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Okaichi 2003 Chattonella

Imai et al. 2004

Chattonella antigua Chattonella marina Chattonella ovata Chattonella verruculosa

Fibrocapsa japonica Heterosigma akashiwo Karenia mikimotoi Heterocapsa circularisquama
Heterocapsa triquetra Ditylum brightwellii Oltmannsiellopsis viridis Cricosphaera
roscoffensis Rhodomonas ovalis 13
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IHN Table 1 Na,EDTA - 2H,O NaFeEDTA
[HN
:<0.1gl" 20+5°C FeO(OH) o-Fe,05
FePO,- 4H,0 FeS 4 FeCl;- 6H,0
IHN Fe:EDTA=1:16
Milli-Q
FeCl; 2 uM

Fe(1II) Fe(1) MINEQL+ ver. 4.0 Schecher &
McAvoy 1992
Table1 Composition of the modified IHN-medium.
NaCl 043 M S; Vitamin mix PI metals
KCl 94mM Vitamin B, 0.74 nM Na,EDTAa2HO 30 uM
MgS0,a7HO 37mM Biotin 41 nM MnClLa4HO 35 uM
CaCl,a2H0 7.5mM Thiamine HCI 1.5 uM CoCl,a6HO 0.10 uM
NaNO; 2.0 mM Nicotinic acid 0.81 uM  H;BO; 1.0 mM
NaH,P0O,42H0O 0.10 mM Calcium pantothenate  0.21 pM NaFeEDTA 2.0 uM
Na,Si0;a9H0 0.33 mM p -Aminobenzoic acid 73nM  ZnCl, 4.0 uM
Na,SeO; 2.0 nM Inositol 28 uM  CuCl,a6HO 1.0 nM
KI 0.47 uM  Folic acid 4.5 nM
Na,Mo00,42H0 99 nM Thymine 24 uM
HEPES 5.0 mM
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Table2 Formation constants of Fe(Ill)-organic ligands complexes and structural formulae of organic ligands.

Organic ligand LogR* Structural formula
Salicylic acid (SA) FeL 17.6 COOH
Fel, 28.6
FeL; 36.2 OH
o CH,COOH
Citric acid (CA) FeL 13.5 |
HO - C—- COOH
Fe)(OH),L, 56.3 I
CH,COOH
EDTA Fel 27.7
HOOCH,C CH,COOH
FeHL 29.2 \ /
N-CH5;CH5 N
FeOHL 33.8 / \
HOOCH,C CH,COOH

Fe(OH),L  37.7

“Constants are given as logarithms of the overall formation constants, 8, for complexes at zero ionic

strength and 25 °C.  From Morel and Hering (1993).

pH 8.0 SA
CA EDTA Table2 SA CA EDTA Milli-Q
0.1 um
2 uM FeCl; - 6H,O 0.017 M HCI
1:1 1:10 1:100
[HN 02 uM Fe
in vivo
Chattonella antiqua C. marina C. ovata H. circularisquama 4 25°C
9 20°C K. mikimotoi 58 = 13 pmol photons m > s ™' 12 91 + 15 pmol photon
m-s’ light : dark=14:10h 4-5 3

2002
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Scheffe Bonferroni Fisher LSD
P <0.05

Chattonella Fig. 1 A-D
Fig. 1 E-G  Fibrocapsa japonica
Oltmannsiellopsis viridis Cricosphaera roscoffensis FeCl;
Fe-EDTA  21% 55% 15% FeCl; Fe-EDTA
F. japonica  C. roscoffensis P<0.001 Fig. 1E,G O.viridis
P>0.1 Fig 1F
FePO, FeCl; Fig. 1 H-J
Heterosigma akashiwo  FePO,  FeCls Fe-EDTA  9.9% 75% Fig.
1H FePO, FeCl; P <0.005 FeCl; Fe-EDTA
P>0.1 Heterocapsa triquetra  FePO, FeCls
Fe-EDTA  73% 74% Fig. 1 1 FePO;, FeCly
P<0.001 FeCl; Fe-EDTA P>0.1 Ditylum brightwellii
FePO, FeCl; Fe-EDTA  21% 84% Fig.1J FePOs FeCl
P<0.0001 FeCl; Fe-EDTA P<0.05
FeS FePO, FeCls Fig. 1 K-M
Heterocapsa circularisquama  FeS FePO, FeCls Fe-EDTA  4.0% 13%
178% Fig. 1K FeCl; > Fe-EDTA > FePO, > FeS FeCl;
Fe-EDTA Fe-EDTA  FePO, P < 0.0001 FePO,
FeS P>0.1 Karenia mikimotoi FeS FePO, FeCls
Fe-EDTA 33% 7.2% 12% Fig. 1L Fe-EDTA > FeCl; >
FePO,4 > FeS Fe-EDTA  FeCl; P<0.0005 FeCl; FePO,
FePO, FeS P>0.5 Rhodomonas ovalis
FeS FePO, FeCl; Fe-EDTA  12% 26% T7% Fig. 1M
Fe-EDTA > FeCl; > FePO, > FeS FeCl; FePOq, P
<0.05 Fe-EDTA FeCl; P>0.1 FePO; FeS P>
0.5 Fig. 1H-M FeS Fe,04 P>0.5
FePO,; Fe,0; P>02 D. brightwellii P<0.01 FeS FeO(OH) P
>0.5 FePO, FeO(OH) P>02 D. brightwellii P<0.01
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Fe-EDTA 1 | e ) ) S e Y ] S
FeCl3 | | — | I— ] =
FePO4| | =
FeS | ] |
Fe203
reorom] (A) | ®) |1 (H) (K)
0 50 100 150 0 40 80 120 0 30 60 90 0 50 100 150
Fe-EDTAl ————— | ———————— 13— | —
FeCI3 | | S— | — ~
FePO4| ] ] &) r
FeS | ] ] ]
Fe203
reoon B (F)| M| (L)
0 50 100 150 0 50 100 150 O 20 40 60
Fe-EDTA|—+ 3+ ] B —
FeCI3 | j = | | O
FePO4] ] | — r‘
FeS | ] ] ]
Fe203
Feom ©|1 ©1 ™| (M)
0 50 100 150 0 40 80 120 0 20 40 60 0 100 200 300
Fe-EDTA 1+ Growth yield Growth yield Growth yield
FeCl3 | (fluorescence) (fluorescence) (fluorescence)
FePO4]
FeS |
Fe203
FeO(OH) (D)
0 50 100 150
Growth yield
(fluorescence)

Fig. 1 Comparison of the ability to utilize insoluble and soluble iron species by red tide microalgae.
Growth yields are shown for (A) Chattonella antiqua, (B) Chattonella marina, (C) Chattonella ovata,
(D) Chattonella verruculosa, (E) Fibrocapsa japonica, (F) Oltmannsiellopsis viridis, (G)
Cricosphaera roscoffensis, (H) Heterosigma akashiwo, (I) Heterocapsa triquetra, (J) Ditylum
brightwellii, (K) Heterocapsa circularisquama, (L) Karenia mikimotoi and (M) Rhodomonas ovalis.

Error bars represent standard deviations.

3
Table 3 FeCls
Fe-SA Heterosigma akashiwo Fig. 2 F Heterocapsa
circularisquama  Heterocapsa triquetra Fig.3 A, B Ditylum brightwellii Rhodomonas
ovalis Oltmannsiellopsis viridis Cricosphaera roscoffensis  Fig. 4 7
Fe-CA 7 Fibrocapsa japonica Fig.2 E
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Fe-EDTA Figs.

2-4
SA  O.viridis  C. roscoffensis CA  H.akashiwo H. triquetra Fe:L=1:10
C. roscoffensis  Fe:L=1:10 1:100
Table 3 EDTA FellL = 1:1 K. mikimotoi Fe:EDTA = 1:10

Chattonella 4 C. antiqua, C. marina, C. ovata, C. verruculosa  F. japonica H. akashiwo H.

triquetra K. mikimotoi C. roscoffensis Fe:EDTA = 1:100 C. marina C.
verruculosa F. japonica C. roscoffensis Table 3
(A) Chattonella (C) Chattonella (D) Chattonella (E) Fibrocapsa (F) Heterosigma
antiqua ovat: marina verruculosa japonica akashiwo
0100 d 100 AB) Chatt%%lla 100 150 1ap 150
2 + Non-Chelate
154 x THN
é 1001 1004
=]
@ 50 501 501 50
= 50 50
E
=]
G 0 snsmpfarenses 04 . O T O spoé} “""’ Ot
0100 100 100 100 150 150
ch - 11 SA SA SA SA SA SA
3 - 1:10
é A 1:100 1007 100
Cg 50 50 50 50
= 50- 501
3
<
O o O -yt 0 T 0 T T 0 T Owenmanpil |
0100 100 100 100 150 150
§ - 11 CA CA CA CA CA CA
3 - 1:10
6 4 1:100 1001 1001
[=]
‘Fi 504 50 50 50
= 50+ 504
: -d—
e
O 0 0 T 0 0 . . 04 04
2100 100 100 100 150 150
= -1:1  EDTA EDTA EDTA EDTA EDTA EDTA
3 - 1:10
é 4 1:100 1007 1001
o
g 50 50 50 50
= 50 50
: A
°
&} 04 04 04 0+ 01

0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 O 10 20 30 40 0 10 20 30 40
Time (day) Time (day) Time (day) Time (day) Time (day) Time (day)

Fig. 2 Growth curves of the species of Chattonella (Raphidophyceae) in cultures supplied with iron salicylate (SA),
iron citrate (CA), iron ethylenediaminetetraacetate (EDTA), FeCl 3 (Non-Chelate) and in the modified IHN-
medium. Growth curves are shown for (A) Chattonella antiqua, (B) Chattonella marina, (C) Chattonella ovata,
(D) Chattonella verruculosa, (E) Fibrocapsa japonica, (F) Heterosigma akashiwo. Data on fluorescence represent
mean = SD.
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(A) Heterocapsa (B) Heterocapsa (C) Karenia mikimotoi (A) Ditylum (B) Rhodomonas (C) Oltmannsiellopsis (D) Cricosphaera
circularisquama triquetra brightwellii ovalis viridis roscoffensis
> 20 75 > 300 100
§ + Non-Chelate " T Non-Chelate + Non-Chelate E 759 ¢ Non-Chelate 3001
§ 2004 x 1N x THN x N g |y
s 501 % 504 200 200
E% 1004 i 2 504
= 1004 =
= 257 = 257 1004 100
z 3
2 2
6] 0 T T T T 0 * T T T 0 T T T T T S 0 T T T 0 T T 0 T T T 0%
> 20 75 o 300 100
8 SA [sa SA -1l 8751 sa 3004 SA SA = SA anl
3 200 - 1:10 3 ’ - 1:10
Q Q
] - 50 2 1:100 § 50 200 4 1:100
£ ] 200
3 100 E} 50
= 1001 =
251 = 259 100 1007
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z 3
2 ]
50 ——— 0 (#etStsepmarsenen S o — 0 — 0 — 0 —
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S 04 1 e | (pamssspscpecaece 5 o Ot 0l ———— IR = A
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Fig. 3 Growth curves of the red tide dinoflagellate species in cultures
supplied with iron salicylate (SA), iron citrate (CA), Fe-EDTA
(EDTA), FeCl3 (Non-Chelate) and in the modified IHN-medium.

Growth curves are shown for (A)
(B) Heterocapsa triquetra , (C)
fluorescence represent mean + SD.

Heterocapsa circularisquama,
Karenia mikimotoi . Data on

Fig. 4 Growth curves of (A)
Rhodomonas ovalis (Cryptophyceae), (C)

Time (day)

Time (day)

Time (day)

Time (day)

Ditylum brightwellii (Bacillariophyceae), (B)
Oltmannsiellopsis viridis

(Chlorophyceae) and (D) Cricosphaera roscoffensis (Haptophyceae) in

cultures supplied with iron salicylate (SA), iron citrate (CA), Fe-EDTA
(EDTA), FeCl3 (Non-Chelate) and in the modified [HN-medium. Data on
fluorescence represent mean =+ SD.

Table 3 Comparison of availability of iron chelated with organic ligands for red tide phytoplankton (Iron sources: 2 uM FeClL).

Ligands Salicylic acid Citric acid EDTA Non-Chelate

Ratios (Fe:Ligand) 1:1 1:10 1:100 1:1 1:10 1:100 1:1 1:10 1:100 1:0
Chattonella antiqua - - - - - - _ o+ _ _
Chattonella marina - - - - - - - +++ +4++ -
Chattonella ovata - - - - - - - 4+ _ _
Chattonella verruculosa - - - - - - - T - _
Fibrocapsa japonica - - - + + - + ++ ++ +
Heterosigma akashiwo + + + B I o s ++ +H++ +++
Heterocapsa circularisquama ~ ++++  +++++  +++ +H++ At +++++ +++++
Heterocapsa triquetra ++ + - +++ ++++ +++ ++ ++++ +++ +++
Karenia mikimotoi - - - - - - ++ e+ _ +
Ditylum brightwellii +++ +++ ++ +++ +++ +++ +++ +++ ++ +++
Rhodomonas ovalis +++ +++ ++ +++ +++ +++ +++ +++ ++ +++
Oltmannsiellopsis viridis +++ +++ A ++ ++ ++ ++ ++ ++ ++
Cricosphaera roscoffensis ++ +++ +++ + +++ ++ + +++ ++ +

The maximal growth yield of red tide phytoplankton in the modified IHN-medium = 100 %.
() <5 %, (+) 5G30 %, (++) 30G50 %, (+++) 50G100 %, (++++) 100G200 %, (+++++) > 200 % of yields in the modified IHN-medium

Heterosigma akashiwo

Yamochi & Abe 1984

-289-

Karenia



mikimotoi 20 m

1994; Koizumi et al. 1996 H. akashiwo
K. mikimotoi
Heterocapsa circularisquama
1995
Rhodomonas ovalis
Naito et al. 2001 H. circularisquama
FePO, FeS
R. ovalis
Ditylum brightwellii FePO,
« ” Fe Smayda
1997 Fe
FeCl Fe(OH)," Fe(OH); Fe(OH); FeCly
Heterocapsa circularisquama  Rhodomonas ovalis
Fe:L=1:1 1:10 Table 3 H. circularisquama
R. ovalis
Heterocapsa triquetra  Ditylum brightwellii FeCl;
2 Table 3 EDTA  H.triquetra
CA  D. brightwellii 4 FePO,
FeS Fig. 1
Heterosigma akashiwo Oltmannsiellopsis viridis Cricosphaera
roscoffensis 3 SA CA EDTA Table 3
3
Table2  Heterosigma akashiwo CA>EDTA >
SA  Fe:L=1:100 O.viridis C.
roscoffensis SA>EDTA>CA Fe:L=1:100
FeCl, Chattonella 4 Fibrocapsa
japonica  Karenia mikimotoi EDTA Fe:EDTA=1:10
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Table 3  Fibrocapsa japonica

EDTA>CA» SA FeCls Fe-CA 1:1 1:10 Fe-EDTA
Fe-SA 1:1 Fe-SA SA HSA™ F. japonica
Karenia mikimotoi FeCl; Fe-EDTA
EDTA
FeCl; Fe-EDTA

Chattonella 4
Yokote & Honjo 1985

Fe

Fe-SA 7 Fe-CA 8 Fe-EDTA 13
EDTA
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Mechanisms of iron uptake in the growth of red tide algae

Kanako Naito, Ichiro Imai

Graduate School of Agriculture, Kyoto University

Summary
Iron is the essential bioactive trace metal for the growth of algae. However, dissolved iron fractions consist
largely of colloidal hydrolysis species such as oxyhydroxide and most of those are bound by organic ligands in
natural waters. As a result of above-mentioned iron speciation, the concentrations of directly bioavailable
iron species are extremely low in natural waters. In coastal areas where red tides have frequently occurred,
dissolved iron is present at concentrations of approximately 10 — 100 nM. It is hence difficult to explain the
massive appearance of harmful algae. On the other hand, total or suspended iron exists abundantly in coastal
waters. Therefore, it is supposed that red tide algae can utilize suspended iron or have other strategies of iron
uptake for the growth under low iron conditions. The growths of the principal species of red tide
phytoplankton were examined using a newly developed artificial synthetic medium in the presence of different
iron species. Some microalgal species could utilize particulate FePO4 and FeS for growth. Particulate
FePO, was available for the growth of the raphidophyte Heterosigma akashiwo, the dinoflagellate
Heterocapsa triquetra and the diatom Ditylum brightwellii. ~ The dinoflagellates Heterocapsa
circularisqguama and Karenia mikimotoi, and the cryptophyte Rhodomonas ovalis utilized both particulate
FePO, and particulate FeS for growth. In contrast, particulate FeO(OH) and Fe,O; did not support the
growth of any of the red tide microalgae examined. Except for Chattonella species (Raphidophyceae), the
growth of red tide microalgae were confirmed in the medium with very easily soluble FeCl; added. And, our
study demonstrated that the organic iron of different ligands was bioavailable to red tide phytoplankton. In
iron salicylate chelates medium, the growths were confirmed for H. akashiwo, H. circularisquama, H.
triquetra, D. brightwellii, R. ovalis, the green alga Oltmannsiellopsis viridis, and the coccolithophorid
Cricosphaera roscoffensis.  Furthermore, in iron citrate chelates medium, we also found the growths of the
raphidophyte Fibrocapsa japonica besides the above-mentioned seven species. And all phytoplankton
species examined could grow in iron ethylenediaminetetraacetate chelates medium. And the differences in
concentration of organic ligands in each medium caused the changes of the growth (maximal growth yield and
specific growth rate) of red tide algaec examined. These results suggest that the iron speciation may be an
important role in controlling the uptake of iron by red tide forming phytoplankton in coastal water. We here
suggest that the occurrence of red tides in coastal areas may depend on the combination of microalgal species

and iron species present.
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