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With the increase in frequency of harmful algal blooms (HABs)
worldwide, a better understanding of the mechanisms that in-
fluence toxin production is needed. Karenia brevis, the major HAB
dinoflagellate in the Gulf of Mexico, produces potent neurotoxins,
known as brevetoxins. Human health is directly impacted by
blooms ofK. brevis through consumption of shellfish contaminated
by accumulated brevetoxins (neurotoxic shellfish poisoning) or
from aerosolized brevetoxins in sea spray (reduced respiratory
function); however, the reason for brevetoxin production has
remained a mystery. Here we show that brevetoxin production in-
creased dramatically in response to osmotic stress in three of the
four K. brevis clones examined. By rapidly changing salinity to sim-
ulate a shift from oceanic conditions to a decreased salinity typical
of coastal conditions, brevetoxin production was triggered. As
a result, brevetoxin cell quota increased by >14-fold, while growth
rate remained unchanged. Live images of K. brevis cells were also
examined to assess changes in cell volume. In the K. brevis Wilson
clone, cells responded quickly to hypoosmotic stress by increasing
their brevetoxin cell quota from ∼10 to 160 pg of brevetoxin per
cell, while cell volume remained stable. In contrast, theK. brevis SP1
clone, which has a consistently low brevetoxin cell quota (<1 pg
per cell), was unable to balance the hypoosmotic stress, and al-
though brevetoxin production remained low, average cell volume
increased. Our findings close a critical gap in knowledge regarding
mechanisms for toxin production in K. brevis by providing an ex-
planation for toxin production in this harmful dinoflagellate.

Imaging FlowCytobot | osmoregulation

Harmful algal blooms (HABs) are the proliferation of nui-
sance or toxic microalgae that can have devastating effects

on coastal ecosystems, fisheries, and aquaculture (1). The ma-
jority of HABs are associated with dinoflagellates that produce
a collection of diverse toxins (1). Karenia brevis, the major HAB
dinoflagellate in the Gulf of Mexico, produces potent neuro-
toxins, known as brevetoxins (2). Brevetoxins can lead to human
health concerns through the consumption of shellfish contami-
nated by accumulated brevetoxins, known as neurological shell-
fish poisoning, or through reduced respiratory function from
aerosolized brevetoxins in sea spray (1, 3, 4). In addition, K.
brevis blooms have led to massive fish kills and compromise sea
turtle, sea bird, and marine mammal health, playing a major role
in the ecology of the Gulf of Mexico (1, 5).
Brevetoxins are lipid-soluble polyether neurotoxins that are

stored intracellularly and are only released during cell death.
Once released from the K. brevis cell, brevetoxins have a high
affinity for receptor sites in voltage-sensitive sodium channels,
which cause the channel gates to remain open and inhibit fast
inactivation (3). As K. brevis blooms age and enter a mature
stage, the two parent brevetoxins, PbTx-1 and -2, begin to decline
as brevetoxin derivatives (PbTx-3, -5, -6, -7, -8, -9, and -10) in-
crease (6, 7). This change has been observed by comparing cul-
tures of K. brevis containing healthy, intact cells with aged
cultures containing dead cells. After cell death and lysis, a larger
percentage of brevetoxin is extracellular (6, 7). In addition to
brevetoxins, K. brevis produces a nontoxic polyether compound
that inhibits brevetoxin from binding to sodium channels known

as brevenal (8). Competition between brevetoxins and brevenal
for sodium channels has been shown to increase fish survival (9).
In addition, the unique ability of brevenal to compete with
brevetoxin suggests that it may serve as a solution to aerosolized
brevetoxins, and it has also been implicated as a therapy for
cystic fibrosis (10). Unfortunately, K. brevis produces on average
∼1 pg per cell, which is only a fraction (∼6%) of the total bre-
vetoxin concentration (11).
A functional role for the diverse collection of toxins produced

by dinoflagellates is still unknown. In the mixotrophic dinofla-
gellate, Karlodinium veneficum, toxins have been linked to prey
capture and relief from grazer pressure (12, 13). Although it
has been speculated that toxins initially evolved to deter grazing
pressure, this effect may be more of an indirect consequence of
toxin production (14, 15). Others have suggested that toxins may
play a role in allelopathy. For example, Alexandrium minutum
has been shown to increase toxin concentration and inhibit the
growth of a nontoxic dinoflagellate Prorocentrum micans under
nutrient stress (16). Although K. brevis also produces allelopathic
compounds (17, 18), brevetoxins do not inhibit the growth of
competitor species, which suggests that other chemical com-
pounds are responsible for the allelopathic response (17).
Although a primary cellular function for toxins has remained

elusive, responses to environmental conditions, such as salinity,
have been shown to influence the growth potential and toxin
production of harmful dinoflagellates (11, 19–23). These studies
have examined the role of salinity in growth and toxin production
on cells preacclimated to new environmental conditions (11, 19–
23). Although these studies have identified the acclimated re-
sponse to salinity, they do not evaluate differences in growth
potential and toxin production in response to rapid shifts in sa-
linity, as would occur when blooms move from oceanic to coastal
conditions. For example, optimal growth of K. brevis occurs at
oceanic conditions where salinity is ∼35 (2); however, cells fre-
quently come in contact with estuarine environments, and pre-
sumably lower salinities, where they are still able to form blooms
and flourish (20, 24). Little information is available on the effects
of advection and associated environmental influence on the
growth and brevetoxin production of K. brevis based on a shift in
environmental conditions.
To understand how movement onshore and subsequent os-

motic stress impact growth and brevetoxin production, we ex-
posed four clones of K. brevis acclimated to oceanic conditions
(salinity of 35) to a rapid decrease in salinity to approximate
coastal conditions (salinity of 27; refs. 25 and 26). We show that
under hypoosmotic stress, brevetoxin and brevenal cell quotas
increased by >10-fold compared with controls (cells acclimated
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to oceanic or coastal conditions). Time course experiments
demonstrate that the response to hypoosmotic stress occurs
quickly (<3 h) and enables cells to respond to changes in salinity.
Cells that are unable to trigger brevetoxin production (i.e., cul-
tures that contain low brevetoxin cell quotas) under hypoosmotic
stress increase their cell volume and are unable to respond
quickly. Our experiments identify osmotic stress as a trigger for
brevetoxin and brevenal production in K. brevis and provide
evidence for a cellular function for brevetoxins.†

Results
Under hypoosmotic stress, brevetoxin cell quotas for three K.
brevis clonal cultures (Wilson, TXB4, and SP3; Table S1) in-
creased by >10-fold compared with controls maintained at a sa-
linity of 35 (P < 0.001). These observed cell quotas after
hypoosmotic stress were also significantly higher than toxin
content of controls maintained at a salinity of 27 (P < 0.001; Fig.
1). Hypoosmotic stress produced a much larger increase in toxin
cell quota than observed previously (Fig. 1A). For the Wilson
clone, which has been in culture since 1953 and consistently
produces brevetoxin at levels similar to other clones (11), toxin
content increased 16-fold from 9.97 ± 0.43 to 160.40 ± 10.50 pg
per cell (SD). The TXB4 clone increased 20-fold from 7.33 ±
2.28 to 149.70 ± 4.40 pg per cell (SD), and the SP3 clone toxin
content increased 14-fold from 7.50 ± 0.32 to 105.8 ± 18 pg per
cell (SD; Fig. 1A). The reverse experiment, in which the Wilson
clone was exposed to hyperosmotic stress, also produced an in-
crease in toxin content, to 61.81 ± 1.84 pg per cell (SD). After
hypoosmotic and hyperosmotic stress, the production of brevenal
also increased by >10-fold and 4-fold, respectively (Fig. 1B).
Our results show that after osmotic stress, brevetoxin profiles

for all cultures remained at >94% PbTx-1 and -2, with little
change in the derivatives (Fig. 2A). Growth rates of the cultures
after hypoosmotic stress were also similar to acclimated cultures
(Fig. 2B). Together, this evidence suggests that rapid shifts in
salinity did not cause cell death or lysis (Fig. 2).
To examine the response of K. brevis to osmotic stress, we

performed a time course experiment to measure changes in cell
volume and brevetoxin production immediately (<3 h), 24 h, 6 d,
67 d, and 111 d after the rapid salinity shift. The cross-sectional
area (CSA) of live cell images was used as a proxy for cell volume
(refs. 27 and 28; Fig. 3). Experiments were initiated at 0800,
when CSA was at the minimum for the light portion of the daily
cycle for these synchronously dividing K. brevis cultures (Fig. S1).
Within 3 h after hypoosmotic stress, the average CSA of K. brevis
Wilson clone increased 5% from 1,349 ± 338 to 1,429 ± 355 μm2

(SD; Fig. 3A). This increase was comparable with the typical
daily increase in CSA observed in a control culture between 0900
and 1200 (Fig. 3A and Fig. S1). By 24 h after the salinity shift,
CSA had returned to a size equal to the control culture at 0800,
which corresponded to the time period in which the images were
collected (Fig. 3 A–D). Concurrently, brevetoxin per cell in-
creased significantly immediately after the hypoosmotic stress
and continued to increase through day 6 (Fig. 4).
Next, we repeated the experiment with a clone of K. brevis

(SP1) that produces very low quantities of brevetoxin (11). After
rapid hypoosmotic stress, the average CSA of K. brevis SP1 cells
increased from 931 ± 205 to 968 ± 208 μm2 (SD; Fig. 3E). This
result represented a 4% increase in CSA and was greater than
the 1.5% increase observed in the control culture during the
same time period. By 24 h after hypoosmotic stress, CSA in-
creased to 1,062 ± 237 μm2 (SD), which was a 14% increase over
initial CSA (Fig. 3 E–H). After 6 d, cell volume remained ∼6%
larger than initial cell volume. The brevetoxin cell quota for SP1

remained low (slightly above the limit of detection) at <3 h and
24 h after hypoosmotic stress. After 6 d, brevetoxin cell quota for
SP1 (1.24 ± 0.43 pg per cell; SD) was not significantly different
from values reported for control cultures at 35 or 27 salinity
growth conditions (P = 0.921 and 0.471, respectively).

Fig. 1. Brevetoxin and brevenal cell quota for control and hypoosmotic
stressed K. brevis cultures. (A) Mean total brevetoxin cell quota for three
clones (Table S1) under control [acclimated to salinities of 27 (black) and 35
(white); redrawn from ref. 11] and after hypoosmotic stress from a rapid
decrease in salinity from 35 to 27 (hatched) and hyperosmotic stress
(crossed). (B) Mean total brevenal cell quota for control cultures and after
hypoosmotic stress; legend as in A. Brevetoxins and brevenal were extracted
during late logarithmic growth phase. Error bars represent 1 SD (n = 6, ac-
climated treatments, n = 4, hypoosmotic stress treatments, n = 2, hyper-
osmotic stress treatment). *P < 0.001 as determined by a paired t test.

Fig. 2. K. brevis cells remain viable after hypoosmotic stress. (A) Brevetoxin
profiles for three clonal cultures (Table S1) after hypoosmotic stress. The two
parent compounds, PbTx-1 (white) and PbTx-2 (gray), comprised >94% of
the brevetoxin profile at day 6 after hypoosmotic stress. Derivatives (PbTx-3,
-7, -9, and -cba), which would indicate cell lysis, were a small percentage of
the total. (B) Comparison of growth rates for three clonal cultures accli-
mated to salinity treatments of 27 (black) and 35 (white) (redrawn from ref.
11) and after hypoosmotic stress produced by rapidly decreasing salinity
from 35 to 27 (hatched, black and white). Error bars represent 1 SD (n = 8).
Predominance of parent brevetoxin compounds and no significant decrease
in growth rate indicate that cells remained intact during hypoosmotic stress.
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Discussion
It has been assumed that brevetoxins have a functional role in K.
brevis because they are produced and retained within the cell.
Our experimental results demonstrate that a shift in the osmotic
environment triggered rapid production of brevetoxins and
brevenal (Figs. 1 and 4). The >10-fold increase in the cell quota
under hypoosmotic stress for both these polyethers provides
evidence to suggest that brevetoxins and brevenal do play a role
in osmoregulation (Figs. 1 and 4) and thus do have a cellular
function.
Marine algae acclimate to osmotic changes in a two-step

process: changes in cell volume followed by osmolytic adjustment
through regulation of organic osmolytes or modifications to ion
concentrations (29, 30). The elastic properties of cell walls are
important in osmotic adjustment and allow cells to handle short-
term fluctuations in salinity on the order of minutes through
precise changes in cell volume (29). Our experiments were able
to identify small changes in the cell volume for both the Wilson
and SP1 clones. The average cell volume of the Wilson clone did
increase by 5% after the shift in salinity; however, the increase
was indistinguishable from the diel change in volume (6%) over
the same time period in control cultures (Fig. 3A). We suggest
that Wilson was able to respond to the hypoosmotic stress by
increasing its brevetoxin cell quota (Figs. 1 and 4). In compari-
son, the low brevetoxin cell quota of the SP1 clone appeared to
prevent cells from responding efficiently to the change in salinity.
The sustained increase in cell volume over a 24-h period after the
shift in salinity illustrates the reduced capability of SP1 to quickly
adjust to osmotic stress (Fig. 3 E and F). Eventually, SP1 was able

produce a small quantity of brevetoxins (day 6), which may have
assisted with the decrease in cell size in the following days.
Mechanisms for controlling osmoregulation have not been

identified in dinoflagellates, and it is unclear whether they use
organic osmolytes or ion transport. In wallless cells, adjustment
in cell volume for osmoregulation occurs continuously and is
considered a basic biological function that allows for equilibrium
between intracellular and extracellular solute concentrations (30,
31). In contrast, response to osmotic stress requires an additional
energy expense, such as an increase in organic osmolytes or use
of ion transport (30–32). Osmolytic metabolite adjustment may
be accomplished by synthesis or elimination of osmolytes, such as
glycerol (30, 32). During hyperosmotic stress, organic osmolytes
are produced and retained inside the cell (32). K. brevis did in-
crease brevetoxin cell quota and maintained the toxin within the
cell when exposed to hyperosmotic stress (Fig. 1A). Under
hypoosmotic stress, organic osmolytes are excreted from the cell
or are degraded (32). Our experiments show that brevetoxins
profiles were dominated by PbTx-1 and -2, which implies that K.
brevis did not release or break down brevetoxins. Thus, breve-
toxins likely do not act as an osmolytic metabolite.
The regulation of ions through the use of ion pumps has also

been suggested as a mechanism for readjustment of ions for
osmoregulation and after osmotic stress (29, 33). Recently,
voltage-activated Na+/Ca2+ channels were detected in diatoms
(34) and coccolithophores (35). Based on our results, we spec-
ulate that brevetoxins, which are produced constantly at low cell
concentrations (1–20 pg per cell; refs. 6, 7, 11, 20, 21, 36, and 37),
facilitate osmoregulation through interaction with Na+ channels
and allow for ion adjustment. When K. brevis are exposed to os-
motic stress, brevetoxin cell quotas increase as a response to the
drastic changes in salinity. The presence of voltage-activated
Na+ or Ca2+ channels could provide a link between ion transport
and brevetoxin production; however, further research is needed
to identify the presence of voltage-activated channels in dino-
flagellates. It is important to note that similar studies with another
toxic dinoflagellate, Alexandrium fundyense, found that osmotic
stress did not influence toxin production (38), which suggests that
osmoregulation may differ among dinoflagellate groups.
Brevenal, the recently discovered beneficial compound pro-

duced by K. brevis, acts as a brevetoxin antagonist by binding to
the sodium channel receptor (9). In sheep, picomolar levels of
brevenal have been shown to alleviate the bronchial constriction
and wheezing response to brevetoxin (10). Because of the po-

Fig. 3. Time course of changes in CSA for K. brevis after hypoosmotic stress.
(A) Percent increase in CSA for K. brevis Wilson clone from the control cul-
tures at <3 h, 24 h, and 6 d after hypoosmotic stress. (B) CSA frequency for
the Wilson clone before hypoosmotic stress and 24 h after hypoosmotic
stress (control, n = 11,351; <3h, n = 15,825; 24 h, n = 20,856; 6 d, n = 29,107).
(C) K. brevis Wilson clone cell before hypoosmotic stress. (D) K. brevis Wilson
clone cell 24 h after hypoosmotic stress. (E) Percent increase in CSA for K.
brevis SP1 clone, as in A. For the low brevetoxin-producing clone SP1, the
increase in CSA after hypoosmotic stress was larger than daily variation in
control culture. (F) Increase in CSA frequency for SP1 before hypoosmotic
stress and 24 h after hypoosmotic stress (control, n = 22,296; <3h, n = 27,692;
24 h, n = 18,061; 6 d, n = 9,934). (G) K. brevis SP1 clone cell before hypo-
osmotic stress. (H) K. brevis SP1 clone cell 24 h after hypoosmotic stress.
(Scale bar: 10 μm.)

Fig. 4. Time course of brevetoxin cell quota for K. brevis (Wilson clone)
after hypoosmotic stress. Mean total brevetoxin for Wilson clone acclimated
to salinities of 27 (black) and 35 (white) (reproduced from ref. 11) and after
hypoosmotic stress (hatched, black and white). Brevetoxin extractions were
performed within <3 h, 24 h, 6 d, 67 d, and 111 d after the salinity decrease.
Brevetoxin cell quota increased rapidly within <3 h after hypoosmotic stress
and reached a plateau after 24 h that continued to day 6, with a decrease
noted at day 67. Error bars represent 1 SD (n = 6 for acclimated treatments;
n = 4 for <3 h, 24 h, and 6 d; n = 3 for 67 d and 111 d). Differences among
brevetoxin cell quotas were determined by ANOVA (P < 0.001). Bonferroni’s
post hoc t test determined no significant differences between treatments
denoted by either a or b.
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tential for clearing mucus from the lungs, brevenal has been
suggested as a potential treatment for cystic fibrosis (10). By
manipulating the growth conditions for this alga through rela-
tively simple salinity changes, we have shown that the yield of
brevenal can be greatly enhanced. Consequently, increasing the
efficiency of production for this medically important compound
can be greatly improved.
In conclusion, our study identifies a trigger for toxin production

within a dinoflagellate HAB species. Our results suggest that as
K. brevis blooms are transported onshore and subsequently ex-
perience rapid osmotic stress, brevetoxin concentrations could
significantly increase. Further research is needed to verify this
trigger in field populations. The identification of a direct link
between toxin production and environmental conditions adds a
unique dimension to our understanding of HAB dynamics. Fur-
thermore, the role of salinity in activating brevenal production
may benefit commercial production of medical therapies (9, 10).

Materials and Methods
Culture Conditions. K. brevis clones (Table S1) were grown in L1-Si–enriched
(39) natural seawater collected from the Gulf of Mexico. Seawater was fil-
tered and sterilized before enrichment with sterile-filtered nutrients. All
experiments were performed at 25 °C under irradiance levels of 70-μmol of
photons·m−2·s−1 and a 12:12-h light:dark cycle using cool white bulbs. Control
cultures grown at a salinity of 35 or 27 were acclimated slowly to growth
conditions and maintained for a minimum of 10 transfers before experiments.

Osmotic Stress Treatment. For each salinity treatment, 45-mL cultures were
grown in 8-18 replicate 50-mL test tubes for 7–14 d, depending on individual
growth rates. On the 4th day of growth, which was sufficient for a culture
doubling (11), the salinity was reduced to 27 by adding MilliQ water (23%
vol/vol). To examine hyperosmotic stress, salinity was increased by adding
high-salinity seawater (salinity of 65; 23% vol/vol) to cultures acclimated to
a salinity of 27. High-salinity seawater was produced through freezing fil-
tered seawater and preserving the brine portion. This experiment was
conducted with the Wilson clone only. Salinity changes were verified by
using a VWR SympHony Multiparameter Research Meter (Model SB90M5)
and a four-cell conductivity probe (Model 11388-382).

Growth rates were determined from daily measurements of in vivo
fluorescence (40). For osmotic stress conditions, growth rates were based on
measurements taken after the salinity shift. Brevetoxins and brevenal were
extracted during late logarithmic growth phase (11). For time course ex-
periments, brevetoxins and brevenal were extracted at <3 h, 24 h, 6 d, 67 d,
and 111 d after salinity shift. After the extraction taken at day 6 for the time
course experiments, the culture was transferred into new medium, and
growth rate was monitored. Once the culture reached late logarithmic
growth phase, it was transferred again into new medium; this process
continued for a total of 10 transfers or 111 d. Brevetoxins and brevenal
extractions for days 6, 67, and 111 were conducted during late logarithmic
growth phase.

Toxin extractions were performed during the morning or early afternoon
to ensure the cells were not undergoing cytokinesis (41). Cell concentrations
were determined for each treatment by using a Sedgwick-rafter counting
chamber and an Olympus BX60 microscope (100×).

Brevetoxin Analysis: LC-MS. Triplicate culture tubes were extracted for each
treatment and stored at −20 °C until toxin analysis using established pro-
tocols (11). A semisynthetic PbTx standard was added as internal standard to
determine recovery efficiency, which is typically >90%. Cell quotas of bre-
vetoxins PbTx-1 and -2 (the polyether parent compounds found to be lo-
calized intracellularly in K. brevis), corresponding breakdown products
(PbTx-7 and PbTx-3, -6, -9, and -cba, respectively), and brevenal were de-
termined by using a LC-MS/MS multiple reaction monitoring method (11),
and the percent toxin composition (profiles) was calculated.

Live Cell Imaging and Volume Estimates. Images of live cells from the Imaging
FlowCytobot were used to estimate cell volume (27). CSA was used as a proxy
for cell volume. A red diode laser was used to measure the light scattering
and chlorophyll fluorescence of each particle that passed through a flow cell
and to trigger a flashlamp and CCD camera. The instrument used a 1,038×
1,378-pixel CCD camera and a 10× objective, resulting in 340-μm × 450-μm
images with ∼1-μm resolution. The number of images analyzed ranged be-
tween 9,934 and 29,110 for each sampling hypoosmotic experiment. All
images were collected between 0800 and 1200. To estimate the change in
cell volume over a 24-h period, 5-mL subsamples were collected every 3 h,
and the CSA was determined for both Wilson and SP1 clones (Fig. S1).
Number of images collected ranged from 10,428 to 18,773 at each time
point. Cultures were in midlogarithmic growth phase and subsampling vol-
ume did not exceed 10% of the total culture volume. During dark periods,
culture vessels were wrapped in aluminum foil, and red light was used
during sampling to limit the exposure of cultures to light.

The CSA for each image was obtained by summing the number of image
pixels remaining after removing the background pixels surrounding the cell
(28). Images of dividing cells were removed from the data set before anal-
yses of CSA. Pixel size is based on imaging red florescent beads (Duke Sci-
entific, XPR-1653) with a known diameter and applying the same method as
explained above.

Statistics. Differences in total brevetoxin and brevenal concentrations were
tested for significance using a paired t test, with alpha values set at 0.05 (42).
Shapiro-Wilk test was used to determine normality of the data sets (43). A
paired t test was preferred because the objective of these experiments was
to determine differences between acclimated and hypoosmotically stressed
cultures. Differences among acclimated cultures were reported in Errera
et al. (11). For the time course experiments ANOVA was used to determined
differences in brevetoxin cell quota. Post hoc tests were performed by using
a Bonferroni t test with an alpha value set at 0.05 (42).

Differences in the average CSA for each culture were calculated as
a percent difference. Histograms of binned CSA areas were used to highlight
the change in CSA forWilson and SP1 clone before hypoosmotic stress and 24
h after the shift (Fig. 3 B and F). Because of the difference in number of
images collected at each time point, the frequency of occurrence was
transformed into a percentage.
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