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Abstract

A new method based on quantitative real-time polymer-
ase chain reaction (qQPCR) was developed and applied to
quantify the red tide dinoflagellate Lingulodinium poly-
edrum in natural seawater samples and in laboratory
cultures. The method uses a Molecular Beacon™ ap-
proach to target a species-specific region of the small
subunit ribosomal RNA gene. The accuracy of the
method was verified by microscopical counts using
cultures of the dinoflagellate isolated from coastal waters
near Los Angeles, CA, and with natural water samples
spiked with cultured L. polyedrum. The method was
applied to document the pattern and timing of vertical
migration by the dinoflagellate in a 2-m water column on
an 11:13 h light/dark photoperiod established in the
laboratory. Positive phototaxis of L. polyedrum resulted
in dense aggregations of the dinoflagellate within the top
few centimeters of the water column during the light
period. This pattern of distribution was readily estab-
lished by both methods, although abundances of L.
polyedrum determined using qPCR were higher than
abundances determined by microscopy in the morning
and lower in the afternoon and evening. These differ-
ences may have been a consequence of variability in the
DNA content per cell because of synchrony of cell
division. Counts using both methods to analyze natural
samples collected from coastal waters in the Long Beach—
Los Angeles area and adjacent San Pedro Channel were
in close agreement. However, the qPCR method
exhibited greater sensitivity than the microscopical
method when L. polyedrum was present at low abun-
dances, and qPCR had a much higher rate of sample
throughput than microscopy. The development of this
new approach for enumerating L. polyedrum provides a
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useful tool for studying the ecology of this important red
tide species.

Introduction

Harmful algal blooms (HABs) appear to be increasing in
frequency in many coastal environments worldwide [4,
28, 66, 67]. Many blooms of dinoflagellates (often
referred to as “red tides”) form HABs that are toxic to
other biota and can cause significant economic losses
[34]. Little is known regarding the relative importance of
the key factors governing these blooms because of the
complex interplay between the physical, chemical, and
biological factors involved [4]. Factors that appear to
contribute to the formation of harmful dinoflagellate
blooms include nutrient loading in coastal waters,
advection and aggregation of populations, and introduc-
tion of species via ballast water discharge [5, 6, 29, 58,
65].

Lingulodinium polyedrum (Stein) Dodge (Gonyaulax
polyedra) is a marine photosynthetic dinoflagellate that is
often responsible for red tides. This bioluminescent
species is widely distributed in warm temperate and
subtropical waters of coastal areas [17, 44, 68] and has
been associated with fish and shellfish mortality events
[44, 73]. The presence of yessotoxin, a toxin regarded as
hepatotoxic and cardiotoxic, was demonstrated in phy-
toplankton including L. polyedrum in the Adriatic Sea
[18, 74]. Yessotoxin production by L. polyedrum was
confirmed by Paz et al. [54]. However, Boni et al. [10]
could not prove yessotoxin production by the dinofla-
gellate, indicating the presence of toxic and nontoxic
strains of this species or variability in toxin production.

L. polyedrum regularly forms massive blooms along
the coast of Southern California [1, 35, 41, 73], with
chlorophyll a concentrations attaining 500 mg/m’ in
surface waters and dinoflagellate cell abundances as high
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as 2 x 107/L [35, 41]. L. polyedrum population dynamics
are highly seasonal along this coast, with major blooms
in spring and autumn (April/May, September/October,
respectively) and maximum abundances of up to 1.3 x 10’
cells/L (bloom event in Long Beach, CA, in October 2002,
unpublished data).

In spite of its ecological significance, relatively little is
known about the role of L. polyedrum in planktonic food
webs, i.e., specific factors controlling bloom dynamics or
the impact of blooms on trophic relationships in the
plankton. A number of studies have investigated different
physiological aspects of L. polyedrum with regard to its
bioluminescence [16, 30, 52], the effect of turbulence on
its growth and division rates [40, 70], its life cycle and
resting stages [22, 46, 56], as well as predation on L.
polyedrum [37-39, 46]. However, knowledge of the
population dynamics of the dinoflagellate and the factors
that affect its growth at abundances less than bloom
densities are still lacking. This work requires methodol-
ogy that can accurately count these cells at low densities
in natural assemblages.

Monitoring coastal waters for the presence of HAB
species to assess the potential for bloom formation
presently involves accurate morphological identification
and enumeration of phytoplankton species using light or
electron microscopy. However, analyses by microscopy
are time consuming and require a high level of
taxonomic expertise [57]. Alternative approaches that
are now being developed involve the use of genetic
signatures of various taxa that can be detected using
modern molecular techniques [45, 49, 51, 61]. These
approaches have been demonstrated to be extremely
useful for the accurate identification of specific micro-
organisms [7, 26, 62, 64]. Among these, quantitative
real-time polymerase chain reaction (qPCR) enables
species-specific detection and enumeration of particular
target species in natural water samples. QPCR tech-
niques estimate the abundance of specific gene sequences
in a sample as a convenient proxy for the abundance of a
target organism. The method offers extreme sensitivity
and specificity and yields accurate estimates of target DNA
quantity over several orders of magnitude, thus providing
an approach to characterize specific taxa over tremendous
ranges of abundance in natural samples.

PCR amplification techniques targeting ribosomal
DNA (rDNA) have been successfully employed for the
detection of a number of toxic dinoflagellates in seawater
samples [11, 15, 24, 55]. Ribosomal RNA genes have
been the targets of choice for the development of
molecular assays because they are present in high copy
number and have both highly conserved and hyper-
variable “signature” regions [32, 47, 48, 63, 69].

Rollo et al. [60] developed a molecular approach
for amplifying a specific fragment of the “GP240
family” DNA of L. polyedrum. However, this approach
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was not quantitative and has not been pursued by other
researchers.

In the present study, a qPCR assay for the detection
and enumeration of L. polyedrum was developed, tested,
and applied using a Molecular Beacon™ assay (Public
Health Research Institute). Primers and a Molecular
Beacon™ probe were developed to target unique sequen-
ces in the 18S rRNA gene of L. polyedrum. QPCR was
validated in the laboratory and applied to cultures and
natural water samples from coastal waters off the coast of
Los Angeles. The vertical migration of L. polyedrum was
studied in a 2-m glass column and in natural water
samples at four different sampling sites in coastal waters
where red tides have been observed over the past several
years. The method allowed the detection and quantifica-
tion of L. polyedrum over a range of cell abundances
spanning six orders of magnitude. The assay provides an
extremely useful tool for future investigations of popu-
lation dynamics of this HAB species.

Methods

Cultures, Cloning, and Sequencing. L. polyedrum was
isolated from natural water samples from the coast of Los
Angeles, CA. Five to ten cells were picked directly into {/2
medium [25] without silica and grown at 20°C and light
conditions of 170 uE m™* s™'. The full-length eukaryotic
small subunit ribosomal RNA gene (18S ssu rDNA) was
amplified in two fragments using universal eukaryotic
primers (Euk-A and 1055R for the first fragment and
570F and Euk-B for the second fragment; Table 1) to
generate products for subsequent cloning and sequencing.
Two to five cells of L. polyedrum were concentrated in a
volume of 2 pL of /2 and then used directly in the PCR
reaction. Four replicate PCR reactions were run with the
following PCR reagents: 0.5 uM of each primer, 1x
buffer B (Promega, Madison, WI), 2.5 mM Promega
MgCl,, 250 uM Promega dNTPs, 300 ng/pL BSA (Sigma
A-7030 [43]), and 2.5 U of Promega Taq in buffer B.
Samples were run on a Bio-Rad iCycler (Hercules, CA)
using the following thermal protocol: one cycle at 95°C
for 2 min, 70 cycles at 95°C for 30 s, 50°C for 30 s, 72°C

Table 1. Primers used for the full-length sequencing of the 18S
rDNA of Lingulodinium polyedrum

Primer Sequence (5'-3') Reference
MI13 (-47) CGCCAGGGTTTTCCCAGTCACGAC (81]
373F GATTCCGGAGAGGGAGCCT [78]
570F GTAATTCCAGCTCCAATAGC [19]
570R GCTATTGGAGCTGGAATTAC [19]
1055F GGTGGTGCATGGCCG [19]
1055R CGGCCATGCACCACC [19]
Euk-A AACCTGGTTGATCCTGCCAGT [48]
Euk-B GATCCTTCTGCAGGTTCACCTAC [48]
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for 2 min, a final extension at 72°C for 7 min, and a hold at
4°C. After amplification, DNA products were combined,
run on an agarose gel, purified, cloned, and sequenced
according to Countway et al. [14]. The first fragment of
the 18S rDNA was sequenced with the primers M13, 373F,
570F, 570R, and 1055R and the second fragment with the
primers 570F, 1055F, 1055R, and Euk-B (Table 1). The
full-length 18S rDNA sequence was obtained with nearly
complete coverage on both DNA strands (GenBank
accession nos. DQ202217-DQ202226).

Probe and Primer Design.  Molecular Beacons™
are single-stranded oligonucleotides that form a stem-
loop structure [75]. The molecular beacon is labeled with
a fluorescent marker at its 5’ end and a quencher at its 3’
end. When the beacon is in the closed hairpin loop
configuration, the fluorophore is quenched. Upon
binding to the amplicon, the quencher is separated
from the fluorophore and the probe fluoresces. The
fluorescent signal is measured during the annealing step
of each PCR cycle.

All L. polyedrum sequences in the GenBank database
(http://www.ncbi.nlm.nih.gov) were downloaded and
added to an alignment of the sequences from our
cultured L. polyedrum to design a species-specific probe
and primer set. Based on those sequences, a Molecular
Beacon™ probe and flanking primers were designed using
a dedicated software package (“Beacon-Designer 4,”
Premier Biosoft International, Palo Alto, CA) that rated
both probe and primers as “best” with regard to
secondary DNA structure and thermodynamic parame-
ters. A species-specific forward primer (5-GCTTCGCT
TGCTCCTTTGG-3') was designed to anneal at base 227
of the L. polyedrum 18S rDNA sequence generated from
our culture. A nonspecific reverse primer (5-TCTCC
GTTACCCGTCATTGC-3') annealing at base 366 was
selected to create a 140-bp amplification product. A
Molecular Beacon™ probe (set apart by brackets in the
following sequence) with seven complimentary “stem-
forming” nucleotides at the 5 and 3’ ends was designed to
anneal at base 304 of the 18S sequence (5'-CGCGATC[TC
TGACCTATCAGCTTCGGATGGTAG]GATCGCG-3).
The specificity of probe and primer sequences was
evaluated through comparison to sequences in GenBank,
using basic local alignment search tool (BLAST) [2]
against the NCBI database [8]. In addition to BLAST
comparisons, probe and primer sequences were manually
aligned with BioEdit Version 7.0 [27] to sequences of
closely related dinoflagellates obtained from the Gen-
Bank to examine the degree of mismatch between our
primers/probe and closely related dinoflagellates. These
public sequences were derived from different species of
Scrippsiella, Pheopolykrikos, Peridinium, Prorocentrum,
Dinophysis, Gyrodinium, Thoracosphaera, Adenoides,
Gymnodinium, Gonyaulax, Takayama, and Pfiesteria.

The forward primer matched three out of the four L.
polyedrum sequences from GenBank. The fourth se-
quence had four mismatches with the forward primer.
However, that sequence was only 96-97% similar to the
other three sequences identified as L. polyedrum in
GenBank (the other three sequences had a similarity of
99% to each other). We did not consider this fourth
sequence in subsequent probe and primer design because
3-4% dissimilarity indicated that this fourth sequence
was probably not L. polyedrum. The forward primer
matched the L. polyedrum sequence of our laboratory
culture. The next closest BLAST hits for the forward
primer did not hit any other protistan sequences (only
vertebrate sequences with one to three mismatches plus
two fungi and three bacteria with three mismatches
each). The reverse primer was not species-specific but
matched dinoflagellates exclusively within the 100 most
closely matching BLAST hits. The beacon sequence was
specific to all L. polyedrum sequences, but was different
from other dinoflagellate and stramenopile sequences at
a single nucleotide position. The high-performance
liquid chromatography (HPLC)-purified beacon, with a
6-FAM (carboxyfluorescein) reporter on the 5 end and
Black Hole Quencher™-1 (Biosearch Technologies, Inc.,
Novato, CA) on the 3’ end, and HPLC-purified primers
were ordered from Proligo LLC (Boulder, CO).

Probe and Primer Real-Time Testing. Real-time
PCR reactions were performed using a Bio-Rad iCycler
iQ™ (Bio-Rad) real-time detection system. Different
concentrations of Mg>" were tested and optimized for
qPCR using L. polyedrum plasmid DNA containing the
target sequence (Fragment: Euk-A-1055R) as a template
for amplification. Concentrations of 2, 2.5, 3, 3.5, 4, 4.5,
5, 5.5, and 6 mM Mg*" were tested in different PCR
reagent master mixes. A Mg>" concentration of 5.5 mM
yielded the highest signal and was used in all subsequent
real-time PCR reactions. Total reaction volumes of 50 puL
were used for each sample composed of 1 uL of plasmid
(3.5 ng/pL) and 49 pL of master mix, consisting of 0.5
UM of each primer, 0.25 uM Beacon, 1x Promega buffer
B, 5.5 mM Promega MgCl,, 250 uM Promega dNTPs,
300 ng/uL BSA (Sigma A-7030 [43]), and 2.5 U of
Promega Taq in buffer B. Samples were processed on a
Bio-Rad iCycler iQ™ using the following thermal
protocol: 1 cycle at 95°C for 30 s, 35 cycles at 95°C for
30 s, 55°C for 1 min, 72°C for 30 s, and a hold at 4°C.
Specificity of the primers was also tested by examining
the fragment generated by PCR using SYBR® Green dye
(Molecular Probes, Eugene, OR) to bind to double-
stranded DNA during the amplification [33]. A
subsequent melt-curve analysis was conducted to ensure
the amplification of a product of only one size and to
find the best annealing temperature for the primers [12,
71].
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Cross-Reactivity Test. = The molecular beacon
probe and primers were tested in real-time PCR with a
cell lysate of L. polyedrum and lysates of 45 nontarget
organisms to ascertain the specificity of the assay. Clonal
cultures of a variety of other alveolates (dinoflagellates,
ciliates), stramenopiles (eight classes), Cryptophytes,
Euglenozoa, Haptophytes, and Chlorophytes were grown
to high abundances (Table 2). Marine phytoplanktons
were grown in K-medium [42] modified with inorganic
PO, at f/2 concentration (36 uM); freshwater phyto-
planktons were cultured in DY-IV medium [3]. Hetero-
trophic protists were grown in sterile seawater or
freshwater, amended with sterile yeast extract at a final
concentration of 0.005% and two to three sterile rice
grains to enrich the natural bacterial biota. After con-
firming high abundances of all species by light micros-
copy, a total volume of 250 mL of each culture was
collected on a 45-mm GF/F filter (Whatman Inc., Florham
Park, NJ). Two milliliters of lysis buffer was added and
lysates were created (see below). Lysates were diluted 1:100
in Milli-Q® water (Millipore, Billerica, MA), and 12 puL of
each lysate was used in the PCR reaction (see below),
which was run for 35 cycles (see thermal protocol and
master-mix concentrations above).

Standard Curves.  Sensitivity of the qPCR assay
was analyzed by performing real-time PCR with serial
dilutions of plasmid DNA and cell lysates, ranging over
several orders of magnitude. In real-time PCR, reactions
are analyzed during the initial exponential phase. The
rate of increase of fluorescence in a reaction vessel is
directly proportional to the quantity of the target mole-
cule initially present. The threshold cycle parameter (C,) is
defined as the fractional cycle number at which the
fluorescence crosses a fixed threshold above the baseline
(using the default “automatic calculation” setting of the
Bio-Rad real-time data collection software). Serial dilu-
tions of the dinoflagellate plasmid containing the target
sequence (1:10 at each dilution step) were generated
spanning eight orders of magnitude by diluting a plasmid
DNA stock (11.6 ng/uL). A volume of 10 pL of each
diluent was used in the PCR reactions (+40 pL master
mix, see concentrations above). Concentrations in the
eight plasmid standards (each in triplicate) ranging from
11.6 to 1.16 x 10° ng/uL were used to determine the
minimum number of 18S rDNA copies of L. polyedrum
necessary for detection in our qPCR assay. DNA con-
centrations of plasmid standards were converted into 18S
rDNA copy number using the molecular weight of the
18S rDNA fragment containing the target sequence (plus
vector, pGem T-Easy) and the molecular weights of the
different nucleotides (obtained from Integrated DNA
Technologies).

It is not possible to relate 18S copy numbers directly
to dinoflagellate cell abundances because the copy
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Table 2. Species that were used in a cross-reactivity PCR to
test for the specificity of the qPCR assay for the detection of
L. polyedrum

Taxonomic group Species Amplification
Alveolata; Uronema marinum -
Ciliophora; Unidentified -
Hymenostomatida
Euplotes sp. -
Alveolata; Gymnodinium beii -
Dinophyceae Scrippsiella nutricula -
Symbiodinium -
pulchrorum
Oxyrrhis sp. -
Lingulodinium +
polyedrum
Cryptophyta; Rhodomonas salina -
Cryptomonadaceae
Euglenozoa; Euglena gracilis -
Euglenida
Euglenozoa; Bodo caudatus -
Kinetoplastida
Haptophyceae Phaeocystis globosa -
Phaeocystis antarctica -
Isochrysis galbana -
Stramenopiles; Thalassiosira rotula -
Bacillariophyta Thalassiosira weissflogii -
Ditylum brightwellii -
Coscinodiscus sp. -
Odontella sp. -
Minutocellus -
polymorphus
Nitzschia frustulum -
Asterionellopsis glacialis -
Stramenopiles; Cafeteria sp. -
Bicosoecida
Stramenopiles; Mallomonas aanulata -
Chrysophyceae Epipyxis pulchra -
Chromulina nebulosa -
Ochromonas tuberculata -
Paraphysomonas vestita -
Paraphysomonas -
imperforata
Paraphysomonas -
bandaiensis
Stramenopiles; Pedinella sp. -
Dictyochophyceae Pteridomonas sp. -
Stramenopiles; Eustigmatos magna -
Eustigmatophyceae
Stramenopiles; Pelagococcus subviridis -
Pelagophyceae Aureoumbra lagunensis -
Aureococcus -
anophagefferens
Stramenopiles; Heterosigma akashiwo -
Raphidophyceae
Stramenopiles; Botrydiopsis intercedens -
Xanthophyceae
Viridiplantae; Nannochloris sp. -
Chlorophyta Chlorella stigmatophora -

Chlorella capsula -
Mantoniella antarctica -
Pyramimonas -
cf. tychotreta
Chlamydomonas sp. -
Ostreococcus sp. -
Micromonas pusilla -
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number of 18S rDNA genes in L. polyedrum is unknown.
Thus, use of the plasmid DNA for standardizing the
qPCR assay, while convenient, does not easily translate to
cell abundance of L. polyedrum. We therefore used cell
lysates of known abundances of a L. polyedrum culture to
estimate the sensitivity of our qPCR approach with
regard to cell numbers (as opposed to gene copy
numbers) and to directly correlate signal from the gPCR
assay to cell number. The cell concentration of the
culture was determined by counting a Lugol’s preserved
subsample [72] with an inverted microscope (Leica
DMIRBE) at 100x magnification. Dilutions spanning
six orders of magnitude were generated in triplicate,
ranging from 3400 to 0.034 cells/mL. A volume of 250 mL
of each cell dilution was collected on 25-mm GF/F
filters, resulting in a range of 8.5-8.5 x 10’ cells on the
filters. Filters were loosely rolled and placed into 15-mL
Falcon tubes (Falcon Blue Max™ Jr. Polystyrene Conical
Tube). Two milliliters of warm (~40°C) lysis buffer was
added [100 mM Tris (pH 8), 40 mM EDTA (pH 8), 100
mM NaCl, 1% sodium dodecyl sulfate], and the filters
were frozen until processed further. Lysates were gener-
ated by thawing samples in a water bath at 70°C with
200 pL of 0.5-mm zircon beads (for bead beating)
added to each sample. Samples were bead-beaten for
30 s on a vortexer set to highest speed and heated again
at 70°C for 5 min, repeating this procedure for a total
of three times. Lysates were separated from filter de-
bris by forcing the fluid through a 10-mL syringe, after
which the lysates were transferred into 2-mL micro-
centrifuge tubes and stored at —20°C until processed for
qPCR.

Cell lysates were used as templates directly in PCR
reactions without further purification to avoid variability
and low yields typical of traditional DNA purifications
[23]. Lysates were diluted 1:100 with MilliQ water to
avoid inhibition of the PCR reaction by components of
the lysis buffer (such as EDTA) or interference by cell
components. Different volumes of the 1:100 dilution
(2.5, 5, 7.5, 10, 12.5, and 15 pL) were tested in PCR
reactions to optimize lysate volume (i.e., the volume
yielding the highest fluorescent signal, lowest C; value)
with no inhibition apparent for the amplification. A
volume of 12 pL of the 1:100 dilution matched those
criteria and was used in all subsequent PCR reactions.

Triplicate samples of all cell lysate standards (made
from a culture with known dinoflagellate abundance)
were run in a real-time PCR reaction (50 cycles) with the
same concentrations of reagents and thermal protocol
described above. Threshold cycles were plotted against
the log (number of cells/PCR reaction) to generate
standard curves. Standard curves were used to interpret
the cell abundances of L. polyedrum in natural samples
based on their threshold cycles [cell number = (Ct —
intercept)/slope].

Variability in the standard curves because of differ-
ent PCR reactions was examined by creating standard
curves from replicate samples of a single lysate. In
addition, variability of standard curves associated with
different cell lysates was examined by harvesting L.
polyedrum at four different times from a batch culture.
This procedure was undertaken to examine potential
variability of DNA content per cell due to cell division
and variability due to cell lysis.
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Information from the four standard curves generated
from different cell lysates were pooled, and a single
regression of all data points was used to generate an
“average” standard curve. This average standard curve
was used to calculate all cell abundances of L. polyedrum
in water samples collected from the laboratory water
column and from natural water samples.

PCR Amplification Efficiency Tests. The
amplification efficiency of the target sequence in natural
seawater samples was tested in real-time PCR by
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comparing standard curves generated from pure cell
cultures of L. polyedrum and cultured dinoflagellates
spiked into natural seawater. Known numbers of L.
polyedrum cells were spiked into 500 mL of natural
(unfiltered) seawater and into 500 mL of 0.2-pum filtered
seawater. Cell abundances spanned four orders of
magnitude (170-170,000 total cells), and samples were
filtered and analyzed in triplicate. Cell lysates were
generated and diluted 1:100 with MilliQ water as de-
scribed above. Samples (12 pL) as well as three negative
controls of natural seawater (without the dinoflagellate
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c Figure 2. Standard curves created from serial
dilutions of plasmid DNA (a) and cell lysates of a
serially diluted culture (b, c) of L. polyedrum,
plotted as threshold cycles (C;) versus log of the
plasmid concentration (ng/uL) or log of cell
number per PCR reaction, respectively. The slopes,
intercepts, and correlation coefficients (rz) of linear
regressions of the data are shown in (a) and (c).
(b) Four standard curves created from the same set
of cell lysates analyzed in different qPCR reactions.
(c) Standard curve created from the average of four
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different cell lysates obtained at different time
points during the exponential growth phase of a L.
polyedrum culture.
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spike) were run in a real-time PCR reactions (50 cycles;
reagent concentrations and thermal protocol as described
above). The standard curves generated from the threshold
cycles for natural seawater and filtered seawater were
compared to detect potential differences in PCR efficiency
(because of PCR inhibitors in natural seawater and
potential competition for probe and primers from DNA
of other nontarget species).

Observation of Vertical Migration of L. polyedrum in
the Laboratory. ~ The vertical migratory behavior of L.
polyedrum was investigated in the laboratory in a 2-m
glass column with a diameter of 11 cm. The column was
inoculated with 16 L of f/2 medium [25] and 4 L of a
concentrated L. polyedrum culture (1600 cells/mL). An
artificial thermocline was established at a depth a 107 cm
by cooling the column at its base, whereas the surface of
the column was kept at 20°C (optimum culture
temperature of L. polyedrum). A light/dark cycle of
11:13 h was applied using a 250-W metal halide plant
grow bulb suspended above the column. The L.
polyedrum was allowed to acclimate in the column for 1
week, and then samples were collected four to five times
each day for a period of 3 days (05:00, 09:00, 12:00,
15:00, and 18:00 at days 1-3; 21:00 at days 2-3) at 20
different depths within the column (2, 4, 6, 8, 10, 12, 20,
30, 40, 50, 60, 70, 80, 90, 96, 100, 104, 108, 112, and 127
cm). Samples (5 mL total) were collected at all depths for
counts of L. polyedrum by microscopy, whereas addi-
tional 10 mL samples were collected for qPCR at six
depths (4, 12, 30, 60, 100, and 112 cm). Samples for mi-
croscopy were preserved at a concentration of 10% Lugol’s
iodine solution [72], and 1-2 mL was counted with an
inverted microscope (Leica DMIRBE) at 100X magnifi-

cation. Samples for qPCR were collected on 25-mm GF/F
filters, and cells were lysed in 1 mL of lysis buffer, as
described above for the standards. Lysates were diluted
1:100 with MilliQ water, and 12 uL of the dilutions was
run in real-time PCR (in triplicate) together with a set of
six standards (lysates of a serially diluted culture in trip-
licate) using protocols described above.

Abundances determined by qPCR were plotted
against abundances determined by microscopy. Data were
pooled for the sampling times in the morning (05:00—
12:00) and in the afternoon and evening (15:00-21:00)
because we noted a pattern in the ratio between counts
obtained using these methods that related to time of day
(see Results). The slopes of resulting regressions were
compared with a percentile bootstrap method [80] for
significant differences. Furthermore, ratios of abundan-
ces determined by microscopy and abundances deter-
mined by qPCR were calculated for the pooled data.

Application of qPCR to Natural Water Samples.
Water samples were collected from shore at Long Beach,
CA, and at three different locations off the coast of Los
Angeles. Stations were situated along an onshore—offshore
transect from Los Angeles Harbor toward Santa Catalina
Island into the San Pedro Channel (Fig. 1). This area
commonly experiences red tides caused by L. polyedrum.
Samples were transferred to the laboratory in a cooler,
where they were processed for microscopy and qPCR as
described above. Ninety milliliters of the samples was
preserved with 10-mL Lugol’s iodine solution for
microscopy. Samples for qPCR (400 mL) were
collected onto 25-mm GF/F filters, loosely rolled into
15-mL Falcon tubes, and 2 mL of lysis buffer was added
(see above). Samples were lysed and diluted in the same
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way as described above and run in triplicate together
with six triplicate standards (see above). For microscopy,
10-50 mL of the preserved sample was settled onto slides
overnight and counted with an inverted microscope (Leica
DMIRBE) at 100x magnification.

Results

Cross-Reactivity Tests.  The cross-reactivity test car-
ried out with lysates of L. polyedrum and 45 nontarget
cultures showed significant amplification above the base-
line only for L. polyedrum after 35 cycles in the qPCR
reaction (Table 2). No signal was obtained for any of the
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nontarget cultures, supporting the specificity of our Mo-
lecular Beacon™ assay for the quantitative detection of L.
polyedrum and confirming the results of our previous in
silico analysis.

Standard Curves.  The standard curves created
with plasmid DNA and cell lysates spanned eight and
six orders of magnitude, respectively (Fig. 2a,b). The
plasmid DNA standard curve ranged from 11.6 to 1.16 X
10 ng/uL (Fig. 2a). The plasmid containing the target
sequence (including the pGem-T Easy vector) had a
molecular weight of 2.7 x 10° Da = 4.4 x 10'® g. The
lowest plasmid concentration that was detected was
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Figure 4. Vertical distributions of cell abundances of L. polyedrum from a water column established in the lab at six sampling times
per day, determined by microscopy. Cell abundances were pooled over 3 days of observation and are presented as means and standard

errors (SE).
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1.16 x 10°° ng/uL. Corrected for the molecular weight of
the plasmid (4.4 x 107'® g), this equates to a detection
limit of 264 18S ssu rDNA molecules.

The standard curves created with cell lysates of
known numbers of L. polyedrum cells ranged from
850,000 to 8.5 cells on the GF/F filter. The regressions
of four different qQPCR runs using the same lysate were
highly similar (Fig. 2b). Greater variability was observed
for a regression of four different cell lysates, indicating
some variability associated with cell cycle or extraction
efficiency (Fig. 2c). The relationship obtained from the
regression of these four lysates (Fig. 2c) was used for all
subsequent calculations of cell abundance.

The sensitivity of the qPCR assay (8.5 cells total) of
course depends on the volume of sample filtered. For a
volume of 400 mL (as we typically use for field samples),
this corresponds to a sensitivity of approximately 21
cells/L for the method as applied in this study. Many field
studies filter as much as 2 L for natural water samples.
This volume would increase the sensitivity of the gPCR
assay to approximately 4 cells/L assuming no reduction
in PCR efficiency.

PCR Amplification Efficiency. =~ The amplification
efficiency of the Molecular Beacon™ assay was tested by
examining natural unfiltered seawater and seawater
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Figure 5. Cell abundances of L. polyedrum from a water column established in the lab at six sampling times on day 2, determined by
microscopy (20 depths sampled) and qPCR (6 depths sampled, mean and standard error of triplicate PCR reactions).



filtered through 0.2-um filters to which a known number
of dinoflagellates were added. Filtration should remove
any particulate materials present in natural seawater that
might inhibit PCR amplification. Standard curves created
from lysates of these samples spanned four orders of
magnitude and were highly similar (Fig. 3). Natural
seawater without added L. polyedrum cells served as a
negative control and did not show amplification above
threshold values (at 35 cycles), indicating that the abu-
ndance of L. polyedrum in the natural seawater was below
the limit of detection of the method, and that signals in
the standard curves were indicative of the L. polyedrum
cells spiked into the seawater. No inhibitory effects were
observed from natural seawater on the PCR reaction.
This result was evident from nearly identical curves ob-
tained with and without particulate material present.
There was also no observable competition for probe or
primers with DNA of other species in natural seawater.

Vertical Migration of L. polyedrum in the Labora-
tory. L. polyedrum demonstrated a consistent vertical
migratory behavior throughout the 3-day period examined
in this study. Cells were highly concentrated in the surface
layer of the column (0-10 cm) during the morning. This
process began at least 1 h prior to the light coming on (the
first morning sample was collected at 05:00, whereas the
light went on at 06:00). The vertical distribution of the L.
polyedrum population became more uniform throughout
the column during the afternoon and was almost evenly
dispersed throughout the evening (Fig. 4).

Cell abundances determined via qPCR were com-
pared to abundances determined by microscopy (Figs. 5
and 6). Counts of L. polyedrum by the two methods were
in general agreement for some but not all samples. Micro-
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scopy-based counts were lower than abundances estimat-
ed using the qPCR assay mostly for samples collected in
the morning, whereas microscopy-based counts were
higher than qPCR estimates in the majority of samples
collected during mid and late afternoon (note the
deviation of data points from the line of 1:1 correspon-
dence in Fig. 6). Data pooled from samples collected
between 5:00 and 12:00 were compared to data from
samples collected between 15:00 and 21:00 and were found
to differ significantly from each other (p < 0.01). The
ratios of these abundances (no. of microscopy/no. of
qPCR) were 0.75 £ 0.1 (mean * standard error) for the
morning samples (5:00-12:00) and 1.66 = 0.23 (mean *
standard error) for the afternoon samples (15:00-21:00).

L. polyedrum in Natural Water Samples. L. poly-
edrum was detected in October and November 2004 at all
four sampling locations in the vicinity of Los Angeles
Harbor and Long Beach (Fig. 7). In October, abundan-
ces were highest in nearshore waters off Long Beach
with maximum abundances approaching 10° cells/L.
Abundances observed at the offshore Stations 1-3, when
detected, were lower during October compared to the
Long Beach samples, but were similar at the different I-
ocales during November. L. polyedrum was detected at
most sampling times during November at Station 1, w-
hereas the dinoflagellate was detected sporadically during
October and November at Stations 2 and 3 (Fig. 7). L.
polyedrum was not detected at the Long Beach sampling
site from December through the beginning of February
(abundances were not determined at Stations 1-3). Ov-
erall, microscopy-based counts for the natural samples
collected in this study were in close agreement with cell
abundances estimated by qPCR (Figs. 7 and 8).
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Discussion

The red tide dinoflagellate L. polyedrum is an important
phytoplankter of coastal ecosystems. This organism can
have a significant impact on planktonic food webs because
of the formation of massive blooms and the potential for
toxin production [18, 41, 46, 54]. L. polyedrum is well
studied with respect to some aspects of its life cycle and
physiology (see review by [46]), but mechanisms and

factors leading to bloom formation and demise are still
poorly understood.

The timely detection of harmful algal species prior to
bloom development represents a critical component of
most HAB management plans as well as a requisite tool for
researchers studying population dynamics and developing
models to forecast HAB events. The qPCR assay described
in this study has proven to be specific and sensitive for the
detection and quantification of L. polyedrum in both
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Figure 7. Cell abundances of L. polyedrum deter-
mined by qPCR (vertical bars, mean and standard
error of triplicate PCR reactions) and microscopy
(black diamonds) from field samples near Long
Beach and at Stations 1-3 on different sampling
dates in 2004/2005. Thin horizontal lines indicate the
approximate limit of detection for L. polyedrum via
qPCR when analyzing 400-mL samples (21 cells/L).
Nd = not detected, nm = not measured, i.e., samples
were not analyzed for these time points.



S.D. MooRTHI ET AL.: L. poLYEDRUM DyNamics ForLowep Using QPCR

Figure 8. Cell abundances of L. polyedrum deter-
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cultures and environmental samples. This approach is
based on standard curves created from lysates of known
cell numbers and thus allows direct extrapolation of the
qPCR results to dinoflagellate abundances. Abundances
in unknown samples can be directly calculated from
standard curves over a range of six orders of magnitude,
ranging from a minimum detection limit of 8.5 to at least
850,000 cells.

The qPCR approach for quantitative detection of L.
polyedrum was employed to monitor the dinoflagellate in
natural samples at abundances ranging from 10° cells/L
in October down to “background” abundances during
November. A volume of 400 mL was filtered for these
analyses, resulting in a limit of detection of approxi-
mately 21 cells/L. This level of sensitivity and the
dynamic range of the approach allowed the study of
population dynamics of L. polyedrum at the study sites
off the coast of Southern California at densities well
below bloom abundances. Cell abundances determined
in natural samples using our qPCR method agreed well
with counts obtained by light microscopy (Fig. 8).

The qPCR method was also employed to follow the
population dynamics of L. polyedrum in the laboratory
using a 2-m glass column to observe its vertical
migratory behavior. L. polyedrum exhibited a strong
vertical migration with aggregation in the surface layer
of the water column during the morning, less pro-
nounced aggregation in the column during the after-
noon, and a relatively even distribution of the population
within the column above the thermocline at night. The
dinoflagellate began to aggregate near the surface at least
1 h before the lights came on. Circadian rhythms for
many major cell functions of L. polyedrum have been
demonstrated including bioluminescence, photosynthetic

mined by microscopy and by qPCR for the different
sampling locations (Long Beach, Stations 1-3). The
solid line indicates a 1:1 relationship between the
two methods.
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activity, swimming behavior, and cell division (see
reviews by [50, 59]). Diel vertical migration has also
been observed in L. polyedrum in the laboratory [20, 31]
and in the field [9, 21, 77]. Our observation that upward
migration begins before the initiation of the light phase
implies a circadian rhythm in this dinoflagellate as has
been reported for other dinoflagellates in laboratory
studies (e.g., [20, 53, 79]). This common pattern among
dinoflagellates has been interpreted as a compromise
between the need to obtain growth-limiting nutrients
(descent at night) and sufficient light for photosynthesis
(ascent during the morning) [9, 76]. Our experiment was
conducted with nutrient replete conditions throughout
the water column (f/2 medium). Therefore, migratory
behavior presumably was not influenced by differences in
nutrient concentration between surface and deeper
waters.

The water column that we established in the labora-
tory provided a useful system for comparing counts of L.
polyedrum based on microscopical, morphology-based
identification and by qPCR. Overall, microscopy-based
counts were in 1:1 correspondence with estimates ob-
tained using the qPCR assay (Fig. 6). However, micros-
copy-based counts were lower than abundances
determined by qPCR for the morning samples, whereas
they were higher for the afternoon samples. We speculate
that these differences were a consequence of synchronous
growth of L. polyedrum cells in the water column implied
by the observed pattern in the ratio between the two
counting methods related to the time of day. Samples
collected from the column during the afternoon and
evening (15:00-21:00) had ratios of microscopical counts
to qPCR counts that averaged 1.66, relative to samples
collected during the morning (05:00-12:00; average
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ratio = 0.75). These data imply that the cells in the column
contained more DNA per cell during the morning and less
DNA per cell during the evening relative to cells harvested
for the standard curves. A comparison of the linear
regression of these two subsets of the water column data
yielded significant differences. These differences presum-
ably reflected the per-cell DNA content of the dinoflagel-
late in the column in different phases of its cell cycle over
the course of the day.

Cell division in L. polyedrum is controlled by a
circadian clock [13, 36], which, in turn, is influenced by
surrounding light conditions. In the 2-m glass column,
the light intensity decreased dramatically from the top to
the bottom of the column. Cells migrated vertically
presumably to optimize light availability during the
photoperiod. This dominant behavior may have led to
synchronous cell division. In contrast, our laboratory
cultures were maintained in 1-L volumes under bright
even illumination, and no evidence of synchronous cell
division was observed (data not shown). Interestingly,
microscopical counts and qPCR estimates for natural
samples analyzed in this study were in close agreement
(Fig. 8), presumably indicating the absence of synchro-
nous cell division in the natural water samples.

The qPCR method that we report here has several
major advantages relative to traditional morphology-
based (microscopy) methods. These include high sensi-
tivity of the method, broad dynamic range over which cell
abundance can be quantified (at least six orders of
magnitude), rapidity of the analysis, and freedom from
the requirement of morphological taxonomic expertise for
the accurate identification of L. polyedrum. The qPCR
approach dramatically improves sensitivity and dynamic
range in analyzing natural samples for L. polyedrum.

Our specific approach as applied to field samples
entailed the analysis of 400-mL samples, resulting in a
limit of detection of approximately 21 cells/L. This
detection limit might be reduced by filtering a larger
volume of water, although, at some point, PCR poisons
will cause a reduction in signal. Many molecular analyses
employ filtration of 2 L of water, which would increase
the sensitivity of the qPCR approach to 4 cells/L. This
ability to accurately identify low abundances of L.
polyedrum is complemented with a very large dynamic
range. Samples of all concentrations (over six orders of
magnitude) can be analyzed on a single plate using the
same amount of cell lysate. Sample volumes for micros-
copy must be adjusted for the abundance of the target
species. Concentrated samples need to be diluted,
whereas samples with low L. polyedrum abundances need
to be counted in higher volumes or even in multiple
subsamples. These complications mean that the analysis
of 20 samples may take as much as a week to fully
process. In contrast, our qPCR method provides for the
analysis of a set of 18 standards (six standards in

triplicate) and 78 unknown samples (26 unknowns in
triplicate) on a single 96-well plate within approximately
5 h (including preparation of cell lysates of unknowns
and a qPCR run with 35 cycles).

We have developed and validated a qPCR approach
for the detection and quantification of L. polyedrum in
natural samples. The high sensitivity and broad dynamic
range of the method provides a useful new tool for
studying bloom initiation by this red-tide-forming
dinoflagellate. This new approach will allow studies of
population dynamics within mixed assemblages facilitat-
ing new insights into the factors governing the growth
and trophic dynamics of this dinoflagellate.
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