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Abstract

The rates of uptake of a range of forms of nitrogenous nutrients were measured in cultures of Pfiesteria piscicida and Pfiesteria
shumwayae maintained at varying physiological states. The measured rates of dissolved N uptake under some conditions
approached the rates of N uptake that are achieved through phagotrophy. Rates of dissolved N uptake by P. piscicida contributed
<10% of the cellular N of flagellated cells feeding on algae, but were equal to or greater than phagotrophic N acquisition in cells
recently removed from fish cultures. Specific N uptake rates (V, h™') were higher for cells that were maintained on algal prey for
long periods (months) than those that were grown with live fish. However, rates of N uptake on a cellular basis for cells grown on or
recently removed from fish were comparable to those maintained on algal prey, likely reflecting differences in the sizes of cells
of different physiological condition. Preferences for form of N generally followed a decreasing trend of amino
acids > urea > NH,* > NO; ™. Nitrate consistently was not a preferred form of N. Although Pfiesteria spp. are often found in
eutrophic environments, the relationship between Pfiesteria spp. and nutrient availability is likely to be primarily indirect, mediated
through the production of various prey on which Pfiesteria spp. feed. These findings also confirm, however, that when dissolved N
concentrations are elevated, they can contribute to the supplemental nutrition of these cells, and thus may provide a significant
source of N to Pfiesteria spp. in nature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Pfiesteria piscicida and Pfiesteria shumwayae (Mar-
shall et al., in press) are heterotrophic dinoflagellates that
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feed phagotrophically on fish tissue, microalgae and
other particles (Burkholder and Glasgow, 1997; Burk-
holder et al., 1998; Lewitus et al., 1999a,b). Nutrient-
enriched conditions have been correlated with Pfiesteria
abundance (e.g. Burkholder and Glasgow, 1997; Lewitus
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etal., 1999b; Glibert et al., 2001, 2004), but the causes of
this relationship are not fully understood. Unless
Pfiesteria has the ability to use dissolved nutrients
directly, the correlation with high nutrient loading would
have to be mediated by the production of other organisms
such as algal prey (Burkholder et al., 2001a,b). Although
primarily phagotrophic, P. piscicida previously has
been reported to take up some dissolved substrates,
such as amino acids and protein hydrolysate (Burkholder
and Glasgow, 1997). Moreover, Lewitus et al. (1999b)
reported that P. piscicida has the ability to take up
dissolved inorganic nitrogen (N) compounds, and
that rates under nutrient-rich conditions may approach
those of N acquisition through phagotrophy. Lewitus
et al. (1999b) suggested that two pathways linking
Pfiesteria with nutrient enrichment might occur: during
spring, Pfiesteria may depend on phagotrophy to a
greater extent when chlorophyll abundance is high,
whereas during the summer when pathways of recycling
dominant the flows of nitrogen, a direct pathway of N
uptake may be more significant. Glasgow et al. (2001a)
expanded this conceptual framework to include the role
of fish prey.

It is now well recognized that Pfiesteria spp., among
many other autotrophic and heterotrophic dinoflagellate
species, display considerable differences among species,
strains, and even within the same strain when grown
under different growth conditions (Burkholder et al.,
2001a,b, 2005). For Pfiesteria spp. three operational
terms have been used to describe different functional
types (toxicity status) among the same strain or species.
These have been identified as TOX-A, cells that are
grown in the presence of live fish and can actively kill fish
with toxin involvement; TOX-B, cells that had previously
been grown under fish-killing conditions, then were
removed from fish and grown on algal prey, still retaining
the ability to kill fish with toxin when re-exposed; and
non-inducible (NON-IND), cells that have been grown
for extended periods on algal prey and have apparently
lost the ability to kill fish with toxin upon re-exposure
(Turgeon et al., 2001). NON-IND strains are the most
common types collected from estuaries and maintained
in culture, especially when grown for extended periods
on algal prey (Burkholder et al., 200la,b). Many
differences in physiology and behavior of these func-
tional types have previously been described, such as in
response to fish, algal prey and inorganic nutrients
(Burkholder et al., 2001a). Furthermore, Stoecker et al.
(2002) and Lewitus et al. (in press) demonstrated that
grazing by microzooplankton on TOX-A P. piscicida was
significantly less than that of TOX-B and NON-IND
functional types of the same strain.

In this study we address the uptake of dissolved
nitrogenous compounds by P piscicida and P.
shumwayae in several functional states. We also
estimate the contribution of these forms of N to the
potential growth of these species relative to hetero-
trophic consumption under nutrient-rich conditions.

2. Methods

Two types of experiments were conducted. The first
experiment (27-28 June 2000) was designed to
investigate the range of N uptake rates by one clone
of P. piscicida under differing growth conditions. The
second experiment (12-13 December 2002) was
designed to compare the rates of N uptake by P.
piscicida and P. shumwayae grown under a range of
nutritional and toxic conditions, and to assess the
relationship between N uptake and substrate concen-
tration in more detail. All cultures were clonal but not
bacteria free.

2.1. Experiment 1

Pfiesteria piscicida (clone CAAE 416T) was
originally collected from Middle River, Maryland (27
August 1999), and isolated using flow cytometric
procedures (Burkholder et al., 2001a). Clonal status was
cross-confirmed by the heteroduplex mobility assay
(Oldach et al., 2000). Cultures were maintained at 23 °C
on a 12-h:12-h L:D cycle at 80 wmol photons m~ s ",
The general protocol for culturing Pfiesteria with fish in
standardized bioassays was described by Burkholder
et al. (2001b). Toxic cultures were fed 2-3 juvenile
tilapia (Oreochromis mossambicus, length 5-7 cm)
daily up to the time they were removed for the
experiment.

Three sub-cultures were used in this experiment. A
TOX-A sub-culture was removed from fish cultures on
the morning before the experiment. A TOX-B sub-
culture was removed from fish cultures 2 weeks before
the start of the experiment, recloned, and maintained on
cryptophyte prey (Rhodomonas sp. CCMP757, Bigelow
Laboratory Culture Collection). A NON-IND sub-
culture was removed from fish cultures 10 months
before the experiment and maintained on the same
cryptophyte prey. Toxicity for all cultures was tested
using the standardized bioassays of Burkholder et al.
(2001b) and confirmed in the TOX-A and -B cultures by
toxin analysis (Moeller et al., 2001; Burkholder et al.,
2005).

Twelve 100 ml aliquots from each culture type were
dispensed into clean tissue culture flasks. Half of these
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sub-cultures were given Rhodomonas sp. as prey, while
the other sub-cultures were not fed during the
experimental period. The abundances of Rhodomonas,
their change with time, and rate of grazing by Pfiesteria
on this prey is the subject of a separate study (Lewitus
et al., in press). Cell density for each sub-culture was
estimated by light microscopy (400-600x) using
Lugol’s-preserved subsamples and a Palmer—Maloney
counting chamber (Wetzel and Likens, 1991).

The 12 flasks were then further divided so that equal
numbers of flasks with and without prey were incubated
under 560 wmol photons m % s~ ' (hereafter referred to
as “high light”), and 12 pmol photons m *s™'
(hereafter referred to as “low light”’). All data reported
here are the treatments without prey only. The
treatments with prey were used in grazing studies
(Lewitus et al., in press).

Rates of uptake of various N substrates were then
assessed for the treatments without prey on Day 1, and
again 24 h later (Day 2). The rate of uptake of N by the
control cultures of Rhodomonas sp. was assessed on
Day 2. Rates of N uptake were determined by
transferring 50 ml from each flask to a clean tissue
culture flask and enriching with 5N substrates, either
NH,*, NO;~ or urea, at a final concentration of
40 umol NL™'. All '®N substrates were 97-99%
enriched. The concentration of "N added,
40 pmol N L™, represented from ~5-70 at.% enrich-
ment of ambient. As described below, data were
rejected from further analysis when the initial enrich-
ment was <10%. Tissue culture flasks were returned to
their incubation light intensity for a period of ~1.25 h,
and then filtered onto precombusted GF/F filters
(0.7 pm pore size). Filters and filtrates were reserved
for later analysis. Filtrates were immediately frozen,
and the filters were dried at 50 °C for about 24 h. An
initial sample from each culture condition was also
filtered onto a precombusted GF/F filter for particulate
nitrogen (PN) analysis and the filtrate retained for
nutrient analysis. The "N samples were all later
analyzed by mass spectrometry on a Nuclide mass
spectrometer, and the PN samples on a Control
Equipment CHN analyzer. The filtrates were analyzed
for concentrations of NH,", NO3~ or urea by standard
autoanalyzer techniques for the inorganic substrates and
by the urease method for urea (Parsons et al., 1984).

2.2. Experiment 2
Pfiesteria piscicida (clone 1332-AC2; CCMP 2361)

and P. shumwayae (clone 1024C; CCMP2359) were
grown as described above for Experiment 1 to yield

cultures in various nutritional states. For P. piscicida
these included a NON-IND culture, and for P
shumwayae, a TOX-A, as well as four different
TOX-B cultures, two which were within 2 weeks of
removal from fish, and two which were removed from
fish several months before the experiment. The latter
two are referred to herein as “long-term” (LT), as their
toxicity status was not confirmed. A true NON-IND
strain of this P. shumwayae clone was not available. All
TOX-B cultures were maintained on algal prey
(cryptophyte Storeatula major HP9101). TOX-A
cultures were freshly removed from live fish cultures.
In order to yield a range of nutritional states in the TOX-
B cultures, the algal prey was grown at two nutrient
levels (f/20 and f/200 media) representing nutrient-
replete (NR) and nutrient-deplete (ND). All algal prey
were depleted (<5 cells ml™') at the time the experi-
ments were initiated. In all, experiments were con-
ducted on two P. piscicida cultures of varying
nutritional state, and five cultures of P. shumwayae of
varying functional type and/or nutritional state.

For each culture type, samples were divided into 25
tissue culture flasks, each of 50 ml volume. In sets of
five, the samples were enriched with '°N substrates at
concentrations ranging from 0.5 to 24 pmol NL ™",
Each set was enriched with a different N substrate,
NO;~, NH,", urea, glutamic acid or glycine. The
number of manipulations precluded full replication of
the '"N experiments. However, 25% of the samples
were replicated throughout all phases of the experiment
and analysis. The initial at.% enrichment ranged from
<1 to 98%; data from experiments in which at.%
enrichment was <10% were rejected from further
analysis.

All incubations were conducted at 23 °C and
80 pmol photons m 2 s~! the same conditions as
those of the maintenance cultures. Incubations were
~1 hin duration, and were terminated by filtration onto
precombusted GF/D filters (2.7 wm pore size). The use
of GF/D filters, rather than GF/F as used in Experiment
1, was to reduce the bacterial contamination on the
filtered sample: the larger pore size of the GF/D filters
retained the dinoflagellate cells but allowed more
unattached bacteria to pass. Ambient PN concentrations
and nutrients were determined by filtering samples at
the beginning of the experiment for each sub-culture
type. Analyses of PN and dissolved inorganic nitrogen
and urea nutrients were as described for Experiment 1.
Total dissolved free amino acids were determined by
fluorescence (Parsons et al., 1984); individual amino
acid determination was not conducted. All values were
<0.5 pmol N L! (data not shown); the availability of
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glycine and glutamic acid were conservatively esti-
mated at 0.2 umol NL™' for the purpose of rate
calculations. If the individual amino acid concentrations
were less than estimated, the corresponding rates of
uptake would be higher. The "N samples from this
experiment were analyzed on a Europa mass spectro-
meter.

2.3. Data analysis

Auvailable culture volume precluded full replication;
however, 35 samples were replicated throughout all
phases of '°N addition and analysis. The mean
variability in '°N isotope enrichment for these replicates
was <0.5%. This variability was assumed to be the
same for the non-replicated samples. Rates are not
reported for those samples for which the initial at.%
enrichment was <10%, as artificially elevated rates are
estimated at these low levels (Glibert et al., in
preparation). Inasmuch as nutrient samples were taken
but the data were not immediately available at the
beginning of the experiment when the initial additions
were made, it was impossible a priori to avoid
experimental conditions of at.% enrichments <10%.

Nitrogen-specific uptake rates (V, h™') were calcu-
lated according to the equation of Dugdale and Goering
(1967) and are used as the primary form of data
presentation. These rates can be interpreted as N taken
up per cell N. Absolute uptake rates per L', (p,
wmol N L' h™"), were calculated by multiplying V by
the initial PN. Concentrations of PN did not change
significantly over the short duration of these experi-
ments. Data were also transformed to absolute cellular
uptake rates (pcen, fmol N cell 'h™h by dividing p by
the cell density.

To assess the relative rate of uptake of a particular
form of N relative to its availability, the relative
preference index (RPI; McCarthy et al., 1977) was
calculated. The RPI was calculated for each substrate
used in Experiment 1. Using NO; ™~ as an example:

RPIxo, = [(VNos)/(VNo; + VNm,
+ Vurea)]/[NO3_/(No3_ +NH4+ + urea)] (1)

in which Vno,, Vnn, and V., are the ambient specific
uptake rates of each of the designated substrates, and
NO;~, NH," and urea are the ambient concentrations of
each substrate. A value of unity for a particular N form
indicates uptake equitable with availability, a value in
excess of unity reflects preference and a value less than
unity reflects rejection of that substrate relative to its
availability. For Experiment 2, the RPI was calculated

with all substrates (including amino acids), then recal-
culated without inclusion of the amino acid uptake rates
to make the values comparable to those derived from
Experiment 1.

Experiment 2 was designed for the calculation of
parameters for nitrogen uptake kinetics based on the
Michaelis—Menten equation:

V= Vmax X S)/(Ks+S) 2)

where V is the specific uptake rate (h_l), Vimax 18 the
maximal specific uptake rate, S is the substrate con-
centration (pmol N Lfl), and Ky is the half-saturation
constant (pmol N Lfl). However, the elevated ambient
nutrient concentrations for several of the substrates
violated one of the basic assumptions of the kinetic
model, that the nutrient of interest is depleted at the cell
surface. Most of the experiments were best related to
nutrient concentration by a linear model. Where the
Michaelis—Menten model did fit the data, the kinetic
constants, V... and K, were derived from a linear
transformation of the data, following the Lineweaver—
Burke equation:

1/V = ((Ks/Vimax) x (1/[S])) + 1/ Vimax (3)

3. Results
3.1. Experiment 1

Cell densities on Day 1 ranged between 2 x 10* and
3 x 10" cells mL ™" for all cultures. At the initiation of
the experiment, ambient nutrient concentrations in each
of the treatment conditions were high (Table 1), and
were similarly enriched. Thus, in all cases the
physiological state of the cells was nutrient replete.
Uptake of all of the provided N forms was detected in all
cultures (Fig. 1A—C). In all cases, however, the rates of
uptake were significantly less that the rates of the
cryptophyte control cultures. Significantly lower spe-
cific uptake rates were found for all forms of N for
TOX-A cultures relative to the other functional types
and the cryptophyte controls. Yet, when normalized per
cell, TOX-A cultures had rates of uptake that were
comparable to those of the other functional types
(Fig. 1D-F).

For TOX-B and NON-IND cultures, the highest
specific uptake rates were observed for NO; ™ and the
lowest rates were found for urea (Fig. 1). No differences
were discerned for any of the cultures in rates of N
uptake in the high light treatment compared to the low
light treatment (Fig. 1). For each N substrate, the
specific uptake rates determined on Day 2 (in the
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Ambient dissolved nutrient concentrations at the initiation of each experiment

Experiment and culture type

Urea (wmol N LY

NH,* (umol NL™1)

NO;~ (umol NL™h

Experiment 1
P pisc TOX-A
P pisc TOX-B
P pisc NON-IND

Experiment 2

88.8
91.1
93.6

P pisc NON-IND ND
P pisc NON-IND NR

P shum TOX-A

P shum TOX-B ND
P shum TOX-B NR

P shum LT ND
P shum LT NR

0.34
4.26
2.92
0.27
0.47
0.60
0.74

17.80
31.40
20.70

5.49
15.00
188.0
7.97
16.80
8.05
26.30

830
750
730

5.85

6.61

n.d.
24.10
15.70
38.00
25.90

P shum and P pisc represent P. shumwayae and P. piscicida cultures, respectively. For each culture type, various functional types were investigated,
including TOX-A, TOX-B, NON-IND and long-term (LT) non-inducible. Furthermore, for each TOX-B and LT non-inducible cultures, the algal
food was either nutrient deplete (ND) or nutrient replete (NR).
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Fig. 1. Rates of nitrogen uptake by Pfiesteria piscicida and the cryptophyte (Rhodomonas sp.) control cultures from Experiment 1. Panels A—
F represent data derived from measurements made on Day 1, and panels G-L represent Day 2. Data are expressed both as specific uptake rate
(V, h™!, panels A-C and G-L) and as absolute uptake rate per cell (fmol N cell ' h™!, Day 1 data only, panels D—F) for the N substrate
indicated on the top of the panels. For each culture type, the light bars represent the ““high light” cultures, whereas the dark bars represent the
“low light” cultures. For Day 2, no data (n.d.) are available for TOX-A urea uptake high light only, and for all nitrogen forms for the NON-
IND low light cultures. Note scale changes between panels. All values for the cryptophyte cultures (panels H, J, L) are divided by 10 in order
to display on the same axes.
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Fig. 2. Relative preference indices (RPI) for the different forms of nitrogen indicated for cultures from Experiment 1. Panels A—C are derived from
measurements made on Day 1, and DT are derived from Day 2. For each culture type, the light bars represent the ‘“‘high light” cultures, whereas the
dark bars represent the ““low light” cultures. For Day 2, no data (n.d.) are available for TOX-A urea uptake high light only, and for all nitrogen forms
for the NON-IND low light cultures; thus RPI for these treatments cannot be calculated. Note scale changes between panels.

RPI

RPI

Urea

Ammonium

A

1234567

0.08

0.06

0.04

0.02

0

(B)

1234567

Nitrate
()]

12345667

0.08

0.06

0.04

0.02

0

Glycine Glutamic Acid
0.08
©) (E)
0.06
0.04
0.02f

123 4567

0
1234567

10 &) 10 ©) 10 ) 100 0 100 9
pofnl.
i R 1 “r s R T 1 e ‘U ‘“‘ 10 18t
04 0.1 0.1 1 ... 1 H Iﬂ ‘l_l a |” o |H
100 ] o] " M)
1071 1= \D T \[I TCT \D T 1 T T T T ru T
1 n,” H H H L. ., g

Fig. 3. Rates of nitrogen uptake by Pfiesteria piscicida and P. shumwayae cultures from Experiment 2. Data are given as specific uptake rate (V, h ")
in panels A-E, and the relative preference index (RPI) for each culture is given in panels F-J, calculated for saturating substrate levels only. In panels
K-M the RPI values are calculated using only the substrates nitrate, ammonium and urea, and using rates determined from ambient substrate levels.
The latter calculation is analogous to the calculation of RPI from Experiment 1. The various cultures are (1) P. shumwayae TOX-A; (2) P. shumwayae
TOX-B nutrient deplete (ND); (3) P. shumwayae TOX-B nutrient replete (NR); (4) P. shumwayae long term (LT) ND; (5) P. shumwayae LT NR; (6) P.
piscicida NON-IND ND; and (7) P. piscicida NON-IND NR. See text for full description of the differences in the functional types. The data in panels
A-J represent the mean of two replicates and the average variation in replicated '>N analyses was <0.5%. Note scale changes between panels.



Table 2

Relationships between uptake velocity (V, h ') and substrate concentration (S, wmol N L") for each of the substrates and culture types given, based on laboratory culture experiments as described in

text

Substrate Culture type N Linear equation R? o Logarithmic equation R? o K, (nmol N) Vimax (A1)
NO;~ P shum TOX-A -
P shum TOX-B ND 5 V'=10.0003S + 0.0165 0.640 0.1
P shum TOX-B NR 4 V'=0.0005S + 0.0095 0.666
P shum LT ND -
P shum LT NR 4 V =0.0007S + 0.0008 0.906
P pisc NON-IND ND 4 V =0.0006S + 0.0042 0.968
P pisc NON-IND NR 4 V=0.0011S + 0.0033 0.972
NH,* P shum TOX-A -
P shum TOX-B ND 5 V =0.0003S + 0.0093 0.943 0.05
P shum TOX-B NR 4 V=0.0001S$ + 0.0152 0.365
P shum LT ND 4 V=0.0002S + 0.0114 0.967
P shum LT NR 4 V=4E—-05S + 0.048 0.097
P pisc NON-IND ND 4 V'=10.0004S + 0.0144 0.824
P pisc NON-IND NR 3 V'=0.0003S + 0.0093 0.670
Urea P shum TOX-A 5 V =1E—-05S + 0.0001 0.943 0.01
P shum TOX-B ND 5 V =0.0002S + 0.0007 0.921 0.01
P shum TOX-B NR 5 V =0.0005S + 0.0008 0.881 0.05
P shum LT ND 5 V =0.0003S + 0.0013 0.811 0.05
P shum LT NR V' =0.0006S + 0.0013 0.998 0.01
P pisc NON-IND ND 5 V =0.0005S + 0.002 0.922 0.01
P pisc NON-IND NR 4 V'=0.0012S + 0.0022 0.961
Glutamic acid P shum TOX-A 5 V =7E—-05S + 0.0008 0.834 0.05 Y =0.0005 In x + 0.0008 0.999 0.01 2.64 0.003
P shum TOX-B ND 5 V'=0.0008S + 0.0127 0.833 0.05 Y=0.0058 In x + 0.0124 0.897 0.01 1.07 0.026
P shum TOX-B NR 5 V'=0.0006S + 0.0123 0.838 0.05 Y=0.00451n x + 0.012 0.907 0.01 1.30 0.030
P shum LT ND 5 V =0.0006S + 0.0099 0.865 0.05 Y =0.0045 In x + 0.0095 0.973 0.01 1.46 0.023
P shum LT NR V =0.0006S + 0.0146 0.842 0.05 Y =0.0046 In x + 0.0141 0.957 0.01 0.82 0.027
P pisc NON-IND ND 5 V=0.0007S + 0.018 0.766 0.05 Y =0.00551nx + 0.0173 0.905 0.01 0.98 0.034
P pisc NON-IND NR 5 V=0.0012S + 0.0232 0.935 0.01 Y =0.0081 In x + 0.0234 0.904 0.01 0.58 0.043
Glycine P shum TOX-A 5 V=2E—05S + 0.0003 0.818 0.05 Y =0.0002 In x + 0.0003 0.982 0.01 4.61 0.001
P shum TOX-B ND 5 V'=0.0.0001S + 0.0121 0.628
P shum TOX-B NR 5 V =0.0004S + 0.0054 0.973 0.01
P shum LT ND 5 V'=0.0003S + 0.0041 0.990 0.01
P shum LT NR V =0.0003S + 0.0029 0.980 0.01
P pisc NON-IND ND 5 V =0.0004S + 0.0076 0.948 0.05
P pisc NON-IND NR 4 V'=10.0004S + 0.0062 0.975

P shum and P pisc represent P. shumwayae and P. piscicida cultures, respectively. For each culture type, various functional types were investigated, including TOX- A, TOX-B, NON-IND, and long-
term (LT) maintenance on algae for which toxicity status was uncertain. Furthermore, for each TOX-B and LT or NON-IND culture, the algal food was either nutrient deplete (ND) or nutrient replete
(NR). N represents the number of substrate concentrations that were used in each calculation. Most of the data were best fit by a linear relationship, but those for glutamic acid and glycine, TOX-A
only, fit a saturating hyperbolic relationship. It is only for these hyperbolic relationships that a K and V.« can be calculated. The R and significance level for each fit are also given. Significance is
not reported for relationships based on 4 or fewer substrate levels.
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absence of prey) were of the same order of magnitude as
those measured on Day 1, although in general the rates
on Day 2 were lower than those on Day 1 (Fig. 1G-L).
Although the cultures contained bacteria, the very low
specific N rates in the TOX-A cultures suggest that
bacteria contributed minimally to these measured rates
of N uptake.

All cultures, including the controls, displayed a
preference for urea and NH4" over NOs~, based on the
calculation of RPI (Fig. 2). The preference for urea was
two- to three-fold that for NH,*. The preference for urea
and NH," was most apparent in the TOX-A cultures,
where RPIs exceeded 40 for urea and 15 for NH,*. In all
cases, the RPI for NO5;~ was <1.

3.2. Experiment 2

The broader range of manipulations in Experiment 2
compared to Experiment 1 permitted us to assess not
only the rates of uptake and RPI for each culture, but
also the relationships between uptake and substrate
availability for some substrates.

Initial cell density averaged ~5 x 10 cell mL™".
Ambient N concentrations were considerably lower
than in Experiment 1, particularly NO;~ and urea
(Table 1). The concentrations of NH,*, while in the
same range of those in Experiment 1, were consistently
about a factor of 2 lower in the ND (grown on nutrient-
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deplete prey) cultures relative to the NR (grown on
nutrient-replete prey) cultures.

Comparing the maximal specific velocities of
uptake for these cultures (Viax, h L Fig. 3A-E),
several patterns emerge. First, for TOX-A cultures of P.
shumwayae, the specific uptake rate of N was very low
for urea, NO; ™~ and glutamic acid, but higher rates of
uptake were found for NH,* and glycine. Specific
uptake rates for NH,* and urea were higher than those
measured during Experiment 1, and this was of
particular note for P. piscicida. When RPI values were
calculated for each substrate, the overwhelming
preference was for glycine, followed by glutamic acid
and urea (Fig. 3F-J). When RPI values were
recalculated using only the substrates urea, NH4*
and NO;3;~ at ambient levels, comparable to the
calculation for Experiment 1, the preference for urea
was modestly strengthened, but the general patterns
were unchanged (Fig. 3K-M). The uptake of NH,* was
roughly proportional to its availability, and preference
was modestly increased when the amino acids were
excluded from the calculation. As in Experiment 1,
no culture displayed a preference for NO;~ (Fig. 3H
and M).

The relationship between ambient uptake rate and
substrate concentration was best described by a linear
fit for urea, NH,*, NO;~ and glycine (except for P.
shumwayae TOX-A; Table 2). Only the glutamic acid

Urea 00 Ammonium Nitrate
04
0.02
A (B) 0.08
4 0.03 1 1
0.015 Ps. 0.06
0011 0.027 / 0.04
0.005 1 0.01T Pp 0.02 +
0 0 L L L ’ L 0 1 1 1 1
0 2 4 6 8 10 0 5 10 15 20 25 30 0 20 40 60 80 100
= Glycine Glutamic Acid
> 0.02 0.04
(D) (E) P.p.
0.0151 0.03 7
0.01t1 0.02 1
0.005T 0.01+
0 0
0 0 2 4 6 8 10

Substrate Concentration pumol N L-1

Fig. 4. Generalized relationships between specific uptake rate V, h~' and substrate concentration for each nitrogen nutrient given at the top of each
panel. These relationships are graphic depictions of the equations given in Table 2. In each panel, P.p. represents Pfiesteria piscicida, P.s. represents
P. shumwayae, and P.s. Tox-A represents P. shumwayae TOX-A relationships.
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Fig. 5. Comparison of rates of nitrogen uptake (as V, h~") for urea, ammonium and nitrate for P. piscicida (panels A, C, E) and P. shumwayae
(panels B, D, F.). Data shown are from both Experiments 1 and 2 for the various functional types given. The numbers at the top of, or inside, the
individual bars represent the number of individual measurements used in the average. Error bars represent average standard deviations for each

substrate.

uptake rates for all P. piscicida cultures and the
P. shumwayae TOX-A cultures could be fit to a
Michaelis—Menten relationship (Table 2). The general-
ized relationships between uptake rates and substrate
concentration (Fig. 4) reveal several differences
between substrates and between culture types.
First, for urea, NO; ™~ and glycine, the linear relation-
ship and positive slope suggest that diffusion of
substrate as well as mediated transport into the cells
may have been the mechanisms by which these
nutrients were taken up. For NH,", the relationship
was linear, but without a positive slope, suggesting
that these rates were all within the saturated portion
of a hyperbolic curve, but the high concentrations
in the culture did not permit resolution of the initial
slope of the curve. Rates of glutamic acid followed the
classic saturating response. For urea, glycine and
glutamic acid, the rates of uptake at typical ambient
concentration levels were consistently higher for
P. piscicida than for P. shumwayae, while for NH,*
P. shumwayae displayed higher rates (Fig. 4). For
NO;~, P. shumwayae had higher uptake rates at
concentrations < ca. 10 pmol N Lfl, but P. piscicida
had higher uptake rates at more elevated concentrations
(Fig. 4C).

3.3. Comparisons across experiments

The comparison of all data from both experiments
shows that for both species, functional type was the
major factor regulating rates of N uptake (Fig. 5). For
both species, specific rates of N uptake by TOX-A sub-
cultures were lower than for the other functional types.
For the other functional types, no significant differences
were found between species for each N form. The
higher variability in the specific uptake rates for P.
shumwayae, relative to P. piscicida, may reflect the
smaller number of measurements, but also the use of
cultures that fed on algae of differing nutritional states.

4. Discussion

The results reported herein confirm that direct uptake
of dissolved N does occur by P. piscicida, and this
conclusion can now also be extended to P. shumwayae.
These results also indicate that direct N uptake is
regulated differently in cells of different functional type
and nutrient status. Furthermore, in conjunction with
microzooplankton grazing experiments conducted
simultaneously on the same clones used for the
experiments reported herein (Stoecker et al., 2002;
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Lewitus et al., in press), estimates of the contribution of
direct uptake to the cells relative to other consumption
of N through grazing can be made.

4.1. Nutrient uptake by- or stimulation of —
Pfiesteria spp.

Specific N uptake rates (V, h~") were higher for cells
that were maintained on algal prey for long periods
(months) than for those that were grown with live fish, but
when normalized by cell number, rates of N uptake for
cells grown on (TOX-A), or recently removed from
(TOX-B), fish were comparable to those maintained for
long periods on algal prey. Cell size in P. piscicida has
been previously shown to vary by as much as a factor of 4
depending on nutritional and toxicity history (Burkholder
et al., 2001a). Cell size was not determined in this set of
experiments, but cells feeding on fish tend to be
significantly larger than cells feeding on algae (Bur-
kholder and Glasgow, 1997; Burkholder et al., 2001a). If
the flagellate cells of the TOX-A cultures were larger in
size than those of the other functional types, rates of
uptake by TOX-A cultures on a per-cell basis would have
been expected to increase compared to the N-based
rates.There are few reported direct measurements of N
uptake by Pfiesteria, only one of which also employed
stable isotopic tracer techniques (Lewitus et al., 1999b).
Rates of NH," compared well across all studies, on both a
volumetric and per-cell basis (Table 3). Concentrations of
NH," in the Lewitus et al. study were generally higher

Table 3

than in either Experiment 1 or 2, but rates were not as
variable as for the other substrates, consistent with the
suggestion that uptake rates for NH,* do saturate and that
all experiments were conducted at or near the maximal
uptake rate (Fig. 4). Rates of NO;~ uptake, both
volumetric and cell-based, determined in the Lewitus
et al. study compared favorably with the results of
Experiment 1, but not Experiment 2 (Table 3). The
concentrations in Lewitus et al. (1999b) were comparable
to those in Experiment 1, but not Experiment 2, and thus
the lower NO; ™ uptake rates from Experiment 2 were
likely a function of substrate concentration. For urea, the
results of Experiments 1 and 2 yielded comparable rates,
but those of the Lewitus et al. study were much lower, as
the concentrations they used were considerably lower
than in either of our experiments, again likely reflecting
substrate regulation. Glutamic acid rates were also lower
in this study than in Lewitus et al. (1999b), although the
rates herein are likely conservative as they were basedona
conservatively estimated glutamic acid concentration.
The very large differences between substrate concentra-
tion and prior nutritional state are all likely factors
contributing to the differences observed between experi-
ments.Burkholder and Glasgow (1997) and Glasgow et al.
(1998) reported from track autoradiography observations
that P. piscicida had the ability to take up amino acids and
protein hydrolysate, and the effect of nutrient enrichment
on Pfiesteria spp. production in batch cultures with algal
prey has been well demonstrated. Burkholder et al.
(2001a) reported on the growth of Pfiesteria functional

Comparison of absolute uptake rates (as wmol N h ™' and as fmol N cell ' h™") of P. piscicida between this study and those reported by Lewitus et al.
(1999b)

Treatment NOs;~ NH,* (umol N hh Urea Glutamic acid Reference
High light 1.5 +£0.40 0.13 £0.04 0.0079 £ 0.003 0.95 £ 0.40 Lewitus et al.
3.0+ 141 0.60 = 0.10 0.18 +0.09 n.d. This study—Experiment 1
Low light 2.90 £+ 0.20 0.13 +£0.03 0.0020 £ 0.001 1.00 £+ 0.37 Lewitus et al.
319+ 1.17 0.53 +£1.12 0.22 £+ 0.16 n.d. This study—Experiment 1
0.17 £ .001 0.16 £ 0.03 0.14 +£0.05 0.14 £ 0.01 This study—Experiment 2
Treatment NO; ™ NH,* (fmol N cell ' h™1) Urea Glutamic Acid Reference
High light 120 £ 30 12+3 0.54 £0.21 72 £ 38 Lewitus et al.
100 £ 48 20+3 6.1 £3.0 n.d. This study—Experiment 1
Low light 200 £ 70 12+3 0.54 £0.21 65 £ 29 Lewitus et al.
109 £ 40 18 + 38 75+54 n.d. This study—Experiment 1
34+2 32+6 28+ 1 28 £0.5 This study—Experiment 2

Both studies included a high light and a low light treatment. The high light treatment in the Lewitus study was 360 wmol photons m 2 s, and the

low light was 70 pmol photons m > s, In this study the high light treatment was 560 wmol photons m~2s~ ', and the low light treatment was
12 pmol photons m~2s~'. Although the light levels for Experiment 2 were not measured, the incubation conditions were the same as low light
Experiment 1. The results for Experiment 1 (Exp 1) are the average of the uptake rates for all assay treatments (TOX-A, TOX-B, and NON-IND),
measured on Day 1 only. The results for Experiment 2 (Exp 2) are the average of NON-IND (NR and ND) P. piscicida only. Only Experiment 2
included a glutamic acid treatment; thus no data (n.d.) are available for this substrate for Experiment 1.
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types in the presence and absence of inorganic N and P. In
their study, increases in cell number were significant for
TOX-B and NON-IND strains, in the treatments with
inorganic nutrients and cryptophytes, but not in the TOX-
A strains, consistent with the findings here that direct
uptake by TOX-A is low on an N-specific basis. For all
functional types, cell production was negligible when
cryptophytes were excluded from the experiments; in
fact, without cryptophytes most cells encysted (Burk-
holder et al., 2001a).

Glasgow et al. (2001b) observed species differences
in response to N (as NO; ) and phosphorus (P, as
PO437) enrichments. For the strains used, P. shumwayae
had higher cell production than P. piscicida in 4-day
trials under N enrichment, but P. piscicida displayed a
higher cell production upon enrichment with P. This
pattern was reproduced over three enrichment levels for
each nutrient source. Burkholder et al. (2001a) also
showed that without further additions of algal prey,
cultures of P. piscicida TOX-B and NON-IND cultures
increased 10-fold within a period of days when exposed
to inorganic N and PO43_, but TOX-A cultures did not.

Chemosensory experiments (Burkholder and Glas-
gow, 1997; Burkholder et al., 2001a; Cancellieri et al.,
2001) have demonstrated a strong attraction of toxic
Pfiesteria spp. strains to fresh fish tissue, mucus or
excreta. Most significantly, while all functional types of
cells displayed an attraction to sterile fish mucus and
excreta in short-term exposures in microcapillary tubes,
attraction of the TOX-A cultures was far greater than
that of the other functional types (Burkholder et al.,
2001a; Cancellieri et al., 2001). Although specific
uptake rates by all TOX-A sub-cultures from the
experiments in the present study were very low, all
displayed either a strong preference for urea or for
glycine or glutamic acid. Whether this preference for
organic nutrients by TOX-A cultures is related to the
chemosensory attraction previously reported will
require further investigation.

Table 4

4.2. N uptake versus phagotrophy

There is no question that Pfiesteria spp. has
nutritional strategies that range from uptake of
dissolved compounds, as demonstrated directly herein
and shown by Lewitus et al. (1999b), to phagotrophy,
which has been well described (reviewed by
Burkholder and Glasgow, 1997). Lewitus et al.
(1999b) roughly calculated that N uptake rates by
kleptoplastic Pfiesteria might approach, or possibly
exceed, those obtained through phagotrophy. The
rates of grazing determined for Experiment 1 cultures
(reported in Lewitus et al., in press) permitted us to
assess the relative contribution of N uptake and
heterotrophy under these experimental conditions.
When Rhodomonas prey were added to cultures of
each functional type, both TOX-B and NON-IND
types grew exponentially, but those of TOX-A did
not; indeed, their cell numbers were reduced with
time (Lewitus et al., in press). However, all cultures,
including those of TOX-A, showed evidence of
chlorophyll retention within several hours, suggestive
of some degree of grazing. The TOX-A cultures may
have grazed, but not retained, the Rhodomonas
pigments to the extent of the other cultures (Lewitus
et al., in press). To compare the grazing rates with N
uptake rates, ingestion rates were derived from
Table 1 of Lewitus et al. (in press), and converted
to N units, based on the assumption that a
Rhodomonas cell contains 1 pmol N cell ™" (Lewitus
and Caron, 1990). On Day 1, N uptake contributed
<10% of the N obtained by ingestion for all
functional types (Table 4). From Day 1 to Day 2,
this general relationship was maintained for both
TOX-B and NON-IND functional types, although
both N uptake rates and N ingestion per cell
decreased sharply. Interestingly, N uptake per cell
in TOX-A cultures increased, so that by the end of
Day 2, N uptake contributed more to total cell

Comparison of the total (as the sum of urea, ammonium, and nitrate only) nitrogen uptake rate per cell (fmol N cell ' h™") and the ingestion rate,

converted from units of prey predator '

of varying functional type from Experiment 1

h~! (from Lewitus et al., in press; Table 1) to units of fmol N cell ™' h™!, for cultures of Pfiesteria piscicida

Functional N uptake rate day 1 Ingestion rate /jo_3 n; N uptake rate Day 2 Ingestion rate /j3_53
type (fmol N cell ™' h™") (fmol N cell ' h™") (fmol N cell ™' h™") (fmol N cell ™' h™")
TOX-A 185+2 2050 £ 900 352 + 226 155+ 52

TOX-B 130 £ 65 2600 + 405 16 £ 10 500 + 40

NON-IND 130 £+ 40 2700 + 750 34+ 13 380 + 105

Data are the averages of both high light and low light treatments. The conversion was based on a Rhodomonas cell N content of 1 pmol N cell ™!
(from Lewitus and Caron, 1990). Comparisons are based on Day 1 uptake values with ingestion rates calculated from 0-3 h, and Day 2 uptake rates
with ingestion rates calculated from the 3-23 h period (as described in Lewitus et al., in press).
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nutrition than did grazing (Table 4). Thus, these
calculations are consistent with those of Lewitus et al.
(1999b), but only for the TOX-A cells.

Parrow et al. (2001) compared ingestion rates and
estimated percent mixotrophy rates for varying func-
tional types of both P. piscicida and P. shumwayae and
found that in TOX-A cells the percentage of auto-
fluorescent pigmented inclusions (potential klepto-
plasts) was very small relative to the other functional
types. They concluded that photosynthetic rates of
TOX-A cells would be expected to be low compared to
the other cell types. These findings are consistent with
those reported here, as the proportion of potential
kleptochloroplasts was higher in our TOX-A cultures
relative to theirs. These comparisons demonstrate that
the potential for dissolved N uptake is important in the
nutrition of these heterotrophic cells, but also confirm
the high degree of variability in the proportion by which
it may be used.

4.3. Eutrophication and Pfiesteria spp.

Links between nutrient enrichment and Pfiesteria
have previously been made (e.g. Burkholder and
Glasgow, 1997; Burkholder et al., 1999; Magnien,
2001; Samet et al., 2001; Glibert and Magnien, 2004;
Glibert et al., 2001, 2004), although many of these
links have emphasized the potentially high P demands
of these cells, rather the N demands. Toxic Pfiesteria
outbreaks generally occur in waters that are shallow,
poorly flushed, and enriched with nutrients. The
geographic distribution of both Pfiesteria spp. in the
U.S. appears to be confined to the East and Gulf of
Mexico coasts (e.g. Rublee et al., 2001, 2004, in
press), and its abundance has been positively related to
eutrophication levels (e.g. Bricker et al., 1999;
Lewitus et al.,, 2002). Not only have higher
abundances P. piscicida and Pfiesteria-like dinofla-
gellates been observed near wastewater discharge
sites, compared to control sites in the New River
Estuary, North Carolina (Burkholder and Glasgow,
1997), but in Chesapeake Bay, the highest abundances
of P. piscicida enumerated in sediment samples were
also found in those sites for which urea concentrations
were highest among 27 sites surveyed over 5 years
(Glibert et al., 2004, 2005). Pfiesteria spp. are
typically found in Chesapeake Bay on the lower
eastern shore, a region of intensive agriculture
operations and chicken production, and near Balti-
more, a nutrient-polluted region (Glibert et al., 2005;
Bowers et al., in press). In the lower eastern shore, the
majority of nutrients are delivered via non-point

source runoff, from application of chicken manure and
organic fertilizers and from sewage input from septic
systems. Highest annual mean concentrations as well
as highest individual measurements (exceeding
20 pmol NL™') have been observed for those
Chesapeake Bay tributaries with the most intensive
agriculture and poultry operations (Glibert et al.,
2005). Burkholder et al. (1997) reported stimulation of
Pfiesteria spp. by a swine effluent waste spill in a
North Carolina estuary.

The association with eutrophication is, however,
complex (e.g. Anderson et al., 2002; Glibert and
Burkholder, in press), and does not necessarily imply
direct cause and effect. Indeed, the most likely
pathway by which nutrients stimulate Pfiesteria is
indirect. As previously emphasized, nutrient enrich-
ment may lead to the proliferation of the microalgae
on which Pfiesteria feeds (Burkholder and Glasgow,
1997); in fact, chlorophyll a concentration has been
found to be a good predictor of Pfiesteria abundance
in several field sites, such as the Chesapeake Bay
tributary which had the most significant Pfiesteria
outbreak in 1997 (Glibert and Magnien, 2004). The
comparison of the rates of uptake given here, for the
cryptophyte prey and the Pfiesteria cultures used in
these experiments, underscores the premise that
nutrient enrichment may act more indirectly than
directly in stimulating Pfiesteria. Uptake rates by the
cryptophyte were roughly 10-fold higher for all forms
of N than by Pfiesteria TOX-B or NON-IND cultures.
Furthermore, as demonstrated by Lewitus et al. (in
press) for the same cultures, within the 24 h
experimental period, the TOX-B and NON-IND
cultures nearly depleted the cryptophyte prey, sug-
gesting that phagotrophy was the primary mechanism
by which nutrition was derived. For nontoxic or
weakly toxic cells, the ability to take up N directly in
dissolved form may either confer an adaptive
advantage when sufficient food is unavailable, or
may simply be a consequence of diffusion into cells
that thrive in high-nutrient environments. Highly toxic
cells may have a higher dependency on dissolved
substrates, and appear to prefer organic substrates
when fish tissue or other preferred foods are not
available.

Based on these finding, the conceptual model of
Lewitus et al. (1999b) on the potential role of nutrients
can now be extended. In their model, an indirect
stimulation of Pfiesteria spp. growth during spring,
following spring runoff, was suggested, but a more
direct nutrient stimulation was suggested in summer (in
the absence of fish prey; see Glasgow et al., 2001a)
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when phytoplankton biomass, and therefore food for
grazing, is generally lower. More likely, direct nutrient
stimulation is episodic and ephemeral. Glasgow et al.
(2001a) extended Lewitus et al.’s (1999) model to
include varying presence of fish prey, and supported the
premise that stimulation of Pfiesteria spp. by dissolved
nutrients, alone, is likely episodic and ephemeral.
Consistent with these models is the fact that regenerated
and organic nutrients, the preferred N forms for
Pfiesteria spp. are more likely to be in abundance
during the summer months. Even so, direct nutrient
uptake is unlikely to be seasonally sustained.

5. Conclusions

These studies have shown that (1) direct uptake of N
occurred by all functional types of these strains of P.
piscicida and P. shumwayae; (2) specific N uptake rates
are higher for the functional types TOX-B and NON-
IND than for TOX-A, but uptake per cell for TOX-A
cells is comparable to that of the other functional types,
likely reflecting the smaller size of the TOX-B and
NON-IND cells under these experimental conditions;
(4) N preferences generally follow a decreasing trend of
amino acids > urea > NH," > NO3;~ and NO;~ is
never a preferred form of N; (5) uptake rates are
related to N availability, although kinetic relationships
could not be established for all N forms; (6) N uptake by
P. piscicida contributes <10% of the cellular N of
actively feeding TOX-B and NON-IND types, but may
be equal to or greater than phagotrophic N acquisition
in TOX-A cells (when prey is available), on a per-cell
basis. Although Pfiesteria spp. is often found in
eutrophic environments, the relationship between
Pfiesteria spp. and nutrient availability is likely to be
primarily indirect, mediated through the production of
suitable prey cells on which Pfiesteria spp. feeds.
However, when N concentrations are elevated, they can
contribute to the supplemental nutrition of these cells,
and may even provide a significant source to cells that
are highly toxic. The diversity of functional types and
nutritional modes displayed by these Pfiesteria spp. are
large, and there is much yet to be understood regarding
the environmental or biochemical factors that regulate
the processes by which these cells switch from
heterotrophy to mixotrophy to acquire their nutrients.
Mechanistic models, such as those of Zhang et al.
(2004) and Hood et al. (in press), in which the effects of
various physical, physiological and trophic interactions
may be explored for different functional types, are
helping to yield insights about these complex
dynamics.

Acknowledgements

We thank H.B. Glasgow Jr., N. Deamer-Melia, E.
Hannon, J. Springer and C. Zhang for assistance with
experiments conducted at NCSU Center for Applied
Aquatic Ecology, and J. Alexander, E. Haramoto, C.
Shoemaker and L. Lane for assistance with analysis at
the Horn Point Laboratory. This research was supported
by the ECOHAB Program (NOAA/NSF/EPA/NASA/
ONR) grant NA860PO493. This is Contribution No.
186 from the ECOHAB Program and 3965 from the
University of Maryland Center for Environmental
Science.

References

Anderson, D.A., Glibert, PM., Burkholder, J.M., 2002. Harmful algal
blooms and eutrophication: nutrient sources, composition, and
consequences. Estuaries 25, 562-584.

Bowers, H.A., Trice, T.M., Magnien, R.E., Goshorn, D.M., Michael,
B., Schaefer, E.F., Rublee, P.A., Oldach, D.W., in press. Detection
of Pfiesteria spp. by PCR in surface sediments collected from
Chesapeake Bay tributaries (Maryland). Harmful Algae, this
volume.

Bricker, S.B., Clement, C.G., Pirhalla, D.E., Orlando, S.P., Farrow,
D.T.G., 1999. National Estuarine Eutrophication Assessment:
Effects of Nutrient Enrichment in the Nation’s Estuaries. NOAA,
National Ocean Service, Special Projects Office and the National
Centers for Coastal Ocean Service, Silver Spring, MD, 71 pp.

Burkholder, J.M., Glasgow Jr., H.B., 1997. Pfiesteria piscicida and
other Pfiesteria-like dinoflagellates: behavior, impacts, and envir-
onmental controls. Limnol. Oceanogr. 42, 1052-1075.

Burkholder, J.M., Glasgow Jr., H.B., Deamer-Melia, N., Springer, J.,
Parrow, M.W., Zhang, C., Cancellieri, P.J., 2001a. Species of the
toxic Pfiesteria complex, and the importance of functional type in
data interpretation. Environ. Health Perspect. 109, 715-730.

Burkholder, J.M., Glasgow Jr., H.B., Lewitus, A.J., 1998. Physiolo-
gical ecology of Pfiesteria piscicida with general comments on
‘ambush-predator’ dinoflagellates. In: Anderson, D.M., Cembella,
A., Hallegraeff, G.M. (Eds.), Physiological ecology of Harmful
Algae. NATO ASI Series G: Ecological Sciences, vol. 41.
Springer, Berlin, pp. 175-191.

Burkholder, J.M., Gordon, A.S., Moeller, P.D., Law, J.M., Coyne, K.J.,
Lewitus, A.J., Ramsdell, J.S., Marshall, H.G., Deamer, N.J., Cary,
S.C., Kempton, J.W., Morton, S.L., Rublee, P.A., 2005. Demon-
stration of toxicity to fish and mammalian cells to Pfiesteria
species: comparison of assay methods and multiple strains. Proc.
Natl. Acad. Sci. U.S.A. 102, 3471-3476.

Burkholder, J.M., Mallin, M.A., Glasgow Jr., H.B., 1999. Fish Kkills,
bottom-water hypoxia, and the toxic Pfiesteria complex in the
Neuse River and Estuary. Mar. Ecol. Prog. Ser. 179, 301-310.

Burkholder, J.M., Mallin, M.A., Glasgow Jr., H.B., Larsen, L.M.,
Mclver, M.R., Shank, G.C., Deamer-Melia, N., Briley, D.S.,
Springer, J., Touchette, B.W., Hannon, E.K., 1997. Impacts to a
coastal river and estuary from rupture of a large swine waste
holding lagoon. J. Environ. Qual. 26, 1451-1466.

Burkholder, J.M., Marshall, H.G., Glasgow Jr., H.B., Seaborn, D.W.,
Deamer-Melia, N.J., 2001b. The standardized fish bioassay pro-
cedure for detecting and culturing actively toxic Pfiesteria, used



PM. Glibert et al./Harmful Algae 5 (2006) 380-394 393

by two reference laboratories for Atlantic and Gulf Coast states.
Environ. Health Perspect. 109, 745-756.

Cancellieri, PJ., Burkholder, J.M., Deamer-Melia, N.J., Glasgow Jr.,
H.B., 2001. Chemosensory attraction of zoospores of the estuarine
dinoflagellates, Pfiesteria piscicida and P. shumwayae, to finfish
mucus and excreta. J. Exp. Mar. Biol. Ecol. 264, 29-45.

Dugdale, R.C., Goering, J.J., 1967. Uptake of new and regenerated
forms of nitrogen in primary productivity. Limnol. Oceanogr. 12,
196-206.

Glasgow Jr., H.B., Burkholder, J.M., Mallin, M.A., Deamer-Melia,
N.J., Reed, R.E., 2001a. Field ecology of toxic Pfiesteria complex
species, and a conservative analysis of their role in estuarine fish
kills. Environ. Health Perspect. 109, 715-730.

Glasgow Jr., H.B., Burkholder, J.M., Morton, S.L., Springer, J.,
Parrow, M.W., 2001b. Fish-killing activity and nutrient stimulation
of a second toxic Pfiesteria species. In: Hallegraeff, G.M., Black-
burn, S.I., Bolch, C.J., Lewis, R.J. (Eds.), Harmful Algal Blooms
2000: Proceedings of the Ninth International Conference on
Harmful Algal Blooms, Intergovernmental Oceanographic Com-
mission of UNESCO, Paris, pp. 97-100.

Glasgow Jr., H.B., Lewitus, A.J., Burkholder, J. M., 1998. Feeding
behavior of the ichthyotoxic estuarine dinoflagellate, Pfiesteria
piscicida, on amino acids, algal prey, and fish versus mammalian
erythrocytes. In: Reguerra, B., Blanco, J., Fernandez, M.L., Wyatt,
T. (Eds.), Harmful Algae, Proceedings, VIIIth International Con-
ference on Harmful Algal Blooms, Xunta de Galicia and Inter-
governmental Oceanographic Commission of UNESCO, Paris,
pp. 394-397.

Glibert, PM., Alexander, J., Trice, T.M., Michael, B., Magnien, R.E.,
Lane, L., Oldach, D., Bowers, H., 2004. Chronic urea nitrogen
loading: a correlate of Pfiesteria spp. in the Chesapeake and
Coastal Bays of Maryland, USA. In: Steidinger, K.A., Lands-
berg, J.H., Tomas, C.R., Vargo, G.A. (Eds.), Harmful Algae 2002,
Proceedings of the Xth International Conference on Harmful
Algae, Florida Fish and Wildlife Conservation Commission and
Intergovernmental Oceanographic Commission of UNESCO,
Paris, pp. 74-76.

Glibert, PM., Burkholder, J.M., 2006. The complex relationships
between increasing fertilization of the earth, coastal eutrophica-
tion and proliferation of harmful algal blooms. In: Granéli, E.,
Turner, J. (Eds.), Ecology of Harmful Algae, Springer, pp. 341—
354.

Glibert, P.M., Magnien, R.E., 2004. Harmful algal blooms in the
Chesapeake Bay, USA: common species, relationships to nutri-
ent loading, management approaches, successes, and challenges.
In: Hall, S., Anderson, D., Kleindinst, J., Zhu, M., Zou, Y.
(Eds.), Harmful Algae Management and Mitigation. Asia-Paci-
fic Economic Cooperation, APEC Publication #204-MR-04.2,
Singapore, pp. 48-55.

Glibert, PM., Magnien, R.E., Lomas, M.W., Alexander, J., Fan, C.,
Haramoto, E., Trice, T.M., Kana, T.M., 2001. Harmful algal
blooms in the Chesapeake and Coastal Bays of Maryland,
USA: comparisons of 1997, 1998 and 1999 events. Estuaries
24, 875-883.

Glibert, PM., Trice, T.M., Michael, B., Lane, L., 2005. Urea in the
tributaries of the Chesapeake and Coastal Bays of Maryland.
Water, Air Soil Pollut. 160, 229-243.

Hood, R., Zhang, X., Glibert, PM. Roman, M.R., Stoecker, D.K., in
press. Modeling the influence of nutrients, turbulence and grazing
on Pfiesteria population dynamics. Harmful Algae, this volume.

Lewitus, A.J., Burkholder, J.M., Glasgow Jr., H.B., Glibert, PM.,
Willis, B.M., Hayes, K.C., Burke, M.K., 1999b. Mixotrophy and

nutrient uptake by Pfiesteria piscicida (Dinophyceae). J. Phycol.
35, 1430-1437.

Lewitus, A.J., Caron, D.A., 1990. Relative effects of nitrogen or
phosphorus depletion and light intensity on the pigmentation,
chemical composition, and volume of Pyrenomonas salina (Cryp-
tophyceae). Mar. Ecol. Prog. Ser. 61, 171-181.

Lewitus, AJ., Glasgow Jr., H.B., Burkholder, J.M., 1999a. Klepto-
plastidy in the toxic dinoflagellate, Pfiesteria piscicida (Dinophy-
ceae). J. Phycol. 35, 303-312.

Lewitus, A.J., Wetz, M.S., Willis, B.M., Burkholder, J.M., Glasgow,
H.B. Jr, in press. Grazing activity of Pfiesteria piscicida (Dino-
phyceae) and susceptibility to ciliate predation vary with toxicity
status. Harmful Algae, this volume.

Lewitus, A.J., Hayes, K.C., Willis, B.M., Burkholder, J.M., Glasgow
Jr., H.B., Holland, A.F., Maier, P.,, Rublee, P.A., Magnien, R.,
2002. Low abundance of the dinoflagellates, Pfiesteria piscicida,
P. shumwayae, and Cryptoperidiniopsis spp. in South Carolina
tidal creeks and open estuaries. Estuaries 25, 586-597.

Magnien, R.E., 2001. The dynamics of science, perception, and policy
during the outbreak of Pfiesteria in the Chesapeake Bay.
BioScience 51, 843-852.

Marshall, H.G., Hargraves, P.E., Burkholder, J.M., Parrow, M.W.,,
Elbrichter, M., Allen, E.H., Knowlton, V.M., Rublee, P.A., Hynes,
W.L., Egerton, T.A., Remington, D.L., Wyatt, K.B., Lewitus, A.J.,
Henrich, V.C., 2006. Taxonomy of Pfiesteria (Dinophyceae).
Harmful Algae.

McCarthy, J.J., Taylor, W.R., Taft, J.L., 1977. Nitrogenous nutrition
of the plankton of Chesapeake Bay: 1. Nutrient availability
and phytoplankton preferences. Limnol. Oceanogr. 22, 996—
1011.

Moeller, P.D.R., Morton, S.L., Mitchell, B.A., Sivertsen, S.K., Fairey,
E.R., Mikulski, T.M., Glasgow Jr., H.B., Deamer-Melia, N.J.,
Burkholder, J.M., Ramsdell, J.S., 2001. Current progress in iso-
lation and characterization of toxins isolated from Pfiesteria
piscicida. Environ. Health Perspect. 109, 739-744.

Oldach, D.W., Delwiche, C.P., Jakobsen, K.S., Tengs, T., Brown, E.G.,
Kempton, J.W., Shaefer, E.F.,, Bowers, H.A., Glasgow Jr., H.B.,
Burkholder, J.M., Steidinger, K.A., Rublee, P.A., 2000. Hetero-
duplex mobility assay-guided sequence discovery: elucidation of
the small subunit (18s) IDNA sequences of Pfiesteria piscicida and
related dinoflagellates from complex algal cultures and environ-
mental sample DNA pools. Proc. Natl. Acad. Sci. U.S.A. 97,
4303-4308.

Parrow, M.W., Glasgow Jr., H.B., Burkholder, J.M., Zhang, C., 2001.
Comparative response to algal prey by Pfiesteria piscicida, Pfies-
teria shumwayae sp. nov., and a co-occurring ‘lookalike’ species.
In: Hallegraeff, G.M., Blackburn, S.I., Bolch, C.J., Lewis, R.J.
(Eds.), Harmful Algal Blooms 2000: Proceedings of the Ninth
International Conference on Harmful Algal Blooms, Intergovern-
mental Oceanographic Commission of UNESCO, Paris, pp. 101-
104.

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A Manual of Chemical and
Biological Methods for Seawater Analyses. Pergamon Press, New
York.

Rublee, PA., Allen, C., Schaefer, E., Rhodes, L., Adamson, J., Lap-
worth, C., Burkholder, J.M., Glasgow Jr., H.B., 2004. Global
distribution of toxic Pfiesteria complex species detected by PCR
assay. In: Steidinger, K.A., Landsberg, J.H., Tomas, C.R., Vargo,
G.A. (Eds.), Harmful Algae 2002, Proceedings of the Xth Inter-
national Conference on Harmful Algae, Florida Fish and Wildlife
Conservation Commission and Intergovernmental Oceanographic
Commission of UNESCO, Paris, pp. 320-322.



394

PM. Glibert et al./Harmful Algae 5 (2006) 380-394

Rublee, P.A., Kempton, J.W., Schaefer, E.F., Allen, C., Burkholder,

J.M., Glasgow Jr.,, H.B., Oldach, D.W., 2001. Distribution of
Pfiesteria sp. and an associated dinoflagellate along the U.S. East
Coast during the active season in 1998 and 1999. In: Hallegraeff,
G.M., Blackburn, S.I., Bolch, C.J., Lewis, R.J. (Eds.), Harmful
Algal blooms 2000: Proceedings of the Ninth International Con-
ference on Harmful Algal Blooms, Intergovernmental Oceano-
graphic Commission of UNESCO, Paris, pp. 89-91.

Rublee, P.A., Nuzzi, R., Waters, R., Burkholder, J. M., in press.

Pfiesteria piscicida and Pfiesteria shumwayae in coastal waters
of Long Island, New York, U.S.A. Harmful Algae, this volume.

Samet, J., Bignami, G.S., Feldman, R., Hawkins, W., Neff, J., Smayda,

T., 2001. Pfiesteria: review of the science and identification of
research gaps. Report for the National Center for Environmental
Health, Centers for Disease Control and Prevention. Environ.
Health Perspect. 109, 639-659.

Stoecker, D.J., Parrow, M.W., Burkholder, J.M., Glasgow Jr., H.B.,

2002. Grazing by microzooplankton on Pfiesteria piscicida cul-

tures with different histories of toxicity. Aquat. Microb. Ecol. 28,
79-85.

Turgeon, D., Higgins, J.L., Luttenberg, D., White, H., Orencia, M.,

Craig, N., Bushaw-Newton, K., 2001. Protocols for Monitoring
Pfiesteria and Related Health and Environmental Conditions in
U.S. Coastal Waters. National Oceanic and Atmospheric Admin-
istration, National Ocean Service, National Center for Coastal
Ocean Science and Center for Coastal Monitoring and Assess-
ment, Silver Spring, MD, p. 14.

Wetzel, R.G., Likens, G.E., 1991. Limnological Analyses, 2nd ed.

Springer-Verlag, New York, p. 391.

Zhang, X., Hood, R.E., Roman, M.R., Glibert, PM., Stoecker, D.K.,

2004. Pfiesteria piscicida population dynamics: a modeling study.
In: Steidinger, K.A., Landsberg, J.H., Tomas, C.R., Vargo, G.A.
(Eds.), Harmful Algae 2002, Proceedings of the Xth International
Conference on Harmful Algae, Florida Fish and Wildlife Con-
servation Commission and Intergovernmental Oceanographic
Commission of UNESCO, pp. 528-530.



	Direct uptake of nitrogen by Pfiesteria piscicida and Pfiesteria shumwayae, and nitrogen nutritional preferences
	Introduction
	Methods
	Experiment 1
	Experiment 2
	Data analysis

	Results
	Experiment 1
	Experiment 2
	Comparisons across experiments

	Discussion
	Nutrient uptake by- or stimulation of - Pfiesteria spp.
	N uptake versus phagotrophy
	Eutrophication and Pfiesteria spp.

	Conclusions
	Acknowledgements
	References


