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INTRODUCTION

The formation of resting stages (or cysts) is common
in many plankton species. These life stages can affect
the spatial and temporal distribution of populations as
well as affect ecosystem dynamics. In certain seasons,
resting stages can contribute a considerable portion of
particulate organic flux to the benthos and may play a
major role in bloom dissipation (Heiskanen 1993).
Cysts can also function as a defense against a variety of
adverse environmental conditions as well as predators
(Tyler et al. 1982, Blanco 1995, Rengefors et al. 1998).
In certain cases, resistant sexual cysts can function as a
means of genetic mixing and dispersal among subpop-
ulations (Pfiester & Anderson 1987). Understanding
the mechanisms and triggers of encystment is impor-

tant to understanding the distribution and persistence
of algal blooms.

Life stage transformations in dinoflagellates can be
induced by a variety of environmental factors (Ander-
son et al. 1985, Sanderson & Frost 1996). For example,
encystment can be stimulated in unfavorable condi-
tions, such as limiting ambient or internal nutrient
concentrations (Anderson et al. 1985, Blackburn et al.
1989, Doucette et al. 1989, Jensen & Moestrup 1997).
In contrast, some dinoflagellates may undergo a sexual
cycle (i.e. form flagellated gametes) under apparently
nutrient-replete, ‘optimal’ conditions (Burkholder &
Glasgow 1997a, Kremp & Heiskanen 1999). Also, some
transformations may not be directly related to nutri-
tion, but induced by seasonal changes (i.e. daylength;
Hardeland 1994, Sgrosso et al. 2001). Transformations
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can also occur with changes in irradiance or decreases
in temperature (Anderson et al. 1985, Hardeland 1994,
Sgrosso et al. 2001), or decreases in dissolved oxygen
(Pfiester & Anderson 1987, Sanderson & Frost 1996).

Despite the fact that dinoflagellates are considered a
diverse taxonomic group with representative photo-
trophs, phagotrophs and mixotrophs (which have the
ability to combine both phototrophy and phagotrophy),
the above-mentioned research represents only a
small subset of these diverse nutritional strategies. The
majority of species examined are considered purely
phototrophic organisms (e.g. Alexandrium tamarense,
Doucette et al. 1989; Gyrodinium catenatum, Black-
burn et al. 1989), or potential mixotrophic organisms
that were either grown exclusively as phototrophs, or
did not have their mixotrophic state reported (e.g.
Gyrodinium uncatenum, Anderson et al. 1985; Alexan-
drium ostenfeldii, Jensen & Moestrup 1997, Stoecker
1999). Just as ambient nutrient concentrations can
affect transformation rates in phototrophic organisms,
prey concentrations in some cases affect transforma-
tion rates in phagotrophic organisms (Burkholder &
Glasgow 1997a). Similarly, transformations in mixo-
trophic organisms may be stimulated by combinations
of factors that affect phagotrophy and phototrophy.

The potentially toxic mixotrophic dinoflagellate Pfi-
esteria piscicida can have a complex life history with
the ability to transform among an array of flagellated,
amoeboid and encysted stages. Research on life
stage transformations of P. piscicida (Burkholder et al.
1995, Burkholder & Glasgow 1997a) has focused on
toxic outbreaks and a phagotrophic context. Recently,
Burkholder et al. (2001) revised the terminology used
to describe the toxin-producing ability of P. piscicida.
The revised terminology separates Pfiesteria species
into ‘actively toxic’ (TOX-A), ‘potentially toxic’ (TOX-
B) and ‘non-inducible’ (NON-IND) functional types,
based on their response to exposure to fish (Burk-
holder et al. 2001). Differences among these func-
tional types are also manifested in their response to
nutrients and microalgal prey (Burkholder et al. 2001)
as well as their resistance to predation (Stoecker et al.
2000).

Life stage transformations in the TOX-A and TOX-B
forms are strongly influenced by biological and physi-
cal factors. The detection of unknown substance(s)
secreted by finfish stimulates toxic zoospores (TZs) to
emerge from benthic cysts or amoeboid stages (Burk-
holder et al. 1995). The toxin(s) produced by the TZs
causes bleeding sores and sloughs fragments of fish
epidermis and tissue (Steidinger et al. 1996). During
this time, the zoospores feed on the fish fragments and
may continue to reproduce asexually, or form amoeba
and temporary cysts, or may undergo a sexual cycle
(Burkholder & Glasgow 1997b). Environmental factors

such as temperature, salinity, and nutrient availability
can affect how readily populations respond to finfish
stimuli and therefore can affect bloom dynamics (Burk-
holder & Glasgow 1997b).

In contrast to the TOX-A and TOX-B forms of Pfies-
teria piscicida, little is known about the ‘non-inducible’
forms. However, NON-IND forms of Pfiesteria can
comprise ~40% of all Pfiesteria forms found in nature
(Burkholder et al. 2001). The non-inducible forms may
be ecologically important as predators and prey to
other organisms (Mallin et al. 1995, Stoecker et al.
2000). For example, non-inducible forms are capable
of consuming bacteria, protozoa and/or microalgae
(Mallin et al. 1995, Lewitus 1999), and may also func-
tion as temporary mixotrophs (Steidinger et al. 1996,
Lewitus et al. 1999). Zoospores can accumulate in-
gested algae in food vacuoles, digest part of the algal
cell, and retain the chloroplasts. These stolen chloro-
plasts (‘kleptochloroplasts’) can maintain their photo-
synthetic activity for days to weeks and might be a
survival mechanism during prey-depleted conditions
(Lewitus et al. 1999, Stoecker 1999).

However, Pfiesteria piscicida, like other kleptoplas-
tidic mixotrophs, does not appear to have the ability to
replicate stolen chloroplasts. Periodic replenishment of
chloroplasts from algal prey is necessary for mixotro-
phy to persist. Limiting concentrations or total absence
of algal prey may reduce the growth rates of these
organisms (Skovgaard 1998). Similarly, light intensity
can affect the functioning and retention time of cap-
tured chloroplasts. Exposure to limiting prey concen-
trations or limiting irradiance may stimulate transfor-
mation to resting stages.

Understanding the interrelationship between mixo-
trophy and life history transformations in Pfiesteria
piscicida is vital to understanding its ecological role
and spatial distribution. If differences exist among the
TOX-A, TOX-B and NON-IND forms with respect to
toxin production, and these differences are physiologi-
cal and/or genetic in origin, then presumably other dif-
ferences may also exist (e.g. with respect to life stage
transformations).
The purpose of this investigation is 2-fold: (1) we deter-
mine which life stages are likely to be present in the
non-inducible functional type of Pfiesteria piscicida;
(2) through laboratory experiments, we examine the
effect of 2 limiting factors for mixotrophs (low light
intensity and low prey concentrations) on stage trans-
formations of non-inducible P. piscicida.

MATERIALS AND METHODS

Cultures. The Pfiesteria piscicida culture was cloned
from a Maryland strain isolated by the Florida Depart-
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ment of Environmental Protection (MDR23). Strain
MDR23 has not been toxic in bioassays with fish and
is thus considered NON-IND (J. M. Burkholder pers.
comm.). Prior to the experiments, the P. piscicida
stocks were maintained on cryptophyte prey (Storeat-
ula major) by pulse feeding every 2 d. All stocks and
experimental treatments were kept in 250 ml plastic
tissue culture flasks (VWR brand) containing Indian
River, Delaware seawater diluted to 15 PSU, GF/F-fil-
tered, autoclaved and spiked with f/2-Si cultured
medium. The stocks were placed in Percival growth
chambers at 20°C under moderate irradiance (~80 µmol
photons m–2 s–1) with a 12:12 light:dark photoperiod.
All life stages encountered were isolated and con-
firmed as P. piscicida using an 18S rDNA probe
(University of Baltimore Institute of Human Virology;
Bowers et al. 2000).

Fluorescent stains. To qualify the physiological and
morphological differences between the life stages, a
series of fluorescent stains was applied to samples of
the stock culture. To obtain cysts to stain, pieces of
microscope glass coverslips were added to the bottom
of a growing culture. Newly formed cysts attached to
the coverslips and these were retrieved with forceps
without destroying the culture. The coverslips were
placed in petri dishes, and half of the samples were
fixed in 2% glutaraldehyde. 

The final concentrations of fluorescent stains were
based on published concentrations and modified to
optimize staining of Pfiesteria piscicida. Fixed samples
were stained with proflavine (Sigma, 5.0 µg ml–1 final
concentration; Haas 1982), a protein stain, and calco-
fluor (Sigma, 15 µg ml–1 final; Fritz & Triemer 1985), a
cellulose stain, to highlight structures on the cell sur-
face. To highlight internal structures such as lipid vesi-
cles, fixed samples were stained with Nile Red (Mole-
cular Probes, 6.75 µg ml–1 final; Greenspan et al. 1985)
for 30 min. Unfixed samples were stained for 1 h with
CMFDA (Molecular Probes, 4 µM final; Jochem 1999),
a cytoplasm stain that fluoresces when cleaved by
esterase. Other unfixed samples were split (half heat-
killed, half live) and stained for 5 min with SYTOX
(Molecular Probes, 6.0 µM final; Lebaron et al. 1998), a
nucleic acid stain used as an exclusion stain to test cell
membrane integrity.

Two additional nucleic acid stains, DAPI (Sigma,
25 ng ml–1 final concentration; Porter & Feig 1980) and
SYTO 13 (Molecular Probes, 100 nM final; del Giorgio
et al. 1996), were used to highlight the nucleus. From
preliminary staining experiments, neither stain was
able to directly penetrate either cyst wall. Therefore,
zoospores were incubated with SYTO 13 for at least 1 d
in complete darkness and monitored in 3 ml well plates
until encystment. Cysts formed from SYTO 13-stained
zoospores retained fluorescence.

All stained cells were examined using a Nikon
Eclipse E800 compound microscope. A blue light
emission filter set and exciter (B-2E/C, excitation 465
to 495 nm, dichromatic beam splitter 505 nm, barrier
515 to 555 nm) was used for proflavine, CMFDA,
Nile Red, SYTO 13, and SYTOX stains. A green light
emission filter set (G-2E/C, excitation 528 to 553 nm,
dichromatic beam splitter 565 nm, barrier 600 to
660 nm) was used for phycoerythrin autofluores-
cence. A UV emission filter set (UV-2E/C, excitation
330 to 380 nm, diachromatic beam splitter 400 nm,
barrier 435 to 485 nm) was used for DAPI and calco-
fluor stains. 

Experimental design. The laboratory experiment
was designed as a 2 × 3 factorial of light intensity and
prey density with 3 replicates. The light intensities
tested were moderate irradiance (83 µmol photons
m–2 s–1) with a 12:12 h light:dark photoperiod and
complete darkness. Algal prey densities tested were
no prey (the control), 5000 cells ml–1 (2:1 prey:Pfieste-
ria) and 12 500 cells ml–1 (5:1 ratio). Not all treatments
could be run at the same time and were therefore
divided into a light experiment and a dark experiment
that started 7 d after the light experiment began. For
both light and dark experiments, the same Pfiesteria
piscicida and algal prey stocks were used. At the
beginning of each experiment, stock densities were
determined by epifluorescence microscopy and each
flask was inoculated with 2500 zoospores ml–1 from a
stock that was fed 2 d earlier. Prey concentrations in
the P. piscicida stock were undetectable after 2 d. Each
flask was then exposed to a single inoculum of one of
the algal prey densities and placed on its flat side.
Flasks were sampled on the first and second days of
the experiment, and then every other day for 13 d.
On each sampling day, aliquots were taken and fixed
for epifluorescence microscopy to enumerate free-
swimming life stages. Transects of the flat side of the
culture flask were also conducted to enumerate cyst
stages (see ‘Enumeration of cells’). 

Enumeration of cells. Aliquots taken during the
experiment were preserved with 1.25% glutaralde-
hyde (final concentration) and refrigerated at 4°C for at
least 1 h. For enumeration, the samples were filtered
onto 25 mm diameter, black polycarbonate filters with
2 µm pore size (Osmonics brand). A 5 µm cellulose
nitrate filter (VWR brand) was used as a backing filter
to ensure an even distribution of cells. Optimal sample
volumes for enumeration were estimated from the
treatment’s previous concentration with an attempt to
count at least 100 cells on a filter. Throughout the
experiments, sample volumes used for enumeration
ranged from 0.75 ml to 2.0 ml. All sample volumes
were diluted to 3 ml with filtered seawater media
(15 psu) to aid in the distribution of cells on the filter.
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Samples were stained with proflavine at 5.0 µg ml–1

final concentration and immediately filtered with a low
vacuum. The filter was then placed on a glass slide and
sealed with a small drop of immersion oil and a cover
slip. For each slide, the average of 2 transects was used
to calculate cell concentrations.

In addition to enumerating free-swimming stages,
the flat side of each flask was examined to determine
the concentration of benthic life stages. Counts were
determined from the average of 3 lengthwise transects
(2 approximately 1.5 cm from each side, 1 in the cen-
ter) using a Zeiss Axiovert 35 inverted microscope
under phase contrast lighting with a 20× objective.
Using this method, an area of 2025 mm2 (20% of the
total area of the flat side) was examined for each flask.
Before each transect, the flask was gently inverted
3 times to resuspend unattached cells. From prelimi-
nary experiments, it was determined that cysts would
remain attached to the flat side of the flask even after
moderate shaking. Furthermore, no cysts were ob-
served attached to the upright sides of the flask. 

To convert the transect counts into concentrations, a
standard curve was established for the flat side of the
flask. Five known concentrations of 15 µm latex beads
were added to clean tissue culture flasks and allowed
to settle on the flat side. For each bead concentration,
10 transects were completed. In light of the observa-
tion that cysts remain attached to the flat side of the
flask and under the assumption that the distribution of
both types of cysts was similar to the distribution of
latex beads, the transect counts could be transformed
into cells mm–2 and then into cells ml–1. 

RESULTS

Stages present in the non-inducible strain

A small subset of the life stages described in Burk-
holder & Glasgow (1997a) were observed in cultures
(Fig. 1). These stages include zoospores and 2 types of
cysts. No Pfiesteria amoeboid stages were observed. In
all experimental treatments, the zoospores were the
most dominant life stage. The 2 observed cysts (Cyst A
and Cyst B) were less abundant, but in older, fed
cultures (>20 d) they accumulated to significant con-
centrations.

The flagellated zoospore stage encountered in the
non-inducible strain was between 7 and 18 µm diame-
ter, depending on feeding history. Under normal light,
zoospores appeared colorless or slightly brown. Re-
cently fed zoospores contained distinct food vacuoles
that fluoresced orange-red from the phycoerythrin-
containing prey. The thecal plates stained blue-white
with the cellulose stain calcofluor (Fig. 2). The green

protein stain, proflavine, stained both the cell surface
and internally near the nucleus (Fig. 2). Live zoospores
stained bright green when incubated with CMFDA,
suggesting intracellular activity. The nucleic acid
stains DAPI and SYTO 13 easily permeated the zoo-
spores, revealing a large, condensed nucleus in the
episome (Fig. 2). Nile Red, the lipophilic stain, brightly
stained a cluster of yellow-orange vesicles located
in the hyposome and a ring of smaller vesicles sur-
rounding the nucleus in the episome.

Cyst A was round or less frequently ovoid and has a
thick cell wall that appears reddish under phase con-
trast. During the experiment, Cyst A ranged from 10 to
20 µm diameter. The cyst wall does not appear to stain
with proflavine, but stains with calcofluor (Fig. 2)
suggesting the cell wall is composed of cellulose and
not protein. Furthermore, proflavine did not penetrate
the cyst. SYTOX did not stain the cyst even after
attempts to permeate the membrane with 5% sodium
dodecyl sulfate (SDS) and 10% HCl. However, nuclei
of heat-killed Cyst A cells stained with SYTOX. These
results indicate that Cyst A has an intact cell mem-
brane. In a few cases, the cyst contains an orange-red
fluorescent vesicle, possibly a retained food vacuole.
The esterase activity stain, CMFDA, did not stain the
cyst’s cytoplasm, but appeared to stain the orange-red
vesicle slightly (Fig. 2). Cyst A was resistant to direct
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Fig. 2. Pfiesteria piscicida.
Differential morphology
and staining of the life
stages. Note the differ-
ences in CMFDA staining
between the zoospore
stage and both cysts. Im-
ages of SYTO 13-stained
cysts were derived from
stained zoospore precur-
sors. Scale bars = 10 µm 
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staining attempts with the nucleic acid stains DAPI
and SYTO 13. However, cysts derived from recently
stained zoospores retained fluorescence. Stained nuc-
lear material of Cyst A was condensed and looked sim-
ilar to stained zoospore nuclei (Fig. 2). The lipophilic
stain (Nile Red) easily penetrated the cyst wall and
revealed a cluster of at least 4 large vesicles (Fig. 2).

Cyst B was ovoid and slightly smaller than most cysts
of Type A (7 to 12 µm). The surface of the cell appeared
irregular under light microscopy (Fig. 2). The cell wall
was not as thick as in Cyst A, and did not stain with
proflavine. The cell wall of Cyst B did stain bluish-
white with calcofluor (Fig. 2). Similar to Cyst A, these
stains suggest that the cell wall of Cyst B is composed
of cellulose, but not protein. SYTOX and CMFDA did
not stain Cyst B indicating an intact cell that is not
active. Cyst B was resistant to direct staining by the
nucleic acid stains DAPI and SYTO 13. As with Cyst A,
the nucleus of Cyst B can be stained through live stain-
ing the cysts’ precursors (zoospores). The nuclear mat-
erial was condensed and looked similar to the other
stages (Fig. 2). The lipophilic stain, Nile Red, pene-
trated the wall of Cyst B and revealed a cluster of at
least 4 large stained vesicles, as well as a ring of smal-
ler vesicles surrounding the unstained nucleus (Fig. 2).

Dynamics observed in laboratory experiments

The results of the laboratory experiment are shown
in Fig. 3. In the control (unfed) treatment, ‘Light’
exposed zoospores persisted with only minor losses in
abundance for the first 5 d. In contrast, the ‘Dark’
exposed zoospores appeared to decrease almost imme-
diately. By Day 5, zoospore numbers in the ‘Dark’
treatment had decreased to approximately half the cell
concentration of the ‘Light’ treated control flask on the
same day. After Day 5, zoospore numbers in the 2 irra-
diance treatments continued to decrease, eventually
converging on a similar concentration (~150 cells ml–1)
by Day 13.

The zoospores observed in the fed treatments
actively grazed the algal prey species, Storeatula
major. In fed treatments, zoospores grazed the algal
prey to low or undetectable concentrations by the first
day. While actively feeding on prey, zoospores con-
tained visible cryptophyte inclusions. By Day 3, all
prey concentrations were below detectable limits and
cryptophyte inclusions in the zoospores were no longer
visible. Still, zoospores persisted for at least 2 d more
before decreasing significantly in abundance. Despite
the higher growth rate and higher maximum abun-
dance in all fed, ‘Light’ treatments, zoospore concen-
trations eventually converged to a similar concentra-
tion (~500 cells ml–1) by Day 13.

Initial concentrations of Cyst A and Cyst B in all
‘Light’ treatments were <5 cysts ml–1. Since the
‘Dark’ treatments were run 7 d after the ‘Light’ ex-
periments, Cyst A concentrations accumulated in the
stock such that the initial concentrations of Cyst A
were approximately 10 cells ml–1 (Fig. 3). Initial dif-
ferences in Cyst B concentrations between ‘Light’
and ‘Dark’ treatments were not as pronounced
(Fig. 3). Throughout the experiment, no evidence of
‘empty’ cysts or excystment debris was observed in
any treatment combination. Therefore, it is believed
that this initial difference in concentration did not
affect the laboratory dynamics.

In the unfed treatment, Cyst A and Cyst B (Fig. 3)
concentrations did not increase significantly during
the experiment (p > 0.05; Kruskal-Wallis ranked test).
In the 2:1 prey:Pfiesteria treatment, in both the
‘Light’ and ‘Dark’ exposed flasks, Cyst A concentra-
tion increased until Day 5. After Day 5, Cyst A
concentrations leveled and maintained a maximum
concentration of 35 to 45 cysts ml–1. Cyst B con-
centrations in the 2:1 prey:Pfiesteria treatments only
increased in the ‘Dark’ exposed flasks after a lag
period of 1 d and saturated by Day 3 at approxi-
mately 35 cysts ml–1. Cyst A concentrations in the 5:1
prey:Pfiesteria treatment increased up to Day 5. The
5:1 prey:Pfiesteria treatment flasks showed higher
variances and more scatter in concentrations than the
2:1 treatments (Fig. 3). Cyst B concentrations in the
5:1 prey:Pfiesteria treatment increased in the ‘Dark’
exposed flasks and saturated by Day 5 at approxi-
mately 25 cysts ml–1.

DISCUSSION

The number of stages observed in the NON-IND
strain of Pfiesteria piscicida was much less than the
number of observed forms in TOX-A and TOX-B func-
tional types (Burkholder & Glasgow 1997a, Burkholder
et al. 2001). This difference may reflect a physiological
difference between toxic and NON-IND functional
types. Alternatively, the differences observed are at-
tributable to the types and quantity of environmental
stimuli tested. 

Zoospore morphology was similar to that described
by Steidinger et al. (1996). Zoospore dynamics in the
laboratory experiments appeared to be consistent
with kleptochloroplastidic mixotrophy as described
by Lewitus et al. (1999). The 2 cysts found in this
Pfiesteria piscicida strain appear morphologically dif-
ferent and are induced under different environmental
conditions. Cyst A has a thick, resistant cell wall that
may aid resistance to adverse environmental condi-
tions. Cyst A appeared to form from actively feeding
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or recently fed zoospores, regardless of light intensity
(Fig. 3). In contrast to Cyst A, Cyst B has a thinner
cell wall. This suggests that it may be more tempo-
rary than Cyst A, possibly allowing populations to
rapidly respond to algal stimuli. In the laboratory
experiments, Cyst B formed from recently fed zoo-
spores and only when exposed to complete darkness
(Fig. 3).

In the laboratory experiments, light-treated starved
zoospores appeared to survive with minimal losses for
a few days before dramatically losing numbers. In
contrast, the dark-treated starved zoospores de-
clined immediately. These dynamics are consistent
with observations of kleptochloroplastidic mixotrophs
(Stoecker et al. 1988, Skovgaard 1998, Lewitus et al.
1999, Jakobsen et al. 2000). However, because zoo-
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Fig. 3. Pfiesteria piscicida. Numbers of cells ml–1 (means ± SD). Columns represent concentrations of the 3 life stages: zoospores,
Cyst A, and Cyst B. Rows represent different prey concentration treatments: (a) unfed control, (b) 2:1 prey:Pfiesteria ratio, (c) 5:1
prey:Pfiesteria ratio. For each graph, comparisons are made between the ‘Light’ treatments (dashed line) and ‘Dark’ treatments 

(solid line). Means are plotted with error bars representing ± 1 SD
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spore concentrations did not increase during this
period, this suggests that the energy obtained from
stolen chloroplasts may only cover respiration and
maintenance costs. As an alternative to mixotrophy,
the zoospores could also be surviving by slowly
digesting food vacuoles without using them photosyn-
thetically. 

The observation that zoospore concentrations in all
treatments eventually converged by Day 13 (Fig. 3) is
puzzling because of the differences in initial prey con-
centrations and light intensity imposed by the treat-
ments. A possible explanation is that the zoospores are
surviving on an alternative food source at these low
concentrations. This alternative food source may be
detritus and/or heterotrophic bacteria that are some-
times abundant in old cultures. If the remaining zoo-
spores in the culture experiments grazed on detritus
and/or bacteria, the quality of this food source (as com-
pared to algal prey) may not be enough to maintain
concentrations above the observed 500 cells ml–1. Al-
though in some cultures zoospores were observed con-
suming detritus when algal prey was depleted, exact
rates and the relative importance of this food source
were not quantified. 

The appearance of Cyst A is similar to the sexual cyst
described in Burkholder & Glasgow (1997a). The for-
mation of Cyst A from feeding or recently fed zoo-
spores is consistent with the formation of sexual cysts
from toxic zoospores (Burkholder and Glasgow 1997a;
Fig. 2). Assuming Cyst A is derived from a diploid
planozygote, it is possible that these cysts may also be
diploid. However, ploidy of a sexual cyst is dependent
on whether meiosis occurs prior to encystment or after
excystment (Coats et al. 1984, Pfiester & Anderson
1987). The ploidy of a cell and its position in mitosis or
meiosis may be apparent based on the size or bright-
ness of stained nuclear material. Diploid cells, and cells
in S phase, should have larger and brighter stained
nuclei. From these experiments, there is no visible
evidence of differences in the size or brightness of
SYTO 13 stained nuclear material among stages that
would suggest diploidy (Fig. 2).

The thickness of Cyst A’s cell wall might aid in the
persistence and long-term survival of this cyst in sedi-
ments. However, if these cysts have a dormancy of sev-
eral months, they may require energy stores to cover
respiration and maintenance. Many dinoflagellate
cysts contain high concentrations of lipid droplets
(Pfiester & Anderson 1987) which could provide the
energy needed for cysts to survive long periods of time.
From Nile Red staining, Cyst A appeared to have a
cluster of at least 4 large vesicles within the cell
(Fig. 2). It is possible that these vesicles are lipid drop-
lets. However, both the zoospore and Cyst B stages
also had a cluster of similar vesicles within the cell

(Fig. 2). Since they are found in all life stages, it is
unlikely they are storage vesicles for dormancy. Al-
ternatively, they may be Golgi bodies, smooth endo-
plasmic reticulum (ER), or lysosomes.

Some cysts can also have red accumulation bodies
called ‘eye spots’ (Heiskanen 1993, Montresor 1995).
Cyst A often contained a large reddish vesicle. How-
ever, from its red-orange autofluorescence, the vesicle
found in Cyst A may be a food vacuole containing
cryptophyte prey. CMFDA did not stain Cyst A, but did
appear to stain the red vesicle. This suggests that the
cyst is permeable to CMFDA, and that cyst activity is
only detectable within the red vesicle. If the red vesicle
is a food vacuole, then activity within the vacuole could
signify digestion. Alternatively, for a kleptoplastidic
organism, the maintenance of activity within a food
vacuole could represent photosynthetic activity of that
cyst.

Cyst B is similar in morphology to the asexual cyst
described in Burkholder & Glasgow (1997a). In con-
trast to Cyst A, Cyst B may be a short-term resting
stage that forms in response to unfavorable conditions.
Direct evidence for this hypothesis could only be ob-
tained with excystment experiments. Temporary cysts
of other dinoflagellates often form in post-exponential
and stationary phases of cultures when conditions be-
come unfavorable for growth (Jensen & Moestrup
1997). In these laboratory experiments, Cyst B concen-
trations only began to increase after the prey was
depleted (Day 1; Fig. 3). Furthermore, Cyst B only
formed in complete darkness, presumably when zoo-
spores could not be mixotrophic. The thin cell wall also
suggests that Cyst B is a short-term resting stage. In
some dinoflagellates, short-term cysts have a pellicle
wall with short projections (Heiskanen 1993). Under
light microscopy, the cell wall of Cyst B appears ir-
regular, and may be covered with short projections
(Fig. 2).

The fluorescent stain results suggest that Cyst B is a
morphotype that comprises characteristics from both
zoospore and Cyst A stages. When stained with Nile
Red, Cyst B contains the same cluster of large vesicles
found in all stages (Fig. 2). In addition, Cyst B and the
zoospore stage contain a ring of smaller vesicles sur-
rounding the nucleus. These smaller vesicles may be
organelles associated with the nucleus, such as rough
ER. The similarity between Nile Red staining of the
zoospore and Cyst B suggests that Cyst B is closer in
morphology to the zoospore stage than Cyst A. An
internal morphology similar to the vegetative cell
could affect how rapidly Cyst B responds to stimuli.
However, the cyst’s activity as determined by CMFDA
staining is minimal (Figure 2). Furthermore, it appears
that the cell wall is also resistant to the nucleic acid
stains DAPI and SYTO 13. 
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CONCLUSIONS

The dynamics in the laboratory experiments are con-
sistent with the observations of Lewitus et al. (1999),
which suggest this organism is mixotrophic. After prey
was depleted, light-treated zoospores survived longer
than dark-treated zoospores. The laboratory results
show that certain combinations of light intensity and
prey concentrations affected zoospore growth and en-
cystment, possibly by influencing the zoospore’s mixo-
trophic ability. The formation of Cyst B in response to
darkness suggests that adverse environmental condi-
tions can induce encystment. In contrast, the formation
of Cyst A while actively feeding, regardless of light
intensity, suggests this cyst is formed in optimal
growth conditions, or just as conditions become un-
favorable. Formation of Cyst A in these conditions is
consistent with toxic functional types, which undergo a
sexual cycle while feeding on fish prey (Burkholder &
Glasgow 1997b). However, there is no direct evidence
for this linkage. Further research on the sexual cycle
and ploidy of these life stages is necessary to deter-
mine the relationship between Cyst A and the sexual
cycle.

The ecological role of Cyst A, and possibly its role in
a sexual cycle, may be in the dispersal and genetic
mixing of populations. With its resistant cell wall,
this cyst could potentially survive for long periods
and through adverse environmental conditions. If dis-
persed by currents to a different habitat, these cysts
may become seed for new populations or genetically
mix with existing populations. Ecologically, Cyst B
may form when zoospore populations encounter light-
limiting regions such as humic estuaries and tribu-
taries. Alternatively, encystment may occur in deep
water when populations are transported below the
euphotic depth or during subpycnocline transport. If
this is the case, there should be a higher concentration
of Cyst B in sediments of humic tributaries such as the
Pocomoke River, Maryland, or in deep channels when
light penetration is minimal. To our knowledge, no
published studies have looked at the spatial distribu-
tion of these Pfiesteria piscicida cysts in sediments.

The abundance of cysts in laboratory experiments
reflects very low encystment rates. Unfortunately,
determining exact encystment rates from these labora-
tory experiments is confounded by zoospore growth,
prey growth and mixotrophic ability. Anderson et al.
(2003, this issue) apply a numerical model to the labo-
ratory experiments to ‘back out’ specific growth and
encystment parameters. These results show that en-
cystment rates to either stage in this non-inducible
strain are lower than maximum encystment rates for
other dinoflagellates (Anderson et al. 1985, Agbeti &
Smol 1995). If these rates apply to natural populations,

then in short timescales these cysts will not play a
major role in bloom dynamics. However, if given
enough time for excystment, both cyst stages may play
a major role in initiating blooms, especially in regions
where currents can accumulate cysts to form ‘seed
beds’.

Differences between toxic and NON-IND functional
types of Pfiesteria piscicida have been identified and
need to be considered in order to understand the com-
plete ecological role of the P. piscicida species com-
plex. For example, Stoecker et al. (2000) found that
grazing rates on Pfiesteria are affected by the toxic his-
tory of the strain. Furthermore, unpublished observa-
tions comparing recently toxic and non-inducible en-
cystment suggest that recently toxic forms behave
differently, encyst at higher rates, and form cyst aggre-
gates (J. T. Anderson unpubl.). These observations
suggest that the toxic history of strains needs to be
quantified and comparative studies need to examine
the extent to which the ability to become toxic is
related to life cycle dynamics. 
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