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Abstract

Monospecific blooms of phytoplankton can disrupt pelagic communities and negatively affect human health and
economies. Interspecific competition may play an important role in promoting blooms, and so we tested (1) whether
the outcome of competition between the red tide dinoflagellate Karenia brevis (ex Gymnodinium breve) and 12 co-
occurring phytoplankters could be explained by allelopathic effects of compounds released by K. brevis and (2)
whether waterborne, lipophilic molecules, including brevetoxins, are involved. Nine of 12 phytoplankton species
were suppressed when grown with live K. brevis at bloom concentrations. K. brevis extracellular filtrates or lipophilic
extracts of filtrates inhibited six of these nine species, indicating allelopathy. However, these inhibitory effects were
weaker than those experienced by competitors exposed to live K. brevis. Brevetoxins at ecologically reasonable
waterborne concentrations accounted for the modest inhibition by K. brevis of only one competitor, Skeletonema
costatum. The addition of brevetoxins also caused significant autoinhibition, reducing the maximum concentration
of K. brevis. Allelopathy is one mechanism by which K. brevis appears to exhibit competitive advantage over some
sympatric phytoplankters, although unidentified compounds other than brevetoxins must be involved, in most cases.
K. brevis was aso susceptible to competitive exclusion by several species, including Odontella aurita and Proro-
centrum minimum, known to thrive during K. brevis blooms. Although field experiments are required to assess
whether allelopathy plays a fundamental role in bloom dynamics, our results indicate that allelopathy occurs widely

but with species-specific consequences.

Competition is one of the dominant forces structuring
communities, including marine pelagic communities (Hutch-
inson 1961). The production and release of compounds that
inhibit competitors, a process known as alelopathy, is a
mechanism of interference competition that is hypothesized
to be important among phytoplankton (Smayda 1997), af-
fecting species succession (Keating 1977), especialy under
eutrophic conditions (Maestrini and Bonin 1981). Allelopa-
thy may be a successful strategy for phytoplankton species
that occur in dense blooms, maximizing the concentration of
allelopathic compound(s) exposed to competitors and mini-
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mizing the opportunity for the evolution of resistance in
competitors because of the infrequent occurrence of these
blooms (Lewis 1986). However, few studies have unambig-
uously established that allelopathy occurs among co-occur-
ring phytoplankton species, and this is the case for several
reasons. First, using mixed culture competition experiments
(e.g., Schmidt and Hansen 2001) or field observations of
species composition (e.g., Vardi et al. 2002), it isimpossible
to distinguish alelopathy from other mechanisms, such as
exploitation competition. Second, if cell lysates or extracts
of one phytoplankton species are added to a second species
in lab experiments, intracellular phytoplankton compounds
that would not be expected to contact competitors are likely
to confound allelopathic effects (e.g., Freeberg et al. 1979).
Third, it is difficult to control nutrients in experiments in
which extracellular filtrates are added to live cultures to test
for growth inhibition (e.g., Rengefors and Legrand 2001),
which could lead to possible misinterpretation of effects.
Fourth, allelopathic compounds may be released at low con-
centrations, at different concentrations during different
growth stages, and potentially in response to cues by com-
petitors, making their isolation and identification challeng-
ing. Finally, high-nutrient, high—cell concentration, small-
volume lab experiments that test competitive outcome
between pairs of species are unlikely to represent what hap-
pens in the field (Maestrini and Bonin 1981; Legrand et al.
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2003). Nevertheless, because phytoplankton generally exist
under flow regimes dominated by viscous rather than tur-
bulent forces (Wolfe 2000), the release of noxious substances
that kill or repel competitors to maximize one's access to
essential nutrients and light remains a viable and undertested
hypothesis for the dominance of certain species. Allelopathy
may be especially effective for slow-growing dinoflagel lates,
which may be inferior exploitation competitors.

In the Gulf of Mexico, the unarmored dinoflagellate Kar-
enia brevis (ex Gymnodinium breve) forms almost mono-
specific blooms in autumn months and, increasingly, at other
times of the year, with cell concentrations of thousands to
millions per liter (Tester and Steidinger 1997). Elsewhere,
such as in the western North Atlantic, blooms of K. brevis
are rare, but they have on occasion altered phytoplankton
species composition (West et al. 1996). K. brevis produces
brevetoxins, polyketide secondary metabolites that are neu-
rotoxic to mammals (Baden 1989) and that are implicated in
shellfish, finfish, and seabird mortalities (Steidinger et al.
1973; Tiffany and Heyl 1978; O’ Shea et al. 1991). How K.
brevis natural products, including brevetoxins, mediate in-
teractions with small planktonic organisms is not known.
Unfortunately, the descriptor ““toxic,” applied to K. brevis,
may imply that brevetoxins kill competitors. However, prior
to this study, there has been no direct test of whether natural
concentrations of waterborne brevetoxins are allelopathic, a-
though K. brevis cell lysates and intracellular extracts were
shown to have negative effects on some phytoplankters
(Freeberg et al. 1979).

In this study, we asked whether K. brevis can outcompete
Gulf of Mexico phytoplankton, and if so, whether allelopa-
thy contributes to competitive outcome. We compared the
growth of 12 phytoplankton species, alone and with live K.
brevis at bloom concentrations, with extracellular filtrates of
K. brevis or with lipophilic extracts of these filtrates, under
nutrient-rich laboratory conditions. We aso incubated phy-
toplankton species with purified brevetoxins to directly test
whether brevetoxins at reasonable waterborne concentrations
affect the growth of competitors. We sought to understand
whether competitive exclusion and allelopathy as a mecha
nism of interference competition have the potential to ex-
plain how K. brevis populations can occasionally be main-
tained in such dense, nearly monospecific blooms.

Materials and methods

Phytoplankton—We chose sympatric species known to co-
occur temporally with K. brevis (except Rhizosolenia cf. se-
tigera, available as an isolate from the Arabian Sea) and that
tolerate similar light, temperature, and nutrient conditions.
All species were obtained as nonaxenic strains from the Pro-
vasoli—Guillard National Center for Culture of Marine Phy-
toplankton (CCMP) (Table 1). All species were maintained
at 22°C with a 12:12 h light: dark cycle in a Perciva in-
cubator with Philips F32T8/TL741 Universal/Hi-Vision fluo-
rescent bulbs mounted vertically, producing irradiance of
100145 pwmol m~2 s-* throughout the incubator (measure-
ment using Biospherical Instruments light meter model
QSL2100). Species were grown in autoclaved F/2 + silicate

media (Sigma-Aldrich) made with filtered Maine seawater
(salinity 36 parts per thousand). Preliminary growth curves
were prepared using both in vivo chlorophyll fluorescence
measurements (hereafter *‘fluorescence’”’) (Turner Designs
TD-700 calibrated with chlorophyll a standard) and visual
cell counts using an Olympus |X-50 inverted microscope
with a Pamer—Maloney settling chamber. Stock cultures
were consistently transferred to fresh media once stationary
phase was reached.

Preparation of extracellular filtrates and lipophilic ex-
tracts—Filtrates to be used in allelopathy experiments were
prepared no more than 2 h before their use in experiments
in order to minimize decomposition of compounds. K. brevis
strains CCMP 718 and 2228 (both originally isolated from
the Gulf of Mexico) were grown in one- or two-liter conical
flasks as described above. Once in log to stationary phase,
aliquots were taken for cell counts, and cultures of K. brevis
were slowly filtered with gentle stirring through a 5-pm Mil-
lipore Isopore TMTP membrane using an Amicon ultrafil-
tration unit, until approximately 10% of the starting volume
remained. Microscopy was used to verify that K. brevis cells
did not pass through the membrane and that cells remaining
in the unit were intact. The K. brevis filtrate was then filtered
through a Millipore 0.22-um syringe filter to remove bac-
teria. An aliquot of filtrate was frozen for brevetoxin mea-
surement by enzyme-linked immunosorbent assay (ELISA;
see below). Lipophilic extracts of K. brevis were prepared
from extracellular filtrates, but without the 0.22-um filtration
step, by extraction with ethyl acetate (3 X 500 ml per 1 liter
filtrate). Extracts were combined and solvent removed by
rotary evaporation. An aliquot of extract was frozen for
brevetoxin measurement. Brevetoxins were purified from K.
brevis cultures as previously described (Bourdelais et al.
2004).

Quantification of brevetoxins—A competitive ELISA
(Naar et al. 2002) was used to determine the concentration
of type Il brevetoxins (e.g., PbTx-2, PbTx-3, PbTx-9) in cul-
ture samples, extracellular filtrates, and filtrate extracts. Brief-
ly, cultures and filtrates were sonicated for 15 min, whereas
extracts were suspended in 1 ml of phosphate-buffered saline
(0.2 mol L%, pH 7.4, containing 0.1% Tween 20 and 0.5%
gelatin) and then sonicated. Each sample was serially diluted
and applied to an ELISA plate previously treated with a
brevetoxin—bovine serum album conjugate. Internal stan-
dards of PbTx-2 were also added to ELISA plates, and fol-
lowing reaction with anti-brevetoxin antibodies, amplifica-
tion, and visualization, absorption at 492 nm was recorded
using a Biotech fluo600 plate reader. Concentrations of brev-
etoxins were calculated by interpolation of a standard curve
generated using PbTx-2.

Competition experiments—Three major experiments were
conducted. In experiment 1, each tube containing 19.0 ml
autoclaved fresh F/2 + silicate seawater media and either
5.0 ml of ultrafiltered and then sterile-filtered F/2 + silicate
media (treatment A [control]), or 5.0 ml of K. brevis CCMP
2228 culture at early stationary phase with added F/2 +
silicate nutrients (resulting in an average starting K. brevis



Table 1. Phytooplankton used, effects of K. brevis on growth of these species relative to controls, and effects of competition with these species on growth of K. brevis strain
CCMP 2228 (NS, not significant; ND, experiment not done).

Strain No. Effects of competition Negative effects of K. Negative effects of K. Negative effects of ~ Effects of competition
Species and taxon  (CCMP)  Source of isolate  with live K. brevis (expt 1) brevis filtrates (expts 1-2) brevis extracts (expt 3)  brevetoxins (expt 3)  on K. brevis (expt 1)
Akashiwo sanqui- 1740 Belize, Caribbe- Maximum growth rate NS NS Linear growth rate K. brevis cell con-
nea (dinoflagel- an Sea lower (p=0.0017) Lag lower (p=0.020 centration lower
late) before exponential for data to day 21) (p=0.017 on
growth longer day 7)
(p=0.054)
Amphora sp. (dia- 129  Turks and Caicos Lag before exponential Maximum concentration NS NS K. brevis cell con-
tom) Idands, Atlan- growth longer lower for two filtrates centration lower
tic Ocean (p<<0.0001) (p=0.045, 0.035) (p=0.026 on day
14
Asterionellopis gla- 137  Gulf of Mexico Maximum concentration ~Maximum concentration NS NS K. brevis cell con-
cialis (diatom) lower (p=0.0075) lower for two filtrates centration lower
(p=0.0026, 0.042) (p=0.0051 on
day 7)
Chlorella capsulata 244  U.S. Virgin Is- NS ND ND ND K. brevis cell con-
(chlorophyte) lands, Carib- centration lower
bean Sea (p=0.0003 on
day 7)
Odontella aurita 1796  Gulf of Mexico NS ND ND ND K. brevis cell con-
(diatom) centration lower
(p=0.0003 on
day 7)
Peridinium sp. (di- 626  Puerto Rico, Ca- Linear growth rate lower NS NS NS NS
noflagellate) ribbean Sea (p<<0.0001) Cell con-

centration lower
(p<0.001 on days 10

and 20)

Prorocentrum mexi- 687  Florida Keys, Linear growth rate lower Maximum concentration NS NS NS
canum (dinofla- Atlantic Ocean  (p<<0.0001) Cell con- lower for one filtrate
gellate) centration lower (p=0.0011)

(p<<0.001 on days 10
and 20)

Prorocentrum mini- 695  Florida Ever- Maximum growth rate NS NS NS K. brevis cell con-
mum (dinoflagel- glades lower (p=0.0008) centration lower
late) (p=0.0003 on

day 7)

Rhizosolenia cf. se- 1694  Gulf of Oman Cell concentration lower Maximum growth rate NS NS K. brevis cell con-

tigera (diatom) Arabian Sea (p=0.0030 on day 7) lower for one filtrate centration lower
(p=0.054) (p=0.0001 on day
20

Rhodomona lens 739  Bahamas, Atlan- Linear growth rate higher NS NS NS K. brevis cell con-

(cryptophyte) tic Ocean (p<<0.0001) Cell con- centration lower
centration higher (p<<0.0001 on
(p<<0.016 on day 20) day 7)

Skeletonema costa- 775  Gulf of Mexico Maximum growth rate Maximum concentration Maximum concentra-  Maximum concentra- K. brevis cell con-

tum (diatom) lower (p=0.035) lower (p=0.0072) tion lower for two tion lower centration lower
extracts (p=0.029, (p=0.039) (p=0.0003 on
0.0047) day 7)

Thalassiosira sp. 1055  U.S. Virgin Is- Linear growth rate lower NS Maximum concentra= NS K. brevis cell con-

(diatom) lands, Carib- (p<<0.0001 for data to tion lower for one centration lower
bean Sea day 10) Cell concen- extract (p<<0.0001) (p=0.0002 on day
tration lower (p<<0.001 20)

on days 10 and 20)
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concentration of 2,400 cells ml—* in experimental tubes;
treatment B), or 5.0 ml of K. brevis CCMP 2228 extracel-
lular filtrate (from same culture as ** B’ with added nutrients;
treatment C) was inoculated with 1.0 ml of test phytoplank-
ton species, except for slow-growing Akashiwo sanguinea,
Peridinium sp., and Prorocentrum mexicanum, for which 2.5
ml inoculum and 17.5 ml fresh media were used. Five rep-
licate tubes of each treatment were prepared for each species,
and blocked replicates were haphazardly placed in the in-
cubator. Positions in the incubator were changed and tubes
were inverted every 1-2 d. One-milliliter samples from each
tube were withdrawn by sterile pipette after inverting tubes
twice, after approximately 10 s, 24 h, and 3, 5, 7, 10, 14,
20, and 28 d, and were preserved with Lugol’s solution for
cell counts by microscopy using a Palmer—Maloney settling
chamber. Cells were not counted for treatment C if no sig-
nificant differences were detected between treatments A and
B. After 7 and 20 d, pH was measured using EM Col orpHast
strips, and an additional 1.0-ml sample was collected and
frozen for nutrient analysis.

In experiment 2, only those phytoplankton (10 species)
for which an effect of treatment B (mixed culture) was ob-
served in experiment 1 were subjected to culturing with and
without various extracellular filtrates of K. brevis. Phyto-
plankton were grown with the addition of 5.0 ml of ultraf-
iltered and then sterile-filtered F/2 + silicate seawater media
(treatment A [control]) or with one of three filtrates with
added F/2 + silicate nutrients, from K. brevis CCMP 2228
(log phase; 3,961-7,117 cells ml—%; treatment B), CCMP
2228 (stationary phase; 3,033-7,163 cells ml—%; treatment
C), and CCMP 718 (stationary phase; 544—2,352 cells ml —1;
treatment D). In other respects, experimental units were
identical to experiment 1. In order to compensate for the
likely decomposition or cellular uptake of allelopathic com-
pounds throughout the experiment, 5.0 ml of freshly pre-
pared extracellular filtrates of K. brevis or of media (control)
were added at multiple intervals, after 0, 7, 14, and 21 d.
Fluorescence measurements were made after approximately
30s,24h,and 3,5, 7, 10, 14, 21, and 28 d (and 35 and 42
d for P. mexicanum) using 5.0 ml of culture withdrawn with
a sterile pipette; placed in a clean, sterile test tube for mea-
surement; and then returned to the experimental tube. Pre-
liminary experiments confirmed that for al of the phyto-
plankton species used in these experiments, linear
relationships (r2 = 0.75-0.99) existed between visual cell
counts and fluorescence measurements (data not shown). Af-
ter 30 sand 7 d, pH was measured as described above.

In experiment 3, the same 10 species as in experiment 2
were subjected to additions of lipophilic extracts of K. brevis
extracellular filtrates or purified brevetoxins. Experimental
units were prepared as above, except all components were
reduced in volume for a total culture volume of 6.25 ml,
enabling fluorescence to be measured directly with whole
tubes without withdrawing samples by pipette. Treatments
consisted of test species grown with extract of filtrate of F/
2 + silicate seawater media (treatment A [control]); extract
of extracellular filtrate of K. brevis CCMP 2228 taken during
log phase (5,910 cells ml—%; treatment B); extract of filtrate
of K. brevis CCMP 2228 taken during stationary phase
(1,400 cells ml —%; treatment C); extract of filtrate of K. brevis

CCMP 718 taken during stationary phase (1,810 cells ml—2;
treatment D); or pure brevetoxins (PbTx-2, PbTx-3, and
PbTx-9intheratio of 100:10: 1, total concentration of brev-
etoxins 8.8 ng ml—* once added to cultures; treatment E).
This concentration of brevetoxins was chosen to match the
total extracellular concentration of type Il brevetoxins from
K. brevis cell and filtrate additions in experiment 1; the pro-
portions of each brevetoxin approximated typical toxin pro-
files of K. brevis (Roszell et a. 1990). However, waterborne
brevetoxins may not occur in these proportions during
blooms. If interconversion or selective degradation of brev-
etoxins occurs in the field once brevetoxins are waterborne,
then thisis likely to have occurred in our experimental tubes
as well. Extracts or brevetoxins were added after 0, 7, and
14 d. The amount of extract (dissolved in 10 ul dimethyl
sulfoxide [DM SO]) added to each tube corresponded to that
obtained from a volume of filtrate representing 20% of the
volume of each culture (i.e., an amount equivalent to the
filtrate added to each tube in experiments 1 and 2). Fluores-
cence was measured after approximately 10 s, 24 h, and 2,
4, 7, 10, 14, 17, 21, and 28 d (and 35 and 42 d for P.
mexicanum). Preliminary experiments established that the
use of DMSO did not significantly interfere with phyto-
plankton growth, whereas similar quantities of ethanol re-
duced the maximum concentration of A. sanguinea, Asteri-
onellopsis glacialis, P. mexicanum, Prorocentrum minimum,
Skeletonema costatum, and Thalassiosira sp. by 79-99%
(data not shown).

Nutrient analyses—Nitrogen (nitrate + nitrite), phospho-
rus (orthophosphate), and silicate were measured for repli-
cate 1 of each treatment of each species within experiment
1 (sampled after 7 and 20 d). A 20-fold dilution using 18-
megaohm deionized water was necessary to bring the chem-
istries into an effective working range. Samples were ana-
lyzed on a LaChat QC 8000 ion analyzer with
computer-controlled sample selection and peak processing.

Satistical analyses—Nonlinear regression with an F test
(GraphPad Prism 4.0) was used to compare growth curves
of treatments within each experiment, calculating means and
standard errors for various growth parameters (see below)
across replicates but without blocking treatments for each
replicate. In most cases, a Gompertz (bacterial growth) sig-
moidal curve successfully fitted the data, and the following
parameters were compared between controls and each treat-
ment: initial concentration (never significantly different be-
tween treatments), maximum growth rate, maximum con-
centration, and lag before the onset of exponential growth.
In a few cases exponential growth was a better fit, and in
these cases the parameters compared by F test were the ini-
tial concentration (never different) and exponentia rate con-
stant. For those species for which nonlinear regression failed
to fit the data, linear regression was attempted, comparing
slopes and Y intercepts of control and treatment data, and
occasionally two-tailed t-tests were used to compare cell
concentrations of control and treatment data at specific times
during an experiment. Figures depict means =1 standard er-
ror.
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Results

Competition with live Karenia brevis—In experiment 1, of
the 12 phytoplankton species grown in the presence of live
K. brevis, nine species were suppressed relative to each of
these species grown alone (Fig. 1; Table 1). One species,
Rhodomonas lens, was enhanced threefold by the presence
of K. brevis (p = 0.016 on day 20). The growth of two
species (Chlorella capsulata and Odontella aurita) was un-
affected by K. brevis.

Of the nine negatively affected species, three (Peridinium
sp., P. mexicanum, and Thalassiosira sp.) were >95% sup-
pressed when grown with live K. brevis (Fig. 1; Table 1).
For the six other negatively affected species, significant dif-
ferences included (1) smaller maximum growth rates for A.
sanguinea, P. minimum, and S. costatum when grown with
live K. brevis than when grown alone; (2) lower maximum
concentrations for A. glacialis and Rhizosolenia cf. setigera;
and (3) longer lag before the onset of exponential growth
for A. sanguinea and Amphora sp. (Fig. 1; Table 1). By light
microscopy on preserved samples, qualitative differencesin
cell morphology were observed for A. glacialis, with cells
grown with live K. brevis appearing more rounded and with
irregular edges relative to cells grown alone. Similarly, Rhi-
zosolenia cf. setigera cells grown with live K. brevis ap-
peared shorter than when grown alone, although these effects
were not quantified.

As measured by ELISA, the stock culture of K. brevis
used to inoculate the K. brevis treatment in experiment 1
contained 263 ng ml —* type-Il brevetoxins, corresponding to
17 pg cell -t intracellular brevetoxins. The extracellular fil-
trate generated from this culture contained 44 ng ml ~* brev-
etoxins, which were diluted to 8.8 ng ml—* once added to
experimental tubes.

Phytoplankton growth affected by K. brevis extracellular
filtrates—Of the nine species that were negatively affected
by the presence of live K. brevis, suppression by K. brevis
extracellular filtrates (with enriched nutrients) was observed
for five species in experiments 1 and 2 (Figs. 1, 2; Table 1).
The maximum concentration of Amphora sp. was 25-27%
lower when grown with two of four K. brevis filtrates, rel-
ative to controls. A. glacialis maximum concentration was
27-36% lower when grown with two K. brevis filtrates, rel-
ative to controls. P. mexicanum had a 28% lower maximum
concentration when grown with filtrates of log-phase strain
CCMP 2228, relative to controls. Rhizosolenia cf. setigera
had a 43% lower maximum growth rate when grown with
filtrates of early stationary-phase strain CCMP 2228, relative
to controls. Finaly, S costatum grew to a 45% lower max-
imum concentration when filtrates of early stationary-phase
strain CCMP 2228 were present versus absent (Figs. 1, 2;
Table 1).

R. lens, which thrived when grown with live K. brevis,
also seemed to benefit from extracellular filtrates of K. brev-
is, although to a lesser degree. Maximum concentration of
R. lens was 41-119% greater when grown with filtrates of
log- and stationary-phase strain CCMP 2228 and stationary-
phase strain CCMP 718 than in controls (p < 0.002 for all;
Fig. 2).

Enhancement of growth when in the presence of K. brevis
filtrates was also observed for some phytoplankton species
that were not enhanced in the live cell competition experi-
ment. Specifically, Amphora sp., Peridinium sp., P. mini-
mum, S. costatum, and Thalasiossira sp. all had greater max-
imum concentrations in the presence of some K. brevis
filtrates than controls, with the magnitude of statistically sig-
nificant effects ranging from 17% to 380% (p < 0.0001-
0.039; Figs. 1, 2).

ELISA analysis of each of the filtrates used in experiment
2 indicated nondetectable (<1 ng ml—%) quantities of type Il
brevetoxins. Unfortunately, K. brevis cells were not analyzed
by ELISA for this experiment, so it is unclear whether these
K. brevis cultures produced no brevetoxins or retained them
in cells. Nevertheless, some allelopathic effects were ob-
served (see previous).

Phytoplankton growth affected by lipophilic extracts of K.
brevis filtrates—ELISA analysis of the stock cultures, fil-
trates, and filtrate extracts used in experiment 3 indicated
that for K. brevis strain CCMP 2228 in log phase, used for
treatment B of this experiment, concentrations of intracel-
lular and extracellular brevetoxins were equal, each measur-
ing 32 ng ml—* (representing 5.4 pg cell * intracellular brev-
etoxins). The lipophilic extract of the extracellular filtrate
also contained brevetoxins corresponding to 32 ng ml-* of
extracted material, indicating that extraction efficiency of
brevetoxins from filtrates was 100%, as expected. When di-
luted in experimental tubes for experiment 3, this extract
contributed 6.4 ng ml—* brevetoxins, added once a week for
3 weeks. K. brevis stationary-phase strain CCMP 2228 used
for treatment C had 24 ng ml—* (17 pg cell %) intracellular
brevetoxins, 8.0 ng ml-* extracellular brevetoxins, and
again, 100% of brevetoxins were extracted from the extra-
cellular filtrate to the lipophilic extract (contributing 1.6 ng
ml—* brevetoxins with each addition). For treatment D, K.
brevis stationary-phase strain CCMP 718 had equal amounts
of intracellular and extracellular brevetoxins, each 2.0 ng
ml-* (1.1 pg cell %), and all of the extracellular brevetoxins
were successfully transferred to the lipophilic extract (con-
tributing 0.4 ng ml-* brevetoxins with each addition). As
expected, the F/2 seawater media, its filtrate, and the lipo-
philic extract of this filtrate used as a control in experiment
3 contained no brevetoxins by ELISA analysis.

Two competitors, S costatum and Thalassiosira sp., were
negatively affected by lipophilic extracts of extracellular fil-
trates of K. brevis (Fig. 3; Table 1). The maximum concen-
trations of S costatum and Thalassiosira sp. were reduced
by 12% and 33%, respectively, when grown with extracts of
log-phase strain CCM P 2228 filtrate, relative to controls. Ad-
ditionally, S. costatum maximum concentration was sup-
pressed 12% by extracts of stationary-phase strain CCMP
2228 filtrate and 15% by a mixture of purified brevetoxins
at 8.8 ng ml—* added weekly (Fig. 3; Table 1).

When grown with purified brevetoxins at 8.8 ng ml -2, the
growth rate of A. sanguinea was only 27% of that of controls
(Fig. 3; Table 1). When grown with lipophilic extracts of K.
brevis filtrates, the growth rate of A. sanguinea was either
enhanced 2.4-fold (extract of log-phase strain CCMP 2228
filtrate, p = 0.00061) or was not affected (extracts of sta-
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Fig. 1. Effects of Karenia brevis on the growth of competitors (experiment 1). Phytoplankton were grown with (A) filtrate of F/2 media
in seawater (control), (B) live K. brevis strain CCMP 2228, or (C) one-time addition of extracellular filtrate of early stationary-phase strain
CCMP 2228 (n = 5). Cells were counted under light microscope. Asterisks (*) indicate significant suppression of treatments relative to

controls (p = 0.05).

tionary-phase strains CCMP 2228 and 718, p = 0.52 for
both). Growth of two other species was also enhanced by
extracts of K. brevis or by brevetoxins. A. glacialis, en-
hanced 52-94% by extracts of log- and stationary-phase
strain CCMP 2228 filtrates (concentration at day 17, p =
0.010-0.014) and by brevetoxins (concentration at day 17,
p = 0.031), although not by the extract of stationary-phase
strain CCMP 718 (concentration at day 17, p = 0.46); and
P. mexicanum, whose maximum concentration was enhanced
13% by the extract of stationary-phase strain CCMP 2228
filtrate (p = 0.016) but was not affected by other extracts
nor by purified brevetoxins (Fig. 3).

K. brevis (strain CCMP 2228) was relatively unaffected
by lipophilic extracts of extracellular filtrates of its own
strain (that contributed 1.6-6.4 ng ml -* brevetoxins), but its
maximum concentration was suppressed by 24% by extracts
of filtrates of stationary-phase CCMP 718 (p = 0.014) and

suppressed 38% by purified brevetoxins at 8.8 ng ml—* (p
= 0.017; Fig. 3).

K. brevis growth affected by other phytoplankters—Dur-
ing experiment 1, in which the growth of various phyto-
plankters was assessed in the presence and absence of live
K. brevis, we were able to measure the effects of this com-
petition on K. brevis (Fig. 4; Table 1). Although we started
the experiment with K. brevis concentrations at bloom levels
(2,400 cells ml —1), K. brevis grown without competitors went
through an experimental growth phase, stabilizing at six
times this concentration after 10 days (Fig. 4A). Five com-
petitors (C. capsulata, O. aurita, P. minimum, R. lens, and
S costatum) drastically reduced K. brevis growth, with K.
brevis cell concentrations peaking after 3 d and then declin-
ing to 0—1% of control cell numbers (Fig. 4A). When cell
concentrations were compared by unpaired t-tests at various



Does Karenia brevis use allelopathy? 889

5 Akashiwo sanguinea 2

e
.

Amphora sp.

Asterionellopsis glacialis

...............

Fluorescence pug L' Chl a

0 5

Peridinium sp.

10 15 20 25 30 0 5 10

15 20 25 0 5 10 15 20 25 30

Prorocentrum minimum

Fluorescence pg L™ Chl a

o4 y T J
0 10 20 30

S

=

@]

=

00

3

8

5 00 25 50 75 100 0 5 10 15
) Time (days) Time (days)
Q . .

g 125 Thalassiosira sp.

T, 10 il

2 75

g 5

=

8

g 25

[=]

= T T 1

B~ 0 5 10 15

Time (days)

Fig. 2. Effects of Karenia brevis extracellular filtrates on the growth of other phytoplankton species (experiment 2). Phytoplankton
were grown with weekly addition of (A) filtrate of F/2 media in seawater (control), (B) extracellular filtrate of log-phase strain CCMP
2228, (C) extracelular filtrate of stationary-phase strain CCMP 2228, or (D) extracellular filtrate of stationary-phase strain CCMP 718 (n
= 5). Cell concentrations were assessed by fluorescence measurement of culture aliquot (ug L= chlorophyll a). Asterisks (*) indicate

significant suppression of treatments relative to controls (p = 0.05).

times during the experiment, significant differences were ob-
served for al five treatments versus controls, starting on the
seventh day (Table 1). A sixth species, Amphora sp., aso
resulted in early termination of growth, reducing K. brevis
to 1% of control cell concentration by day 14 (Fig. 4A; Table
1).

A second group of phytoplankton also suppressed K. brev-
is growth, but did so less dramatically (Fig. 4B). The pres-
ence of A. sanguinea and A. glacialis resulted in lower K.
brevis concentrations early in the experiment (e.g., 37-40%
lower on day 7), followed by recovery at day 20. Rhizoso-
lenia cf. setigera and Thalassiosira sp. did not reduce K.
brevis maximum concentration, but did cause K. brevis to
peak about 1 week earlier than controls and then crash when

K. brevis concentrations in controls were at their maximum
(Fig. 4B; Table 1).

Two species, Peridinium sp. and P. mexicanum, did not
affect K. brevis growth. No significant differences were ob-
served for maximum growth rate, maximum concentration,
or lag before exponential growth began for K. brevis grown
with and without each of the Peridinium sp. and P. mexi-
canum (p > 0.5 for all comparisons; Fig. 4C).

Nutrients and pH—Mass spectrometric measurements on
samples from experiment 1 indicated that, although variable
across treatments, nutrients were not likely to be seriously
limiting (Web Appendix 1: http://www.aslo.org/lo/toc/
vol_50/issue_3/0883al.pdf). Summarizing these data, nitrate/
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chlorophyll a). Asterisks (*) indicate significant suppression of treatments relative to controls (p = 0.05).

nitrite levels always exceeded 45 umol L-* and usually ex-
ceeded 150 umol L-* (fresh F/2 + silicate seawater media
had 883 wmol L-1), orthophosphate was 1.5-27.5 umol L-*
(fresh media had 36.3 wmol L-%), and silicate always ex-
ceeded 12 pumol L-* (fresh media had 107 pumol L-%).
Throughout experiments 1-3, the pH of seawater and media
was 6.5, and the pH of extracellular filtrates of K. brevis
cultures (and control filtrates) was 7.0-8.5. During experi-
ment 1, the pH of experimental cultures ranged from 6.5 to
9.0, with some species being under consistently slightly ba-
sic conditions (O. aurita, 8.5-9.0; C. capsulate and P. min-
imum 8.0-9.0) in all treatments. Only Peridinium sp. ap-
peared to have a variable pH that was potentially dependent
on treatment, with treatments A (control) and C (K. brevis

filtrate) having pH values of 6.5-7.0 and with treatment B
(addition of live K. brevis cells) having a pH of 8.5. Tem-
poral pH patterns were not evident (data not shown).

Discussion

Nine of 12 phytoplankton species experienced reduced
growth (lower growth rate, lower cell concentration, or de-
layed growth) when exposed to high concentrations of live
K. brevis in mixed cultures, relative to these species grown
aone (Fig. 1; Table 1). Allelopathy appears to be one com-
petitive mechanism used by K. brevis, since its extracellular
filtrates and/or extracts of filtrates reduced the growth of six
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brevis; and (C) No suppression of K. brevis (n = 5). Cells were
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of nine phytoplankton species that were suppressed by live
K. brevis (Figs. 1-3; Table 1).

K. brevis dramatically outcompeted two species in mixed
culture: Peridinium sp. and P. mexicanum, neither of which
ever grew beyond starting concentrations when paired with
K. brevis (Fig. 1), and neither of which significantly sup-
pressed K. brevis growth (Fig. 4C). In addition, Thalassio-
sira sp. was completely eliminated by competition with K.
brevis in mixed cultures (Fig. 1), but K. brevis also suffered
from the presence of Thalassiosira sp., growing to similar
concentrations as controls but terminating about 1 week ear-
lier than K. brevis—only controls (Fig. 4B). From our exper-
iments, there is no evidence for an allelopathic mechanism
to explain the dominance of K. brevis over Peridinium sp.,
since neither extracellular filtrates of K. brevis, nor extracts
of K. brevis filtrates, nor purified brevetoxins at reasonable
waterborne concentrations (8.8 ng ml —* of PbTx-2, PbTx-3,
and PbTx-9 [100: 10: 1]) affected Peridinium sp. (Figs. 1—
3). P. mexicanum and Thalassiosira sp., on the other hand,
were each significantly suppressed by one K. brevis filtrate
(Fig. 2) and one filtrate extract (Fig. 3), respectively, a-
though purified brevetoxins had no effect on either species
(Fig. 3). The 28-33% reduction in maximum concentration
caused by filtrates and extracts was modest compared to the

96-99% suppression by live K. brevis. It appears that alle-
lopathy, mediated by K. brevis compounds other than brev-
etoxins, contributes at least partially to the competitive dom-
inance of K. brevis over these two species when K. brevis
is a bloom concentrations. In the Gulf of Mexico, Peridi-
nium and Thalassiosira spp. occur year-round (Curl 1959;
Turner and Hopkins 1974) and are therefore likely to interact
with K. brevis. P. mexicanum is also found in the Gulf of
Mexico, with the strain used in this study initially isolated
in South Florida, but there are no reports of how any of
these three species compete with K. brevis in the field.

Several phytoplankters were negatively affected but not
completely eliminated by competition with live K. brevis
(Fig. 1), as well as by suppressing K. brevis either partially
(Fig. 4B) or completely over severa days (Fig. 4A). Of
these, the fall-winter seasonality of Rhizosolenia cf. setigera
and A. glacialis (=Asterionella japonica) overlaps with the
typical K. brevis bloom season (Curl 1959; Turner and Hop-
kins 1974; Tester and Steidinger 1997), and R. setigera has
been found at high concentrations during K. brevis blooms
(Gunter et al. 1948). Allelopathy appears to be used by K.
brevis against these two competitors and against a third di-
atom, Amphora sp.; however, the negative effects of filtrates
were not as strong as the suppression that was observed with
live K. brevis. Thisis not surprising, since alelopathic com-
pounds are likely to be continually produced and released
by live K. brevis, and in fact may increase in concentration
as K. brevis population density increases, whereas the fil-
trates, and the allelopathic compounds therein, were added
either once or weekly. In addition to being weaker than the
effects of live K. brevis, allelopathic effects on Amphora sp.,
A. dlacialis, and R. cf. setigera also differed for various fil-
trates of K. brevis. For example, two K. brevis filtrates, both
from strain CCMP 2228, one filtered during K. brevis log
phase and the other during early stationary phase, signifi-
cantly suppressed A. glacialis (Figs. 1-2), whereas full sta-
tionary-phase filtrates did not inhibit this species (Fig. 2).
Brevetoxin concentration in these filtrates varied from non-
detectable (<1 ng ml~%) in the two inactive filtrates and in
one inhibitory filtrate, to 8.8 ng ml~* in another inhibitory
filtrate. However, purified brevetoxins added to A. glacialis
cultures weekly at 8.8 ng ml—* enhanced rather than sup-
pressed A. glacialis (Fig. 3). Therefore, brevetoxins cannot
have been responsible for the allelopathic effects of K. brevis
filtrates on A. glacialis. None of the lipophilic extracts of K.
brevisfiltrates or purified brevetoxins inhibited Amphora sp.,
A. glacialis, or Rhizosolenia cf. setigera, suggesting that al-
lelopathic effects observed in the filtrate experiments were
possibly due to highly water-soluble, volatile, or unstable
compounds in filtrates that were not successfully extracted
with a lipophilic solvent.

P. minimum is known to occur off the west coast of Flor-
ida (Millie et al. 1997), where impacts of K. brevis blooms
are greatest. West et al. (1996) reported that during an un-
usua K. brevis bloom off North Carolina, P. minimum in-
creased in concentration. In our mixed culture experiment,
P. minimum reduced K. brevis concentration by 99.6% with-
in 10 days (Fig. 4A). The maximum growth rate of P. min-
imum was in turn reduced by 45% by competition with K.
brevis, athough P. minimum eventually reached the same
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concentration as controls, in which it was grown alone (Fig.
1). That P. minimum was a superior competitor to K. brevis
in the laboratory appears to parallel its ability to thrive dur-
ing K. brevis blooms (West et al. 1996). However, an ale-
lopathic mechanism for the slowed growth of P. minimum
was not evident, since K. brevis filtrates and filtrate extracts
did not suppress P. minimum (Figs. 1-3). In fact, P. mini-
mum was significantly enhanced by three of four K. brevis
filtrates. Similar enhancements by filtrates were observed for
Peridinium sp., S costatum, and Thalassiosira sp. (Fig. 2)
but not by lipophilic extracts of filtrates (Fig. 3). Nutrient
analyses of samples from experiment 1 indicated that over-
al, nutrients were not seriously limiting in our treatments
(Web Appendix 1); however, for phytoplankters that are rel-
atively immobile in culture (e.g., diatoms) or for large cells
that have a small surface-to-volume ratio, nutrient limitation
in the immediate vicinity of individual cells could have oc-
curred between times when experimental tubes were invert-
ed, every 1-2 d. This may have resulted in enhanced growth
in filtrate-addition treatments (to which nutrients were sup-
plemented), whereas the lipophilic extract additions were un-
likely to lead to this artifact.

For R. lens, which grew better not only with K. brevis
filtrates (Fig. 2) but also in the presence of live K. brevis
(Fig. 1), the observed effects are not likely to have been
simply caused by nutrient enrichment of filtrates. It is pos-
sible that K. brevis produces substances that stimulate R. lens
growth (which may be highly water-soluble, since K. brevis
lipophilic extracts did not stimulate R. lens), or R. lens may
be better able to use nutrients in the form released by K.
brevis upon its decline, which coincided with the enhance-
ment of R. lens, than it was able to use F/2 nutrients when
grown alone.

S costatum, the most common Gulf of Mexico diatom
year-round (Saunders and Glenn 1969), accounting for 29—
99% of eukaryotic phytoplankton cells in the Tampa Bay
region during the fall season (Turner and Hopkins 1974),
was dlightly suppressed by K. brevis (Fig. 1), but in turn
caused catastrophic effects on K. brevis, reducing its cell
concentration by 99.9% by day 20 (Fig. 4A). The continued
dominance of S. costatum in coastal waters and its associa-
tion with K. brevis blooms in the Gulf of Mexico and the
western North Atlantic (Gunter et al. 1948; Turner and Tester
1989) may be partly due to its superior competitive ability.
Yet the modest suppression of S. costatum by K. brevis had
a clearly alelopathic origin: one extracellular filtrate of K.
brevis (the only one with appreciable quantities of brevetox-
ins, contributing 8.8 ng ml-* brevetoxins to experimental
cultures) inhibited S. costatum at least as much as did live
K. brevis (Fig. 1); K. brevis extracts (contributing 6.4 and
1.6 ng ml—* brevetoxins), as well as purified brevetoxins
added weekly to S costatum cultures at 8.8 ng ml—%, sup-
pressed S costatum concentration 12—-15% relative to con-
trols (Fig. 3). S. costatum appears to be one phytoplankter
negatively affected by K. brevis, for which brevetoxins ac-
tualy explain the observed suppression. Nevertheless, in
mixed culture with S. costatum, K. brevis was itself much
more inhibited than was S costatum (Figs. 1, 4A), indicating
that the allelopathic effect of brevetoxins from high cell con-
centrations of K. brevis fails to win out, at least under nu-

trient-rich laboratory conditions, against the competitive
ability of S costatum.

Brevetoxins added at 8.8 ng ml-* significantly inhibited
only two additional species, A. sanguinea and K. brevisitself
(strain CCMP 2228) (Fig. 3). Interestingly, this strain of K.
brevis was also inhibited by lipophilic extracts of the extra-
cellular filtrate from another K. brevis strain (CCMP 718)
contributing 0.4 ng ml—* brevetoxins, but not by two lipo-
philic extracts of filtrates of its own strain contributing 6.4
and 1.6 ng ml—* brevetoxins. Similarly, A. sanguinea, which
was strongly inhibited by pure brevetoxins at 8.8 ng ml 1,
was hot inhibited by the same concentration of brevetoxins
added as part of a K. brevis filtrate (Fig. 1), and was in fact
stimulated by extracts of filtrates that contained added 6.4
ng ml-* brevetoxins to its cultures (Fig. 3). Apparently,
when included within the complex mixture of organic com-
pounds released by K. brevisinto seawater, brevetoxins with-
in filtrates and extracts caused no significant negative effects.
It is possible that K. brevis releases compounds that modu-
late or negate the effects of brevetoxins toward A. sanguinea
and itself. In fact, Bourdelais et al. (2004) recently discov-
ered a new K. brevis metabolite that counteracts the ichthy-
otoxicity of PbTx-3 when administered directly in water.

Only two species were not affected at all by K. brevisin
this study: C. capsulata and O. aurita, the latter having been
observed to increase in abundance during K. brevis blooms
(West et a. 1996) and commonly found in the Gulf of Mex-
ico (as Biddulphia aurita; Curl 1959; Saunders and Glenn
1969). We found no reports regarding C. capsulata dynamics
during K. brevis blooms, but Turner and Hopkins (1974)
reported Chlorella-like organisms to be abundant year-round
(although not in every year studied) in the Tampa Bay area,
an area commonly affected by red tides. C. capsulata and
O. aurita caused K. brevis concentration to be reduced to
<1% of controls (Fig. 4A). Initial cell concentrations can
affect competitive outcome (e.g., Uchida et al. 1999). In our
mixed culture experiments, starting concentrations of C. cap-
sulata and O. aurita exceeded the concentration of K. brevis,
but because K. brevis cells are much larger than the other
two species, the initial biovolume of K. brevis was actually
twice that of C. capsulata and 1.2 times that of O. aurita,
yet K. brevis was completely eliminated.

Freeberg et al. (1979) reported allelopathic effects of K.
brevis toward 18 of 28 phytoplankters tested. However, that
study used K. brevis filtrates and extracts from lysed cell
cultures, such that intracellular compounds not normally
found in seawater were included in treatments. Additionally,
because filtrates were not enriched with media prior to use
in experiments, full-strength media controls had higher nu-
trient concentrations than treatments, which could have lead
to false-positive results, and variance was not reported nor
were statistics used. Nevertheless, for the two species (A.
glacialis and S costatum) in our study that were also tar-
geted by Freeberg et al. (1979), our findings of allelopathic
effects of K. brevis against both these species were predicted
by the earlier work. Species-specific allelopathic effects ap-
pear to be common (Arzul et al. 1999; Sugg and VanDolah
1999). Since producers of allelopathic compounds are likely
to have evolved resistance to their own allelopathic agent(s),
it seems reasonable that other species could also evolve re-
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sistance, or alelopathic compounds may have evolved to
target specific competitors in the first place.

Although our finding that many but not all competitors
are inhibited by K. brevis appears to mirror some previous
field observations, we cannot conclude that the effects re-
ported herein account for competitive outcomes in the field.
Obviously, nutrient conditions used in our experiments far
exceeded what would be expected in the field, which could
either have led to overproduction of allelopathic substances
or masked intense exploitation competition that might dom-
inate interactions in the field (Maestrini and Bonin 1981).
Competitive outcome can also be strongly affected by start-
ing cell concentrations (Pratt 1966; Uchida et a. 1999) and
irradiance (Hegarty and Villareal 1998), and cultured strains
can undergo metabolic changes over time, such that allelo-
pathic potential may be lost (Gentien and Arzul 1990). In
our competition experiment between live K. brevis and other
phytoplankters, we inoculated both species on the same day
at concentrations that enabled them to rapidly enter expo-
nential phase, which may have biased the outcome toward
discovering allelopathy that affects species mainly in the ear-
ly part of their growth curve. This could have prevented us
from gaining insights into some aspects of species succes-
sion. Possibly most restrictive, our practically motivated de-
cision to test pairwise interactions certainly sacrificed our
ability to detect indirect, additive, or synergistic interactions
among multiple species. Understanding the community-wide
effects of competition and allelopathy requires field experi-
mentation, or at least the use of field assemblages of phy-
toplankton (e.g., Fistarol et al. 2003). With so little infor-
mation previously available on the allelopathic potential of
K. brevis or on the importance of brevetoxinsin competition,
the laboratory-based data reported herein at least provide
testable hypotheses regarding K. brevis alelopathy in the
field.

One major question in harmful algal bloom research has
been whether phytoplankton toxicity plays a role in estab-
lishing or maintaining blooms. Smayda (1997) concluded
that, so far, there is no evidence for the involvement of phy-
toplankton toxins in bloom formation, given that some
bloom species produce toxins but many do not. Because we
started our competition experiment with bloom concentra-
tions of K. brevis cells, our findings may relate mostly to
established K. brevis blooms and what forces maintain or
disrupt these blooms. From our data, it is clear that breve-
toxins at reasonable waterborne concentrations affected very
few competing phytoplankters, but that allelopathy in gen-
eral was fairly common. Because some filtrates were alle-
lopathic to some phytoplankton species and other filtrates
were allelopathic to others species, several yet-unidentified
K. brevis compounds are probably involved. In laboratory
experiments, Sugg and VanDolah (1999) and Tillmann and
John (2002) reported that the well-known toxins produced
by Prorocentrum lima and Alexandrium spp. (okadaic acid
and saxitoxins, respectively) could not explain the outcome
of competition with multiple species, and that other, uniden-
tified alelopathic compounds appeared to be important.
Identifying allelopathic agents is of great interest, in order
to test their effects in manipulative experiments under real-
istic conditions.

Allelopathy may also act against K. brevis, if used as a
strategy by other phytoplankters. Martin and co-workers
(e.g., Perez et a. 1997) have published extensively on a suite
of compounds produced by chlorophytes that inhibit K. brev-
is in culture. To date, alelopathic effects have been attri-
buted to two fatty esters common to many taxa, athough
whether these compounds affect K. brevis at ecologically
relevant concentrations is uncertain. In the current study, six
phytoplankters strongly inhibited K. brevis and another four
led to milder but significant suppression (Fig. 4), but none
of the species tested were the ones reported by Martin and
co-workers. We cannot yet predict whether the mechanism
of this inhibition is based upon exploitation of resources or
interference.

Bacteria are known to co-occur with phytoplankton, in
some cases contributing by unknown mechanisms to in-
creased phytoplankton toxin production (Doucette 1995).
Bacteria could play a role in competitive interactions be-
tween phytoplankters, athough to our knowledge, there is
no report of this being tested by manipulative experiments.
In the current study, we chose to use nonaxenic strains of
phytoplankters to maintain realistic levels of brevetoxin pro-
duction by K. brevis and to attempt to mimic field condi-
tions, although the bacteria present in culture may not have
been related to bacteria in the field. One disadvantage of
including nonaxenic strains was the possibility that bacteria
may have contributed to the decomposition of allelopathic
agents, although this may occur in the field as well, dimin-
ishing the effectiveness of allelopathy in natural communi-
ties. If, on the other hand, K. brevis-associated bacteria re-
leased allelopathic agents affecting some competitors, we
would have recorded this as alelopathy by K. brevis; if
growth of a competitor was suppressed because its associ-
ated bacteria were disrupted by K. brevis allelopathic com-
pounds, we would have recorded this as allelopathy against
the competitor. Although this may have led us to a flawed
understanding of the proximate mechanisms involved in al-
lelopathy, the ultimate effects (suppression of a competitor
by waterborne chemicals) would have been detected using
our design. However, we considered it important to distin-
guish allelopathy from pathogenic infection by live bacteria,
and so we removed actual bacterial cells before adding fil-
trates to test phytoplankters. Thus, if K. brevis normally in-
terferes with competitors by inoculating them with patho-
genic bacteria harbored by K. brevis, we would not have
been able to distinguish this from exploitation competition.
In addition, if the presence of a competitor normally induces
the production or release of allelopathic compound(s) by K.
brevis, we would have observed suppression in the mixed
culture experiment, but missed the induced allelopathy in the
filtrate- and extract-addition experiments. Findly, if some
phytoplankters were mixotrophic, ingesting phytoplankton
cells (Tillmann 2003), or interfered with each other via cell
contact rather than by waterborne chemicals (Uchida et al.
1995), these mechanisms could not have been separated in
our experiments from exploitation competition. Therefore,
we are conducting experiments to explore possible mecha-
nisms of interference competition other than constitutively
expressed allelopathy.

In conclusion, we found that the red tide dinoflagellate K.
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brevis uses species-specific alelopathic strategies to interfere
with the growth of six of 12 phytoplankters tested. K. brevis
was itself inhibited by several competitors. Release of brev-
etoxins into seawater explained the modest inhibition by K.
brevis of only one competitor, S. costatum, indicating that
other alelopathic compounds have yet to be discovered. In
almost all cases in which K. brevis suppressed competitors,
allelopathic effects of K. brevis filtrates and extracts were
weaker than the effects of live K. brevis cells, indicating that
(1) alelopathic compounds may decompose over periods of
days to weeks in seawater; (2) some allelopathic compounds
may be highly water-soluble or volatile and thus may be lost
during extraction; and (3) other mechanisms, including ex-
ploitation competition, microbial infection, cell—cell contact,
and allelopathy induced only when K. brevis is in the pres-
ence of competitors, are also likely to be important.
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