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Pfiesteria piscicida is a heterotrophic dinoflagellate widely distributed along the middle Atlantic shore of the
United States and associated with fish kills in the Neuse River (North Carolina) and the Chesapeake Bay
(Maryland and Virginia). We constructed a genomic DNA library from clonally cultured P. piscicida and
characterized the nontranscribed spacer (NTS), small subunit, internal transcribed spacer 1 (ITS1), 5.8S
region, ITS2, and large subunit of the rRNA gene cluster. Based on the P. piscicida ribosomal DNA sequence,
we developed a PCR-based detection assay that targets the NTS. The assay specificity was assessed by testing
clonal P. piscicida and Pfiesteria shumwayae, 35 additional dinoflagellate species, and algal prey (Rhodomonas
sp.). Only P. piscicida and nine presumptive P. piscicida isolates tested positive. All PCR-positive products
yielded identical sequences for P. piscicida, suggesting that the PCR-based assay is species specific. The assay
can detect a single P. piscicida zoospore in 1 ml of water, 10 resting cysts in 1 g of sediment, or 10 fg of P.
piscicida DNA in 1 �g of heterologous DNA. An internal standard for the PCR assay was constructed to identify
potential false-negative results in testing of environmental sediment and water samples and as a competitor for
the development of a quantitative competitive PCR assay format. The specificities of both qualitative and
quantitative PCR assay formats were validated with >200 environmental samples, and the assays provide
simple, rapid, and accurate methods for the assessment of P. piscicida in water and sediments.

Pfiesteria piscicida is a heterotrophic dinoflagellate associ-
ated with skin lesions and massive kills in several estuarine and
marine fish species and with detrimental effects on human
health (7, 8, 10, 20, 62). In the summer of 1997, fish kills were
recorded in the Chesapeake Bay tributaries and attributed to
P. piscicida blooms (29, 36). Concurrent human health prob-
lems, such as skin lesions, respiratory problems, and neurolog-
ical complications primarily involving short-term memory loss,
were attributed to associated toxic effects (5, 21, 27, 32, 33, 57).
Because very little information is available on the environmen-
tal factors that may trigger Pfiesteria blooms, they have been
difficult—if not impossible—to anticipate. One approach that
may significantly contribute to the understanding and predic-
tion of Pfiesteria blooms is to examine the distribution of P.
piscicida in the environment and to analyze this information in
the context of bloom events (44). Until recently, the environ-
mental detection of P. piscicida was based on in vitro propa-
gation, morphological identification using scanning electron
microscopy (61, 63), and confirmation of toxicity in a fish
mortality bioassay (9, 10). Unfortunately, these identification
methods are lengthy and laborious, and in most cases the
interpretation of the results is subjective. More recently, and

based on approaches implemented for other harmful algal
bloom species (34, 47, 58), molecular detection methods have
been developed for P. piscicida and related species (6, 45, 53,
67).

PCR assays based on genes or intergenic regions of the
rRNA locus have been very useful for the environmental de-
tection of both prokaryotic and eukaryotic microorganisms.
Because the rRNA genes are tandemly repeated in high copy
numbers (41, 64) and the small subunit (SSU) is highly con-
served (38, 39), this region has been the target region of choice
for the development of molecular assays. The relatively high
conservation of SSU regions within the Dinozoa has enabled
the design of phylum-selective PCR primers and their use in a
heteroduplex mobility assay (45). The same region has been
targeted for the development of quantitative assay formats
based on real-time PCR (6). In addition to SSU sequences (26,
58), other regions of the rRNA cluster, such as 5.8S and the
large subunit (LSU), have been selected as targets for PCR
amplification. This has been based mostly on the level of vari-
ability of each region within a particular species of interest and
requirements of assay specificity and sensitivity (13, 34, 47).
For example, the high conservation of the SSU among closely
related species, subspecies, and strains may represent a draw-
back for the accurate intraspecific identification of environ-
mental isolates. Therefore, alternative detection assays that
target intergenic regions such as the nontranscribed spacer
(NTS), a region known in other Alveolata to have a higher
intra- and interspecies variability than the SSU (4, 12), have
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been successfully developed. These include PCR assays for
species- and strain-specific detection of parasites of the genus
Perkinsus (15, 18, 35, 49, 50). Until now, the sequence of the
rRNA gene cluster of P. piscicida had not been completed, and
this has hindered a comprehensive analysis and rational selec-
tion of the most suitable target sequence for assay develop-
ment. Furthermore, although a quantitative assay for P. pisci-
cida (6) has been developed, the costly probes, reagents, and
equipment required may not render this method accessible to
most laboratories. The development of quantitative assays,
such as the quantitative competitive PCR (QC-PCR), that only
require the construction of an internal standard for the com-
petitive amplification of the experimental DNA mixture pro-
vides inexpensive yet useful and reliable alternatives (43, 59).

Although PCR-based assays are sensitive and specific, the
presence of interfering substances in the sample may yield
false-negative results. In the case of soil or sediment samples,
the ubiquitous presence of DNA polymerase inhibitor(s), such
as humic acid, has been well documented as the cause of
false-negative results in PCR assays (40, 42). This problem may
not be as critical for the detection of P. piscicida in the water
column, in which the dinoflagellate is present as flagellated
forms from spring to fall. However, during the winter months,
and depending on environmental conditions, P. piscicida may
also be present in sediment beds as a resting nonmotile form
(2, 55, 65). Therefore, in order to implement a “robust” envi-
ronmental assessment strategy for the detection of P. piscicida,
it is essential to develop a system that allows the accurate
detection of the dinoflagellate in both the water column and
sediments and minimizes the possibilities of false-negative re-
sults. Here, we report the nucleotide sequence of the P. pisci-
cida rRNA gene cluster, including the NTS and the LSU, and
the use of the NTS for the development of a reliable assay
system. We developed and validated a species-specific PCR-
based detection assay for P. piscicida targeting the newly char-
acterized NTS sequence, constructed an internal standard for
the implementation of this assay for the detection P. piscicida
in sediment samples, and used this internal-standard plasmid
to develop a QC-PCR assay for the assessment of P. piscicida
in environmental samples.

MATERIALS AND METHODS

P. piscicida and other dinoflagellate isolates and cultures. P. piscicida, used in
this study and kindly provided by K. A. Steidinger (Florida Department of
Environmental Protection, St. Petersburg, Fla.), was isolated in 1997 by Stei-
dinger and J. M. Burkholder (Center for Applied Aquatic Ecology, North Caro-
lina State University) from the Chicamacomico River, Maryland. Other cultures
were obtained from the Provasoli-Guillard National Center for Culture of Ma-
rine Phytoplankton (CCMP; West Boothbay Harbor, Maine) (CCMP1830,
CCMP1831, CCMP1834, CCMP1902, CCMP1921, and CCMP1928 [all pre-
sumptive P. piscicida], 24 previously unidentified Pfiesteria-like isolates
[CCMP1832, CCMP1833, CCMP1835, CCMP1936, CCMP1838 to -1845,
CCMP1872 to -1882, and CCMP1929], and CCMP768 [Rhodomonas sp.]). Pfi-
esteria shumwayae and Cryptoperidiniopsis brodii were gifts from R. W. Litaker
(University of North Carolina, Chapel Hill). Karlodinium micrum and Prorocen-
trum minimum were provided by D. K. Stoecker (Center of Environmental
Studies, University of Maryland, Cambridge) and D. W. Coats (Smithsonian
Environmental Research Center, Edgewater, Md.), respectively. Isolates
COMBH4, COMBH10 (Salisbury, Md.), COMBN1R2, and COMBN2F1 (Neuse
River, N.C.) were collected and cultured at the Center of Marine Biotechnology
(COMB) University of Maryland Biotechnology Institute, Baltimore.
COMB4872, a presumptive Oxyrrhis sp., was isolated from a water sample (col-

lection site unknown) provided by the Maryland Department of Natural Re-
sources (DNR).

All dinoflagellate zoospore cultures used in this study were maintained in
enriched f/2 medium (24) at a salinity of 15 ppt with Instant Ocean synthetic sea
salt (Aquarium Systems Inc., Mentor, Ohio) under a standard light cycle (14 h
light–10 h dark; white fluorescent light; 150 mE m�2 s�1 [milli-radiant flux per
area]) at 23°C in a biosafety level 2 laboratory (COMB Dinoflagellate Culture
Core Facility). Rhodomonas sp. was used as the algal prey for heterotrophic
species (23, 25). P. piscicida cysts were obtained by incubating a clonal P. pisci-
cida culture (5 � 104 cells ml�1; total, 20 ml of f/2 medium; salinity, 15 ppt) at
4°C in the dark without algal prey until no zoospores were observed in the water
column (ca. �3 weeks). Flasks with encysted P. piscicida organisms were washed
three times with f/2 medium (salinity, 7 ppt) to remove debris. The cysts were
released from the flask surface by harsh shaking with artificial seawater (20 ml;
salinity, 7 ppt) (three times), pelleted by centrifugation (15 min at 1,000 � g), and
resuspended in artificial seawater (1 ml). The zoospores and cysts were counted
in a hemocytometer under a microscope (magnification, �100).

Environmental water and sediment samples. Water (25) and sediment (43)
samples were collected by COMB in Maryland and North Carolina from 1999 to
2001. Additional water samples (199) were provided by the Maryland DNR in
1999 and 2000 as part of the “Pfiesteria and fish health” field monitoring program
(http://www.dnr.state.md.us/pfiesteria/).

P. piscicida genomic-library construction. For DNA extraction, a P. piscicida
culture (500 ml) was grown to 1 � 105 to 5 � 105 cells ml�1 and depleted of
Rhodomonas sp. by maintaining it for 48 h without further addition of algal prey,
and the zoospores were collected by centrifugation at 1,500 � g for 15 min. The
cells were resuspended in TE-sodium dodecyl sulfate buffer (300 �l; 50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 2% [wt/vol] sodium dodecyl
sulfate) and transferred to a 10-ml glass tube. Tris-buffered phenol (300 �l) and
an equal volume of acid-washed glass beads were added, and the tube was
vortexed at full speed for 3 min at room temperature. The supernatant was
collected, the beads were washed with 300 �l of TE (50 mM Tris-HCl [pH 7.4],
100 �M EDTA), the supernatant was recovered and pooled with the previous
wash, and the total supernatant was transferred to a 1.5-ml Eppendorf tube and
centrifuged at 11,000 � g for 5 min. The aqueous phase was transferred to a new
tube, and the phenol phase was reextracted with 300 �l of TE and combined with
the previous. After 20 min on ice, the pooled aqueous phases were mixed with an
equal volume of isopropanol, and the precipitated DNA was separated by cen-
trifugation (11,000 � g for 15 min) at 4°C. The pellet was washed once with 70%
ethanol and centrifuged, the supernatant was discarded, and the pellet was air
dried for 30 min at room temperature. The pellet was resuspended in 200 to 300
�l of TE, 1 �l of 10-�g �l�1 RNase A was added, the mixture was incubated at
37°C for 15 min, and the DNA was stored at �20°C.

P. piscicida genomic DNA (100 �g) was partially digested with 133 U of Sau3A
(New England Biolabs Inc., Beverly, Mass.) at room temperature in a 6.6-ml
reaction mixture for 9 min. After transfer of the mixture to 37°C, 900-�l aliquots
were collected at 1-min intervals, pipetted into 600 �l of isopropanol, incubated
on ice for 10 min, and centrifuged at 11,000 � g for 15 min at 4°C. The pellets
were washed with 500 �l of 70% ethanol, centrifuged, air dried, and resuspended
in 20 �l of TE. The DNA digests were pooled and separated on a 1% agarose gel
and stained with ethidium bromide (EtBr). A DNA fraction of 8 to 25 kb was
excised from the gel and extracted with 20 �l of QiaExpress II gel extraction resin
(Qiagen, Valencia, Calif.) according to the manufacturer’s instructions. The
DNA digest was eluted to a final volume of 40 �l of 10 mM Tris-HCl (pH 8.0)
and ligated with BamHI/EcoRI-digested lambda DASH phage vector (Strat-
agene, La Jolla, Calif.) following the manufacturer’s instructions. A total of 106

plaques were collected, and the library was amplified in four separate pools, each
containing 2.5 � 105 independent clones; titrated; and stored in 7% dimethyl
sulfoxide at �70°C.

Screening of P. piscicida genomic library and subcloning and sequencing of
lambda clone 6132. The DNA probe for screening the lambda DASH genomic
library for clones containing the rRNA NTS region was generated from a P.
piscicida Vectorette genomic library (Vectorette System, Sigma, Tex.) (51). Us-
ing a primer (PP2R) (Table 1) based on the P. piscicida SSU of ribosomal DNA
(rDNA) (GenBank accession no. AF077055), we obtained 50 bp of NTS se-
quence upstream from the SSU rDNA gene. Subsequently, based on this partial
NTS and the contiguous SSU sequence, we designed a forward primer, NTS/
SSU1F, and a reverse primer, NTS/SSU2R, that amplify a 429-bp fragment
containing the 50 bp of the P. piscicida NTS and a stretch on the 5� end of the
SSU (51). This fragment was used as the probe for screening the P. piscicida
lambda DASH genomic library described above. Prior to screening with this
DNA probe, 4 �l of each of the P. piscicida genomic library pools (containing at
least 106 PFU) was tested in a PCR with the primers NTS/SSU1F and NTS/
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SSU2R. All four pools gave an amplicon of 429 bp, which indicated that all of
them contained at least one clone of the NTS-SSU DNA. The pool with the
highest titer was selected for further screening. Approximately 30,000 PFU were
plated in Luria-Bertani soft agarose in 150-mm-diameter plates, and plaque lifts
were carried out using nylon membranes (Hybond-XL; Amersham Pharmacia
Biotech, Piscataway, N.J.). The screening was performed as reported elsewhere
(17) using 25 ng of the purified PCR product labeled with Redivue 5�-[�-
32P]dCTP (rediprime II; Amersham Pharmacia Biotech). Positive clones were
rescreened up to four times using the same protocol.

DNA was isolated from each of four positive lambda clones by liquid lysis (3).
DNA from clone 6132 was digested with NotI, and a 6-kb fragment of the insert
was subcloned into the NotI-digested and dephosphorylated pGEM-T Easy vec-
tor (Promega, Madison, Wis.), yielding the plasmid pPPG3-1. Similarly, lambda
6132 was digested with EcoRI and ligated with the EcoRI-digested and dephos-
phorylated plasmid pGEM3z to yield the plasmid pPPG4-3. pPPG3-1 was ini-
tially sequenced with primers T7 and SP6. New primers were designed in the
insert sequences and used for further sequencing. This was repeated until both
strands of the pPPG3-1 insert were fully sequenced. Because the pPPG4-3 insert
overlaps with the pPPG3-1 insert, the primers designed on the NTS portion of
the pPPG3-1 insert were used to obtain the initial sequence of the pPPG4-3
insert. Two additional primers were designed on the new pPPG4-3 sequence
until a repetitive sequence was reached.

DNA extraction for PCR assay on cultures and environmental water and
sediment samples. Dinoflagellate cultures (1 to 10 ml) and environmental water
(50 ml) and sediment (a 10-ml volume of sediment suspended in 50 ml of water)
samples were centrifuged at 2,000 � g for 15 min at room temperature. The
pellets were resuspended in 200 �l of TE, subjected to freeze (on dry ice)-thaw
(at room temperature) cycles, incubated at 100°C for 10 min, and centrifuged at
11,000 � g for 10 min at room temperature. The DNA-containing supernatants
were stored at �20°C, and 10 �l was routinely used in 20 �l of PCR mixture.
DNAs from P. shumwayae and C. brodii were kindly provided by R. W. Litaker.
Alternatively, DNA was extracted from sediment samples with the FastDNA spin
kit for soil (Q � BIOgene, Inc., Carlsbad, Calif.) following the manufacturer’s
instructions.

Intraspecific variability in the P. piscicida NTS. Based on the P. piscicida
rDNA sequence described above, we designed PCR primers targeting those
regions (NTS, internal transcribed spacer 1 [ITS1], and ITS2) considered to be
the most variable within the rRNA gene cluster (4, 12). The NTS regions of
various isolates of P. piscicida were amplified in a PCR with primers PP12 and
PP5. A 650-bp amplicon was separated by agarose gel electrophoresis, and DNA
was extracted from the gel slice with a QIAquick Gel Extraction kit (Qiagen)
following the manufacturer’s instructions. The purified amplicon (150 ng) was
directly sequenced in an ABI 373 automatic sequencer (Applied Biosystems,
Foster City, Calif.), using the PP5 and PP12 primers and additional sequencing
primers (PP19 and PP20). The amplicon (523 bp) of NTS2 PCR was also
subcloned and sequenced. Contigs were assembled with Sequencher 3.1 software
(Gene Codes Co., Ann Arbor, Mich.).

Development and optimization of a PCR-based detection assay for P. piscicida:
specificity and sensitivity. Oligonucleotide primers for PCR amplification were
designed on the NTS region using the GeneJockey II program (Biosoft, Cam-
bridge, United Kingdom). One forward primer, NTS2F, and two reverse primers,
NTS3R and NTS4R, were used for the development of the PCR-based detection
assay for P. piscicida (Fig. 1A).

Two PCR primer combinations, NTS2F-NTS3R (NTS1 PCR) and NTS2F-
NTS4R (NTS2 PCR), amplify 265- and 523-bp amplicons, respectively. The PCR

mixtures included a 0.3 mM concentration of each forward and reverse primer in
a 20-�l reaction mixture; KCl PCR buffer (ENZYPOL, London, Ontario, Can-
ada); 1.5 mM MgCl2; 0.25 mM tetramethyl-ammonium chloride; 150 �M (each)
dATP, dTTP, dCTP, and dGTP; and 0.5 U of Taq DNA polymerase (ENZY-
POL). The reaction conditions for NTS1 PCR were denaturation at 94°C for 4
min followed by 15 cycles of 94°C for 1 min, 60°C for 40 s, and 72°C for 40 s, and
then 15 more cycles of 94°C for 1 min, 55°C for 40 s, and 72°C for 40 s with a final
extension at 72°C for 5 min. The PCR protocol for NTS2 PCR was denaturation
at 94°C for 4 min followed by 5 cycles of 94°C for 1 min, 68°C for 20 s, and 72°C
for 40 s and 10 cycles of 94°C for 1 min, 65°C for 20 s, and 72°C for 40 s, followed
by 15 additional cycles of 94°C for 1 min, 60°C for 20 s, and 72°C for 40 s with
a final extension at 72°C for 5 min in a PTC-200 Peltier Thermal Cycler (MJ
Research, Watertown, Mass.).

The specificity of the PCR assay was assessed by amplifying DNAs (100 ng
each) of P. piscicida, P. shumwayae, C. brodii, CCMP768 (Rhodomonas sp.), K.
micrum, CCMP isolates (1830, 1833, 1834, 1840, 1845, 1872, 1880, 1921, and
1929), and COMB4872 with the NTS2F-NTS3R and NTS2F-NTS4R primer sets.
The integrity of the DNA templates was confirmed by PCR amplification with
“universal” actin primers designed to amplify actin genes from lower eukaryotes
to vertebrates (amplicons, �730 bp; primers, G-480 and G-482 [kindly provided
by G. W. Warr, Medical University of South Carolina, Charleston]). P. piscicida
DNA (100 pg) or target plasmid (106 copies, as described below) and distilled
water were routinely used as positive and negative controls, respectively.

For assessment of the sensitivity of the PCR assay, 0.0000001 to 1 ng of P.
piscicida DNA was spiked into 1 �g of the DNA of Rhodomonas sp. (CCMP768),
K. micrum, or COMB4872, and the mixture was subjected to the P. piscicida PCR
detection assay. The PCR products were resolved by electrophoresis in a 1.5%
(wt/vol) agarose gel in the presence of EtBr (final concentration, 0.8 �g ml�1) in
TAE (40 mM Tris-acetate [pH 7.4], 1 mM EDTA). The bands of interest were
recovered from agarose gels with a QIAquick Gel Extraction kit for direct
sequencing. To assess the detection limit of the PCR assay for P. piscicida cells,
clonal cultures were diluted with f/2 medium to 103 cells ml�1 on a 24-well plate.
Individual cells were isolated with a calibrated microcapillary with a stainless
steel plunger (5 �l; Drummond Scientific Co., Broomall, Pa.), the cell numbers
in the capillary tube were confirmed by light microscopy, and the cells were
transferred into the PCR tubes. All samples were prepared in triplicate.

The potential inhibitory effect(s) of EDTA (a component of the TE DNA
extraction buffer) on the PCR amplification from water and sediment samples
was examined using the NTS2 PCR assay in the presence or absence of EDTA.
Decreasing (�50 �M) or constant (50 �M) concentrations of EDTA in the PCR
mixture were tested by serially (twofold) diluting P. piscicida DNA (1 ng in sterile
water or TE) in sterile water. Alternatively, P. piscicida DNA (1 ng) was serially
diluted (twofold) with TE. To examine the effect(s) of EDTA on DNA extraction
and PCR amplification, an extract of autoclaved sediment (0.1 g) was prepared
in 200 �l of sterile water or TE (100 �M EDTA) by the freeze-thaw-boil
procedure. The sediment extract was spiked with P. piscicida DNA (1 ng) and
serially diluted (twofold) in sterile water for PCR.

For spike-recovery experiments, 10, 102, 103, or 104 P. piscicida zoospores or
cysts were spiked into 0.1 g of autoclaved sediment. For DNA extraction from the
spiked sediments, the FastDNA spin kit for soil (Q 158 BIOgene, Inc.) was used
following the manufacturer’s instructions with three times extra washing on the
DNA binding matrix before DNA elution with 100 �l of sterile water. DNA
extracts corresponding to 0.1, 1, 10, and 100 P. piscicida cells were amplified in
the presence of 103 copies of pMNTS2 as an internal standard (described below).

Construction of an internal standard for the PCR-based detection assay and

TABLE 1. Synthetic oligonucleotides for P. piscicida

Name Tm
a Sequence (5� to 3�) Application

PP2R 56 AAACATCCTTGGCAAATGCTTTCGC Vectorette gene walker
NTS/SSU1F 54 TTCGGCGATTTCGTGCTTCG PCR of NTS and SSU rDNA (forward)
NTS/SSU2R 57 TTCTCCGTTACCCGTCATTGCC PCR of NTS and SSU rDNA (reverse)
PP12 55 CGCAGGTCCTAAGTTACGTTAAG PCR of NTS rDNA (forward)
PP5 55 ACAAGCATATGACTACTGGCAGG PCR of NTS rDNA (reverse)
PP19 53 GTCACAGCAAGGAGCTTCC Sequencing of NTS rDNA
PP20 58 TGCATGCTGCGGTCTGCACC Sequencing of NTS rDNA
NTS2F 54 CGCCGCCAAAAATGACAAGG PCR for P. piscicida NTS (forward)
NTS3R 50 CAGACGGGTTTACACACC PCR for P. piscicida NTS (reverse)
NTS4R 55 GCAAAAGCGAAGCACGAAATCG PCR for P. piscicida NTS (reverse)

a Tm, melting temperature.
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the QC-PCR assay format. The PCR product (523 bp) resulting from NTS2 PCR
amplification was cloned into pGEM-T vector (Promega) to obtain pTNTS2 for
use as a positive control. A second plasmid, pMNTS2, containing P. piscicida-
specific PCR priming site sequences for the NTS2F-NTS4R primer set, was
constructed using the PCR MIMIC construction kit (Clontech Laboratories Inc.,
Palo Alto, Calif.). This plasmid was used as an internal standard for the PCR-
based detection assay and as a competitor in the development of a QC-PCR and
yields a 418-bp amplicon. The sensitivity of the PCR-based assay was assessed
with a 10-fold serial dilution (each) of plasmids pTNTS2 and pMNTS2 from 108

copies in 20 �l of PCR mixture. To examine the amplification kinetics of both the
target and competitor plasmids, pTNTS2 and pMNTS2 were amplified in a 20-�l
PCR mixture by NTS2 PCR using the NTS2F and NTS4R primers. For use as an
internal standard, the sample DNA was spiked with 2 � 104 copies of pMNTS2
in a 20-�l reaction mixture. For validation of competitive quantification, titration
of pMNTS2 as the competitor and a constant amount of either pTNTS2 (105

copies), P. piscicida DNA (500 pg), or DNA extract from 770 cells of P. piscicida
were coamplified. The PCR products were separated and visualized by electro-
phoresis on 1.5% agarose gels stained with EtBr. The gels were scanned (Fluor-
Imager 575; Molecular Dynamics, Sunnyvale, Calif.), and band intensity was
measured with NIH Image version 1.62 software (Research Services Branch,
National Institute of Mental Health-National Institutes of Health, Bethesda,
Md.).

Nucleotide sequence accession number. The complete rDNA sequence of P.
piscicida has been deposited in GenBank (AY112746).

RESULTS

Sequence of the P. piscicida rRNA locus. A genomic DNA
library of clonally cultured P. piscicida was constructed and
screened with a probe containing partial P. piscicida NTS and
SSU sequences. Of four positive clones, one (clone 6132) was

digested with NotI, and a 6-kb fragment was subcloned. The
insert of the resulting plasmid pPPG3-1 yielded the almost-
complete rRNA gene cluster of P. piscicida containing 650 bp
of NTS sequence 5� from the SSU; the complete SSU, ITS1,
5.8S region, and ITS2; and 2.8 kb of LSU sequence. A plasmid
(pPPG4-3) containing a 9-kb EcoRI fragment of the 6132
clone revealed an additional 600 bp of NTS sequence. This
sequence, however, consisted mostly of a repetitive unit (GT
AGTAGTA). The sequences of the SSU, ITS1, 5.8S region,
and ITS2 were almost identical to the available sequences of P.
piscicida (complete SSU, ITS1, 5.8S region, and ITS2 and
partial LSU sequences; GenBank accession no. AF330619
[CCMP1830] and AF330620 [CCMP1831], both isolated in
Maryland), with differences in only two positions in the ITS1
sequence. The P. piscicida rDNA sequences were 97 (SSU), 68
(ITS1), 100 (5.8S), and 51% (ITS2) identical to those of P.
shumwayae (GenBank accession no. AF218805 and
AF352345). The 2.8-kb LSU sequence of P. piscicida was 87.4
and 79.6% identical to those of the Provocentrum micans and
Gonyaulax polyedra LSUs (GenBank accession no. X16108 and
AF377944, respectively).

Intraspecific variability of the P. piscicida rRNA locus. To
characterize the intraspecific variability within the rRNA locus
of P. piscicida, DNA from putative P. piscicida cultures
(CCMP1830, -1831, -1834, -1902, -1921, and -1928, COMBH4
[Maryland], and COMBN1SR2 [North Carolina]) were ex-

FIG. 1. Organization of P. piscicida rDNA and locations of primers for P. piscicida diagnostic PCR (A) and amplification of target DNA (B).
One forward primer (NTS2F) and two reverse primers (NTS3R and NTS4R) amplify 265- (NTS2F-NTS3R) and 523-bp (NTS2F-NTS4R)
amplicons localized on the NTS of rDNA. �, positive control; �, negative control; M, 100-bp ladder molecular size markers. The arrows indicate
target amplicons separated by electrophoresis at 100 V for 1 h on 1.5% agarose gels stained by EtBr. Ten microliters of a 20-�l PCR mixture was
applied per well.
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tracted and amplified, and the amplicons of the NTS, ITS1,
and ITS2 were sequenced. All ITS1 amplicons were identical
among seven clonal P. piscicida and two regional mixed cul-
tures. Similarly, all ITS2 amplicons were identical among the
cultures tested. Amplicons from the NTS, however, revealed
differences in two positions. At 399 bp upstream from the SSU
boundary, alternative bases (T or G) were present in the P.
piscicida sequence, the T/G ratio at this position being variable
among different isolates. The second site, 89 bp upstream from
the SSU, had an insertion or deletion in approximately 50% of
the P. piscicida cultures (Table 2).

Development and validation of a PCR-based assay for P.
piscicida: specificity and sensitivity. The primer sets NTS2F-
NTS3R (NTS1 PCR) and NTS2F-NTS4R (NTS2 PCR)
yielded the expected 265- and 523-bp amplicons, respectively
(Fig. 1B). For assessment of the species specificities of both the

NTS1 and NTS2 PCR assays, 37 dinoflagellate isolates were
tested. Only 10 P. piscicida isolates tested positive with both
NTS PCRs. Representative PCR results with 15 isolates are
shown in Fig. 2, and together with those from additional PCR
tests of 22 Pfiesteria-like dinoflagellates, are listed in Table 3.

The detection limit of the PCR-based assay using the NTS2
PCR primers was 10 fg of P. piscicida DNA (Fig. 3A). The
presence of up to 1 �g of background DNA from the algal-prey
Rhodomonas sp. in the PCR mixture did not affect the sensi-
tivity of the assay (Fig. 3C). The presence of 1 �g of back-
ground DNA from either K. micrum (Fig. 3B) or COMB4872
(Fig. 3D) decreased the detection sensitivity.

Construction of an internal standard for PCR diagnosis of
environmental samples. The application of the PCR assay to
environmental samples revealed an unexpected complication
when samples from dry ponds where P. piscicida had been
detected earlier were tested. The freshly collected sediments
failed to yield the expected positive results (Fig. 4A) that had
been obtained with the water in which the sediment suspension
had been incubated for 7 days (Fig. 4B). These positive results
in water were corroborated by the observation of actively mo-
tile P. piscicida zoospores within 7 days, which could only have
emerged from cysts or other life stages present in the sediment.
However, a sediment sample that by incubation with water had
previously yielded a supernatant that tested positive for P.
piscicida required a 1:8 or greater dilution of the DNA extract
for detection (Fig. 5A). This suggests that inhibitors for the
PCR amplification were present in the sediment and were
carried over through the DNA extraction. To address this
potential problem of false-negative PCR results for sediment

FIG. 2. Species specificity of PCR-based assay for P. piscicida. DNAs of dinoflagellate isolates were amplified with specific primers for P.
piscicida and actin genes. (Top) NTS1 PCR for P. piscicida with NTS2F and NTS3R primers (256 bp). (Middle) NTS2 PCR for P. piscicida with
NTS2F and NTS4R primers (523 bp). (Bottom) Actin-PCR using G-480 and G-482 universal primers (�730 bp). (�), negative control; (�),
positive control with P. piscicida DNA (100 pg) for NTS1 and NTS2 PCR and P. piscicida actin clone (1 ng) for actin-PCR.

TABLE 2. Intraspecific variability in NTS of P. piscicida

Source Site 1 Site 2a

P. piscicida (PCR) T Mixed (50/50)
P. piscicida (clone 6231) G �C
CCMP1830 (PCR) Mixed Mixed
CCMP1831 (PCR) Mixed, T �C
CCMP1834 (PCR) T Mixed
CCMP1902 (PCR) Mixed Mixed
CCMP1921 (PCR) T �C
CCMP1928 (PCR) T �C
COMBH4 (PCR) T Mixed
COMBN1R2 (PCR) Mixed Mixed

a �, deletion; �, insertion.
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samples, an internal standard (pMNTS2) was constructed
which has the same priming sites as the target sequence but
yields a smaller amplicon (418 bp). The detection limit of the
assay using either pTNTS2 or the internal standard, pMNTS2,
was approximately 103 copies of P. piscicida NTS in the pres-
ence of Rhodomonas sp. DNA (1 �g) (Fig. 5B). When the
internal standard was spiked (104 copies reaction�1) into the
PCR mixture in which DNA from the sediment sample had
been extracted with TE, inhibition of the PCR amplification
was observed up to the 1:4 dilution (�12.5 mM EDTA) for
both P. piscicida DNA and the internal standard (Fig. 5C).
When DNA was extracted from the sediment sample with the
FastDNA spin kit for soil, however, no inhibition prozone was
observed (Fig. 5D). To examine the possibility that the inhibi-
tion prozone is due to the extraction method used, particularly
the presence of EDTA, PCR amplifications of P. piscicida
DNA in the presence and absence of EDTA were carried out.
The results indicate that the presence of EDTA at the highest
concentration (50 �M) may slightly reduce the sensitivity of

the assay, but no prozone was observed (Fig. 6A and B). In
addition, DNA extractions of sediments in parallel with TE
and water spiked with P. piscicida DNA were carried out and
tested by PCR amplification. A higher dilution (1:4) of the
water-extracted sample was required to obtain a positive result,
whereas a 1:2 dilution was enough to avoid the inhibitory
prozone in the TE-extracted sample (Fig. 6C).

Because the DNA content per cell or the efficiency of DNA
extraction may vary with the cell type, we spiked equal num-
bers of either P. piscicida zoospores or cysts in a sediment
sample that had tested negative for P. piscicida. The lower
detection limit was approximately one zoospore or 10 cysts per
g of sediment (Fig. 7).

This optimized PCR assay was used for detection of P.
piscicida in 267 environmental samples (Table 4). PCR-posi-
tive results were routinely confirmed by direct sequencing of
the amplicons, and sequences identical to that of the P. pisci-
cida NTS were obtained with all 49 PCR products analyzed.

Development of a QC-PCR assay: assessment of amplifica-

TABLE 3. Diagnosis by PCR assay based on NTS for P. piscicida with clonal culture of Pfiesteria complex and
Pfiesteria-like dinoflagellates

Isolate Collection site Result for
P. piscicidaa

P. piscicida Chicamacomico River, Md. �
P. shumwayae Neuse River, N.C. �
C. brodii Neuse River, N.C. �
K. micrum Fish farm, Salisbury, Md. �
P. minimum Unknown �
CCMP768 (Rhodomonas sp.) North Island, New Zealand �
CCMP1830 (presumptive P. piscicida) Chicamacomico River, Md. �
CCMP1831 (presumptive P. piscicida) As above �
CCMP1832 As above �
CCMP1833 As above �
CCMP1834 (presumptive P. piscicida) Pocomoke River, Md. �
CCMP1835 Pocomoke Sound, Va. �
CCMP1836 As above �
CCMP1838 Neuse River, N.C. �
CCMP1839 As above �
CCMP1940 As above �
CCMP1841 Neuse River, N.C. �
CCMP1842 As above �
CCMP1843 As above �
CCMP1844 As above �
CCMP1845 As above �
CCMP1872 As above �
CCMP1873 Wilmington River, Ga. �
CCMP1874 As above �
CCMP1875 As above �
CCMP1876 As above �
CCMP1877 As above �
CCMP1878 Neuse River, N.C. �
CCMP1879 Wilmington River, Ga. �
CCMP1880 As above �
CCMP1881 As above �
CCMP1882 As above �
CCMP1902 (presumptive P. piscicida) Chicamacomico River, Md. �
CCMP1921 (presumptive P. piscicida) As above �
CCMP1928 (presumptive P. piscicida) Wilmington River, Ga. �
CCMP1929 Middle River, Md. �
COMB4872 Unknown (DNR) �
COMBH4 Fish farm, Salisbury, Md. �
COMBH10 As above �
COMBN1R2 Neuse River, N.C. �
COMBN2F1 Neuse River, N.C. �

a �, positive; �, negative (by NTS PCR for P. piscicida)
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tion kinetics with target and competitor DNAs. The internal
standard, pMNTS2, was used as a competitor for the develop-
ment of a QC-PCR assay. A prerequisite for the use of a
competitor is an assessment of the amplification kinetics of
target and competitor DNA templates, which have to be sim-
ilar. When pTNTS2 was coamplified with pMNTS2 using the
NTS2F and NTS4R primers, the band intensities of PCR prod-
ucts generated from equal copy numbers of pTNTS2 and
pMNTS2 were comparable at every dilution tested (Fig. 8A).
When reciprocal dilutions of pTNTS2 and pMNTS2 were co-
amplified (Fig. 8B), the band intensities of target and compet-
itor amplicons confirmed that the amplification kinetics of
both pTNTS2 and pMNTS2 are similar, with equal amplicon
band intensities at the equivalence point.

Application of QC-PCR for assessing copy numbers of tar-

get DNA in P. piscicida. By coamplifying decreasing copy num-
bers of the competitor plasmid (pMNTS2) with a constant
copy number (104) of the target plasmid (pTNTS2), it could be
confirmed that the point of equal band intensities corresponds
to the reaction mixture containing equal copy numbers of
target and competitor (Fig. 9A). By replacing pTNTS2 with P.
piscicida DNA (500 pg) as the target in a similar assay format
(Fig. 9B), the band intensity equivalence point corresponded
to 1 � 104 to 2 � 104 copies of pMNTS2. Therefore, the
number of NTS copies in 1 pg of P. piscicida DNA would
correspond to approximately 20 to 40 copies.

To assess the number of NTS copies in a single P. piscicida
zoospore, cells were manually isolated; distributed as one, two,
or three cells per tube (n � 7 for each cell number); lysed by
a freeze-thaw-boil procedure in sterile water; and subjected to

FIG. 3. Sensitivity of PCR-based assay for P. piscicida. Shown are amplicons of 10-fold serial dilutions of P. piscicida DNA starting from 1 ng
without background DNA (A), with 1 �g of Rhdomonas sp. DNA (B), with 1 �g of K. micrum DNA (C), and with 1 �g of COMB4872 DNA (D).
The arrows indicate the limit of detection (10 fg of DNA). Although light bands can be observed at higher dilutions, the arrows indicate those that
are clear under UV light with the naked eye. Fifteen microliters of a 20-�l PCR mixture was applied for electrophoresis. (�), negative control with
sterile water.

FIG. 4. Detection of P. piscicida in environmental sediment samples. DNA was extracted from sediment samples from eight individual locations
and from water from a suspension of each sediment sample incubated for 7 days. P. piscicida was detected by NTS2 PCR. (�), positive with 100
pg of P. piscicida DNA; (�), negative control.
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PCR amplification. The band intensities of PCR products of one
to three P. piscicida cells were plotted against the cell numbers
(Fig. 10A), suggesting linear correlation (r � 0.98). Total DNA,
extracted from 770 P. piscicida cells by glass bead-phenol extrac-
tion, was tested by QC-PCR to determine the target copy number
in a single P. piscicida zoospore (Fig. 10B). It was estimated that
	100 copies of the NTS sequence are present per P. piscicida
zoospore. Because this number may vary with the efficiency of the
DNA extraction method selected, three procedures (glass bead-
phenol extraction, BIO101 kit, and freeze-thaw-boil in TE) were
compared by QC-PCR. The DNA yields of the first two meth-
ods were similar and were 100-fold higher than that of the last
method (data not shown).

DISCUSSION

In this study, we characterized the rRNA gene cluster of a P.
piscicida isolate from Maryland. Sequence information for the
Dinophyceae available in GenBank (as of 29 April 2002) com-

prised 1,516 nucleotide sequences, of which 186 were anno-
tated as SSU; 114 were annotated as ITS1, 5.8S, and/or ITS2;
and 65 were annotated as LSU (most of them partial se-
quences), including 50 sequences identified as Pfiesteria spp.
(35 as P. piscicida for rDNA) (29), mitochondrial cytochrome
b (4), mitogen-activated protein kinase (1), and cyclin 1 (1); 10
sequences identified as P. shumwayae; and 5 sequences iden-
tified as Pfiesteria sp. We expanded the sequence information
on the P. piscicida rDNA almost to completion of the locus,
including a 2.8-kb stretch of LSU and the first NTS sequence
reported for the Dinozoa, 1.25 kb upstream from the SSU.
Thus, this study provides new information that may be relevant
to the identification Pfiesteria subspecies and strains, as well as
for phylogenetic studies. Finally, we selected the NTS to de-
velop and validate qualitative and quantitative PCR-based as-
says for the assessment of P. piscicida in water and sediment
environmental samples.

The sequences of the P. piscicida SSU, ITS1, 5.8S region,

FIG. 5. Construction and application of an internal-standard plasmid for NTS2 PCR assay. (A) Environmental sediment sample detection with
twofold serial dilution. (B) Amplification of 10-fold dilution of pTNTS2 (a) and pMNTS2 (b) in 108 to 101 copies with 1 �g of Rhodomonas sp.
DNA by NTS2 PCR. The 418- and 523-bp amplicons indicate the target and the internal standard PCR products, respectively. The arrows indicate
the limit of detection (1 � 103 copies). (C) Application of the internal standard to the detection of P. piscicida with DNA extracted from
environmental sediment samples; a twofold serial dilution of sample DNA was amplified with 2 � 104 spiked copies of pMNTS2. (D) Detection
of P. piscicida with DNA of environmental sediment sample extracted by BIO101 kit for soil. (�), negative control; (�), positive control; (Is),
positive control of an internal standard.

VOL. 68, 2002 rRNA LOCUS OF P. PISCICIDA AND PCR ASSAY 5401



ITS2, and partial LSU reported here are identical to 21 se-
quences which stretch from the 5� end of the SSU to 350 bp of
the 5�-end LSU annotated as P. piscicida in GenBank (acces-
sion no. AF330600 to AF330620). Small differences (one or
two nucleotide positions) were observed with five additional P.
piscicida sequences (accession no. AF352333 to AF352335),
but the consensus of all P. piscicida rRNA sequences available
in GenBank was 100% identical to the sequence reported here.
The NTS, considered the most variable region within the

rRNA locus (4, 12), revealed differences in only two nucleotide
positions among nine P. piscicida isolates tested. This low level
of NTS variability observed was surprising in light of reports of
the variability of the NTS from other alveolate species (11). In
the oyster parasite P. marinus, two distinct NTS sequences,
designated types I and II, that differed at six defined nucleotide
positions were found in a 307-bp amplicon (52). It is notewor-
thy that the rather limited NTS variability among different P.
piscicida isolates was also observed within a single isolate. This
variability resembles that observed in some apicomplexan par-
asites that contain distinct sets of unlinked rRNA copies, which
are differentially expressed in selected developmental stages
(60, 66). Whether the differences found in P. piscicida rDNA
may also reflect different stage-specifically transcribed rRNA
gene units warrants further investigation and may reveal novel
aspects of genome dynamics in dinoflagellates. Furthermore, a
comparative study of sequences of NTS regions from a larger
number of isolates from far-ranging geographic locations will
reveal the true extent of the NTS variability within this species.

Pfiesteria blooms have been difficult to monitor. This has

FIG. 6. Effect(s) of the presence of EDTA in PCR. (A) Amplification of dilution of P. piscicida DNA (1 ng) in TE (10 �l) with sterile water
in 20-�l PCR mixture. (B) PCR products of diluted P. piscicida DNA spiked into 10 �l of TE in a 20-�l reaction mixture on agarose gel.
(C) Amplification of P. piscicida DNA extracted with sterile water or TE from cells spiked into sediment. (�), negative control; (�), positive
control. The 523-bp PCR product indicates target amplification. The arrows indicate the limit of detection under UV light with the naked eye.

TABLE 4. Environmental sample diagnosis results in 1999-2001 by
NTS2 PCR assay

State and sample No. positive No. negative

Md.
Water 22 196
Sediment 18 15

N.C.
Water 3 3
Sediment 6 4
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been mostly due to the lack of knowledge about the environ-
mental factors that trigger proliferation of this species and
sensitive and specific methods for year-round detection of zoo-
spores and cysts in the environment. This has hampered our
ability to understand the organism’s possible role(s) in fish kill
events and the associated human health problems. P. piscicida
monitoring should include water samples that may carry flag-
ellated motile forms (zoospores) and sediment samples that
may contain the nonmotile resting forms (cysts). Therefore,
the assay of choice for P. piscicida should be one that enables
the detection of the dinoflagellate in both water and sediment
environmental samples.

In recent years, detection assays for P. piscicida using mo-
lecular probes, such as standard PCR (53, 54, 67), the hetero-
duplex mobility assay (45), and real-time PCR (6), have been
developed. Molecular identification of P. piscicida is useful to
complement the morphological identification methods based
on plate tabulation (61, 63) and fish mortality bioassays (9, 10).
Molecular detection assays for P. piscicida have been devel-
oped based on nucleotide sequences of the SSU of the rRNA
locus (6, 45, 53) and, most recently, of mitochondrial cyto-
chrome b (67). Because the SSU is highly conserved among
different species (38, 39), the possibility exists that closely re-
lated species, or yet-undescribed species that may exhibit sim-
ilar target regions, may yield false-positive results, particularly
in field studies (53). Alternatively, the mitochondrial cyto-
chrome b gene has been reported as a suitable target for
species identification and phylogenetic analysis, but limitations
of assay sensitivity are expected due to the lower copy numbers
relative to rRNA genes (41, 64). The purpose of this study was
to develop and optimize a detection assay for P. piscicida that
would overcome some of the limitations of the current tests by
selecting a target sequence that would ensure species specific-
ity and eliminate, as much as possible, the loss of sensitivity
from PCR bias. Based on previous experience with the devel-
opment of species- and strain-specific PCR assays for parasites
of the genus Perkinsus (15, 35, 49, 50), the NTS of the rRNA
locus was chosen as the target for the development of a spe-
cies-specific assay for P. piscicida. The species specificity was
demonstrated (no false-positive result was obtained by direct
sequencing with any of the 37 Pfiesteria-like dinoflagellates and
the 267 environmental samples tested), and higher sensitivity

(one zoospore and/or 10 cysts in 1 g of sediment or 10 fg of P.
piscicida DNA in 1 �g of heterologous DNA) of this detection
PCR assay relative to current assays was shown (detection
limit, 0.6 cell with real-time PCR based on SSU [6] or 0.2 cell
with PCR targeted on mitochondrial cytochrome b [67]). Al-
though the variability in the NTS was less than expected, pos-
sibly due to the small number of isolates examined, the fact
that this region shows high interspecies variability suggests that
the presence of other dinoflagellate species in the test sample
should not diminish the species specificity of the assay. Our
validation of assay specificity in the presence of large amounts
of heterologous dinoflagellate DNA (�105-fold relative to P.
piscicida DNA) supports this notion.

The results from the application of the PCR assay to clonal
cultures and environmental water samples were reliable and
highly reproducible. When sediments were tested, however, an
inhibition prozone phenomenon was observed in those sam-
ples in which DNA was extracted by conventional methods
(freeze-thaw followed by extraction in TE), with negative re-
sults turning positive when the test DNA sample was diluted.
When DNA was extracted from sediments with the BIO101 kit
for soil, in which DNA is isolated through binding to a matrix
while potential coextractants are washed away, no prozone was
observed. This suggested that the false-negative results in the
undiluted DNA sample were most likely due to the presence of
inhibitory substances extracted from the sediment that were
carried over through the DNA extraction to the PCR mixture.
The presence of substances in soil and sediment that may
inhibit Taq DNA polymerase, such as humic acids, has been
described as a common occurrence (40, 42). This potential
problem may be avoided by selecting DNA extraction meth-
ods, such as the commercial kit tested in this study, which will
prevent the coextraction of potential inhibitors. The DNA ex-
traction was efficient and reproducible, enabling the detection
by PCR of a single P. piscicida zoospore or 10 cysts in 1 g of
sediment.

To facilitate the application of this PCR assay in laboratories
where DNA extraction kits for soil are not available, an inter-
nal standard for the amplification reaction was constructed.
This plasmid constitutes a quality control for the assay and can
be used to identify false-negative results in environmental test-
ing. The efficacy of this plasmid for the identification of inhib-

FIG. 7. Detection sensitivity of P. piscicida PCR-based assay with DNA extracted with BIO101 kit for soil from P. piscicida cells spiked into
autoclaved sediment (0.1 g). (Top) DNA from zoospores; (bottom) DNA from cysts. Amplicons corresponding to 102, 101, 1, and 0.1 P. piscicida
cells were amplified with 103 copies of pMNTS2 and separated on agarose gels.
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itory prozones in the PCR assay was experimentally validated.
In addition, the same plasmid was used for the development of
a QC-PCR assay. A requirement for this application is that the
competitor and target DNAs should have similar amplification
efficiencies. This requirement was met by the plasmid pTNTS2,
for which the PCR product differs from the target amplicon in
only 105 bp. In the QC-PCR assay format, known concentra-
tions (copy numbers) of the competitor are added to the test
samples, and their DNA content is estimated from the equiv-
alent band intensities of the coamplified target and competitor
PCR products on the gel. Based on the number of DNA target
copies per cell (zoospores or cysts), the number of P. piscicida
cells in the test samples can be easily calculated. In this study,

uncut plasmid was used as a competitor; the spike-recovery
validation of the QC-PCR with cut and uncut plasmid could
also have informed of the supercoiled uncut plasmid compet-
itor, which may lead to overestimation of the target DNA
contents. The real-time PCR technology does not rely on the
use of a competitor; nevertheless, it has been used for rapid
environmental diagnosis.The presence of an inhibitor(s) in the
test sample may yield inaccurate results, usually lower DNA
content values than those expected from spike-recovery (19).

The QC-PCR format enabled the estimation of the copy
numbers of the target DNA (the NTS of the rRNA gene
cluster) per P. piscicida cell. The value of 20 to 40 copies of
NTS per pg of P. piscicida DNA led to an estimate of 100 to

FIG. 8. Amplification kinetics of pTNTS2 and pMNTS2 with NTS2F and NTS4R primers. pTNTS2 and pMNTS2 were amplified in the same
reaction mixture. PCR products of the same copy numbers of both plasmids in 10-fold dilutions starting from 108 copies (A) and various numbers
of each plasmid (B) were separated by electrophoresis. Fifteen microliters of a 20-�l PCR mixture was applied to each well, and the band intensities
of target and competitor amplicons are plotted. E, target amplicon (523 bp); �, pMNTS2 amplicon (418 bp); rfu, relative fluorescence units.
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200 copies of NTS per P. piscicida cell (zoospore). This was
calculated from the DNA content of a single P. piscicida cell
(approximately 3 to 5 pg of DNA/zoospore) during the station-
ary phase, obtained from QC-PCR data. This estimate is con-
sistent with the value obtained by DNA extraction and quan-
tification by optical density at 260 nm (4 to 6 pg of DNA/cell),
although it is in the lower range of DNA content (5.2 to 9.4 pg
of DNA/cell) as measured by fluorescent staining of DNA (46).
Dinoflagellates contain large amounts of DNA, ranging from
3.8 pg per cell in Crypthecodinium cohnii and 33 pg in Gyro-
dinium resplendens to 200 pg per cell in G. polyedra (1, 28).
These values are greater than the DNA contents of any other
unicellular eukaryotes characterized so far (0.046 to 3 pg/nu-
cleus) (48). Furthermore, the DNA content can vary substan-

tially not only from species to species but also between growth
phases. In several autotrophic dinoflagellate species, cells in
logarithmic phase were found to contain a twofold-larger
amount of DNA than those in stationary phase (1). In most
eukaryotes, rRNA genes are organized in tandemly repeated
units (14), for example, 100 to 200 copies are present in yeast
and 50 to 10,000 copies are present in mammals. Within the
Alveolata, the number of rRNA copies ranges from 2 to �100.
Two copies have been reported in Theileria sp. (30) and Cryp-
tosporidium sp. (31), 3 copies in Babesia sp. (16), 4 to 8 copies
in Plasmodium sp. (37, 56), and 110 copies in Toxoplasma sp.
(22). Our estimate of rRNA gene copy numbers in P. piscicida
(100 to 200 copies) is in the upper range of the known alveo-
lates. With this information, the PCR-based assay targeted to

FIG. 9. Validation of QC-PCR with pMNTS2 as a competitor. A constant amount of pTNTS2 (104 copies) (A) or P. piscicida DNA (500 pg)
(B) was amplified with 10-fold dilutions of pMNTS2. E, target amplicon (523 bp); �, pMNTS2 amplicon (418 bp); rfu, relative fluorescence units.
The error bars indicate the standard deviation.
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the NTS developed and validated here can be used to assess
the density of P. piscicida cells in environmental water and
sediment samples. Finally, although the Taqman technology
certainly constitutes the state of the art approach for quanti-
fication of DNA, the equipment and reagents are more costly
than for standard PCR and it requires very well-trained oper-
ators. Therefore, the availability of a simple, inexpensive, and
reliable QC-PCR assay that enables the assessment of P. pis-
cicida cell densities in both water and sediment environmental
samples should represent a valuable alternative to more costly
quantitative assay formats.
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