2

microcystin

microcystin

4

microcystin

ATP

microcystin

microcystin

microcystin

microcystin

microcystin

13

microcystin

microcystin

microcystin

Microcystis

Microcystis viridis NIES-102

microcystin

M.viridis

microcystin



5

microcystin

6
microcystin
mcy
microcystin

G2

microcystin

mcy

14

M.viridis
microcystin -~ G0/G1 S G2/M

S G2/M microcystin
S
mcy S G2
microcystin

CDK1



2 microcystin

2.1.
1 Microcystis
microcystin
microcystin
microcystin
microcystin microcystin
microcystin
2.2.
1998
6
7 26 8 8 8
8 9 8 9 8
8 6
10
30 cm 0 24 chlorophyll
a (ugI'") Microcystis sp (cells ml™) 3 microcystin-LR -RR
YR (ugl)
microcystin Harada et al. 1988
2-1 microcystin
Total-MC
microcystin Extra-MC GF/C Whatman Ltd.
2
microcystin 30

15



GF/C

Sep-pak C18 ODS Waters Co.
15 ml
20 2
microcystin
HPLC 0.05M
ml HPLC
Waters Sep-pak C18 ODS
HPLC(shimadzu Co.) microcystin
40 4.8 mm 15 cm
Inc. HPLC
Extra-MC Total-MC
microcystin Intra-MC Microcystis sp.
Con-MC Intra-MC  Microcystis sp.
microcystin 60

microcystin-RR  -YR -LR 3

microcystin-LR, -RR, -YR  Wako Co.

/

16

Cosmosil 5C18 ODS

Extra-MC

microcystin
5mlmin’  microcystin
2 S ml
5ml 999
pH 3.0
GF/C
238 nm 1 ml min™

Nacalai tesque

1ugl! RSD 5%
Total-MC
microcystin
cells 1"
3 microcystin

LC/MS, Hitach Co.



S TILRIR
BERATRA l

5%EFER A &
l GFICT4LE3—T5iB
307 EIIRESRIE

GF/ICT4)L3—T%i8

5;’I§ A&
l FiE 5 ml min!
Sep-pak C18 ODSH—r) v IZEE

HBHIK15 mITiE% x 2
20%A%/—)L5 mITHE% % 2
99.9%*4/—)L5 mITiaH

v
microcystinia &
AL (#1304 7)

v

microcystin
1ml HPLCH+!)7—
(pH3 U Bbuffer: A2/—JL=1:1)

microcystinia &

HPLCTH#

Total-MC  Extra-MC

2-1 microcystin

17



2.3.
2.3.1. microcystin
6 Microcystis
3 microcystin LR RR YR

22 3
Total-MC 2,880 pg 1" 726 pg 1" 685 g 1"
150 pg 1! 20.7 pug I 2.88 ug I
6 M.aeruginosa
5 3 microcystin
3 microcystin
YR LR
RR 2-3
M.aeruginosa Con-MC
M.aeruginosa microcystin
RR YR
Con-MC 2-3 5
M.aeruginosa M.wesenbergii
Microcystis microcystin
M.aeruginosa  M.viridis M.wesenbergii
M.ichthyablabe microcystin (Watanabe et
al., 1988; Neilan et al., 1997; Otsuka et al., 1999) M.wesenbergii
microcystin M.aeruginosa  microcystin

2.3.2. microcystin

microcystin Microcystis

18



microcystin

microcystins 2-4-A Microcystis
chlorophyll a Microcystis 7
8 1x10° cells m
M.aeruginosa Microcystis
6 10 chlorophyll a 50pg ! chlorophyll a
Oscillatoria
Total-MC 7 3
microcystins 3,000 pg I 8 Total-MC
9 2-4-B Con-MC Microcystis
Total-MC 7
7 2-4-C microcystins
Intra-MC  Extra-MC 2-4-D 7
microcystins
2-4-C 2-4-D
microcystin 8 9
microcystin
Microcystis chlorophyll a 2-5-A
6 Microcystis
9
Anabaena Oscillatoria microcystins
microcystin
Anabaena Oscillatoria microcystins
7 3
Total-MC 8 2-5-
microcystins
Con-MC Total-MC

19

-1



2-5-C Con-MC microcystins

10 2-5-D
3 microcystins M.aeruginosa
microcystins
6 5 M.aeruginosa
Con-MC
microcystins 3 microcystins
M.aeruginosa YR
M.aeruginosa 2
Longetal. 2001
microcystin
microcystins Leeetal. 2000
microcystin
microcystins
microcystins
6
Conc-MC Watanabe et al. 1989 Kaya and Watanabe 1990
microcystins
microcystins
microcystins
Extra-MC
microcystin Con-MC

20



microcystin
Saito et al., 2003 microcystin

Jones €t al., 1994; Bourne €t al.,

1996 microcystins
microcystin
microcystins
microcystin
microcystins microcystins
Microcystis microcystins
microcystins
microcystins
microcystin
microcystins
microcystin
microcystin

21
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Total-MC (ug 1)
=)

Chl. a(ug 1)

Microcystis (cells ml!)
=
2
1
S

108 3 103 20
106 T , [

3 102 [
102 [

0 f f f 0 0
Jun Jul. Aug Sep Oct Jun Jul  Aug Sep Oct
Months A Months B
100 100
Q 2 50 |
S
I 0 i I I I
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C Months D
2-5 Microcystis sp. chlorophyll a A
microcystin Total-MC B microcystin Con-MC C
microcystin Intra-MC Extra-MC D
A e Microcystis sp. cels mI™ o chlorophyll a ug I’
B o LR O RR YR ug I
C o LR O RR YR fg cell™
D e o %
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2.4.

microcystin
1) 6 5
2) 5

3) M.aeruginosa

4)

5) 7 8

Microcystis
M.aeruginosa
3 microcystins
RR LR YR
2
microcystins
microcystins

25

microcystins



3 M.viridis microcystin

3.1
microcystin
Microcystis sp.
microcystin microcystin
microcystin 7 8

microcystin Microcystis

sp. microcystin microcystin
microcystin 1
microcystin
1988 microcystin

microcystin

microcystin

26



microcystin
microcystin
Microcystis sp.
microcystin
microcystin

microcystin Microcystis sp. microcystin

3.2.
3.2.1.

Microcystis viridis NIE-102

LR RR YR microcystin

3.2.2.
12L I0L M-11 Yagietal., 1986 NaNO; (100 mg), K,HPO, (10
mg), MgS0, 7H,0 (75 mg), CaCl, 2H,O (40 mg), Na,CO; (30 mg), FeSO, 7H,O (1.0 mg),

Na,EDTA 2H,0 (1.0 mg), distilled water (1 L), pH 8.0 121 40
500 ml Erlenmyer flask M.viridis NIES-102
100 ml 30+ 0.5 4,000 Lx 54 pmol photons
m” sec” 250 ml min™ 15
24 microcystin
48 20
microcystin 2
microcystin Total-MC
microcystin Extra-MC Total-MC Extra-MC

27



microcystin Intra-MC Microcystis sp.
microcystin Con-MC Intra-MC  Microcystis sp.
3.2.3.
6 L SL M-Il 30+0.5
54 umol photons m™ sec™ 250 ml min™
0.2 day’ 0.2 day’
min™ M-11
NaNO; 0 M-11 14
M-11
3-
microcystin 4000x g 4
20 5%
3 microcystin 2
Intra-MC Microcystis sp.
Con-MC Intra-MC  Microcystis sp. cells I

28

cells 1!

4,000 Lx

0.7ml

microcystin
microcystin

microcystin



medium

o f7
(@]
B sterilization filter blower
»sampling

i #:J%] / : —Pover flow

white fluorescent lamp

stirrer I/

29



3.3.

3.3.1.
15 3-2
yit)=K/(1+C")
y = M.viridis cells ml™!
t= day
K,Cr=
M.viridis R =0.994
8.32x 10° 85.0 0.507 M.viridis 12
Total-MC 3 microcystin 8
microcystin
Extra-MC 3 microcystin 4
6 Total-MC
3 microcystin  Extra-MC 20% 10
YR Extra-MC 30 40 RR Extra-MC
2 microcystin 3-2
microcystin
microcystin
3 microcystin
RR LR YR
Intra-MC microcystin-RR

30

M.viridis

K,Cr

0.19day™

10

LR
10%

microcystin

12



LR YR 10 3
microcystin
RR LR YR RR YR LR 53 20 27
YR LR
RR YR LR RR YR LR 53 26 21
3-3 microcystin
microcystin
microcystin 3-4 3
microcystin RR 4 YR LR 2
M.viridis
microcystin 1/7
3.3.2.
NO;s-N 3-5
40 10 14
4
5
6
3-6-A Intra-MC
3 microcystin
6 Intra-MC
17
microcystin LR 7.6fg RR
19.6 fg YR 59 fg  M.viridis microcystin

31



microcystin

microcystin

microcystin

12

3-6-C

microcystin

Con-MC

32

microcystin

microcystin

microcystin

32

LR

3
RR
microcystin
microcystin



107 ¢ 150
100
106 :

50

Cell concentration (cells ml'!)

microcystins concentration (ug ')

105 0
Time (days)
3-2 M.viridis Total-MC Extra-MC
—e —M.viridis
---e -—-Total-MC LR --- A---Total-MC RR ---m ---Total-MC YR
---0 -—-Extra-MC LR --- -—--Extra-MC RR -0 ---Extra-MC YR

107 150
E
E 100 =
g ] 2
s 106 @)
E >
§ 50 E
5
@) ]
105 0
Time (days)
3-3 Intra-MC
—eo —M.viridis
---0 ---Intra-MC LR --- - Intra-MC RR ---0 --- Intra-MC YR
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103
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days

Con-MC B

Intra-MC A

microcystin

3-6

35



3.4.

microcystin

1) microcystin

2) microcystin

3) microcystin

36

M.viridis

microcystin

microcystin



4 M.viridis  microcystin
4.1.
2 microcystin
Microcystis microcystin
microcystin
microcystin
Microcystis

M.viridis M.aeruginosa M.wesenbergii M.ichthyyoblabe M.novacekii

microcystin
2 M.aeruginosa
M.aeruginosa M.wesenbergii

microcystin

Microcystis microcystin

microcystin 7
LR 9 RR
microcystin

ATP

Microcystis

microcystin

37

pH

12 YR 9
thio-template

microcystin



microcystin microcystin

microcystin
0 2.0mgl"
0 02mgl’ , 1982-1996
Microcystisviridis  microcystin
4.2.
4.2.1.
Microcystis viridis NIE-102
LR RR YR microcystin
4.2.2.
1L M-11 400 ml M.viridis 2.0x10°
cells ml’! 28 1,500 Lx
20.1 pmol photons m™ sec™
NO;-N 0,0.2,0.4,0.6,0.8,1.0,1.2, 1.4,
1.8,2.0 mg I PO,4-P 0, 0.02, 0.04,
0.06, 0.08, 0.09, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20 mg I 22

38



microcystin

Watanabe 1989

microcystin

4.2.3. microcystin

microcystin 2
microcystin Total-MC
microcystin Extra-MC Total-MC Extra-MC

microcystin Intra-MC Microcystis sp.

microcystin Con-MC Intra-MC  Microcystis sp. cells I
4.2.4. microcystin

microcystin microcystin
microcystin microcystin

P = 100A (dM / dN)
A=1401 B /a
P microcystin M Total-MC mgl' N
T A o microcystin B
microcystin

mg

microcystin-RR(a, B) (1044, 12) microcystin-YR(a, B) (984, 9) microcystin-LR(a, )

(984, 9)

KaleidaGraph 3.08 for Windows

39



4.3.

4.3.1.
microcystin

microcystin microcystin

NOs-N 0 20mgl" PO,-P 0 02mgl"
M.viridis 4-1-A, B NOs;-N

02 0.6 mg 1’
0.8 mg 1" 0.18 day™ PO,-P
0 02mgl’ 0.15
day™ M.viridis
M.viridis

4.3.2. microcystin

microcystin
microcystin

Microcystis microcystin
microcystin mg microcystin g dry weight
microcystin
microcystin
NO;s-N
microcystin NOs-N  microcystin
microcystin

NO;-N 0 20mgl" microcystin RR

microcystin NO;-N 3

40



microcystin 0% NO;-N 0.2 1.0mg
1! M.viridis microcystin NO;-N
NO;-N 1.2mgl’ LR RR
RR YR NOs-N
4-2-A 3 microcystin
0.8 mg 1" 1.0mg 1"
0.3% microcystin 4-1-A
NOs-N
microcystin Orretal. 1998
microcystin
microcystin 0
microcystin
microcystin
4-1-A
NO;s;-N microcystin microcystin
microcystin
microcystin NO;-N
3 microcystin
PO,-P 0 02mgl’ microcystin NO;-N
M.viridis PO,-P
microcystin
PO4-P microcystin 4-2-B
microcystin 4-1-B  microcystin
ATP
Arment and Carmichael, 1996 microcystin
M.viridis ATP
PO4-P PO,-P

41



microcystin

microcystin
microcystin microcystin 2
microcystin microcystin
microcystin
microcystin
microcystin
microcystin -
ATP
8kDa 76
26S
Glotzer
etal.,1991 -
El
E2 E3 3 E3
4-3
microcystin 3
microcystin
microcystin
M.viridis microcystin
microcystin 0.1
24 30 microcystin
PO,-P microcystin

42



microcystin

microcystin

PO4-P

4-4  microcystin

NO;-N

microcystin

et al. (1995)

microcystin

- ATP

microcystin
microcystin
microcystin NO;-N
NO;-N  PO4-P
microcystin
3 microcystin
PO,4-P microcystin
3 microcystin
LR RR YR 24 66 10
microcystin
DNA Shi
M.aeruginosa microcystin
DNA microcystin
DNA microcystin

microcystin
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NO;-N concentration (mg 1) A PO,-P concentration (mg 1)
4-1 Muviridis NOsN  (A) PO,+P  (B)
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> SE
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u
O (1
A o O S o
0 m;:gg.;!,!;!;g;
0 0.5 1.0 1.5 2.0 0 0.05 0.10 0.15 0.20
NO;-N concentration (mg I'") A PO,-P concentration (mg 1) B
4-2 microcystin NOs-N (A) PO,-P (B)
e 3 microcystin o LR O RR YR
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4-1 microcystin

NOs-N A PO,-P B
A
NO,-N Intracellular microcystin (fg cell!)
(mg 1) LR RR YR
0.0 5.70 17.5 2.82
0.2 5.87 14.6 432
0.4 4.98 14.1 3.45
0.6 5.68 159 3.72
0.8 6.06 19.6 2.94
1.0 4.58 19.6 1.45
1.2 5.73 17.1 222
1.4 5.29 18.8 2.38
1.6 4.63 15.7 2.00
1.8 3.70 15.5 1.41
2.0 5.21 17.6 1.64
B
PO,-P Intracellular microcystin (fg cell'!)
(mg ') LR RR YR
0.0 124 33.0 7.10
0.02 9.08 21.2 3.30
0.04 6.94 17.9 2.19
0.06 7.04 16.8 221
0.08 5.68 12.8 1.78
0.10 4.21 11.2 1.09
0.12 3.24 9.18 0.87
0.14 2.84 8.88 0.95
0.16 2.80 8.92 1.12
0.18 2.34 8.66 1.05
0.20 2.16 7.85 1.03
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4.4.

Microcystis
1)
2)
3)
microcystin

microcystin

microcystin

M.viridis

microcystin

microcystin

a7

microcystin



5 M.viridis

5.1.
2 4
microcystin
microcystin
microcystin
Gapl DNA =S
-M Mitosis
M
M

DNA 1 2

microcystin

microcystin

microcystin

Synthesis DNA

-Gl
Gl S QG2
interphase

DNA

5-1

S G2 M
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DNA
microcystin ~ Microcystis viridis

microcystin

2001
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5.2.

5.2.1.
Microcystis viridis NIE-102
LR RR YR microcystin
5.2.2.
microcystin 1% 10° cells ml" M.viridis
12L NO;-N 1 mgl’
PO4-P 0.1 mg I 1I0L  M-11 Yagi et al., 1986  NaNO; (100 mg),

K,HPO, (10 mg), MgSO, 7H,O (75 mg), CaCl, 2H,0 (40 mg), Na,CO; (30 mg), FeSO, 7H,0

(1.0 mg), Na,EDTA 2H,0 (1.0 mg), distilled water (1 L), pH 8.0 121 40
500 ml Erlenmyer flask M.viridis
NIES-102 100 ml 30+ 0.5 4,000 Lx 54 pmol
photons m™ sec™ 250 ml min™ 8
G0/G1
M-11 NOs-N 16 mg1' PO,-P 1.75 mg 1!
NaNO; K,HPO, % 0.2 pm
NO;-N PO,-P NO;-N
1 mgl! PO,-P 0.1 mg 1" NaNO; K,HPO,
NOs-N PO4-P
microcystin 0
6 microcystin
4000% g 4
20 5% microcystin
3 microcystin 2 microcystin
Intra-MC Microcystis sp. microcystin Con-MC
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Intra-MC  Microcystis sp.
4000x g 4

70%

5.2.3. SYTOX Green

SYTOX Green MolecularProbes Co.

cells 1!

20

SYTOX Green

488 nm 523 nm
Propidium lodide PI SYTOX Green
DNA
SYTOX Green M.viridis Roth etal. 1997
70% M.viridis 10° 10’
cells ml™ 4000x g 4 10 mM
Tris 1 mM EDTA pH8.0 TE buffer TE buffer
80 10 SYTOX
Green RNA 100 pg ml™
RNasa A DNase free 37 30
0.5 uM SYTOX Green
5.2.4.
STOX Green 488 nm
FACSCalibur Becton Dicknson
5-2
DNA 1 G0/G1 1 2
S 2 G2/M 3
2 2 Forward
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Scatter Side Scatter
10,000 300 event sec’
ModFit LT Version 2.0 Verity Software House,

Inc

JR—H A pA—5— 488 nm RIS

TAITIAE N4 - (Side Scatter)

E . 532 nm
= — : SYT?ﬁ?(ﬁGreen

FACSCalibur (Becton Dickinson) (Fofgvfr‘ﬁ;iztg'ﬂt't o

5-2
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5.2.5. dsDNA
dsDNA dsDNA
Fluoroskan Ascent FL. Thermo Labsystem SYTOX
Green/dsDNA 485 nm 532 nm
Calf thymus DNA  Wako Co.

5.3.
5.3.1. SYTOX Green

M.viridis NIES-102 SYTOX Green
( 5-3) SYTOX Green 0.005 5uM 10 107 cells
ml! SYTOX Green
0.5 uM
M.viridis NIES-102 0.5uM  SYTOX Green
5.3.2. NO3-N
5.3.2-1.
8 FACS
5-4 4 NO;-N
4 8
1
90% G0/G1
G0/G1
M-11 NOs-N 16 mg 1"
1.0 mg 1" 2
microcystin 0
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5.3.2-2. microcystin

NOs-N Con-MC 5-5
18 microcystin
36
3 microcystin 3
LR 36 microcystin
microcystin
microcystin
LR YR RR 48
3 microcystin 36
RR LR YR
36 Con-MC
microcystin
NO;-N
Microcystis
G0/G1 0
G0/G1 G2/M DNA
FL-1 1.9 5-7 G0/G1
CVaoa 9.6
SYBR Green I Maria
et al. 1997 SYTOX Green
M.viridis 5-6
M.viridis 5-7
0 24 36 48
G0/G1 S G2/M
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1.0mg ' NO-N  M-11

0 90%
G0/G1 G0/G1
DNA S 24 S
60 24
G2/M 36 50% G2/M
36 G2/M 60
G0/G1 G2/M
G0/G1
36 42
5-5 5-6 36 Con-MC
18 microcystin
Con-MC
18 G2/M
G2/M Con-MC
G2/M 18 36 DNA
Con-MC
DNA microcystin
DNA microcystin DNA
microcystin dsDNA microcystin
5-8 DNA microcystin
3 microcystin R
0.9 DNA microcystin
3 microcystin
0 60 LR RR YR 25
60 15 5-9 60 G2/M
G0/G1 60
18 42 3 microcystin
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60

0

36

Con-MC 5-1
microcystin

,RR Raoct, Rs, Ream

B ,G2M

I—GOGl, I—Ss I—G2M

G0/G1 A .S

Oh t1 ,24h t2 ,36h (3

microcystin 5-2

G2/M G0/G1
5-7  DNA

microcystin

G2/M

1.3 G0/G1
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, YR
C Con-MC LR

microcystin

3 G0/G1

24 G2/M

microcystin LR

YGOGl ) YS, YG2M

L ,RR R ,YR Y

b

Au Lgogt T By Ls + Cy Lam = Ly
3 An Loogt T BpLs + Cp Laom = L
L As Leogi T B Ls + Cs Laam =L

( Au Roogt T By Rs + Cyy Reom =Ry
1 Az Rgog1 T Bu Ry + Cp Reom = Re
L As Roogi T Bs Rs + C3 Rppm = R

A Yeoc1 T By Ys T Cy Yoom = Yu
3 An Yoot T By Ys + Cp Yoo = Yo
L As Yooot T B Ys T C Yoom = Y

microcystin 5-10

microcystin

microcystin
G0/Gl G2/M

microcystin

microcystin



NO;-N microcystin

microcystin
3 microcystin
3 microcystin
G2/M RR S LR
5-5 2 18 36
Con-MC S LR
G0/G1 3
Kaya and Watanabe 1990 M.viridis NIES-102
microcystin LR RR YR 23 67 10
G0/G1
S G2/M
microcystin
microcystin
microcystin
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G0/G1

LR
microcystin
microcystin
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Cdl concentration (cells ml-)

10?

g 10! ¢
2z
é 100 L
E
()
£ 101
S
2 102t A 1.0%106 cells ml?!
i O 1.0x105 cells ml!
<& 1.0x104 cells ml!
10—3 1 i L
103 102 10! 100 10!
SYTOX Green (uM)
5-3 SYTOX Green
107 107
€
0
106 T 108 |
c
R
250 .a 250
200 g 200
o 0 105 B0
10° ¢ - § £
50 e 50
T
0 ™ T T (@) ] T
0 200 400 600 800 1000 0 200 400 600 800 1000
100 | . . FL-l(PNAl)I 100 | | . FL-1 (IIJNAI)I
0 2 4 6 0 2 4 6
Time (day) A Time (day)
5-4
(A)NOs-N (B)NOs-N
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&

A @ Total
O LR
O RR
A YR

w
o
T

2

3

2

=10

B

g q

S 40

E

8

3

B

E

0 10 20 30 40 50

Time (h)

5-5 microcystin

(A)NOs-N (B)NO3-N

107

@ Cells

O Gy/G,-phase
O S-phase

A G,/M-phase

Cells (cells mi-Y)
=
)

Time (h)

5-6 M.viridis
(A)NOz-N (B)NO3-N
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Cells
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24 h

Cells

36 h

r
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48 h 8

g

DNA DNA

5-7
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B 50
g
L
=
0
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DNA concentration (ug %)
5-8 dsDNA microcystin
100 |

O||||
100

Relative proportion of microcystin (%)

0 10 20 30 40 50 60

Time (h)
5-9 3 microcystin
(A)NOs-N (B)NO3-N
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microcystin

microcystins (fg cell)

cell cycle (ratio)

Time (h) LR RR YR GyG, S G,/M CV G,

High-N treatment (NO5-N 16 mg |%)

0 2.69 7.20 175 0.950 0.050 0 8.9

24 5.79 7.69 351 0.661 0.314 0.025 105

36 14.0 17.3 5.99 0473 0.060 0.467 10.1
Low-N treatment (NO5-N 1.0 mg |%)

0 2.30 6.08 177 0.950 0.050 0 9.2

24 5.75 7.95 3.90 0.668 0.287 0.045 10.3

36 8.67 14.1 5.12 0.451 0.044 0.505 10.3
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80

RR
LR

60 B

Con-MC (fg cel?)
]

GJ/G, S GJ/M GJG;, S G/M
Phases of cdll cycle

5-10 microcystin
(A)NO3-N (B)NO3-N
3
5-2 microcystin

cellcycle LR (%) RR (%) YR (%)

Gy/G, 20.3 66.3 134
High-N treatment S 133 20.7 270
(NO4-N: 16 mg 1Y) . . .
G,/M 40.1 44.0 15.9
LonN Gy/G, 19.1 65.3 156
ow-N treatment
S 379 29.9 322
(NO4N: 1.0mg IY)
G,/M 33.0 48.6 184
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5.3.3. PO4-P

5.3.3-1.
5-11 5 PO,-P
9
10
10
1 90% G0/G1
Go/G, M-11 PO4-P
1.75 mg I 0.1 mg 1" 2
microcystin
0
5.3.3-2. microcystin
PO,-P Con-MC 5-12
NOs-N
18 3 microcystin
M.viridis  microcystin
18 18
3 microcystin LR RR YR 40 40
20 5-13  NO;-N 18
LR RR YR 20 65 15
microcystin
0 18 microcystin 4
15 fg cell microcystin
24
RR LR YR
60 LR RR YR 20 65 15 NOs-N
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24 3 microcystin 48 60
LR RR YR 20 65 15
ATP 4
- microcystin
microcystin microcystin
24 LR YR 36
42 RR 42
NOs-N LR RR
YR 20 65 15 RR microcystin
mecy microcystin
microcystin
5-14 0
90 G0/G1 G0/G1
S 30
G2/M 42
42 microcystin 24
microcystin NO;-N
G2/M microcystin
G2/M microcystin
microcystin
5-3 0 tl 30 2 42 t3
microcystin
S G2/M PO,-P
5-15 4
microcystin
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2 G2/M 1.25
4 microcystin
microcystin
5-13 NO;-N
RR
microcystin
NO;-N PO,4-P
PO4-P NO;-N
ATP -
NO;-N
PO,-P
microcystin
Murray, 1989; Murray and Kirschner, 1989; Morgan, 1995
- CDK
DNA 3
4
Wells et al., 1999 CDK,
cyclin dependent kinase CDK
CDK
CDK Dunphy et al., 1988;
Gautier et al., 1988 -CDK CDK
CAK, cyclin activating kinase CDK
CAK T160
T CDK
CDK
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CDK CAK
CDK
CDK
CDK
ATP Y14 T15 CDK
Y14/T15
Tyr Cdc25 Cdc25
Ser/Thr PP2A Kumagai and
Dunphy, 1992; Clarke et al., 1993 CDK CKI, CDK
inhibitor -CDK
CDK - CKI
CDK CDK
5-16
microcystin -~ G2/M
B
CDKI1 Cdc2 B CDKI1 G2 M
Pines, 1999 microcystin
Ser/Thr PP1 PP2A
Honkanen et al., 1990; Yoshizawa et al., 1990 microcystin
Microcystis Anabaena PP1 PP2A
Ser/Thr
Shi and Carmichael, 1997; Shi et al, 1999  M.viridis microcystin
PP1 PP2A
G2 M
Cdc25C PP2A
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B CDKIl1

5-16
Cdce25C B CDKIl1
Cdc25C
CDK1/Cdc25C
B CDKl1 Karaiskou et al.,
1998, 1999 microcystin PP2A Cdc25C
B CDKI1 Cdc25C
B CDKIl1
microcystin G2 M
G2 microcystin -~ M.viridis
microcystin
microcystin microcystin
/

Alex and Simon, 1994; Hunter,
1995; Appleby et al., 1996; Kennelly and Potts, 1996; Zhang, 1998

Ser/Thr
degenerate
Cohen, P. T. W. and Cohen, P., 1989; Chen et al., 1992 microcystin
M.viridis NIES-102 M.aeruginosa NIES-298  microcystin M.aeruginosa
NIES-44 DNA PCR
5-17 PCR Ser/Thr
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120 bp

Microcystis

Microcystis PP2A

microcystin PP2A

CDK

microcystin

CDK Cdc25 PP2A

69

M.viridis

Ser/Thr
PCR



Cells (cells mi-Y)

107 107

i p ol i
106 = 106
k%)
g
0
105 4 8 105 F
104 " 1 " 1 " 1 " 1 " 104 " 1 " 1 " 1
0 2 4 6 8 10 0 2 4 6
Time (day) A Time (day)
5-11
(A)PO4-P (B)PO,4-P

40
@ Total
A O LR
30 O RR
A YR

Intracellular microcystin (fg cell-%)

O PURF I SR TR [N TR T TR N NN SN T S N NN TN SN T TN [ SN T S S [ ST S '
0 10 20 30 40 50 60
Time (h)
5-12 microcystin
(A)PO,-P (B)PO,-P
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100

[0
o

0
100

Relative proportion of microcystin (%)

A
o

0
Time (h)
5-13 3 microcystin
(A)PO,-P (B)PO,-P
107 100
A E
@ Cells
(D) Gy/G,-phase
S-ph.
A GZI?N?-S;hase 0
€
0
g
n
T
O
Time (h)
5-14 M.viridis
(A)PO,-P (B)PO,-P
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microcystin

microcystins (fg cell)

cell cycle (ratio)

Time (h) LR RR YR GyG, S G,/M CV G,
High-P treatment (PO5-P 1.75 mg | %)
0 4.95 6.23 254 0.900 0.100 0 109
30 4.82 8.65 3.65 0.662 0.291 0.047 9.5
42 6.06 15.0 4.46 0.500 0.017 0.483 111
L ow-P treatment (PO5-P 0.1 mg |%)
0 5.36 6.16 3.15 0.977 0.023 0 105
30 5.28 10.6 423 0.633 0.351 0.016 11.3
42 6.09 19.0 4.84 0.442 0.223 0.335 11.3
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80

4 -

Con-MC (fg cell )

20t -

GJ/G, S GJ/M GJyG; S GM
Phases of cell cycle

5-15 microcystin
(A)PO4-P (B)PO4-P
3
5-4 microcystin

celcycle LR (%) RR (%) YR (%)

] Gy/G; 40.2 43.3 16.5
High-P treatment S 162 556 282
(PO,-P: 1.75mg Y . . .

G,/M 18.4 64.0 175
Gy/G; 374 411 215

L ow-P treatment
S 17.2 61.5 21.3

(PO,-P: 0.1 mg )
G,/M 15.2 725 12.3
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CKIﬁﬁlT
arsrTrras ¥ [CKIFEE

T160 T 60
E'¥F
CAK CDK1 7;77/ /A;E KAP
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HAL4HUrB
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CKI
CDK
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CDK1

CDK Cdc25

Eﬂ_

u Bt
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5-16 CDK1

CDK1

Y14 /
ATP

LS 1P

M7 3[4

‘k V747" 74—

B @ﬂ.’.
E

@====| microcystin

PP2A

A Mlﬂﬁ

(T RFAVkATTS—1"2A)

2001

CDK1
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CKI
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B CDKl1
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M.viridis NIES-102
M.aeruginosa NIES-44
M.aeruginosa NIES-298

—
Q
X
—
©
=
(]
N
(2]

147 bp
111 bp »

67 bp
2 S 100V 30
94.0 i 94.0 i
| . 72.0
i i 10:00
i 1:00 E 5:00
i : 4.0
' 35 cycles '
[} [} 00
PCR X 35 NIES-298 38 NIES-44 45 NIES-102
PP2AF  5"-RTITGYGGIGAYRTICAYGG-3*
PP2AR  5"-TAICCICKRTCIACRWARTC-3"
I=inosine K=G/T R=A/G W=A/T Y=C/T
5-17 degenerate-PCR Ser/Thr
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5.4.

1

2)

3)

4)

)

6)

7)

SYTOX Green

microcystin
SYTOX Green M.viridis
SYTOX Green
FACACalibur
LR RR YR 20 65 15
M.viridis DNA
microcystin
S G2/M
microcystin
PO,-P 4 6

76

M.viridis
0.5 uM
M.viridis
microcystin
G0/G1
microcystin
NOs;-N



6 M.viridis  microcystin

6.1.
microcystin
microcystin
microcystin
S microcystin G2/M
microcystin
M RNA
DNA
DNA
Albert et al., 1995
5 3 microcystin
microcystin
microcystin
microcystin mey
mcy mRNA S G2/M
5 microcystin
NOs-N
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6.2.

6.2.1.
Microcystis viridis NIE-102
LR RR YR microcystin
6.2.2.
microcystin 1% 10° cells ml” M.viridis
12L NO;s-N 1 mgl!
10 L  M-11 Yagi et al., 1986 NaNO; (100 mg), K,HPO, (10 mg),

MgSO, 7H,O (75 mg), CaCl, 2H,O (40 mg), Na,CO; (30 mg), FeSO, 7H,O (1.0 mg),

Na,EDTA 2H,0 (1.0 mg), distilled water (1 L), pH 8.0 121 40
500 ml Erlenmyer flask M.viridis NIES-102
100 ml 30 0.5 4,000 Lx 54 umol photons
m? sec” 250 ml min™ 8
G0/G1
M-11 NO;-N 16 mg I NaNO; y
0.2 um 0 5
0 24 36
microcystin 4000% g 4
20 5% microcystin
3 microcystin 2 microcystin
Intra-MC Microcystis sp. microcystin
Con-MC Intra-MC  Microcystis sp. cells I'!
4000%x g 4
70% 20
5
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6.2.3.

DNA M.viridis 500 ml Erlenmyer flask  M-11
100 ml 30 0.5 4,000 Lx 54 umol photons
m~ sec’ 20 4,000 g
10° cells FastDNAKit Biol01 Co.
FastPrep Bio 101 Co. DNA 0
24 36 2 um Membrane
Filter Whatman Co. FastRNA Pro Kit Biol01 Co.
FastPrep Total RNA DEPC
Total RNA GeneQuant pro (Amersham Biosciences Co.) ODy¢0
0.2
6.2.4. PCR
< 51 kb 5
mcyD T7-mcyD mcyB  T7-mcyB
c KFK_E
Fyathase synthetase
6-1 microcystin mcyABC mcyDEFGHIJ
PCR
mcyB, mcyD, 16S rDNA DDBJ DNA Data Bank of Japan,
http://www.ddbj.nig.ac.jp/ Accetion No. AB092807, Microcystis viridis NIES-102

mcyB gene for microcystin synthetase partial cds  Accetion No. AB032549, Microcystis
aeruginosa mcyD, mcyE, meyF, meyG, orf3, orf4 genes for polyketide synthase, polykeitde
synthase and peptide synthetase, racemase, peptide synthetase and polyketide synthase,

hypothetical ABC transporter ATP-binding protein, d-3-phosphoglycerate dehydrogenase,
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complete cds  Accetion No. U40332, Microcystis viridis NIES-102 16S rRNA gene

Primer3
http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi 6-1
mcyB mcyD mcyB, T7-mcyB, mcyD, T7-mcyD
mRNA 16SrRNA
16SrDNA, T7-16StDNA
RNA PCR T7
T7 L1
mcyB mcyD  PCR
mcyB (T, 63.72 )
5-GTGGCTAAACCTGACGGGTA-3’ (mer:20)
T7-mcyB (T, 63.68 )
5'TAATACGACTCACTATAGGGCAATAGGAACCGGTTGGAGA-3’ (mer:40)
mcyD (T, 63.63 )
5-AAAGTCGCGCTCATATGCTT-3' (mer:20)
T7-mcyD (T, 63.59 )
5'TAATACGACTCACTATAGGGCAAAAACGGCGGACATACTT-3' (mer:40)
16SrDNA (T, 64.03 )
5-AGAGGATGAGCAGCCACACT-3’ (mer:20)
T7-16SrDNA (T, 63.55 )
5'TAATACGACTCACTATAGGGAGTTTCCACCGCCTTTAGGT-3’ (mer:40)
mcyB/T7-mcyB meyD/T7-mcyD  16SrDNA/T7-16StDNA
PCR 381bp 368bp 349 bp
PCR GeneAmp2400 Thermocycler Applied Biosystems Co.
mcyB/T7-mcyB, mcyD/T7-mcyD, 16StDNA/T7-16SrDNA PCR
94.0 2 min 94.0 30 sec 58.5.0
30 sec 72.0 1 min 35 M.viridis
DAN 1lpug PCR 6-1 PCR
Rychlik et al. 1990 Tn

nearest-neighbor
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PCR 1.5% Agaros L, Wako Co.

GenePure Nippongene Co.

6.2.5. PCR
3 PCR CUGA  Sequencing Kit Nippon Genetech
Co. 5’
T7 PCR T7
PCR RNA T7 RNA
in vitro
RNA 6-2 RNA  ABI PRISMR 310
Analyzer Applied Biosystems Co. PCR DDBJ
6.2.6. RNA
mcyB mcyD mRNA 16S
rRNA RNA DNA T7
PCR T7 RNA in
vitro RNA CUGAT in vitro transcription kit Nippon Genetech Co.

6.2.7. RNase Protection Assay (RPA)

RNase Protection Assay RNA RNase A RNA
RNA
RNA RNA RAN RNA-RNA

RNA  RNase A

1 1 RNA RNase A
1 RPA Kit Ambion Co.
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RNA-RNA 5%
&M RNA

SYBR Gold Molecular Probes Co.

Primer
(> R§H)
. 2 3
3 T — 5'
Primer\

TUFevAR) 177 0E—4—E5

7

PCRE
) ———— [ —— [
3 5 3 5'
f—————a? i
3 5 3 5

e

5
3

<_ ___________
RNAS AL T7 RNA
NIt

6-2 invitro RNA
Izawa et al., 1998

6.3.
6.3.1. PCR mcy

mcy mRNA RNA

mcy DNA mcy 2
microcystin
1 microcystin
PCR RNA DNA
mcyB LR microcystin
mcyD
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microcystin  nodularin Adda
microcystin
mcyB  meyD 16S rDNA PCR 6-3
PCR
300 400 bp 381 bp 368 bp 348 bp
DNA
mcyB 16StDNA  PCR DDBJ
99% mcyD
M.viridis M.aeruginosa
PCR mcyD  PCR
M.aeruginosa  mcyD 98
6-4
6.3.2.
6-5 4
4
G0/G1 8 95% G0/G1
8 0 NOs-N 16.5mg I NaNOs3
0 24 36
6-6 0 24
G0O/G1
24 G2/M
G0/G1 G2/M S
24 36 0
microcystin
mcy
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6.3.3. microcystin mcy

microcystin
3 microcystin 6-7
microcystin
mcy mRNA
16S rRNA
S 24
mcyB mcyD S
0 36 RNA
6-8 microcystin 24 h
mecy 24 h
5 microcystin
S DNA
mRNA microcystin G2
microcystin M
microcystin
- microcystin
microcystin DNA
microcystin DNA microcystin
M.viridis NOs;-N Gl
S microcystin
PO,-P
- microcystin
microcystin Gl
NOs;-N PO,4-P microcystin
NO;-N PO,4-P
microcystin microcystin
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6-1 PCR

ddH,0 375l
10x Gene Taq Universal Buffer 5l
dNTP Mixture (2.5 mmol I"' earch) 4 ul
Forward-primer (20 pmol pl™) 1 ul
Reverse-primer (20 pmol pl™) 1 ul
Gene Taq (5 unit pl™) 0.5 ul
DNA 1pug 1 pl
Total 50 pul

<

Z

o0 a d

> > )

(&) (&) o

S S —

404 bp »
331bp»

6-3 mcyB mcyD 16S rDNA PCR
2% 100V 30 SYBR Green
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7925

61
7865

121
7805

181
7745

241
7685

301
7625

caaaaacggcggacatactttctaattcaatgggatcaccaagggctgttccagtgccgt
caaaaacggcggacatactttctaattcaatcggatcaccaagggctgttccagtgecgt

gagcttcaatataatcgatttgttcaggcttgagattagcacttttaagggcttgatgta
gagcttcgatataatcgatttgttcaggcttgagattagcacatttaagggcttgatgta

ataatttttcttgagcttgaccattaggaacagttagcccactacttggaccatcatgat
ataatttttcttgagcttgaccattaggaacagttagcccactacttggaccatcatgat

tgacggctgtgccataaattttcgctaaaatttggtctecattcttaactgcttggctca
tgacggctgtaccataaattttcgccaaaatttggtctecattcttaattgcttggctca

atcttttcagaacaactattccacagccttctcctcgcaccatgccatttgcgctctcat
atcttttcagaacaactattccacagccttctcctcgcaccatgccatttgcgctctcat

caaaggttttgcaatgtccatcaggggcaagcatatgagegeg
caaaggttttgcaatgtccatcaggggcaagcatatgagegeg

6-4 M.viridis NIES-102 mcyD PCR
M.aeruginosa PCC7086 AB032549 mcyD
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6-5
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50
40
T YR
o 30 N
2
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s 20+
5 RR
© 0t
im—)  § .- |
Oh 24h 36h
6-7 0 24 36 3 microcystin
3
mcyB mcyD 16SrRNA
Oh
24 h
36 h
6-8 0 24 36 mcyB mcyD
5% 8M 100V 60 1/10000SYBR Gold



#BAAmicrocystin@FE
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¥

AEXF-TRTTY-LRICKD
microcystin M9 R R i

microcystin

SHEBERORER

microcystin
E3
= microcystin
ank
A
I
GO0/G1 S G2 M GO0/G1
6-9 microcystin
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6.4.

5 M.viridis  microcystin S G2/M
G2/M microcystin
microcystin
mcy
1) mcy mRNA S
2) S G2 microcystin
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microcystin
microcystin

Micorcystis viridis

microcystin
2 microcystin
microcystin
LR RR YR 6
5 M.aeruginosa
microcystin microcystin
microcystin
microcystin
3 microcystin
3
microcystin
microcystin
microcystin
microcystin
microcystin
4
microcystin
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microcystin 7

Microcystis
NO;-N
microcystin
0.8 mg I microcystin
PO4-P microcystin
PO4-P
microcystin PO,-P
ATP PO,4-P ATP
ATP -
APT microcystin
microcystin
microcystin NO;-N PO,-P
NO;-N PO,-P
microcystin
5 microcystin microcystin
microcystin
microcystin
G2/M microcystin 36
6 microcystin microcystin
S G2/M microcystin
M B CDKI
6 microcystin G2/M
mcy
24 S
mey G0/G1 G2/M
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36 mey mRNA

S mcy microcystin
microcystin microcystin
7-1 microcystin
CDK1 Tyr Cdc25C
Ser/Thr PP2A Cdc25C
CDK1
S mecy microcystin
microcystin microcystin
Cdc25C
microcystin NO;-N  PO,-P
NO;-N  PO4-P 7-1 mcy
S DNA
mcy
microcystin
mey
microcystin
microcystin
microcystin microcystin
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1970

microcystin
microcystin
microcystin
microcystin
microcystin
microcystin RNA
RNAi RNA interference RNAi
RNA dsRNA mRNA
7-2  RNAi
Caenorhabditis elegans Fire et al., 1998
microcystin mcy RNAi
microcystin
microcystin
microcystin microcystin
M
microcystin
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microcystin

microcystin Microcystis
PP2A PP2A microcystin
in vitro microcystin
S
microcystin ATP
microcystin microcystin
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dsRNA (Z&SERNA)B KLU
—l StRNA (NPEVEEDRNA) TUFEYAGY
—tVARH
;f' Dicer (=& #RNAREMRNAS BEER)

siRNA (Small Interfering RNA)

;f' RISC (RNA-induced silencing complex)

C"C"C"C’;"C""."
A A X X X XX 2

#=HIm RNA __ ; _ AAAAA
— RNAK 1% ._ .
l RNAKYA5—t w~ IVEXYLT—HE
T RNAAEE / RNAZ e
7-2 RNAI
2002
dsRNA Dicer RNase
RNA RNA 21 25 small interfering RNA (siRNA)
siRNA 3 5’
siRNA RNAi
siRNA 5’ siRNA RNAI
siRNA  RNA-induced silencing complex (RISC)
RISC siRNA ATP
RISC RISC  siRNA
mRNA siRNA mRNA
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