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BMAA (Isochrysis galbana)

1,2 1 1 1 1,2

(1. 266100; 2.
266100)
S-N- -L- (B-N-methylamino-L-alanine, BMAA)
(Alzheimer's Disease, AD) , BMAA 2,4-
(2,4-diaminobutyric acid, DAB)
, BMAA
, (Isochrysis galbana) BMAA 20
, BMAA 96 h
, BMAA , BMAA,
BMAA , BMAA ; BMAA
96 h (96 h-ECs) 2 pmol/L; ,
BMAA 96 h 15 ;
, 17 BMAA BMAA
, BMAA
, BMAA BMAA
; B-N- -L- (BMAA); ; ; ;
S963.21+3, Q175 doi: 10.11693/hyhz20211200341
, -L- (f-N-methylamino-L-alanine, BMAA),
—_ (Cox et al, 2003;
- (ALS-PDC), Murch et al, 2004a)
50~100 2 12 ALS
13 BMAA,
, BMAA
( , 2009; , 2012) (Murch et al, 2004b; Pablo et al, 2009)
ALS-PDC
(Cycas micronesica) (Pteropus mariannus) BMAA (Li et al, 2016,
, f5-N- 2018), BMAA
* , 41676093  ; NSFC- , U2106205 R s s
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(Wang et al, 2021) BMAA Anabaena sp. PCC7120
, hetR hepA
R (Popova et al, 2018); 0.5 pumol/L  BMAA
(Rosén et al, 2016), (Phaeodactylum tricornutum)
BMAA BMAA 1: (Thalassiosira weissflogii) a ,
60~1 : 120 (Ince et al, 2005) , (Lage et al, 2016)
BMAA BMAA , BMAA
, « (Lomariopsis lineata) (Fontinalis
BMAA”; , antipyretica) (Riccia fluitans)
«“ BMAA”; (Taxiphyllum  barbieri) (Ceratophyllum
, demersum) ,
«“ BMAA”(Lance et al, 2018) (Esterhuizen-Londt et al, 2011;
Contardo-Jara et al, 2013) , BMAA
, BMAA (Daphnia magna) (Lirling
, BMAA etal,2011); (Danio rerio)
, : (1) BMAA (Purdie et al,
f- 2009; Wang, 2015); (Lytechinus pictus)
(Weiss et al, 1988), , (Li et
(Cucchiaroni et al, 2020) , BMAA
al, 2010), Na"  Ca®* K ,
, ; (2) Ca®"
(Rao et al, 2006); (3) ,
) , BMAA ,
, (Lindstrom et al, BMAA
1990; Nedeljkov et al, 2005); (4) BMAA , ,
/ (cystine/
glutamate antiporter system, X.), BMAA s
(Liu et al, 2009) , s BMAA
BMAA (Chlorocebus
sabaeus) ALS-PDC e
p- (Cox et al, 2016); (Isochrysis galbana) , BMAA
BMAA (=50 mg/kg)
, p- , BMAA
(Scott et al, 2019) ,
BMAA BMAA
, BMAA
1
, 4.2 pmol/L BMAA 1.1
Synechocystis sp. PCC6803 (3011)
(Downing et al, 2012); 20 pmol/L BMAA (L-BMAA hydrochloride,

BMAA Nodularia sp. PCC7120

(Berntzon et al, 2013),

B107-10mg) DAB (DL-2,4-diaminobutyric

acid dihydrochloride, D3758-1 g) Sigma ,
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AEG [N-(2-aminoethyl) glycine, A608975-1 g] , I , 2 %; U
TRC 3 U
Merck s 1.3 BMAA
Sigma
Direct-Q” 8 UV-R ( 1.3.1
Millipore) TSK-Gel 1.2.1 , 1L
Amide-80® (250 mm x 2 mm, 5 pm) Tosoh , 500 mL, 5%
10° cells/mL , 100 300
1.2 BMAA 700 pg/L BMAA-HCI 4 3
1.2.1 18 °C, 6 000 Ix, 12h:12h
0.45 um , f/2 , 3 ,
(Guillard et al, 1993) , , 1.2.1
(121 °C, 20 min),
, 9% h , 100 mL 4 °C
250 mL , 100 mL, 8 000 r/min 10 min ,
, 3x10° cells/mL BMAA
, BMAA BMAA 300 pg/L BMAA-HCI 400 mL, 4 °C
, 8 000 r/min 10 min ,
200 250 300 350 400 pg/L BMAA-HCI , ,
, 3 —-20°C
(HDL HPG-280BX, 1.3.2 BMAA
), 18 °C, 3 mL 0.1 mol/L , ,
6 000 Ix, 12h : 12h, 3 10 min, 4 °C
) 8 000 r/min 5 min 1 mL,
1.2.2 96 h 0.22 pm 1.5mL ,
(96 h-ECs) BMAA -20 °C
1 mL , (CKX53, 1 mL 4 mL , 55°C
Olympus) > 3 s 1 mL 6 mol/L S
110 °C 24 h,
96 h (GB/T , 1 mL 20 mmol/L ,
21805—2008) 0.22 um 1.5 mL ,
, BMAA-HCI , BMAA -20 °C
> - > , 2 mL 6 mol/L ,
BMAA-HCI 96 h-ECs, 4 mL , 110 °C
24 h, 55 °C ,
", = X, -InX; 1) 1 mL 20 mmol/L . 022pm
! -y 1.5 mL s
M j : :d X BMAA -20°C
i s Xt J 1.3.3
(GB/T 5009.124—2016)
I = MXIOO, ) 5 mL 6 mol/L HCI, ,
e 10 mL , , l110°C
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22 h , X'(%):CixMix(SS[/Sli)xVxlOO 3)
25 mL , ! mx10° ’
, 25 mL , , Ci (nmol/mL); M;:
, 2 mL 4 mL ; Ss,. : ;S ;v
, 55 °C : I mL (mL); m: (2)
20 mmol/L s 0.22 pm 1.4 BMAA
1.5 mL , -20 °C
1.4.1 96 h
1.3.4 BMAA Agilent 1290 1.2.1 )
Agilent 6430 250 mL , 150 mL,
( Agilent ), BMAA 5x10° cells/mL ,
, : BMAA 96 h-ECsy (2 pmol/L)
TSK-Gel Amide-80® HILIC , 2 umol/L (20
(250 mm x 2 mm, 5 pm), 40 °C, 5 uL, 20 ) 2 pmol/L 20
350 pL/min, , A 2 umol/L BMAA 2 umol/L (BMAA+ )
50 mmol/L , B 50 mmol/L (20 20 ) 2 umol/L (BMAA+20
0~15min A 10% ) 44 3
40%, 4min , 19.01 min 45% 18 °C, 6 000 Ix, 12 h:12 h,
27 min, 27.01 min 10% 30 min 3 s
, 40 psi, 1.2.2 , ,
4000 V, 5500V,
N, 450 °C, 350 °C, 1.4.2 BMAA
10 L/min , 96 h s
2 umol/L BMAA 2 umol/L (BMAA+ )
119—102 119—101 119—88 119—-56 2 umol/L (BMAA+ ) 2 umol/L
119—44, 60V, 8 5 8 (BMAA+ ) 2 umol/L (BMAA+ )
15 20V 5 , BMAA DAB 2 umol/L (BMAA+ ) 7
AEG 119—101 119—88 119—88, 100 mL  4°C 8 000 r/min 10 min
4 )
BMAA DAB AEG , BMAA BMAA 1.3.2
119588 119—101 119—102 1.3.4
1.3.5 Hitachi 1.5
L-8800 SPSS 20.0 , P <
0.05 (One way ANOVA)
16
(GB/T5009.124-2016) )
50 °C, 135 °C, 20 pL, 1 2.1 BMAA
0.40 mL/min, 2 0.35 mL/min, 570 BMAA 96 h
440 nm, 1 ;
BMAA 24 h

Xi (%)
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or (
—o— X3
200 pg/L BMAA-HCI
| - ouar s . ’ » 1o
2 | = 350 ﬁg;k BMAAHC] b (Downing et al, 2012)
3 o .
z . Ho , 20 umol/L BMAA (3092 pg/L
[&]
= BMAA-HCI) PCC7120 48h
{{?% 2 s s
EEJ c 7 d s
=] d
1 BMAA (Berntzon et al, 2013) ,
ae 20 pmol/L BMAA 48 h
e
0
0 24 8 2 96 PCC7120 , 50 pmol/L
RENE/M 100 umol/L )
| BMAA (Popova et al, 2018)
Fig.1 Growth curves of Isochrysis galbana (3011) under BMAA s
different concentrations of BMAA during 96-hours exposure 400 /L. BMAA-HCI
period HE >
(P<0.05) 88%,
BMAA
96h ,BMAA 8 d
BMAA ’
BMAA
9% h , 200 pg/L
BMAA-HCI 5%,
2.2 BMAA
; 250 ug/L
o/ .
36%; 400 pelk 55, BMAA
88%,
LC-MS/MS BMAA
’ 96 h BMAA
2 mmol/L HCl DAB  AEG ’ 2
, BMAA
BMAA  AEG, DAB ,
(GB/T 21805— BMAA 96 h
2008) - ’ BMAA, BMAA
96 h BMAA DAB
BMAA , ,
Y=2.638 6X-6.023 8, R*=0.970 1, DAB, ,
- BMAA (Réveillon et al, 2014; Fan et al, 2015; Li
96 h-ECs 297 ng/l eral, 2018; Wang et al, 2021)
BMAA-HCI, 2 umol/L BMAA ,
BMAA 96 h BMAA
) DAB 3 ,
BMAA BMAA (>99%) ,
BGl11 4.2 umol/L ( 649 ng/L BMAA ; BMAA
BMAA-HCI) 42 pmol/L  ( 6493 pg/L 36%~51% BMAA ,
BMAA-HCI) BMAA ,48h BMAA BMAA
PCC6803 , BMAA ,

BMAA
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a b &
500 BMAA  AEG 120 400
BMAA
100 | 300 |
80 200 F
DAB DAB
60
—119-»44/LW/M 1001 —— 11944
L A0 Py e e TN e ra—"
18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
140 180
900_ 120'
100 L
600 | \ 120
80
01 11956, \\/ Ormesse |l .. % ) L
ob——— 7 Y e g e
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
150 100 120
2 ‘
@120 80 90+
o 90
& 601 60 ‘
= 6or L 119--88
11988 | sl 11988 ) N T2
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
1600 250 300
1200 f 1 200
U‘ 200 - ‘”‘
800 M 1501 1
[ [
| L I
400 i 100 100 J
et S s 110 L e
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
1600 - 120 300 -
1200 | 100 200
800 - o0
60 |
400 100 |
11910 40— 11910 —119-102

12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
{REBIVIE)/min

2 LC-MS/MS BMAA DAB AEG

Fig.2 LC-MS/MS chromatograms of (a) BMAA, DAB and AEG mixed standards, (b) total soluble bound extract of Isochrysis galbana
(3011) from the control group, and (c) total soluble bound extract of /. galbana (3011) after 96-hours exposure to 300 pg/L BMAA-HCl

ra.0.25 png/mL BMAA DAB AEG ;b ;€. 300 ng/L BMAA-HCI 96 h
DAB 0.12 fg/cell, DAB BMAA 10 min
, BMAA ,
; 700 pg/L BMAA-HCI , 24 h
DAB BMAA ,
DAB (<6 fg/cell), BMAA 72 h ,
DAB BMAA BMAA
s BMAA (Downing et al, 2012) PCC7120
, 1 min 10 pmol/L
BMAA , DAB, "C-BMAA, “C-BMAA 30 min
BMAA (Berntzon et al, 2013)
, DAB 0.05 pmol/L BMAA

, PCC6803 0.5 5 umol/L , BMAA
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801, 96 h (Lage et al,
N
—i 2016) BMAA
= = ESEE (100 uM  BMAA), Escherichia  coli
@Q =
§, 40 Staphylococcus epidermis Lactobacillus casei Bacillus
% 20 ﬁ subtilis  Pseudomonas aeruginosa Micrococcus
§ 10 luteus 6 BMAA
z (van Onselen et al, 2015)
5 BMAA
alalia) a
999 e 2.2.2 BMAA
P I A . R BMAA
0 100 300 700
SEETIE/ g/l BMAAHC) %6 h 16
8.0 4 ’
“ b
6.0 | ’
8 16 4
D
é‘? , 2 pmol/L BMAA
e (300 ng/L BMAA-HCI)
05 , 742%  54.7%
o 8 o] [m]
\—/' | |. S ©
oo B ¥ v v , 33.74%,
0 100 300 700
EZHRFERE/(ug/L BMAA-HCI) 16.26% ( , 1987)
(2012) ,
3 BMAA 96 h 5.09%
BMAA (@) DAB (©) 32.15% 13.41%
Fig.3 Concentrations of BMAA (a) and DAB (b) detected in : ’ :
Isochrysis galbana (3011) after 96-hours exposure to BMAA 80% s
1.0 -
. VRA
3 2 pmol/L BMAA
08
i
g 06
3
>
£
H]I\RH 04 ==
a0
&
]
B 0.2
0.0 - J - - -

Asp Thr Glu Ser Gly Ala

4 BMAA 96 h

Met Tle Leu Tyr Phe Lys His Arg Pro

SEBND

(mg/100 mg )

Fig.4 Comparison in the content of amino acids (mg/100 mg wet weight) in Isochrysis galbana (3011) after 96-hours exposure to
BMAA and control groups
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26.15%, , 2.3 BMAA
, 300 ng/L BMAA-HCI
(P>0.05), 2.3.1 BMAA
(His) , 14 BMAA
(P<0.05), (Tyr) (Ala) 96 h 1
(Ser) , 36% 34%  26%, ,20
BMAA +3% S 2 umol/L

®1 SEBRBMEAQ pmo/L)RES BMAA BXE1EH (2 pmol/L BMAA+2 pmol/L §E#) 96 h [FIk S # &8 E K
LB
Tab.1 The inhibition rates of Isochrysis galbana (3011) after 96-hours exposure to 2 pmol/L amino acids and mixed solution of 2
pmol/L amino acids and 2 pmol/L BMAA

R 1% 1%
(Asn) —CH,CONH, -2 46
(Gly) —H -1 11
(Ala) —CHs -1 38
(Asp) —CH,COOH -1 28
(Gln) —CHchZCONHz -1 52
(Tyr) —CHZ‘QOH 0 65
__ ., —OH
(Thr) CH\CH3 0 5
/ N
(His) —CH, J 0 45
HN
(Glu) — CH,CH,COOH 1 39
(Pro) —CH,—CH,—CH,— 1 0
., —CH;
(Val) CH\CH3 2 17
(Arg) —CHZCHZCHZNHcgu:Z D) 47
(Ser) — CH,0H 2 13
CH,CH
1 _ — 2wy 19
(Ile) CH\CH3 2
N
=
T 2 60
(Trp) Hy W m
C N
—CHs
Le —CH,CH 2 58
(Lew) 2 \CH3
(Cys) —CH,—SH 3 60
(Arg) — CH,CH4,CH,CH,NH, 3 16
(Phe) —CH2© 3 53
(Met) _CH20H2_8_0H3 3 49
20 / / 0 54

2 pymol/L BMAA 11%
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BMAA
(dissolved inorganic nitrogen, DIN) , ,
(dissolved organic nitrogen, DON) 2 umol/L BMAA 96 h
, (dissolved free amino 50% (2.1 ),
acid, DFAA) 5 umol/L (
,2013) DIN BMAA
DFAA, ,80 ug/L BMAA 20 ug/L
, Na® DFAA (MC-LR) —
Na* s K" , Aegagropila linnaei,
DFAA (John et al, 1 7d (P>0.05),
1999) , )
(P<0.001),
DFAA, L- , DFAA (Contardo-Jara et al, 2015)
, DFAA(Mulholland et al, 2003) 2.3.2 BMAA
, BMAA 2.2
, BMAA DAB
DFAA 50% ( , , 96 h
2013) , 42 42 pmol/L BMAA DAB ,
192 h 5 )
PCC6803 (Downing et al, 2 umol/L (BMAA+ ) 2 umol/L (BMAA+
2012); (Selenastrum carpricornutum) ) 2 umol/L (BMAA+ ) 2 umol/L
10 pmol/L (BMAA+ ) BMAA
DAB 2 umol/L BMAA
( , 2017); (P<0.05), 2 pmol/L
(Microcystis aeruginosa) 100 pmol/L (BMAA+ ) (96 h 13%)
, BMAA  DAB 2 pmol/L
, BMAA (96 h 11%) ,
(Dai et al, 2009) BMAA  DAB 96 h
20 )
) BMAA ,
DIN, DFAA BMAA ,
BMAA 96 h
2 umol/L (BMAA+ ) 2 pumol/L (BMAA+ ,
) 2 pumol/L (BMAA-+ ), 18 BMAA
96 h BMAA BMAA
(11%), 2 umol/L (BMAA+ ) ,
2 umol/L (BMAA+ ) 2 umol/L (BMAA+
) 96 h 60% R 3
, 96 h BMAA
50% )
, 96 h 96 h-ECs 2 pumol/L
50%, BMAA ,
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Fig.5 Contents of total soluble BMAA (a) and DAB (b) in
Isochrysis galbana (3011) after 96-hours exposure
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EFFECT OF NEUROTOXIN BMAA ON GROWTH OF MICROALGA ISOCHRYSIS
GALBANA IN BATCH CULTURES

LI Ai-Feng"? ~LIU Jian-Wei', HU Yang', FU Yi-Lei', QIU Jiang-Bing'?
(1. College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China; 2. Key Laboratory of
Marine Environment and Ecology, Ocean University of China, Ministry of Education, Qingdao 266100, China)

Abstract Neurotoxin f-N-methylamino-L-alanine (BMAA) is mainly produced by cyanobacteria and diatoms in the
freshwater or marine environments, and it has obvious biomagnification behavior in food web in the marine ecosystem,
which has been supposed as an important environmental factor inducing multiple neurodegenerative diseases such as
Alzheimer’s Disease. In recent years, BMAA and its isomer, 2,4-diaminobutyric acid (DAB), have been widely detected in
diverse shellfish aquatic products in China and many other coastal countries or regions, which potentially would threaten
the health of consumers and marine ecosystem safety. However, the chemical ecology effect of BMAA on marine
microalgae is still unknown. In this study, the effect of BMAA alone and its combination with different amino acids on the
specific growth rate and amino acid content of Isochrysis galbana, as well as the accumulation of exogenous BMAA by
microalgae were studied, through separately adding BMAA in different concentrations and twenty different protein amino
acids to the media for batch cultures of microalga 1. galbana. Results show that the microalga 1. galbana could accumulate
exogenous BMAA from the culture media depending on the concentration of BMAA. More than half of BMAA molecules
were present in soluble protein-associate form in the microalgal cells. The 96 h-ECs, value of BMAA was inferred as
2 umol/L to inhibit the specific growth rate of I. galbana in the batch cultures. Compared with the control groups, the
synthesis amounts of fifteen amino acids such as tyrosine, alanine, and serine were significantly decreased in the
microalgal cells after 96-h exposure to BMAA. Except for proline, threonine, and glycine, the other seventeen amino acids
combined with BMAA enhanced the inhibitory effect of BMAA on the specific growth rate of /. galbana, by probably
promoting the accumulation of exogenous BMAA by microalgae from the culture media. Therefore, the chemical ecology
role of BMAA in marine ecosystems especially in the nearshore regions and the molecular mechanism of BMAA inhibiting
the mitosis of /. galbana shall be revealed in the future.

Key words Isochrysis galbana; fp-N-methylamino-L-alanine (BMAA); neurotoxin, amino acids; inhibitory

effect; specific growth rate



