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Abstract

Some free fatty acids are toxic to phytoplankton, and the toxic effects are multiple. However, precisely how they kill phytoplankton is debatable.
Here we show that fatty acids result in damage to plasma membranes, which might account for their lethal effects on phytoplankton. In this study,
we used two chlorophytes (Chlorella vulgaris Beij. and Monoraphidium contortum (Thur.) Kom.-Legn.) and a cyanobacterium (Anabaena P-9) as
test organisms. When these organisms were treated with deleterious concentrations of fatty acids, a remarkable elevation of extracellular potassium
(K*) was detected in the culture medium; this indicates that leakage of intracellular K* occurred as a result of damage to the plasma membranes.
Exposure to unsaturated fatty acids resulted in higher levels of leaked K* than did exposure to saturated ones, and levels of leakage displayed a
positive correlation with the susceptibility of the growth of organisms to fatty acids. Stressed phytoplankton cells also exhibited cell lysis followed
by free release of phycobilins. The sequence of cytotoxic effects elucidated here suggests that fatty acids primarily affect the plasma membranes,
leading to a change in membrane permeability and dissociation of phycobilins from the thylakoids. Severe damage to the plasma membranes would

give rise to a disruption of the stressed cells.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Certain free fatty acids produced by algae exert inhibitory
effects on a variety of aquatic organisms (Spruell, 1984; Ohta et
al., 1995; Ikawa et al., 1996; Kamaya et al., 2003; Mundt et al.,
2003) and may play an important role in the interaction between
organisms and in the succession of certain phytoplankton species
in aquatic ecosystems (Keating, 1977, 1978; Cembella, 2003;
Gross, 2003). Jiittner (2001) showed that fatty acids can act as a
defense substance against grazers. In fact, numerous researchers
have suggested that fatty acids might serve as allelochemicals
to affect aquatic organisms (McCracken et al., 1980; Entzeroth
et al., 1985; Kakisawa et al., 1988; Suzuki et al., 1996; Chiang
et al., 2004).

Allelochemicals can interfere with a variety of processes in
organisms (Einhellig, 2001). How allelochemicals act depends
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on the kind of compound; they can inhibit protein or enzyme
activity, damage cell membranes, change physiological func-
tions, and lyse target cells (Legrand et al., 2003). The action
modes can be multiple or synergistic, making it sometimes dif-
ficult to diagnose them (Einhellig, 2001).

In algae, the most allelopathically active compounds inhibit
either enzyme activity or photosynthesis (Friend and Hawcroft,
1967; Cohen et al., 1969; Siegenthaler, 1973), particularly elec-
tron transport in photosystem II (Venediktov and Krivoshejeva,
1983; Warden and Csatorday, 1987). However, our preliminary
study indicated that the inhibition of photosynthesis was not
lethal to phytoplankton. In fact, the phytoplankton managed
to survive even when photosystem II had been fully inhib-
ited by the presence of 3-(3,4-dichlorophenyl)- 1,1-dimethylurea
(DCMU) (Chiang, 2002). Thus, the lethality of fatty acids
probably cannot be attributed to their inhibitory effect on pho-
tosynthesis. Herein we studied other modes of action that
might explain the lethal effect of fatty acids on phytoplank-
ton. Using two eukaryotic algae and a cyanobacterium as test
organisms, we explored the cytotoxic effects of fatty acids on
phytoplankton.
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2. Materials and methods
2.1. Algal and cyanobacterial strains and cultivation

We used two chlorophytes, Chlorella vulgaris Beij.
and Monoraphidium contortum (Thur.) Kom.-Legn., and a
cyanobacterium, Anabaena P-9, as test organisms. The chloro-
phytes were isolated from Lake Li-yu in Taiwan, and the
cyanobacterium was obtained from Prof. F. Jiittner of the Uni-
versity of Ziirich, Switzerland. The chlorophytes were cultivated
in the medium of Kuhl (1962) and the cyanobacterium in the
medium described by Todorova and Jiittner (1996). All cul-
tures were kept at 25 °C under an illumination of approximately
400 wmol m~2 s~! with a light:dark cycle of 14:10 h. To main-
tain log-growing cultures, the density of cultures was kept at
5-20 wg chlL~! by diluting every 2 days.

2.2. Toxicity test

The median effective concentration (ECsg) for inhibition of
cell growth, determined by a moving average method and cal-
culated with the help of the software Softtox 1.1 (WindowChem
Software ™, Inc., Fairfield, CA, USA) was employed to desig-
nate the toxicity to the tested organisms. The calculation was
based on the decrease rate of chlorophyll a content over a 24 h
test time. The unit for EC5g, mg mL~!, was given in terms of
dry weight of B. braunii. Statistical calculation of these val-
ues was based on at least three repeated tests. Each test was
conducted with three replicate cultures. A simple ANOVA was
applied to test the significance of difference of means between
datasets.

2.3. Measurement of K* leakage and determination of K*
concentration

The test organisms were harvested by centrifugation
(3000 x g, 10 min, 25°C) and resuspended in K*-free culture
medium. This procedure was performed thrice to get a baseline
concentration for K* in the extracellular medium. The density of
cultures was then taken to a final concentration of approximately
8-12mg chl L~!. Subsequently, the cultures were incubated at
25°C for 1h before being subjected to the treatment of var-
ious concentrations of fatty acid. After treatment, algal cells
in the culture were removed by filtration through a glass fiber
membrane (Whatman GF/F, Maidstone, England), and the K*
concentrations in the filtrates were measured with an atomic
absorption spectrophotometer (AAS, Perkin-Elmer 2380, Nor-
walk, CN, USA). The net increment in extracellular K* concen-
tration in response to the fatty acid treatment was calculated,
using the amount of extracellular K* concentration before treat-
ment as a baseline. To measure the total intracellular K* content,
algal cells were heated to 100 °C for 10 min and then the cell-free
supernatant was obtained by centrifugation (3000 x g, 10 min)
for the determination of K* concentration by AAS.

Authentic fatty acids —including oleic acid (OA), linoleic acid
(LA), alpha-linolenic acid (LNA), palmitic acid (PA), stearic
acid (SA), eicosapentaenoic acid (EPA), docosahexaenoic acid

(DHA), lauric acid (LRA), and myristic acid (MA) — were pur-
chased from Sigma Co. (St. Louis, MO, USA).

2.4. Quantification of pigment concentrations

The concentration of chlorophyll @ in the cultures was mea-
sured using acetone extract and a Turner fluorometer (Sunny-
vale, CA, USA) after phytoplankton cells were harvested by
centrifugation (3000 x g, 10 min) and extracted with aqueous
acetone solution (80%). The concentrations of phycobilins in the
extracellular medium were estimated by measuring the extinc-
tion of cell-free filtrates at 562, 615, and 652 nm. We used the
equations of Bennett and Bogorad (1973) to calculate pigment
concentrations.

2.5. Preparation of samples for transmission electron
microscopic (TEM) observation

To examine the ultrastructural changes in Anabaena P-
9 cells after treatment with deleterious doses of fatty acids,
0.178 umol L~! LA was added to cultures. After addition of
LA, samples at 0, 15, 30, 60, and 120 min were harvested
by rapid centrifugation (15,000 x g, 4 min) and resuspended
in the fixation medium containing 2.5% glutaraldehyde and
4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH
7.0) at room temperature for 1h. After three 20-min intervals
of rinsing with the same buffer, the samples were post-fixed
in 1% OsO4 in the same buffer for 1 h at room temperature;
they were then rinsed again in fresh buffer for three 20-min
intervals. Subsequently, samples were dehydrated in an acetone
series, embedded in Spurr’s resin, and sectioned with aLeica EM
UC6 ultramicrotome (Vienna, Austria). The ultra-thin sections
(70-90 nm) were stained with uranyl acetate and lead citrate. A
Philips CM 100 TEM (Eindhoven, Holland) at 80 kV was used
for viewing.

3. Results
3.1. Toxicity of fatty acids

The toxic effects of different fatty acids on the either tested
chlorophytes varied. Among the nine fatty acids studied, higher
toxicity (i.e., lower ECsg) was detected for Cig-fatty acids,
including OA, LA, and LNA, with the highest toxicity displayed
by LNA; LRA and MA displayed the lowest toxicity (Table 1).
Fatty acids with a high degree of saturation in the C-chain exhib-
ited lower toxicity. Compared with C. vulgaris, Anabaena P-9
displayed a similar susceptibility to the fatty acids tested (data
not shown).

3.2. Effect of fatty acids on K* leakage

When a lethal dose of LNA (0.36 mmol L~ 1) was added to the
tested cultures, the concentration of K* in the culture medium
increased substantially and immediately, indicating K* leakage
from cells to the surrounding medium (Fig. 1). The leakage was
pronounced during the first 20 min and plateaued thereafter. The



340

Table 1

Median effective concentrations (ECsp, mg L~!) for the growth inhibition of Monoraphidium contortum and Chlorella vulgaris of nine fatty acids tested

Docosahex-aenoic acid

Eicosapent-aenoic acid

a-Linolenic acid

Linoleic acid

Myristic acid Palmitic acid Stearic acid Oleic acid

Lauric acid

80 + 254

145+07° 100 £ 222

177 £ 15° 121 £09°¢ 80+ 0.1°¢

92+06%
59.1+£15¢

>400
>400

>400

>400

M. contortum

91 + 184

100 £ 047 125 £ 20?

124 £ 03°¢ 94 £02°%

200 £ 25°

C. vulgaris

The given values are mean £ S.D. of three repeated tests. The data with significant difference (p <0.05) were designated with various letters, while those of insignificant difference with the same letters.
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Fig. 1. Time course of K*-leakage in Monoraphidium contortum, Chlorella
vulgaris, and Anabaena P-9 cultures as a response to treatment with
0.359 mmol L= &-linolenic acid. The density of culture was 8.5+ 1.5 ug
chlmL~! for the former two species and 11.4+0.4 pgchlmL~! for latter
one.

maximum level of released K*, 0.038 + 0.004 fmol K* cell !,
was as high as 12% of the intracellular total of C. vul-
garis, which was estimated by killing the cells with heat-
ing at 100°C for 10 min. Similar results were obtained for
M. contortum.

A similar time course of K* leakage was detected in
Anabaena P-9 following treatment with deleterious doses of
fatty acids (Fig. 1). However, this species differed from the
chlorophytes in releasing lower level of K* and exhibiting
leakage of photosynthetic pigments. Fig. 2 shows that after
approximately 40 min of treatment phycobilins started to be
released reaching the maximum after 50 min in the extracel-
lular medium of the Anabaena P-9 culture, indicating a release
of phycobilins from the thylakoids. Phycocyanins and allophy-
cocyanins were released nearly simultaneously. No detectable
release of chlorophylls was detected, even up to 120 min after
treatment.
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Fig. 2. Time courses of phycocyanin- and allophycocyanin-leakages in
Anabaena P-9 cells (cell density 11.4 4 0.4 g chlmL~") under the treatment
with 0.359 mmol L~! &-linolenic acid.
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Fig. 3. Magnitude of K*-leakage from Monoraphidium contortum cells
resulted from treatment with various kinds of fatty acids for a culture
density of 8.5+ 1.5ugchlmL~!. The treated dose of fatty acid for lauric
acid (LRA): 0.497 wmol L™1; myristic acid (MA): 0.438 wmol L™!; palmitic
acid (PA): 0.390 pwmol L~!; stearic acid (SA): 0.352 wmol L~!; oleic acid
(OA): 0.354 pumol L~!; linoleic acid (LA): 0.357 wmol L™'; alpha-linolenic
acid (LNA): 0.359 wmol L~!; eicosapentaenoic acid (EPA): 0.331 wmol L~!;
docosahexaenoic acid (DHA): 0.304 pmol L~!. The values are mean % SD.
n=3.

3.3. Relationship between fatty acid toxicity and magnitude
of K* leakage

The levels of K* leakage differed with the kind of fatty acids
tested. For M. contortum, higher levels occurred for Cg fatty
acids (OA, LA, and LNA), followed by PA, then SA, EPA, and
DHA; LRA and MA were less effective in causing K* leakage
(Fig. 3). A plot of the magnitude of the released K* concen-
trations against toxicity (i.e., ECsg of fatty acids for growth
inhibition of C. vulgaris and M. contortum) shows that they
are negatively correlated, with R> =0.809 (Fig. 4).
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Fig. 4. The levels of K*-leakage as the function of the magnitude of the median
inhibition concentrations of various fatty acids (abbreviations see the text) for
the growth of Monoraphidium contortum (filled) and Chlorella vulgaris (blank)
cells. The abbreviations of fatty acids see Fig. 3.

3.4. Ultrastructural changes in cellular organization due to
fatty acid treatment

Under the culture conditions, both the filamentous and the
single-celled forms of Anabaena P-9 coexisted in cultures. TEM
observations did not reveal any significant difference in the intra-
cellular organization between either cell type (Fig. 5A and B).
When Anabaena P-9 cells were treated with 0.178 wmol L~ LA
(i.e., the ECsq for its growth), remarkable changes were observed
in their cellular organization, particularly in the cell outer mem-
branes. During K* leakage in the first 15 min of treatment, no
visible change in the ultrastructure of cellular organization of
the vegetative cells occurred. However, a disruption of the cell
outer membranes (i.e., plasmalemmae) occurred after 30 min
(Fig. 5C, indicated by arrowhead), giving rise to the lysis of cer-
tain cells. Consequently, numerous freely released thylakoids
were observed (indicated by arrow in Fig. 5C). The lysis of
the stressed cells occurred prior to the release of phycobilins,
which began to occur at approximately 60 min after treatment
(cf. Fig. 4).

During treatment with deleterious concentrations of fatty
acids, certain vegetative cells were not lysed (Fig. 5D). These
cells did not show any remarkable change in their cellular
organization, except that the appearance of tiny granules in
the inter-thylakoid space changed. In control cells, numerous
tiny granules (with diameter<15nm) existed (cf. Fig. 5A).
After treatment, numerous larger granules (approximate diam-
eter 30 nm) appeared in the thylakoid lamellae in the cells that
eventually not lysed (cf. Fig. 5E). The appearance of such gran-
ules was more evident after 120 min of treatment (Fig. SF).

Compared to the vegetative cells, the heterocyst was more
resistant to fatty acid treatment. During treatment, heterocyst
disruption was not observed until 60 min after exposure. Fig. 6A
shows that the heterocyst remained when the vegetative cells had
lysed. Lysis of the heterocyst was observed when the treatment
with fatty acid was prolonged (Fig. 6B). However, the thick
wall of the heterocyst was not lysed by fatty acid treatment; it
remained intact after the cell membranes had been lysed (Fig. 6C
and D).

When treated with sublethal doses of LA (i.e., <ECsg), only
a portion of Anabaena P-9 cells was lysed (Fig. 6C). However,
nearly all of the treated cells lysed when the treatment dose was
doubled (Fig. 6D). Thus, a positive correlation exists between
the degree of cell lysis and the toxicity of fatty acids.

4. Discussion
4.1. Membrane damage as a mode of action of fatty acids

The toxic effects of allelochemicals on phytoplankton are
usually manifold and can include an inhibitory effect on the elec-
tron transport of photosynthesis (Venediktov and Krivoshejeva,
1983; Warden and Csatorday, 1987). However, the primary
effects relate to a disorganization of the functional integrity of
the membrane (Hedrich and Schroeder, 1989). Herein we report
that fatty acids exert an effect on cell plasma membranes, which
results in a rapid alteration in permeability associated with K*
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Fig. 5. Changes in ultrastructure of Anabaena P-9 cells during treatment with 0.178 wmol L™! linoleic acid (LA). (A) The controlled vegetative cells in a filament; (B)
single controlled vegetative cell; (C) 30 min after treatment, showing disruption of plasma membranes (arrowhead) and released thylakoids (arrow) from the lysed cell;
(D) cell resistant to LA treatment, compared to the lysed cellular fragments (arrow); (E) 60 min after LA treatment of not lysed cell, showing tiny granules appeared
in the inter-thylakoid space; (F) 120 min after LA treatment, showing increased number and size of granules (arrow). T: thylakoid membranes. Bars =500 pm.

leakage and the subsequent breakdown of membrane organiza-
tion. These findings suggest that a primary mechanism of action
of deleterious fatty acids is damage to plasma membranes.

Certain allelochemicals, such as sesquiterpenoid from
Gymnodinium nagasakiense (Kajiwara et al., 1992) or the
allelopathic substance produced by Peridinium aciculiferum
(Rengefors and Legrand, 2001), have been shown to cause cell
lysis of target organisms. In both cases, cell blistering occurred
before lysis. In the present study, neither cell form nor cell size
changed much before cell disruption occurred. Thus, the mech-
anism of action of the fatty acids used in this study might be
different from that of sesquiterpenoid and the allelopathic sub-
stance of P. aciculiferum.

Kakisawa et al. (1988) reported that tetra-unsaturated
fatty acids such as (5Z,8Z,11Z,14Z)-eicosatetraenoic acid or
(62,97,127,15Z)-octadecatetraenoic acid produced by a brown

alga, Cladosiphon okamuranus, caused cell destruction of a flag-
ellate of Rhaphidophyceae, Heterosigma akashiwo. However,
they did not further study the toxic effect of these fatty acids. The
cytotoxic effect of these polyunsaturated fatty acids is unclear.

4.2. K* leakage as an indicator of membrane damage

Leakage of K™ as a response to damage to cell membranes
occurs in a variety of organisms, including Candida albicans
when treated with polyene antibiotics (Hammond et al., 1974);
lichen when fumigated with ozone (Holopainen and Oksanen,
1997); Spodoptera frugiperda when in contact with toxic peptide
(Guihard et al., 2001); and Anacystis nidulans when exposed to
heavy metals (Wu et al., 1995). Such a response appears to be
a common phenomenon of cells under stress. In this study, the
levels of leaked K* varied with the kinds of fatty acids tested



J.-T. Wu et al. / Aquatic Toxicology 80 (2006) 338-345 343

X

¥
i

Fig. 6. Changes in ultrastructure of heterocysts of Anabaena P-9 cells during treatment with 0.178 umol L~ LA. (A) Sixty minutes after treatment, showing a
morphologically unchanged heterocyst surrounded by numerous thylakoids released from the lysed vegetative cell; (B) 120 min after treatment, showing disruption
(indicated by arrowheads) of the plasma membrane of a heterocyst; (C) 120 min after treatment with 0.178 wmol L~! LA, showing a portion of the lysed cells (arrow),
not lysed vegetative cells (v) and the heterocyst (h); (D) 120 min after treatment with 0.357 wmol L~! LA, showing lysis of almost all kinds of cells and the empty
heterocyst wall (hw). Bar =500 wm for (A) and (B), bar=2 pm for (C), and bar = 10 pm for (D).

and displayed a positive correlation with the susceptibility of
target organisms to fatty acids. The level of K* leakage likely
is related to the degree of damage in the membranes and thus
could be used as a physiological indicator of toxic effects.
Schmitt et al. (1999) considered the leakage of ions to be
a result of irreparable damage to the plasma membrane in the
form of enzymatic hydrolysis or pore formation. By studying
the hemolytic activity of prymnesin, a toxin produced by Prym-
nesium parvum, Igarashi et al. (1996) deduced that the toxin
acted directly on cell membranes through cation pore forma-
tion. In a study of maitotoxin, a polyether toxin produced by
dinoflagellates, Igarashi et al. (1999) referred to an effect of the
toxin on potent haemolytic activity through activation of Ca**
channel, which caused CaZ* influx and the activation of calmod-
ulin and thus the promotion of phospholipase A2 activity. As a
consequence, the cells disrupted due to hydrolysis of membrane
lipids. In the present study, however, the leakage of K* occurred
so rapidly that it could be detected almost immediately after
treatment with fatty acids. Thus, it is also possible that such a
rapid change is attributed to a direct effect of fatty acids on the

membranes rather than through an involvement of phospholi-
pase A2 enzyme. In order to ascertain this, a further study is
necessary.

Sokolov et al. (1999) proposed that exposure to fatty acids
might cause a change in the ultrastructure of the membranes
or the formation of an ion channel in the planar phospholipid
bilayers, thus, giving rise to an alteration in membrane perme-
ability. The lipid composition of plasma membranes is highly
variable. Plant and algal plasma membranes contain lipids such
as palmitic acid, linoleic acid, and linolenic acid. The results of
this study show that the phytoplankton species tested were more
sensitive to these fatty acids than to others. Presumably, these
fatty acids might interact more easily with plasma membranes
to result in an alteration in membrane conformation.

In this study, higher levels of K* leakage occurred when the
algae were exposed to fatty acids with higher levels of unsat-
uration in the C-chain. This agrees with the observations of
McCracken et al. (1980), who found that most inhibitory effects
resulted from exposure to unsaturated fatty acids. Kakisawa et
al. (1988) also found that the toxicity of fatty acids increased
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with an increase in the number of unsaturated double bonds.
Unsaturated fatty acids were oxidized to form hydroxyl com-
pounds and displayed anti-algal activity in the study by Aliotta
etal. (1990). Despite these findings, it is still unclear whether the
damage to membranes results from the fatty acid itself or from
its oxidized hydroxyl compounds. A further study is necessary
to clarify this issue.

4.3. Release of pigment

We reported the release of phycobilins in response to toxic
substances in our previous study with Microcystis aeruginosa,
in which we treated it with the water-soluble extracts of Peri-
dinium bipes, a freshwater dinoflagellate (Wu et al., 1998). In
that study, we observed that the plasma membranes and the cellu-
lar organization were distorted and disrupted prior to the release
of phycobilins. We observed a similar scenario in the present
study when we treated Anabaena P-9 cells with fatty acids. It is
noteworthy that during the release of phycobilin molecules, no
release of chlorophylls was detected, although both pigments are
associated with the thylakoids of the tested cells. Possibly, such
a difference can be attributed to the way each pigment binds
to the thylakoids: phycobilins bind to the outer surface of the
thylakoid membranes (Glazer, 1982), whereas chlorophylls are
integral proteins of the thylakoid membranes. As a result, the
former is more easily released than the latter when the cells are
exposed to fatty acids.

4.4. Microenvironment for expression of toxic effects of
fatty acids

In the present study, deleterious effects were observed when
the test algae were exposed to high concentrations of fatty acids.
Such high concentrations rarely occur in the natural environ-
ment, but certain algae produce a considerable quantity of fatty
acids (Chiang et al., 2004) and might discharge them into the
surrounding aquatic environment, particularly when an algal
bloom occurs. Most fatty acids are hydrophobic and not very
soluble in water. They tend to form small micelles to increase
their solubility in water, like many other lipophilic compounds
(Fischer et al., 1994; Perez and Martin, 2001). Micelles would
easily stick to the cell surface of target organisms, form a high-
concentration microenvironment there, and penetrate into the
hydrophobic regions of the cell membranes. Thus, it is possible
for hydrophobic fatty acids to exert toxic effects in the aquatic
environment.

Our previous study showed that the susceptibility of phyto-
plankton to fatty acids varied from species to species (Chiang
et al., 2004). As a rule, species possessing only a thin mucilage
layer displayed higher susceptibility to fatty acids than those
with a thick mucilage layer outside the cell wall. The mucilage
is composed mainly of polysaccharides, which are more or less
hydrophilic. Possibly, the mucilage layer of phytoplankton acts
as a protectant by preventing the cells from having direct contact
with hydrophobic fatty acids.

In conclusion, the present study showed that free fatty acids
exerted cytotoxic effects on the plasma membranes of some

species of phytoplankton, resulting in an alteration in membrane
permeability. Damage to the plasma membranes allowed K* to
leak out from the cellular interior. These findings suggest that the
lethal effects of fatty acids may be caused by the lytic effect on
the stressed cells, via disruption of the cell plasma membranes.
As a secondary effect, fatty acids seem to cause the dissociation
of phycobilins from the thylakoid membranes.
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