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Abstract We previously proposed that growth inhibition of Heterosigma akashiwo (raphido-
phyceaen) during mixed cultured with Cylindrotheca closterium (bacillariophyceaen) might be
brought about by an allelopathic substance produced by C. closterium. In this paper, we
reconfirmed the allelopathic phenomenon to be caused by an algicidal substance secreted from C.
closterium and then identified the allelopathic substances to be fatty acids such as cis-6,9,12,15-
octadecatetraenoic acid (ODTA).

The cell numbers of H. akashiwo in a unialgal-culture in medium filtrated with a glass fiber filter
from a unialgal cultures of C. closterium under the initial stages of the stationary growth phase
(non-treated medium) decreased significantly to approximately 5O of that in Erd-Schreiber
modified medium (control) within 72 hours after the beginning of culture. The growth inhibition
was una#ected when the culture mediums were autoclaved or nutritive salts were added to the
non-treated medium, and when both treatments were combined. From these results, together
with the failure to detect eicosapentaenoic acid in the non-treated medium, it was strongly
suggested that the growth inhibition of H. akashiwo was caused by an allelopathic substance
secreted from C. closterium.

The fractions (Rt53 and Rt55) with algicidal activity were purified to chromatographic homo-
geneity on HPLC by sequential procedures consisting of chromatography on a reverse phase
cartridge (Oasis HLB), HPLC on a gel filtration column (Superdex peptide), a reverse phase
preparative column (L-column), and a reverse phase analytical column (L-column) from the
non-treated medium. The 24 h LC50 of Rt53 and Rt55 for H. akashiwo were 50 ng mLP1 and 47
ng mLP1, respectively, which is similar to the 24 h LC50 of ODTA (72 ng mLP1).

LC/MS analysis by electrospray-ionization (negative) revealed that Rt53 consisted of two
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components with a precursor ion (M�1)� of m/z 249 (Rt53a) and 275 (Rt53b). The precursor ion
of m/z 275 generated product-ions with m/z 231 (corresponding to the molecular formula of M�
COOH) and 177 (M�C4H6COOH) by LC/MS/MS analysis, of which the profile was the same as
that of a commercial ODTA. From these results and the acute toxicity to H. akashiwo, Rt53b was
identified as ODTA. The precursor ion of m/z 249 generated product-ions with m/z 205 (M-COOH)
by LC/MS/MS analysis, suggesting that Rt53a was a fatty acid of C16 : 3 and molecular weight of
250, specifically hexadecatrienoic acid (HDTA). Rt55 presented a precursor ion with m/z 283 by
LC/MS analysis and no product-ion was revealed by LC/MS/MS analysis. RT55 was speculated
to be stearic acid because of the molecular weight of 284, specific fragmentation of the saturated
fatty acid, and similarity to Rt53 in the chromatographic behaviors on reverse phase HPLCs.
However, the commercial stearic acid did not possess acute toxicity towards H. akashiwo.
Therefore, Rt55 was presumed to be a stearic acid-like fatty acid such as 10- or 16-
methylheptadecanoic acid.

Key words: allelopathic substance, Cylindrotheca closterium, Heterosigma akashiwo, ODTA, HDTA, stearic
acid-like fatty acid. 24 h LC50
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�d�+klm�>/?

@ABC��45no��' Fig. 3�4L�pqr&
�N
P�� V 53s4t 55+�&���uvH�
I�>�Y���()Zwxd��' D�y�
z{|
�4u}>/?
���~no� Rt53s4t Rt55�
+i��' K� 2�+
+�lm�>/?
@ABC�
�45�d�no��EF� D�y�����r()
I�>
��� (Figs. 4, 5)' ����V 100 L���	

cd Rt53\V 20 mg, Rt55\V 10 mg�d��'

�������
Rt53�+\ 215 nm����%����>/?
@
ABC�%��ier���Z� LC/MS+���EF�
m/z 249s4t 275
`3�������iQuvH
�I�>Z���~�uKiZwxd��' DK%�

Fig. 1. Growth of Heterosigma akashiwo in a
unialgal-culture using Erd-Schreiber modified medium
(�, control), medium filtrated with a glass fiber filter
from unialgal cultures of C. closterium under the
initial stages of the stationary growth phase (�,
none-treated medium), the non-treated medium steril-
ized by autoclave (�� autoclaved), the none-treated
medium with added nutritive salts (�, added nutri-
tive salts), and the none-treated medium sterilized by
autoclave and then with nutritive salts added (�,
autoclaved and added nutritive salts).
Cell number indicated with open symbol is shown for
the mean of triplicate determinations�mean devia-
tion that is included within the symbol.

Fig. 2. Gel filtration chromatography of the fraction
extracted with a reverse phase cartridge on a
Superdex peptide column.
The fraction indicated with a solid bar possesses algi-
cidal activity

Fig. 3. Reverse phase preparative column chroma-
tography of the fraction indicated with a solid bar in
Fig. 2.
The algicidal fractions eluted at retention time of 53
min (Rt53) and 55 min (Rt55).
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m/z 249��� 275����	�
��
�����
�� ������������Rt 2.94���� 3.11��
� !� (Fig. 6)" ����#$ Rt53%�&'()*
+�,-!�./0�1�234� m/z 249 (Rt53a)

��� 275 (Rt53b)�56 2%��78!9:6;�
�<=!�"

Rt53a, Rt53b��� Rt55����>�
?� Fig.

7A, B��� C&@5"�����M�HAB6./0�
1�234m/z 249, 275��� 283� !� ����
��CD' 250, 276��� 284AB6���<E!
�" m/z 249, 275��� 283�MS/MS�F!���
� (Fig. 8), Rt53b'� ./0�1�234�m/z 275

�m/z 231���m/z 177�.	G�
234�H%
!� (Fig. 8B�). m/z 231' 276�45 (MICOOH)&JK
!� m/z 177' 276�99 (MIC4H6COOH)&JK56"
��$���#$ Rt53b'� C18 : 4�LMNOPQAB
6�RST��" ��A� UV� ODTA����>�

?�WX!���� m/z 275�./0�1�234
�56Y-!��>�
?�@!� (Fig. 9)" T$&� �
�m/z 275�MS/MS�F�Z[' Rt53b����\
]^_&`a!� (Fig. 10)" ����#$� Rt53b'

Fig. 4. Reverse phase analytical column chromatog-
raphy of the Rt53.
The algicidal fraction is indicated with a solid bar.

Fig. 5. Reverse phase analytical column chromatog-
raphy of the Rt55.
The algicidal fraction is indicated with a solid bar.

Fig. 6. Mass chromatogram of Rt53 detected with
m/z 249 (Rt53a) and 275 (Rt53b).

Fig. 7. LC/MS of Rt53a (A), Rt53b, and Rt55 by
electrospray-ionization (negative).
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ODTA�������	
� Rt53a�
� b� 2��
�������������

�� �� 2�����
���� Rt53�� ODTA� H. akashiwo!"��#
$�%&'
 (Fig. 11)� (�)*� Rt53� 24+, LC50

- 50 ng mL.1, ODTA� 24+, LC50- 72 ng mL.1

��/01�2!34#$�5'678! Rt53�3
8�
� ����8�2 C. closterium�9:��;<
=>?@�A�BC- ODTA����DE�F
� G

� Rt53a��H!
/#$-IJK7L'MNOPQ
!����8�� Rt53a�#$-� Rt53b�#$�RS
TN�UVW	
�

Rt53a�m/z 249�MS/MS�X�)*� m/z 205

(M.COOH)�Y=Z[\]^_�:�'� Rt53a-
Rt53b�R`!abc��/� ODTA
/def� 2

g� hi)�� 1gjk4lmnop\qr_c
sHDTA, C15H25COOH� �tuv 250w �UVW	
� �
 � HDTA�Hx�Fk4
�yz{k|}-�Fk

8�
�� (�[=~\{$A� ODTA���!��
'�4���8�2��UV����������	
��

Rt55-MS/MS�X!
/�|kY=Z[\]^_
�:�'k8�
� G
� ��[=~\����@!�
����� Rt53a�
� b���'�4���8�
(Figs. 3�5), Rt55-�$�0�A���'�4��0
1
/I4��DW	� G
� ]^_�'�4��8�
��abc���$�UVW	��tu 284���;q
_c��VW	
� ����-� ���]�[�= @
¡�o@¢£!¤¥W	�4���;q_c�~��¦
[\§ (www. hitachi-hitec. com / science / apli / pdf /

lcms/ms070008.pdf)�¨�'�4���8�2UVW
	�� '8'� Rt55� H. akashiwo!"��#$- 24

+, LC50©47 ng mL.1 (Fig. 11)�ª4!2886�
7� � ��;q_c-«¬#$�­Wk8�
� ��

Fig. 8. LC/MS/MS of precursor ions of m/z 249 (A�),
275 (B�), and 283 (C�).

Fig. 9. LC/MS of commercial cis-6,9,12,15-octadeca-
tetraenoic acid (ODTA).

Fig. 10. LC/MS/MS of precursor ions of ODTA (m/z
249) and molecular formulas corresponding to
product-ions.

Fig. 11. Acute toxicity of allelopathic substances
towards H. akashiwo. H. akashiwo (2®103 cells mL.1)
is exposed for 24 hours to 0�103 ng mL.1 of Rt53,
Rt55, and commercial ODTA in Erd-Schreiber
modified medium at 23.5¯1°.
Survival rate indicated with closed square is shown
for the mean of triplicate determinations¯mean
deviation that is included within the symbol.
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