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ABSTRACT: Grazing rates of Karenia brevis Clones CCMP2228 and CCMP2229 were determined in
laboratory experiments using Synechococcus sp. Clone CCMP1768 as food. Growth (days to weeks)
and uptake rates (hours to days) were assessed. In the growth experiments, K. brevis, previously
depleted in nitrogen (N), was grown at 2 light intensities in the presence of varying concentrations of
Synechococcus. Under high irradiance (300 pmol photons m™2 s7%; 14 h light:10 h dark cycle), expo-
nential growth rates approximated those of phototrophic growth without Synechococcus (0.26 to
0.35 d’l). At this irradiance, K. brevis cells in all treatments grew for about 10 d. Under lower irradi-
ance (43 pmol photons m~2 s7!), exponential growth rates of K. brevis cells varied with the enrichment
level of Synechococcus, with rates under the highest Synechococcus enrichment level being nearly
twice (0.58 d°!) those observed for the high irradiance treatments. Short-term uptake experiments
(3 experiments, 2 clones) were done to examine the N-specific rates of grazing of *’N-labeled Syne-
chococcus. N-specific rates of grazing ranged from 9.28 x 10~ h™! to 1.22 x 1072 h™! and varied with
the relative proportion of Synechococcus:K. brevis. These rates represent a range of 0.026 to
2.15 pmol-N K. brevis ™' d™!, or 0.96 to 83.8 Synechococcus K. brevis ' h™!. Evidence of Synechococcus
inside K. brevis was provided by confocal microscopy. Grazing by K. brevis thus enhances the range
of nutritional substrates available to meet its growth requirements, and may play a substantial role in
sustaining natural populations in inorganic N-poor waters.
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INTRODUCTION

Karenia brevis is a potentially toxic dinoflagellate
that causes red tides in the Gulf of Mexico, and is most
prevalent along the southwest Florida shelf (e.g. Vargo
et al. 2001, 2004). The toxins associated with these
blooms, brevetoxins, have been associated with fish
and marine mammal kills and also cause respiratory
distress and neurotoxic effects in human consumers of
contaminated shellfish (Landsberg 2002). Thus, there
is considerable management interest in the causes of
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these blooms. Although there is now consensus that
nutrient enrichment from land-based sources has
degraded estuarine and coastal marine waters world-
wide, leading to alterations in ecosystems and the
expansion of many harmful algal blooms (HABs) in
many regions (e.g. Glibert et al. 2005, Glibert & Burk-
holder 2006), the sources of nutrients needed to sustain
large K. brevis blooms are still not well understood
(Walsh & Steidinger 2001, Brand & Compton 2006,
Vargo et al. 2008). While some research has supported
the premise that nutrient enrichment can contribute
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to long-term increases in K. brevis abundance in
nearshore areas (Brand & Compton 2007), other stud-
ies have reported that blooms of this species generally
initiate offshore and are sustained in seemingly oligo-
trophic waters (e.g. Walsh & Steidinger 2001). Thus, it
is unclear whether K. brevis blooms require nearshore
nutrient enrichment or can be sustained in relatively
nutrient-poor waters (Vargo et al. 2004, 2008, Hu et
al. 2006).

Relationships between nutrient export from the
coastal zone and the marine ecosystem are complex,
involving both direct and indirect pathways mediated
through nutrient cycling, trophic interactions, and/or
biogeochemical transformations (e.g. Glibert et al.
2005, Glibert & Burkholder 2006). While many HABs
are related to inorganic nutrient enrichment, some are
apparently not; moreover, inorganic nutrients are not
the only cause of bloom stimulation (Glibert et al.
2005). An alternative nutritional strategy for some
HABs is mixotrophy, in particular phagotrophy from
grazing on algae or other prey (Stoecker et al. 2006).
Such mixotrophy is observed in many dinoflagellate
species (reviewed by Stoecker 1999, Burkholder et al.
2008). Grazing rates by Karenia brevis have only been
published to date in 1 study (Jeong et al. 2005) and
there is much to be learned about its ability to graze
under a range of conditions.

Mixotrophic dinoflagellates ingest a wide variety of
prey items including bacteria, other algae and protists,
and fish, shellfish, and mammalian tissues (Burkholder
et al. 2008). The photosynthetic cyanobacterium Syne-
chococcus has been suggested to be one such food
source, due to its ubiquitous nature in both offshore
and coastal waters, its potential for high growth rates
(Kana & Glibert 1987), and its co-occurrence with
many dinoflagellates (e.g. Murrell & Lores 2004).
Synechococcus is of particular interest in Florida
coastal waters because this species develops large
blooms in the Florida Bay region (Phlips & Babylak
1996, Glibert et al. 2004) and is also prevalent along
the southwest Florida coast (Heil et al. 2007).

The potential for Synechococcus to be grazed by
Karenia brevis under a range of laboratory conditions
was explored in the present study. We hypothesized
that grazing has the potential to contribute a signifi-
cant amount of N to sustain growth of K. brevis. The
rates of growth with and without this particulate
source of nutrients and under varying light regimes
were compared to rates under strictly phototrophic
growth conditions. The present study provides the first
quantitative measurements of grazing over a range of
conditions, and shows that grazing can contribute up
to 40 % of the cellular N requirements h~! for K. brevis.
With evidence that blooms of Synechococcus can be
enhanced due to anthropogenic nutrients, the poten-

tial importance of this particulate nutrient source for
sustaining red tide blooms in situ is large and may help
to resolve the current uncertainty as to how K. brevis
blooms are maintained.

MATERIALS AND METHODS

Cultures and methods of growth. All cultures were
obtained from the Provasoli-Guillard National Culture
Collection maintained at the Bigelow Laboratory for
Ocean Sciences, West Boothbay Harbor, Maine, USA.
The Karenia brevis cultures included Clone
CCMP2229, originally isolated from Manasota Key,
Florida, and Clone CCMP2228, originally isolated off
Sarasota, Florida. Synechococcus strain CCMP1768
was isolated from the Gulf of Mexico.

The Karenia brevis cultures were grown in L1
medium at a salinity of 30 (Guillard & Hargraves 1993);
the N source and prey concentration varied with the
experiment, as described below. Maintenance cultures
were grown with NOj™ as the N source at a light inten-
sity of 50 pmol photons m™2 s~ on a 14 h light:10 h dark
cycle. The seawater used in media preparation was
from the Indian River inlet, Delaware, and was auto-
claved prior to nutrient amendment. Cultures were
maintained at 20°C in walk-in temperature-controlled
rooms. Fluorescent fixtures were positioned to provide
a range of light intensities, which varied by experi-
ment. Cultures were not axenic, but aseptic techniques
were used to minimize additional bacterial contamina-
tion during the growth periods.

Experimental design. Six experiments were con-
ducted, including 2 designed to assess the rate of
growth of Karenia brevis under varying conditions,
and 4 designed to measure short-term rate processes.

Expt 1: Phototrophic growth of Karenia brevis with
NO;, NH,* or urea at 3 irradiance levels: Clone
CCMP2228 of K. brevis (initial inoculum: 1.3 x 10* cells
ml’1) was grown in clean borosilicate test tubes, with
3 N forms (NO3;~, NH,*, or urea; enriched at concentra-
tions specified for N in L1 media) and at 3 irradiance
levels (15, 30, or 115 pmol photons m~2s7!). Growth was
monitored approximately daily for 30 d, as described
below (see ‘Analytical protocols’). Five replicates were
maintained for each N source and light level. Growth
rates were measured for the exponential period.

Expt 2: Mixotrophic growth of Karenia brevis vs. ir-
radiance and Synechococcus availability: Cells of K.
brevis Clone CCMP2228, grown on L1 medium (Guil-
lard & Hargraves, 1993) but at the point of N depletion,
were used for this experiment. These cells were trans-
ferred to 30 clean glass test tubes containing L1
medium minus N. The light exposures for this experi-

ment were 43 and 300 umol photons m~2 s™!, measured
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using a Biospherical Instruments QSL-100 with a 4n
probe inserted into the tubes. Initial culture densities of
K. brevis were 450 cells ml™! for the high light treat-
ments and 520 cells ml™! for the low light treatments.
The ambient concentration of NO;™ in the Indian River
source water was 26 pmol N, and that of DON was
30 pmol N at the start of the experiment; other N sub-
strates were negligible.

The experiment was initiated with the addition of 5
different densities of Synechococcus (final concentra-
tions of 0, 6.1 x 103, 2.1 x 10% 6.2 x 10%, and 8.6 x 10*
cells ml™!). Each light and treatment level was repli-
cated in triplicate. To compensate for the different vol-
umes of Synechococcus that were added (0.1 to 1.0 ml
Synechococcus stock culture) and nutrients that would
have been carried over with the transfer of Syne-
chococcus, all cultures were brought to a total volume
of 50 ml using filtrate from the Synechococcus cultures
(filter pore size = 0.22 pm). Growth was assessed
approximately daily for 25 d (see ‘Analytical protocols’).

Expt 3: Karenia brevis uptake of urea: Cultures of
both clones in late exponential growth phase were used
to assess the rate at which K. brevis directly took up dis-
solved urea. Culture aliquots, previously maintained on
NOj~, were exposed over short periods (less than 1 h) to
a concentration gradient of 15N-labeled urea, from 0.5
to 20.0 pmol N 11, Cultures were not N-depleted at the
time of urea exposure, but they were urea-depleted.
Thus, all enrichment levels were ~100 atom percent
(atom %). After incubation, the cultures were filtered
onto pre-combusted GF/F filters (nominal pore size =
0.7 pm). The filters were dried and later analyzed by
mass spectrometry (see ‘Analytical protocols').

Expts 4 to 6: Mixotrophy in Karenia brevis. Short-
term grazing rates with Synechococcus as prey: Three
experiments were conducted using varying propor-
tions of K. brevis and Synechococcus. Two experi-
ments used both clones of K. brevis, while the final
experiment used only K. brevis Clone CCMP2229. In
each experiment, a monoculture of Synechococcus
(late exponential growth phase) was labeled with
10 pmol 1! ¥N-urea and incubated for 24 h to ensure
uniform isotope labeling. The amount of isotope label
in the Synechococcus culture inocula was determined
by mass spectrometry. The K. brevis -cultures
(N-starved, in late exponential growth phase) were
gently transferred to new 60 ml culture flasks and an
inoculum of the labeled Synechococcus was added.
Depending upon the experiment, 3 to 7 different
densities of *N-labeled Synechococcus were used. In
all, the treatments yielded ratios of Synechococcus:
K. brevis (cell:cell) of 0.36 to 225.8. The flasks were
held in a constant temperature incubator for ~24 h on a
14 h light:10 h dark cycle. Following incubation, a 5 ml
subsample was removed and preserved in glutaralde-

hyde (1 % final concentration). The remaining contents
of the flasks were filtered through pre-combusted
filters (GF/D, nominal pore size = 2.7 pm) that retained
the K. brevis cells (~20 pm diameter) and possibly
some of the Synechococcus cells (if attached to K. bre-
vis). The filtrate was then re-filtered through a smaller
pore pre-combusted filter (GF/F, nominal pore size =
0.7 pm) to retain Synechococcus cells that had not
been collected with K. brevis on the first filter. The fil-
ters were rinsed with ultra-filtered Indian River water
and dried for later analysis by mass spectrometry to
determine the amount of ®N label that was in the
K. brevis cells versus the Synechococcus cells. Consid-
ering all 3 experiments collectively, 30 % of the treat-
ments of K. brevis (by strain) and Synechococcus (by
density) were tested in duplicate. All **’N samples were
processed using a Sercon mass spectrometer.

Analytical protocols. In Expts 1 and 2, growth of Kare-
nia brevis and Synechococcus was tracked by changes
in fluorescence and calibrated by microscopy and
flow cytometry. On an approximately daily basis, 5 ml
of each culture were removed, of which 1 ml was trans-
ferred to a cuvette and fluorescence emission at 682 nm
(chlorophyll) and 560 nm (phycoerythrin) from 495 nm
excitation were recorded on a Jobin Yvon Fluoro Max-3
spectrofluorometer. The chlorophyll fluorescence of
K. brevis alone in the mixed species cultures was cal-
culated as: chlg;, = Emggy — 0.19Emseo, where chlgy, is
the chlorophyll fluorescence signal from K. brevis, and
Emgg, and EMsgy are the 682 and 560 fluorescence
emission signals of the mixed culture. The emission at
560 nm was used as a measure of Synechococcus in
these experiments. The factor, 0.19, is the average fluo-
rescence emission ratio (682:560nm) from Synecho-
coccus only. The remaining 4 ml of subsample was pre-
served in glutaraldehyde (1 % final concentration).

Of the 540 samples measured by fluorescence,
66 were analyzed by flow cytometry using a Becton
Dickinson FACS-caliber flow cytometer to provide an
independent measurement of Synechococcus density
for cross-confirmation of the fluorescence patterns.
Cell numbers were determined by gating by forward
and side light scatter. The correlation between fluo-
rometry and flow cytometry readings varied for cells
grown at high and low light levels. For high light the
correlation was:

Fluorometry reading = 5.578x — 23867 (r* = 0.87, n = 41)
(M
For low light, the correlation was:
Fluorometry reading = 30.97x - 51935 (r? = 0.69; n = 25)
(2)
where x is cell number (cells ml™!) determined by flow
cytometry.
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Selected aliquots were also examined by confocal
microscopy to assess whether Synechococcus cells
were actually retained within Karenia brevis cells.
Autofluorescence of Synechococcus phycobilisomes
was used to detect the cyanobacteria inside K. brevis
cells. The preserved samples were filtered onto 25 mm
GTBP black polycarbonate filters (Millipore, pore size
= 3.0 pm). Each filter was placed on a microscope slide,
covered by a drop of immersion oil (Cargille type FF)
and a cover slip, and examined with a Leica TCS SP1
confocal microscope and a 63x, 1.2 numerical aperture
water immersion lens. For these images, the excitation
wavelength was 488 nm and the emission windows for
K. brevis and Synechococcus pigments were 660 to 710
and 590 to 630 nm, respectively. Images were captured
at consecutive intervals of 0.15 pm along the z-axis.

Particulate and dissolved nutrients in the cultures
were measured using standard methods. Particulate N
in filtered samples (GF/D or GF/F) was determined
using a Control Equipment CHN analyzer and dis-
solved nutrients were analyzed using autoanalysis
(Lane et al. 2000), except for urea, which was mea-
sured using the protocol of Revilla et al. (20095).

Data analysis. Growth rates in Expts 1 and 2 were
calculated for specific time intervals (days) within the
exponential growth phase using the equation:

r=In(N,/Np)/t (3)

where ris specific growth rate (d™!), N, is the measure
of cells (or units of fluorescence) at time ¢, N, is that at
time 0, and ¢ is the interval of growth in days. The
mean growth rates for the time interval when the high-
est observed rates were sustained (i.e. exponential
growth phase) are reported. All growth rates are
reported as the means of either 5 (Expt 1) or 3 repli-
cates (Expt 2). For literature comparisons, growth rates
were also expressed as divisions d~! by dividing r by
In 2. Statistical comparisons between groups were
based on 1-way ANOVAs; t-tests were used to com-
pare differences within groups. All comparisons were
made at a significance level of 0.01.

The N-specific uptake rates of urea by Karenia bre-
vis in Expt 3 were calculated as:

V= atom % excess/(atom % enrichment x time) (4)

where V is the N-specific uptake rate, h™!, atom %
excess is the N enrichment of the culture (minus nat-
ural N background) at the end of the incubation
period, atom % enrichment is the initial atom % of the
substrate added, and time is the duration of the exper-
iment in hours (e.g. Glibert & Capone 1993).

To calculate the N-specific grazing rates of Syne-
chococcus by Karenia brevis in Expts 4 to 6, a version
of equation 4 was used. However, in this case, the
atom% enrichment was that of the initial Synechococ-

cus culture and the atom% excess was that of the K.
brevis culture (GF/D fraction) after incubation. Since
Synechococcus was growing during the period of the
24 h incubation, it was becoming isotopically diluted as
the initial '°N-labeled urea had been consumed and
the cells were using other regenerated forms of N.
Hence, an isotope dilution correction was made to
account for the exponentially changing enrichment of
the Synechococcus cells (e.g. Glibert et al. 1982). To
correct the atom % enrichment of the GF/D filters for
any contribution by retained Synechococcus cells (or
bacteria), the residual amount of Synechococcus on the
GF/D filters was determined from the difference of
mass of the cells retained on the GF/Fs and the initial
culture. The >N atom% enrichment due to the K. bre-
vis contribution only was then determined according to
the following equation:

Atom % K. brevis = [(measured atom % GF/D)(mass

of K. brevis + mass of Synechococcus) —
(atom % Synechococcus)(mass of Synechococcus)]/
(mass of K. brevis) 5)

where all units of mass are in pmol-N. Grazing rates in
terms of amount of N grazed per unit time (N ingestion
rates) were calculated by multiplying the N-specific
grazing rates by the particulate N (PN) content of the
K. brevis culture:

N ingestion rate = N-specific grazing rate x PN (6)

Lastly, all grazing rates were also corrected for the
direct uptake of urea by the cultures by subtracting the
urea uptake rates determined above.

Grazing rates were also calculated in terms of cells of
Synechococcus grazed (Synechococcus K. brevis~* h™!)
by converting the N ingestion rate to a cell-specific
rate, based on a conversion of 1.65 fmol-N cell™! of
Synechococcus elongatis (Richardson 2004). Clearance
rates (CR, pl K. brevis! h'!) were calculated as
described by Jeong et al. (2005) as follows:

CR = IR/prey density (7)

where IR is the cell-specific ingestion rate (cells Syne-
chococcus K. brevis™' h™),

RESULTS
Growth experiments

Expt 1 was designed to provide the benchmark pho-
totrophic growth rates for one of the clones of Karenia
brevis. For all 3 N substrates, growth was poor at the 2
lowest experimental irradiances (31 and 15 pmol pho-
tons m2 s7; Table 1). Growth at the highest irradiance
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on all N substrates was significantly higher than
growth at the lower irradiance levels. Growth rates on
NH,* and on NOj™ at the highest irradiance (115 pmol
photons m™2 s™!) were virtually identical at 0.35 to
0.37 d°! (Table 1), while the average rate of growth on
urea at the same irradiance was slightly less, at 0.28 d*
(Table 1), though not statistically different from rates
observed using NH,* or NOj™ as substrates.

Expt 2 explored the potential for growth of Karenia
brevis on a particulate N source (Synechococcus). In this
experiment, the only sources of N were the Synechococ-
cus cells, the slight quantity of inorganic N that was
transferred with the original inoculum, any dissolved N
that may have been released by the cultures during the
growth cycle, and contaminating bacteria. Exponential
growth rates for those cultures maintained at the higher
irradiance in this experiment (300 pmol photons m2s™?)
were very similar to those obtained in Expt 1, ranging
from 0.26 to 0.35 d™! (Fig. 1). In contrast, a much wider
range of exponential growth rates was observed for
those cultures grown at the lower irradiance (43 pmol
photons m~2s7!), 0.14 to 0.58 d™!, depending on the Syne-
chococcus enrichment level (Fig. 1). For the low light-
grown culture, the highest exponential growth rates cor-
responded with those of K. brevis cultures that had the
highest level of Synechococcus added. At both the high-
est and 2 lowest levels of Synechococcus enrichment,
mean exponential growth rates of K. brevis under the 2
light regimes were significantly different (Fig. 1).

The time interval over which the exponential growth
was observed also varied in Expt 2, depending on the
irradiance and Synechococcus enrichment levels. At
the higher irradiance level, all cultures grew rapidly
for approximately 10 d, after which the culture growth
began to decline (Fig. 2A, C, E, Table 2). There were
no significant differences in the average exponential

Table 1. Karenia brevis. Mean growth rates of K. brevis, Clone
CCMP2228, as a function of N source and light intensity for
Expt 1. All growth rates <0 are herein reported as 0. The coef-
ficient of variation (CV) of the 5 replicate cultures is also given

Substrate Light Mean Ccv
intensity growth rate
(amol photons (d™
m2st)
Ammonium 15 0 0
31 0.05 0.60
115 0.37 0.19
Urea 15 0 0
31 0 0
115 0.28 0.35
Nitrate 15 0 0
31 0 0
115 0.35 0.14

0.75 7

Exponential growth rate (d-)

T
0.00 4.00 8.00
Synechococcus inocula (x10% cells ml-)

Fig. 1. Karenia brevis. Mean exponential growth rates (d™!) of
K. brevis in the presence of varying concentrations of Syne-

chococcus as the only N source at 2 light intensities: 300 (---)

and 43 pmol photons m™2 s7! (—). Each point represents the

mean calculated growth rate of triplicate cultures for the ex-
ponential period of growth for that experimental condition
(see Table 1). Error bars are SD

rates of growth, but the absolute cell number attained
was related to the amount of Synechococcus added;
the lowest Synechococcus level yielded the highest
final biomass of Karenia brevis (Fig. 2A). At the lower
irradiance, a different pattern was observed. In this
case, the culture with the highest Synechococcus con-
centration initially grew fastest, then growth of the cul-
ture with the next highest Synechococcus level
increased a few days later, and again a similar increase
occurred a few days later with the third highest Syne-
chococcus level, and so on (Fig. 2B, D, F). In contrast to
the high light treatments, the maximum biomass of K.
brevis attained varied much less with amount of Syne-
chococcus added (e.g. Fig. 2D, F).

Table 2. Karenia brevis. Time period over which exponential

growth of K. brevis Clone CCMP2228, grown with Syne-

chococcus Clone CCMP1768, was sustained for the experi-

mental conditions for Expt 2. See Fig. 2 for the full growth
cycle of all cultures

Light intensity Initial Initial Rate
(nmol photons  inoculum of inoculum of calculation
m2s? Synechococcus K. brevis time
(cellsml™!)  (cellsml™!)  period (d)
300 0 4.5 x 102 1-10
6.2x10° 4.5 x 102 1-10
2.1 x10* 4.5 x 102 1-10
6.2 x 10* 4.5 x 102 1-10
8.6 x 10* 4.5 x 102 1-10
43 0 5.2x10! 1-10
6.2 x10° 5.2x10! 1-10
2.1x10* 5.2x10! 10-16
6.2 x 10* 5.2x10! 5-11
8.6 x 10* 5.2x10! 1-5
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Days of culture growth

Fig. 2. Karenia brevis. Time course of growth of K. brevis in mixed K. brevis and Synechococcus cultures at 2 light intensities as
indicated by the chlorophyll a fluorescence at 682 nm corrected for the presence of Synechococcus chlorophyll (see Expt 2 for de-
tails). (A) Comparative growth at 300 pmol photons m™2 5! and 5 levels of initial enrichment of Synechococcus: no Synechococcus
(9); 6.1 x10% cell ml™* (O); 2.1 x 10 cells ml™?! (A); 6.2 x 10* cell mI~! (©); and 8.6 x 10* cells ml™* (x). (B) As for (A) except at 43 pmol
photons m s™!. Each point is the mean of 3 individual culture measurements. (C—F) Examples of the triplicate cultures (open,
gray and black symbols) at high (C, E) and low (D, F) light for treatments with the lowest (C, D) and highest (E, F) Synechococcus

enrichment levels

) The exponentlal rates F)f growth Of_ Synechococcus Table 3. Synechococcus. Time period over which exponential
in the mixed cultures differed considerably. At the growth of Synechococcus Clone CCMP1768 was observed
higher irradiance level, all growth rates of Syne- for the experimental conditions indicated for Expt 2. See

chococcus were negative (Fig. 3A, C, E). At the Fig. 3 for the full growth cycle of all cultures. Growth rates
-2 o2
lower light intensity, the highest observed growth

for all cultures at 300 pmol photons m™ s™ were negative and
. k are not shown
rates (i.e. exponential growth phase) of all cultures

ranged from 0.23 to 0.49 d7!, although the time inter- o ] - ]
val over which the highest growth rate was attained Light intensity  Initial inoculum Rate calculation
.. . (nmol photons of Synechococcus time period
depended on the initial inoculum level (Fig. 3B, D, E, m2sY) (cells ml™) (d)
Table 3). Rates of growth of Karenia brevis and
Synechococcus were inversely related in the low 43 6.2 x 10° 10-20
4

light treatment: the highest growth rate of K. brevis 2.1x10 12-17

. 6.2 x 10* 7-11
corresponded with the lowest observed growth rate 8.6 x 104 1-10
of Synechococcus.
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Fig. 3. Karenia brevis. Time course of growth of Synechococcus in mixed K. brevis and Synechococcus cultures at 2 light
intensities as indicated by phycoerythrin fluorescence at 560 nm. See Fig. 2 for further details

Confocal micrographs from samples taken during
the growth experiments confirmed that Synechococcus
was consumed by Karenia brevis (Fig. 4). Up to several
Synechococcus cells could be distinguished within
individual K. brevis cells.

Urea uptake rates

The goal of Expt 3 was to obtain direct rates of urea
uptake by Karenia brevis and to use these data to cor-
rect the N grazing experiments for 1°N urea uptake,
i.e. as dissolved substrate controls and as controls for
any bacterial uptake (urea was the initial *N-substrate
initially used to label the Synechococcus cells).
Because these K. brevis cells were not acclimated to
growth on urea, this experiment can be viewed as

yielding baseline or minimal rates. The rate of urea
uptake would be expected to be higher after acclima-
tion when the enzyme systems were optimized for
maximal urea uptake.

Under these experimental conditions, the N-specific
uptake rates (V) of urea for both clones were very low
(2 x 1075 to 1.4 x 10* h7%; Fig. 5). Although the data
could be fit to a Michaelis-Menten formulation, a
linear fit to the data was better.

Grazing rates

Expts 4 to 6 were designed to assess short-term graz-
ing rates by Karenia brevis on Synechococcus. N-spe-
cific rates of grazing on Synechococcus by K. brevis
ranged from 9.28 x 107* to 1.22 x 102 h™! and varied
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with the relative proportion of Synechococcus:K. bre- grazing. Expts 4 to 6 used very different cell density
vis (Table 4). These rates also represent a range of ranges of K. brevis and Synechococcus. When the data
0.026 to 2.15 pmol N K. brevis'! d°!, or 0.96 to 83.8 from all 3 experiments were considered, it was found
Synechococcus K. brevis'! h™! (Table 4, Fig. 6). Both that as more Synechococcus prey were added relative
clones of K. brevis had comparable rates of N-specific to K. brevis, the grazing rate of K. brevis (expressed as

Fig. 4. Karenia brevis and Synechococcus. Representative confocal micrographs of K. brevis cells with retained Synechococcus.
Chlorophyll fluorescence is shown in green and phycoerythrin fluorescence is shown in red. Scale bars = 10 pm
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Fig. 5. Karenia brevis. Nitrogen-specific uptake rates of urea
by K. brevis Clones (A) CCMP2229 and (B) CCMP2228 as a
function of the concentration of "’N-urea added. The 12 for
the best fit line, in this case linear, is 0.41 (A) and 0.72 (B)

both N-specific grazing and as cell-specific grazing
rates) increased but did not saturate (Table 4, Fig. 6).
The clearance rates varied from 0.10 to 8.6 pl K. bre-
vis ' h™! and were inversely related to the ratio of Syne-
chococcus: K. brevis (Table 4).

DISCUSSION
Growth rates

The growth rates reported here for Karenia brevis
cultures that were maintained phototrophically
(Table 1) were comparable to those reported by a wide
range of investigators. Studies of growth of the same
clones used here by Neely (2006) at salinity of 27 and
temperatures from 20 to 25°C were, with the exception
of one clone, <0.4 d}; a Texas clone also used in the
Neely (2006) study yielded only slightly higher growth
rates. Magana & Villareal (2006) reported maximum
growth rates for K. brevis Clone SP3 of 0.17 to 0.36 divi-
sions d™! (0.12 to 0.25 d™!) over a wide range of salinities
and temperatures, with the highest growth rate ob-
served at salinity 30, irradiance 31 pumol photons m™2
s7!, and temperature 20°C. They also found little or no
growth at irradiances <31 pmol photons m~2 s7}, which

was comparable to our findings on all substrates inves-
tigated. Shanley & Vargo (1993), in studies of the Wil-
son clone (reported as Gymnodinium breve), reported
increasing rates of growth with increasing irradiance.
The highest growth rates of 0.53 divisions d™! (0.36 d™1)
were found when cells were acclimated to the highest
experimental growth irradiance of 90 pmol photons m=2
s”'. Maier Brown et al. (2006) also reported growth rates
of several K. brevis clones including a Mexico beach
clone, the Wilson clone, and a Charlotte Harbor clone;
of these, the growth rates of the Charlotte Harbor clone
were 0.25 to 0.30 d! for salinities above 20, but rates
were considerably lower for the other 2 clones.

In the present study, growth rates of cultures main-
tained on Synechococcus (Fig. 1) were in the same
range as those grown phototrophically when the cells
were maintained at the higher experimental irradi-
ance. At the higher irradiance, growth of Karenia bre-
vis on Synechococcus was not sustained beyond ~10 d
(Fig. 2). After all of the Synechococcus cells or other
sources of nutrients apparently were consumed,
growth of K. brevis declined. However, at the lower
irradiance level, maximum growth rates of K. brevis
varied considerably. At the 2 lowest concentrations of
Synechococcus cells, growth rates were about half of
those that were obtained under either phototrophic
conditions or in the higher-irradiance mixotrophic con-
ditions. At the highest density of Synechococcus cells
in low light, the growth rate was significantly
enhanced, up to 0.58 d!. This growth rate was ~60 %
higher than the rate at the next highest Synechococcus
treatment level. Given the fact that growth rates
increased linearly with the Synechococcus levels
added and showed no evidence of growth rate satura-
tion, it is possible that even higher growth rates are
attainable with higher densities of Synechococcus.

In the present study, the potential for heterotrophic
bacteria to also contribute to the nutrition of Karenia
brevis cannot be discounted (e.g. Seong et al. 2006),
nor can the use of dissolved substrates from disruption
of the Synechococcus or K. brevis cells. If bacteria were
being grazed in these experiments, it would only
underscore that mixotrophy can help to sustain
growth. However, the observed presence of Syne-
chococcus in the K. brevis cells based on confocal
microscopy (Fig. 4) confirms that Synechococcus cells
were indeed grazed.

Urea uptake rates

Karenia brevis has previously been found to use urea
(e.g. Bronk et al. 2004, Sinclair 2008), but the rates of
urea uptake for our experiments were very low (Fig. 5).
In fact, they are roughly 2 orders of magnitude lower
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Table 4. Karenia brevis. Initial conditions and calculated grazing and ingestion rates of K. brevis (Clones CCMP2228 and CCMP2229) on
Synechococcus (Clone CCMP1768; Syn) based on N experiments. All experiments also included controls with no Synechococcus added
(not shown). *: replicated treatments. SE of the N-specific grazing rates are given in parentheses

Expt no. K. brevis Initial Syn:K. brevis Syn:K. brevis N-specific Clearance rate N-ingestion Cell-specific K. brevis cell
and clone no. Synecho- (cell:cell) (pmol-N:  grazing rates (pl K. brevis™! rates grazing rate N ingested
replication (CCMP) coccus pmol- N) (V,h™h h™Y) (pmol-N (Syn K. (% h™)
concentration K. brevis' d') brevis' h™!)
(cells 1Y)
4* 2229 1.94 x 10° 0.77 496x10*  292x10™* 4.9 0.026 0.96 0.73
(3.2x107%)
* 5.83 x 10° 2.38 1.54 x 1073 9.28 x 1074 5.2 0.084 3.04 2.32
(3.9 x 107%)
. 9.67 x 103 4.08 2.65x 1073 1.49%x 1073 5.0 0.14 4.87 3.73
(5.0 x 107%)
1.94 x 108 9.03 5.85%x 1073 2.93x 1073 4.9 0.26 9.58 7.36
5.83 x 10° 46.4 3.00 x 1072 1.22x 1072 6.9 1.10 40.0 30.7
9.72 x 10° 225.8 1.46x 107" 2.56x 1072 8.6 2.15 83.8 65.1
* 2228 1.94 x 10° 0.72 4.63x 107 3.17x 107 5.4 0.028 1.04 0.78
(2.8 x 107%)
. 5.83x10° 2.22 1.44%x103  7.02x107° 3.9 0.063 2.30 1.76
(8.4 x 107%)
. 9.67 x 10° 3.81 247 x 1073 1.20x 1073 4.0 0.107 3.90 3.01
(3.5%107%)
1.94 x 108 8.43 547 %1073 2.75%x 1073 4.6 0.25 9.01 6.92
5.83 x 10° 41.7 2.70 x 1072 1.44 x 1072 8.1 1.29 47.0 35.6
9.72 x 108 210.9 1.37 x 1071 2.42 % 1072 8.2 1.99 79.3 61.8
5 2229 3.11 x 108 0.36 2.35x 107 8.17x 1074 0.6 0.13 1.90 1.40
1.56 x 107 1.82 1.18 x 1073 1.43x 1073 0.2 0.22 3.40 2.50
3.11 x 107 3.63 2.35x 1073 2.50x 1073 0.2 0.39 6.10 4.48
7.80 x 107 9.08 589x10%  3.92x107° 0.1 0.60 10.1 7.42
1.56 x 108 18.17 1.18 x 1072 5.38x 1073 0.1 0.83 15.2 111
3.11x 108 36.33 2.35x 1072 7.31x 1073 0.1 1.13 24.1 17.7
2228 3.11 x 108 0.49 3.17x 107 6.13x 1074 0.5 0.1 1.43 1.05
1.56 x 107 2.45 1.58 x 1073 1.90 x 1073 0.3 0.29 4.54 3.33
3.11 x 107 4.90 3.17x 1073 2.97 x 1073 0.2 0.46 7.26 5.32
7.80 x 107 12.25 7.92 x 1073 541x1073 0.2 0.84 14.0 10.2
1.56 x 108 24.49 1.58 x 1072 7.21x 1073 0.1 1.11 20.3 14.9
3.11x 108 48.99 3.17 x 1072 8.73x 1073 0.1 1.35 28.8 21.1
6* 2229 2.84 x 107 0.86 5.58x 1074 9.1 x10™* 0.1 0.16 21.9 1.46
(0)
* 7.10 x 107 2.15 1.39x 1073 1.87 x 1073 0.1 0.34 4.10 3.00
(1.6 x 107%)
* 1.42 x 108 4.30 2.79 x 1073 529 % 1073 0.1 0.95 11.6 8.50
(1.9 x 107%)

than rates reported by Bronk et al. (2004) and Heil et
al. (2007) for natural Florida blooms, but are compara-
ble to rates reported by Sinclair (2008) for cultures
grown under low light. Uptake rates of urea by K. bre-
vis from the southwestern Florida shelf, reported by
Heil et al. (2007), were comparable to N-specific
uptake rates of urea for a related Karenia species, K.
mikimotoi, during a bloom off the East China Sea (Li et
al. 2009). The higher rates in the field relative to those
determined in the present study are likely a conse-
quence of up-regulation of urea metabolism in the field

populations when other sources of N were limiting. As
noted above, our laboratory experiments were con-
ducted under low urea concentrations, but abundant
NO;s™.

The rates of urea uptake reported here were about
100-fold lower than the grazing rates when compared
on the basis of N taken up. Although our reported rates
of urea uptake are low compared to other reports of in
situ rates when cells were preconditioned with urea,
urea uptake and grazing rates may be more compar-
able under natural conditions.
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Fig. 6. Karenia brevis. Rate of grazing by K. brevis Clones (A)

CCMP2229 and (B) CCMP2228, expressed as pmol-N dinofla-

gellate™! d7!, as a function of the ratio of prey (Synechococcus)

to predators (K. brevis) on a cell:cell basis. Results are from
Expt 4 (@), Expt 5 (0O), and Expt 6 (A, panel A only)

Grazing rates

Grazing by Karenia brevis on Synechococcus was
previously reported by Jeong et al. (2005), who com-
pared the ability of 18 red tide species to graze Syne-
choccocus. They reported that, for an initial Syne-
chococcus concentration of 1.25 x 10° cells ml™?, the
ingestion rate was 5 Synechococcus K. brevis' h™'.
Our results (0.96 to 83.8 Synechococcus K.
brevis' h™l), using different methodology, compare
favorably with, and fall either side of, the values of
Jeong et al. (2005). Grazing by K. brevis on Syne-
chococcus has also been observed elsewhere (L. A.
Procise & M. M Mulholland unpubl. data), but at rates
apparently much lower than those of Jeong et al.
(2005) or the present study. The clearance rates
reported herein (Table 4) also compare favorably with
the range reported by Jeong et al. (2005) for several
harmful algal species, although a clearance rate for K.

brevis was not reported specifically. The confocal
microscopy results also suggest that ingestion of Syne-
chococcus is on the order of a few cells at a time, as no
image yielded more than a few fluorescently visible
cells inside the K. brevis cells.

The N-specific grazing rates for the highest prey:
predator ratio were comparable to the specific growth
rates reported here when both rates were normalized
on a daily basis, suggesting that this source of nutrition
can be important under specific environmental condi-
tions. Such a conclusion can be verified using mass
balance calculations. The cellular N quota of Syne-
chococcus has been reported to range from 1.65 fmol-
N cell! (Richardson 2004) to 3.5 fmol-N cell"! (Kana &
Glibert 1987) and that of Karenia brevis has been esti-
mated to be 5.4 pmol-N cell”! (Shanley & Vargo 1993,
Sinclair et al. 2006, present study). Thus, it would
require roughly 1.5 x 10% to 3.3 x 10 Synechococcus
cells to double the biomass of K. brevis if it is assumed
(for the basis of mass balance calculations only) that all
N were retained for growth. At a K. brevis growth rate
of 0.3 d! (0.43 divisions d!), the cellular N quota
would be obtained from ingestion of 20 to 40 Syne-
chococcus cells h™'. At a growth rate of 0.58 d™' (0.84
divisions d'), as reported here for low-light growth on
Synechococcus (Table 2), the cellular N quota would
be obtained from ingestion of 50 to 100 Synechococcus
K. brevis'! h™!. The rates reported here are in this gen-
eral range, 0.96 to 83.8 Synechococcus K. brevis! h™!
(Table 4), indicating that grazing on picoplankton can
potentially account for a major fraction of the N
demand for growth of K. brevis.

Clonal differences

No significant differences were found between the 2
Karenia brevis clones studied here. Intraspecific differ-
ences in various traits of many clones of dinoflagel-
lates, including N uptake rates by K. brevis, have been
observed (e.g. Burkholder & Glibert 2006, Sinclair
2008), but in this case, the ability to feed may be a
characteristic of both clones. The clone used by Jeong
et al. (2005) was different from the clones used in the
present study, further suggesting that feeding may be
a common trait of K. brevis.

Clonal differences in the growth and N nutrition of
Synechococcus spp. are well known. Some clones
arrest their cell division upon N limitation, while others
continued to divide at slower rates during N depletion
(Glibert et al. 1986). Clonal differences in the ability of
Synechococcus to take up NH,* and NO;™ have also
been shown (Glibert & Ray 1990), but very little is
known about the clonal differences in their ability to
grow on urea. The extent to which growth and nutrient
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uptake rates of the Florida clone varies with N growth
status is not well understood (but see Richardson
2004), but will affect its ability to maintain populations
that may be available as food for Karenia brevis in situ.

Implications for natural blooms

The sources of N supporting Karenia brevis have
long been in debate for the southwestern Florida shelf
and, more generally, the Gulf of Mexico. Blooms have
been hypothesized to initiate in response to organic N
that becomes available following outbreaks of the
cyanobacterium Trichodesmium (e.g. Walsh & Stei-
dinger 2001, Mulholland et al. 2006). Trichodesmium
may release a significant fraction of its newly fixed N
in the form of dissolved organic nitrogen (DON) (Glib-
ert & Bronk 1994), and estimates of this contribution in
natural blooms suggest that DON from Trichodesmium
may be sufficient to support moderately dense
(£10° cells I'!Y) K. brevis blooms (Mulholland et al.
2006). Other sources of nutrients that may sustain mod-
erate to dense blooms (>10° cells I"!) have been pro-
posed. Vargo et al. (2004) estimated that estuarine
(land-based) sources of N and P could help to sustain
moderate nearshore blooms of K. brevis. Vargo et al.
(2008) evaluated potential dissolved nutrient sources
and fluxes and suggested that in addition to estuarine
inputs, sources such as release of N from dead and de-
caying fish, atmospheric deposition, benthic flux, and
release from zooplankton may all be important, but no
single factor seemed to be sufficient to sustain blooms.

Sinclair et al. (2006) proposed another mechanism
for obtaining nutrients. They found that Karenia brevis
cells can migrate into the sediments on a daily basis
and potentially acquire NOj;™ originating from the pore
waters. They reported N-specific NOj3~ uptake rates
that were not only higher than the urea uptake rates
reported herein, but also were higher than the field
measurements reported by Heil et al. (2007), ranging
from 0.2 h™! at a 0.5 pmol N~! addition to 0.52 h™! at an
addition of 11 pumol N~!, The NOj;™ uptake rates in the
Sinclair et al. (2006) study were also found to vary as a
function of time of day and extent to which the cells
had been previously exposed to or conditioned on
NO;". Ambient concentrations of NO5™ in the water col-
umn off the southwestern Florida shelf are typically
low (<1 pM N; Heil et al. 2007), and Sinclair et al.
(2006) found that those cells that were comparatively
NO; -depleted for the 12 h prior to descending in the
sediments had a higher rate of NO;™ uptake.

With the specific rates of N-specific grazing reported
here, we can add grazing as a potentially important
nutritional strategy of Karenia brevis. The growth
experiments demonstrated that in the presence of

limiting dissolved N, K. brevis could grow and survive
for a period of at least days to weeks. Indirect evidence
that grazing on Synechococcus may be important dur-
ing blooms comes from a study of the southwestern
Florida shelf in 2003 when the phytoplankton commu-
nity varied in composition along the north-south gra-
dient (Heil et al. 2007). In that study, phytoplankton
composition was tracked using pigment signatures,
including gyroxanthin diester as an indicator of K. bre-
vis (e.g. Millie et al. 1997) and zeaxanthin as an indica-
tor of Synechococcus (e.g. Kana et al. 1988). The region
where K. brevis was detected, off the Peace River, was
the region where zeaxanthin was virtually absent
despite its presence in surrounding waters (Heil et al.
2007), implying that Synechococcus was controlled by
K. brevis grazing. In the same study, urea was found to
be significantly associated with the abundance of
Synechococcus. It was suggested therein that as
anthropogenic sources of N from urea applications in
agriculture increase, one possible outcome will be
increases in cyanobacterial blooms (Heil et al. 2007).

It can now be hypothesized that as cyanobacterial
blooms increase, so too does the potential for Karenia
brevis growth to be enhanced and for blooms to be sus-
tained through grazing, especially under the low light
conditions associated with bloom self-shading. Recog-
nition of this pathway is at least one step toward recon-
ciling the long-term reported increase in K. brevis
blooms (e.g. Brand & Compton 2007) and the tendency
for blooms of this species to develop offshore in seem-
ingly oligotrophic waters (e.g. Vargo et al. 2004, 2008).
Many important questions remain, including whether
the rates reported in the laboratory are comparable to
those in the field, whether all clones of Synechococcus
are grazed similarly or whether all clones of K. brevis
have comparable grazing behavior, whether other
algae or bacteria are also grazed and at what rate, how
grazing rates may change on a diel basis or with phys-
iological status, and whether toxicity of K. brevis varies
with nutrient uptake and feeding strategies.

Acknowledgements. The present study was supported by the
Park Foundation, the University of Maryland Foundation, and
the NSF COSEE Program. Laboratory and analytical assis-
tance was provided by D. Johns, C. Shoemaker, J. Apple, and
L. Lane. This is contribution no. 4214 from the University of
Maryland Center for Environmental Science.

LITERATURE CITED

Brand LE, Compton A (2007) Long-term increase in Karenia
brevis abundance along the southwest Florida coast.
Harmful Algae 6:232-252

Bronk DA, Sanderson MP, Mulholland MR, Heil CA, O'Neil
JM (2004) Organic and inorganic nitrogen uptake kinetics
in field populations dominated by Karenia brevis. In: Stei-



Glibert et al.: Grazing by Karenia brevis on Synechococcus 29

dinger KA, Landsberg JH, Tomas CR, Vargo GA (eds)
Harmful algae 2002. Florida Fish and Wildlife Conser-
vation Commission, Florida Institute of Oceanography
and Intergovernmental Oceanographic Commission of
UNESCO, St. Petersburg, FL, p 80-82

Burkholder JM, Glibert PM (2006) Intraspecific variability: an
important consideration in forming generalizations about
toxigenic algal species. S Afr J Mar Sci 28:177-180

Burkholder JM, Glibert PM, Skelton H (2008) Mixotrophy, a
major mode of nutrition for harmful algal species in
eutrophic waters. Harmful Algae 8:77-93

Glibert PM, Bronk DA (1994) Release of dissolved organic
nitrogen by the marine diazotrophic cyanobacterium Tri-
chodesmium spp. Appl Environ Microbiol 60:3996-4000

Glibert PM, Burkholder JM (2006) The complex relationships
between increasing fertilization of the earth, coastal
eutrophication and proliferation of harmful algal blooms.
In: Graneli E, Turner J (eds) Ecology of harmful algae.
Springer, The Netherlands, p 341-354

Glibert PM, Capone DG (1993) Mineralization and assimila-
tion in aquatic, sediment, and wetland systems. In:
Knowles R, Blackburn TH (eds) Nitrogen isotope tech-
niques. Academic Press, New York, p 243-272

Glibert PM, Ray RT (1990) Different patterns of growth and
nitrogen uptake in two clones of marine Synechococcus
spp. Mar Biol 107:273-280

Glibert PM, Lipschultz F, McCarthy JJ, Altabet MA (1982)
Isotope dilution models of uptake and remineralization of
ammonium by marine plankton. Limnol Oceanogr 27:
639-650

Glibert PM, Kana TM, Olson RJ, Kirchman DL, Alberte RS
(1986) Clonal comparison of growth and photosynthetic
responses to nitrogen availability in marine Synechococ-
cus spp. J Exp Mar Biol Ecol 101:199-208

Glibert PM, Heil CA, Hollander D, Revilla M, Hoare A,
Alexander J, Murasko S (2004) Evidence for dissolved
organic nitrogen and phosphorus uptake during a
cyanobacterial bloom in Florida Bay. Mar Ecol Prog Ser
280:73-83

Glibert PM, Seitzinger S, Heil CA, Burkholder JM, Parrow
MW, Codispoti LA, Kelly V (2005) The role of eutrophica-
tion in the global proliferation of harmful algal blooms:
new perspectives and new approaches. Oceanography
18:198-209

Guillard RRL, Hargraves PE (1993) Stichochrysis immobilis is
a diatom, not a chrysophyte. Phycologia 32:234-236

Heil CA, Revilla M, Glibert PM, Murasko S (2007) Nutrient
quality drives phytoplankton community composition on
the West Florida Shelf. Limnol Oceanogr 52:1067-1078

Hu C, Muller-Karger FE, Swarzenski PW (2006) Hurricanes,
submarine groundwater discharge, and Florida's red
tides. Geophys Res Lett 33, L11601, doi:10.1029/
2005GL025449

Jeong HJ, Park JY, Nho JH, Park MO and others (2005) Feed-
ing by red-tide dinoflagellates on the cyanobacterium
Synechococcus. Aquat Microb Ecol 41:131-143

Kana TM, Glibert PM (1987) Effect of irradiances up to 2000 pE
m~2s7! on marine Synechococcus WH7803: 1. Growth, pig-
mentation, and cell composition. Deep-Sea Res 34:479-495

Kana TM, Glibert PM, Goericke R, Welschmeyer N (1988)
Zeaxanthin and B-carotene in Synechococcus WH7803
respond differently to irradiance. Limnol Oceanogr 33:
1623-1627

Landsberg JH (2002) The effects of harmful algal blooms on
aquatic organisms. Rev Fish Sci 10:113-390

Lane L, Rhoades S, Thomas C, Van Heukelem L (2000) Ana-
lytical services laboratory standard operating procedures.

Horn Point Laboratory, University of Maryland Center for
Environmental Science, Technical Report TS-264-00

[1 LiJ, Glibert PM, Zhou M, Lu S, Lu D (2009) Relationships

between nitrogen and phosphorus forms and ratios and
the development of dinoflagellate blooms in the East
China Sea. Mar Ecol Prog Ser (in press)

[] Magana H, Villareal TA (2006) The effect of environmental

factors on the growth rate of Karenia brevis (Davis) G.
Hansen and Moestrop. Harmful Algae 5:192-198

[] Maier Brown AF, Dortch Q, Van Dolah FM, Leighfield TA and

others (2006) Effect of salinity on the distribution, growth
and toxicity of Karenia spp. Harmful Algae 5:199-212

Millie DF, Schofield OM, Kirkpatrick GJ, Johnsen G, Tester
PA, Vinyard BT (1997) Detection of harmful algal blooms
using photopigments and absorption signatures: a case
study of the Florida red tide dinoflagellate Gymnodinium
breve. Limnol Oceanogr 42:1240-1251

Mulholland MR, Bernhardt PW, Heil CA, Bronk DA, O'Neil
JM (2006) Nitrogen fixation and release of fixed nitrogen
by Trichodesmium spp. in the Gulf of Mexico. Limnol
Oceanogr 51:1762-1776

Murrell MC, Lores EM (2004) Phytoplankton and zooplank-
ton seasonal dynamics in a subtropical estuary: impor-
tance of cyanobacteria. J Plankton Res 26:371-382

Neely TE (2006) Differences in growth and toxicity of Kare-
nia. MS thesis, Texas A&M University, College Station, TX

Phlips EJ, Babylak S (1996) Spatial variability in phytoplank-
ton standing crop and composition in a shallow inner-shelf
lagoon, Florida Bay, Florida. Bull Mar Sci 58:203-216

Revilla M, Alexander J, Glibert PM (2005) Urea analysis
in coastal waters: comparison of enzymatic and direct
methods. Limnol Oceanogr Methods 3:290-299

Richardson RW (2004) Florida Bay microalgae blooms: physi-
ological characteristics and competitive strategies of
bloom forming cyanobacteria and diatoms of Florida Bay.
PhD dissertation, University of South Florida, FL

Seong KA, Jeong HJ, Kim S, Kim GH, Kang JH (2006) Bac-
terivory by co-occurring red-tide algae, heterotrophic
nanoflagellates, and ciliates. Mar Ecol Prog Ser 322:85-97

Shanley E, Vargo GA (1993) Cellular composition, growth,
photosynthesis, and respiration rates of Gymnodinium
breve under varying light levels. In: Smayda TJ, Shimizu
Y (eds) Toxic phytoplankton blooms in the sea. Elsevier,
New York, p 831-836

Sinclair GA (2008) Physical and chemical constraints on the
near-bottom ecology of Karenia brevis. PhD thesis,
Marine, Earth and Atmospheric Sciences. North Carolina
State University, Raleigh, NC

Sinclair GA, Kamykowski D, Milligan E, Schaeffer B (2006)
Nitrate uptake by Karenia brevis. 1. Influences of prior
environmental exposure and biochemical state on diel
uptake of nitrate. Mar Ecol Prog Ser 328:117-124

Stoecker D (1999) Mixotrophy among dinoflagellates.
J Eukaryot Microbiol 46:397-401

Stoecker D, Tillmann U, Graneli E (2006) Phagotrophy in
harmful algae. In: Graneli E, Turner J (eds) Ecology of
harmful algae. Springer, Berlin, p 177-188

Vargo GA, Heil CA, Spence D, Neely MB and others (2001)
The hydrographic regime, nutrient requirements, and
transport of a Gymnodinium breve Davis red tide on the
West Florida shelf. In: Hallegraeff GM, Blackburn SI,
Bolch CJ, Lewis RJ (eds) Harmful algal blooms 2000.
UNESCO, Paris, p 157-160

Vargo GA, Heil CA, Ault DN, Neely MB and others (2004)
Four Karenia brevis blooms: a comparative analysis. In:
Steidinger KA, Landsberg JH, Tomas CR, Vargo GA (eds)
Harmful algae 2002. Florida Fish and Wildlife Conserva-



30 Aquat Microb Ecol 55: 17-30, 2009

tion Commission, Florida Institute of Oceanography and in the central West Florida Shelf: What keeps Karenia
Intergovernmental = Oceanographic Commission  of blooming? Cont Shelf Res 28:73-98
UNESCO, St. Petersburg, FL, p 14-16 [] Walsh J, Steidinger K (2001) Saharan dust and Florida red
[1 Vargo GA, Heil CA, Fanning KA, Dixon LK and others (2008) tides: the cyanophyte connection. J Geophys Res 106:
Nutrient availability in support of Karenia brevis blooms 11597-11612
Editorial responsibility: Klaus Jiirgens, Submitted: June 11, 2008; Accepted: December 29, 2008

Rostock, Germany Proofs received from author(s): March 1, 2009



	cite1: 
	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite10: 


