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Introduction

Quantitative real-time polymerase chain reaction (QPCR) is
a powerful tool for identification and enumeration of micro-
bial species in environmental samples (Cullen et al. 2002;
Gray et al. 2003; Popels et al. 2003; Coyne et al. 2005; Handy
et al. 2005). QPCR measures the change in product concentra-
tion during each PCR cycle using real-time detection (Heid et al.
1996). Fluorescent, template-specific probes are used, com-

monly labeled with a fluorescent reporter dye at the 5′ end and
a quencher molecule at the 3′ end. Fluorescence is generated by
cleavage of the reporter dye from the oligonucleotide probe,
releasing it from the quencher. The increase in product con-
centration is measured as an increase in fluorescence emission
(Rn). The threshold cycle number (Ct) for each reaction is the
cycle number at which the fluorescence emission changes sig-
nificantly over baseline levels (Walburger et al. 2001).

Quantification of microbial species can be accomplished by
the standard curve method (e.g., Cullen et al. 2002) in which
dilutions of plasmids or culture DNA with a known concen-
tration of the target template are used as standards, and the
concentrations of the target species in unknown samples are
determined by linear regression analysis. The standards must
be included for each sample set, occupying much of the 96-
well plate during a QPCR run (Popels et al. 2003). Alterna-
tively, the comparative Ct method (2–∆∆Ct method) uses a sin-
gle sample as a calibrator (Livak and Schmittgen 2001). For
enumeration of phytoplankton species in natural water sam-
ples, the calibrator can consist of DNA extracted from an envi-
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ronmental water sample with a known number of cells of the
target species (determined by microscopic cell counts) (Coyne
et al. 2005; Handy et al. 2005). This sample is then used to
enumerate the species of interest in other samples.

For improved accuracy, an internal reference standard may
also be used to normalize for DNA extraction and amplifica-
tion efficiencies (Coyne et al. 2005). As a result, the target
species and the internal standard concentrations must be
determined independently with specific primer/probe sets for
each. Because greater accuracy would be obtained by measur-
ing both target and internal standard within the same reac-
tion, it would be an advantage to be able to quantify multiple
targets in the sample tube.

Multiprobing/multiplexing with QPCR—Simplexing is defined
as the use of a single set of primers and a single fluorescent
probe in QPCR. Multiplexing makes use of multiple template-
specific primers and fluorescent probes, allowing for the enu-
meration of more than one species in a single reaction. Multi-
probing, on the other hand, uses multiple template-specific
fluorescent probes, but with a single primer set, which can be
advantageous because competition between primer pairs is
eliminated (Yang et al. 2002). By using multiple primer/probe
sets, the costs of QPCR can be reduced by half, if not more,
depending on the number of templates that can be accurately
detected and enumerated. In addition, multiplexing/multiprobing
saves time over simplexing (Vet et al. 1999).

Multitarget detection is possible through the use of probes
(reporters) that fluoresce at different wavelengths. A limitation
for multiplexing and multiprobing is the potential for overlap-
ping spectra between the fluorophores, which reduces resolu-
tion. Nonfluorescent quenchers, such as black hole quenchers
(BHQs) (Biosearch Technologies), have recently been devel-
oped that can be combined with reporter dyes, thus increasing
the spectra available for multiprobe QPCR. BHQs are designed
specifically for reporters that fluoresce within a range of wave-
lengths. They can employ fluorescence resonance energy trans-
fer (FRET) (Clegg 1992) more efficiently and therefore quench
more effectively (Parkhurst and Parkhurst, 1995a,b; Tyagi et al.
1998). In addition, a nonfluorescent quencher allows the instru-
ment to measure reporter fluorescence (spectral resolution)
more effectively since the fluorescence of the quencher does
not have to be resolved by the instrument (ABI Chemistry
Guide 2003). To our knowledge, however, a comparison between
fluorescent and nonfluorescent quenchers for use in multiplex
assays has not been described.

Multiplexing has had limited but increasing use by the bio-
medical community (Walburger et al. 2001; Yang et al. 2002;
Richtsteiger et al. 2003; Ng et al. 2005). These studies often
obtain results that are comparable to simplexing, but a specific
protocol for development of these assays is lacking. Klein et al.
(2000), for example, used multiplexing for the estimation of
transduction efficiency in preclinical trials, normalizing the
results to a marker gene. They found that multiplexing gave
results similar to that of other non-PCR-based methods and

was favored because of its increased accuracy over simplexing
(referred to as monoplexing in Klein et al. 2000). The steps
involved in assay development, however, were not described.
Vet et al. (1999) also demonstrated that up to 4 targets of path-
ogenic retroviruses can be identified using multiplexing. How-
ever, the protocol for developing a multiplex assay was not
discussed, nor was the difference in reaction efficiencies for
simplexing and multiplexing evaluated.

Multiplex and multiprobe assays must be carefully evalu-
ated (Klein 2002) for each new system. Optimization of primers
and probes is an important first step for any QPCR assay (ABI
Chemistry Guide 2003). For multiplex/multiprobe assays,
however, cross reactivity between primers and probes as well
as amplification products must also be evaluated. Competi-
tion for reagents may lead to decreased sensitivity and ampli-
fication efficiencies, especially with large differences in tem-
plate concentrations (Wawrik et al. 2002). Each of these will
also have an impact on the accuracy of QPCR multiplex/
multiprobe assays and must be rigorously evaluated before
application to environmental samples.

Although there has been progress in the use of QPCR for
harmful algae research (e.g., Bowers et al. 2000; Gray et al.
2003; Popels et al. 2003; Galluzzi et al. 2004; Handy et al.
2005), few studies have used multiplexing/multiprobing for
investigations of phytoplankton in environmental samples.
Wawrik et al. (2002) used multiplexing to determine the
expression level of rbcL (ribulose-1,5-bisphosphate carboxylase/
oxygenase) in diatom and pelagophyte species. In this case,
however, the collective gene expression was monitored and
species-specific expression was not determined.

Harmful algae belonging to the class Raphidophyceae are
widespread and have been linked to mass mortalities of fish in
many areas of the world (Odebrecht and Abreu 1995; Munday
and Hallegraeff 1998), including Delaware’s Inland Bays (DIB)
(Bourdelais et al. 2002). Using species-specific primers and
probes, raphidophyte species from the DIB have been accu-
rately enumerated by QPCR in simplex reactions (Coyne et al.
2005; Handy et al. 2005). This method is preferred to tradi-
tional microscopic cell counts because it reduces subjectivity
of person-to-person cell count analyses and is more accurate
for counts of low biomass samples. In addition, long-term
storage of fixed raphidophyte samples is problematic (Thrond-
sen 1997; Handy et al. 2005).

It has been noted that 2 or more of the 4 species of raphido-
phytes within the DIB often form mixed blooms (Whereat
2003; Handy et al. 2005). Using multiplex or multiprobe tech-
nology, multiple species could be simultaneously detected and
enumerated within a single reaction. We used the DIB raphido-
phyte populations as a model system to develop multiplex and
multiprobe assays of harmful algal species. QPCR assays target-
ing the 18S rDNA in simplex, multiplex, and multiprobe analy-
ses were compared using plasmid and culture DNA of DIB iso-
lates, with and without background DNA, over a range of
dilutions. The differences in sensitivity, range of detection, and
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reaction efficiencies were investigated for each method. We also
compared fluorescent and nonfluorescent quencher molecules.

Simplex, multiplex, and multiprobe assay results were then
compared for DNA extracted from environmental samples from
the DIB. Reaction efficiencies with respect to target DNA concen-
trations within complex mixtures are discussed, as well as the
application of these methods for environmental monitoring pro-
grams. In addition, the protocol presented here for development
of QPCR methods for single-tube detection of multiple species
would be valuable for anyone wishing to investigate these and
other algae, and may be used as a primer for researchers develop-
ing their own assays for multispecies detection.

Materials and procedures
Plasmid development—Plasmids for Chattonella subsalsa and

Heterosigma akashiwo were prepared as described in Coyne et
al. (2005). To develop a plasmid from the currently uncultur-
able C. cf verruculosa, an environmental water sample of a
unialgal C. cf verruculosa bloom was extracted as described
below. The 18S rDNA was amplified using Euk A/Euk B primers
(Medlin et al. 1988), cloned into pCR4 TOPO plasmid vector
(Invitrogen, Carlsbad, CA, USA) and bidirectionally sequenced
using Big Dye Terminator Cycle Sequencing Ready Reaction
Kit (Applied Biosystems, Foster City, CA, USA). The sequence
was verified by comparison to the 18S rDNA sequence for C.
cf verruculosa (GenBank acc. no. AY788946).

Extraction of field samples—Field samples were collected by
prefiltering (250 µm Nitex) to remove large zooplankton and
detritus and filtering under gentle vacuum (~85 kPa) onto a
3-µm polycarbonate filter. The filters were submersed in CTAB
buffer (100 mM Tris-HCL pH 8, 1.4 M NaCl, 2% wt/vol
cetyltrimethylammonium bromide [CTAB], 0.4% vol/vol 
β-mercaptoethanol, 1% wt/vol polyvinylpyrollidone, 20 mM
EDTA) (Dempster et al. 2003) amended with 20 ng/mL pGEM
plasmid (Promega, Madison, WI, USA) as an internal standard
(Coyne et al. 2005). The samples were stored at –80°C until

extraction as described in Coyne et al. (2001), and DNA con-
centrations were determined by spectrophotometry.

Development of quantitative PCR primers and probes—Species-
specific primers and probes for C. subsalsa, H. akashiwo, and
the internal standard pGEM are described in Coyne et al.
(2005). Two sets of general raphidophyte primers and species-
specific primers for C. cf verruculosa were designed by aligning
18S rDNA sequences of Delaware Inland Bay raphidophyte
strains and closely related species in GenBank (www.ncbi.nlm.
nih.gov) using Clustal (Thompson et al. 1994) in the Genetic
Data Environment (Smith et al. 1994). Raphidophyte general
primer set 1 (Raph1350F/1705R) was designed to amplify 
377 bp of the 18S rDNA gene of C. subsalsa and H. akashiwo.
Raphidophyte general primer set 2 (Raph1519F/1610R) ampli-
fied 113 bp of the 18S rDNA gene of DIB raphidophyte strains
of C. subsalsa, C. cf verruculosa, H. akashiwo, and Fibrocapsa
japonica in addition to other Raphidophyte species such as
Haramonas dimorpha, and some diatom species. The C. cf 
verruculosa-specific primers amplified 239 bp of the 18S rDNA
gene. All primer sequences are listed in Table 1.

Taqman probes were designed with Primer Express software
(Applied Biosystems). Probes were synthesized with one of the
following reporter dyes: 6-FAM (6-carboxyfluorescein), HEX
(6—carboxy-2′,4,4′,5′,7,7′-hexachlorofluorescein), CY5 (CY
Dye), or Texas red at the 5′ end and either TAMRA (6-
carboxytetramethylrhodamine), Black Hole Quencher (BHQ),
or Iowa Black Hole Quencher (IBHQ) (Integrated DNA Tech-
nologies) at the 3′ end. All probe sequences are listed in Table 2.

Primers and probes were optimized for the ABI Prism 7500
Sequence Detection System (Applied Biosystems) using cloned
plasmids that contained the 18S rDNA sequences of C. cf verru-
culosa, C. subsalsa, H. akashiwo, or the internal standard pGEM.
For species-specific C. subsalsa and H. akashiwo detection, opti-
mized conditions were the same as in Coyne et al. (2005), with
the exception of the HEX-labeled H. akashiwo probe, which had
an optimized concentration of 0.075 µM (final concentration).
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Table 1. Primers used for this study.

DNA target Primer (5′-3′) Citation

C. subsalsa 18S rDNA Cs 1350F CTAAATAGTGTGGGTAATGCTTAC Coyne et al 2005

Cs 1705R GGCAAGTCACAATAAAGTTCCAA

H. akashiwo 18S rDNA Ha 1350F CTAAATAGTGTCGGTAATGCTTCT Coyne et al 2005

Ha 1705R GGCAAGTCACAATAAAGTTCCAT

C. subsalsa 18S rDNA and H. akashiwo 18S rDNA *Raph 1350F GCTAAATAGTGTSGGTAATGCTT This publication

*Raph 1705R GGCAAGTCACAATAAAGTTCCA 

C. subsalsa 18S rDNA, H. akashiwo 18S rDNA, **Raph 1519F TTAGATGTCCTGGGCTGCAC This publication

and C. cf. verruculosa 18S rDNA **Raph 1610R ATCTATCCCTATCACGATGCAC 

C. cf. verruculosa 18S rDNA Cv 1561F ATGCATACAGCGAGTCTAGA This publication

Cv 1780R TCACTCCGAAAAGTGTCAAC

pGEM internal standard pGEMR TGTGTGGAATTGTGAGCGGA Coyne et al 2005

M13F CCCAGTCACGACGTTGTAAAACG

*Raphidophyte primer set 1
**Raphidophyte primer set 2



In addition, primer set 1 (Raph 1350F/1705R) had an optimized
concentration of 1.2 µM for each primer. For C. cf verruculosa,
the optimized conditions for 25-µL reactions were 12.5 µL Taq-
man Universal Master Mix (Applied Biosystems), 0.3 µM of each
C. cf verruculosa primer (Cv 1561F/1780R), 0.225 µM of the CY5-
labeled Taqman probe (Cv), and 2.5 µL diluted template.

The Taqman Universal Master Mix contains Taq poly-
merase, dNTPs, buffer, magnesium, uracil-N-glycosylase, and
the passive reference dye, ROX. The cycling parameters for all
reactions were 2 min at 50°C for activation of the uracil-N-
glycosylase, 10 min at 95°C for activation of the polymerase,
and 50 cycles of 15 s at 95°C and 1 min at 60°C. The concen-
trations of the individual primers and probes when multiplex-
ing or multiprobing were the same as above, but were com-
bined in a single reaction.

Brilliant Multiplex QPCR Master Mix (Stratagene) was also
evaluated for multiplexing and multiprobing by substituting
the mix for the 12.5 µL of the Taqman Universal Master Mix.
The Brilliant mix contains SureStart Taq DNA polymerase (a
modified version of Taq2000 DNA polymerase with hot-start
capability), dNTPs, buffer, and magnesium. For the Brilliant
Multiplex QPCR Master Mix, 0.45 mM of an internal reference
dye (ROX) was added separately.

Primer and probe specificity—All plasmids were evaluated for
target specificity by PCR with C. subsalsa, H. akashiwo, and C. cf
verruculosa species-specific primer sets and with the raphido-
phyte primer set 1 (Raph 1350F/1705R). The 20-µL PCRs con-
tained 0.2 mM dNTPs, 0.5 µM of each of the forward and
reverse primers, 10 µg BSA, 2.5 mM MgCl2, 1× Taq polymerase
buffer (Sigma Chemical, St. Louis, IL, USA), and 0.5 units Jump-
Start Taq Polymerase (Sigma). Cycle parameters are the same as
in Coyne et al. (2005). In addition, all primer/probe combina-
tions were evaluated for specificity by QPCR amplification of
DNA extracted from C. subsalsa (CCMP 217 and 2191), C.
marina (CCMP 2049), C. antiqua (CCMP 2050), and several iso-
lates of H. akashiwo (CCMP 2393, 1912, 302, 1596, and 1870).

Multiplex and multiprobe QPCR with plasmids—The accuracy
and sensitivity of simplex reactions were compared to multi-
plex and multiprobe reactions by combining species-specific
or raphidophyte general primers and species-specific probes
with equal concentrations of plasmid templates as well as with
a range of dilutions of plasmids. Mixtures of plasmid tem-
plates were also prepared in which the concentration of one
template DNA was constant (0.01 ng/µL final concentration)
with 10-fold dilutions of the second template. Simplex (one

target) and multiplex or multiprobe (more than one target)
reactions were directly compared within the same QPCR run.

The M13F primer site is present on both the pGEM internal
standard template and on the species-specific plasmids. For
this reason, the 18S rDNA inserts of the species-specific plas-
mids were first reamplified and the resulting PCR products
used as template when pGEM was one of the targets used for
multiplexing. The inserts were amplified from 5 µL of 0.1 ng/µL
plasmid with 0.5 µM EUK A/B primers (Medlin et al. 1988) in
a 50-µL reaction with the following parameters: 94°C for 
5 min followed by 35 cycles of 94°C for 30 s, 54°C for 30 s,
72°C for 2.5 min, and a final extension of 72°C for 5 min.
Resulting PCR products were cleaned up with GenElute PCR
cleanup kit (Sigma-Aldrich). The products were diluted in
LoTE (3mM Tris-HCl pH 7.5, 0.2 mM EDTA) to 0.2 ng/µL and
used as template with pGEM plasmids in multiplex reactions.

Multiplex and multiprobe QPCR with pure culture DNA—
Genomic DNA extracted from cultures of DIB species C. sub-
salsa (CCMP 2191) and H. akashiwo (CCMP 2393) was used as
template in multiplex/multiprobe assays with C. subsalsa– and
H. akashiwo–specific primers or raphidophyte primer set 1.
DNA template concentrations for one species were held con-
stant at 2.5 ng/µL (final concentration) while varying the
other by 10-fold dilutions for a final concentration of 2.5,
0.25, 0.025, or 0.0025 ng/µL. The mixtures of genomic DNA
were diluted in LoTE or with 25 ng/µL sheared herring sperm
(SHS) DNA (Invitrogen) to provide a similar concentration of
background DNA as in environmental samples.

Multiplex and multiprobe QPCR with environmental samples—
Fifteen environmental water samples from the DIB contain-
ing both H. akashiwo and C. subsalsa (verified by
microscopy) were used to compare the calculated cell abun-
dances obtained by multiprobing to simplexing in environ-
mental samples. In addition, 6 environmental samples from
the summer of 2005 were used to compare results of sim-
plexing, multiprobing, and multiplexing of C. cf verruculosa
and C. subsalsa within the same QPCR run. Six other envi-
ronmental samples were also used to compare simplexing
and multiplexing of C. cf verruculosa and the internal stan-
dard pGEM. DNA extracted from environmental samples
was diluted 1:200 in LoTE for final concentrations of 4 to 
13 ng/µL. Dilutions are necessary for DIB samples to reduce
concentrations of DNA or substances such as humic acids
which commonly cause inhibition of PCR. DNA extracted
from environmental samples also contained the internal
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Table 2. Probes and reporter dyes used for this study.

Probe Sequence Target Citation

HEX-CAACGAGTAACGACCTTTGCCGGAA-IBFQ H. akashiwo Coyne et al 2005

FAM-CAACGAGTACTTTCCTTGGCCGGAA-BHQ1 C. subsalsa Coyne et al 2005

CY5-CAAGAGTACCCAGGCCTCTCGACC-IBRQ C. cf. verruculosa This publication

FAM-CACTATAGAATACTCAAGCTTGCATGCCTGCA-BHQ1 pGEM internal standard Coyne et al 2005



standard pGEM, which was used to correct for variability
due to extraction and amplification efficiencies (Coyne et
al. 2005). Target cells were enumerated using the compara-
tive Ct method in which a calibrator sample was included to
calculate cell numbers. Calibrator samples consisted of DNA
extracted from field samples during raphidophyte blooms.
Accurate cell counts of the target raphidophyte species in
the calibrator samples provided a comparative basis for cal-
culating cell abundances in unknown field samples (Coyne
et al. 2005; Handy et al. 2005; Demir et al. 2005) according
to the following equations:

cells L–1 = E–∆∆Ct × [cells L–1
calibrator] ×

[vol filteredcalibrator/vol filteredunknown] (1)

where

∆∆Ct = (∆Ctunknown – ∆Ctcalibrator) (2)

and

∆Ct = Cttarget – CtpGEM (3)

Cell abundances calculated by QPCR for each method (sim-
plex, multiplex, and multiprobe) were then compared to each
other. For multiplexing and multiprobing, unless otherwise
noted, the Brilliant Multiplex QPCR Master Mix was used.

Comparative Ct method validations—Validation of the com-
parative Ct method for H. akashiwo and C. subsalsa has been
reported previously (Coyne et al. 2005). The amplification effi-
ciencies of target and reference standard of the calibrator used
for C. cf verruculosa were examined with DNA extracted from
environmental water sample during a C. cf verruculosa bloom.
The water sample (BC3T17) was collected on 31 August 2004
from the Delaware Inland Bays and validated for use as a cali-
brator sample as in Coyne et al. (2005).

Efficiency estimates—Amplification efficiencies were calcu-
lated using 10-fold dilutions of the DNA (either plasmid or
genomic), using the following equation:

E = 10(–1/slope) – 1.

Assessment

Secondary structures—All primers and probes were evaluated
for secondary structure using the Operon oligo toolkit (http://
www.operon.com/oligos/toolkit.php). The ideal sequence
affinity is less than 6 base pair complements. When compar-
ing primer and probe combinations that would be used
together, the following had a greater than 6-bp complement:
Cv probe to itself (8-bp complement), pGEM probe to itself
(8-bp complement), and primer Cv1780F to itself (6-bp com-
plement). This does not mean that the primers and probes
listed above are unusable but that they may reduce amplifica-
tion efficiencies in QPCR reactions (Peters et al. 2004). The
other combinations of primers and probes used in multiplex-
ing assays described here have fewer than 6 bp complements
and should not form primer-dimers.

Probe design—CChhooiiccee  ooff  qquueenncchheerr.. We compared robustness
(measured as the change in fluorescence) and reproducibility of
probes synthesized with a FAM reporter and either a nonfluo-
rescent (BHQ; Biosearch Technologies) or fluorescent (TAMRA)
quencher. Both probes were purchased from the same com-
pany (Integrated DNA Technologies). Using C. subsalsa plasmid
(0.01 ng/µL) as template in triplicate reactions, the BHQ probe
outperformed the TAMRA probe in both reproducibility and
robustness (data not shown). In addition, the lower Ct value
when using BHQ indicates a greater sensitivity of detection.

CChhoooossiinngg  rreeppoorrtteerr  ddyyeess.. The ABI 7500 is capable of detect-
ing a range of fluorophores, including FAM (6-carboxyfluores-
cein, emission spectrum 554 nm), HEX (6-carboxy-2′,4,4′,5′,7,7′-
hexachlorofluorescein, emission spectrum 555 nm), TXRD
(Texas red, emission spectrum 583 nm), and Cy 5 (CY Dye,
emission spectrum 668 nm), which are spectrally distinct
enough from each other to use in multiplexed reactions (Boeck-
man et al. 2003). TXRD was initially used as a reporter dye for
the internal standard pGEM but was found to be incompatible
with other reporter dyes in multiplex reactions. Each time the
TXRD-labeled pGEM probe was combined with any of the other
probes, it caused them to fluoresce, even if the target DNA for
the other probes was not present during the reaction (data not
shown). Because the passive reference dye (ROX) and TXRD
have similar emission wavelengths, it is possible that fluores-
cence from TXRD interfered with ROX detection. A FAM-
labeled pGEM probe was then synthesized and found to be
compatible with HEX- and CY5-labeled species-specific probes.

Primer/probe specificity—All species-specific primer sets ampli-
fied only the species for which they were designed, and the
raphidophyte primer set 1 amplified only C. subsalsa and 
H. akashiwo. Raphidophyte primer set 2 amplified all DIB
raphidophytes. Primers for the internal standard, pGEM, did
not amplify PCR products generated by the other plasmids or
environmental samples (Coyne et al. 2005). Specificity of the
H. akashiwo– and C. subsalsa–specific primers and probes was
demonstrated previously (Coyne et al. 2005).

The probes were also evaluated for specificity against all plas-
mids used, to be sure they were only targeting 1 species (Table 3).
Fluorescence generated in QPCR reactions with species-specific
probes occurred only in the presence of the DNA template they
were designed for. Positive PCR amplification resulted using the
general raphidophyte primer set 2 for each of the C. and H. iso-
lates (data not shown). QPCR amplification with primer set 2
and species-specific probes, however, resulted in no fluores-
cence when the H. akashiwo probe was used in reactions with
DNA extracted from Chattonella isolates, nor when the C. sub-
salsa probe was used with DNA extracted from H. akashiwo,
C. antiqua, and C. marina isolates (data not shown).

Multiplex validation of 3 targets using plasmids—After opti-
mizing each primer/probe set, accuracy and sensitivity of mul-
tiplex reactions were evaluated for C. subsalsa, H. akashiwo, and
C. cf verruculosa. Initially, equal concentrations of each plasmid
were combined (0.01 ng/µL final concentration of each tem-

Handy et al. Multiplexing algal species with QPCR

197



plate). Raphidophyte primer set 1 and Cv primers were used in
a multiplex reaction with species-specific probes. Results were
compared to simplex reactions using the same primer/probe
combinations in separate reactions containing only 1 tem-
plate. At equal template concentrations, the Ct values obtained
in simplex and multiplex reactions were not significantly dif-
ferent, with P values of 0.75, 0.39, and 0.33 for H. akashiwo,
C. subsalsa, and C. cf verruculosa, respectively (Student t test: 2-
sample, equal variance, unpaired). In addition, the robustness
of the reactions (measured by the overall change in fluores-
cence) for the simplex and multiplexed reactions was not dif-
ferent for C. cf verruculosa (data not shown) and only marginally
different (difference in ∆Rn < 5) for the 2 other species.

Although this result is encouraging, it is not realistic for
environmental monitoring since species are rarely in equal
abundance. We found that when concentrations of one or
more of the target plasmids decreased, the fluorescence was
shifted to a higher Ct value or lost altogether compared with
the same concentration of template in the simplex reaction.
This result could be caused by competition for reagents or dif-
ficulties in amplifying one template when others are present
in great excess (Wawrik et al. 2002). It would appear that with
the technology currently available, accurately quantifying cell
abundances for these 3 targets over a range of dilutions may
be extremely difficult if not impossible.

Multiplex/multiprobe validations with C. subsalsa and H. akashiwo
plasmids—A series of dilution experiments were then con-
ducted to determine the efficiencies of simplex, multiplex
(using species-specific primers), and multiprobe (using
raphidophyte primer set 1) reactions for C. subsalsa and
H. akashiwo. To accomplish this, the concentration of one
template was held constant and the other was varied by a
series of 10-fold dilutions (i.e., C. subsalsa at 0.01 ng/µL in
combination with 10-fold dilutions of H. akashiwo). By using
plasmids instead of genomic DNA, the copy number of the

initial template DNA can be normalized between target
species. Multiplex and multiprobe reactions produced similar
results. When the dilutions resulted in a 100-fold difference in
DNA concentration of the 2 targets, the efficiency of the reac-
tion would diminish (data not shown). Results were the same
even if total starting concentration of DNA (for both species)
was reduced (data not shown). Amplification efficiencies
(10(–1/slope) – 1) for H. akashiwo were always better than for
C. subsalsa when they were multiplexed/multiprobed (64% vs.
39% efficiencies as an example).

It has been noted by Becker et al. (2000) that probes which
have asymmetric distributions of AT- and GC- rich domains
might have a tendency toward a higher degree of base pair mis-
matching. They recommend that a probe should not target a
sequence with an AT-rich section. This phenomenon may cause
the C. subsalsa (Cs) probe to be less efficient than the H. akashiwo
(Ha) probe. These two probes are similar in sequence except for
a 4-bp segment near the middle of the probe where the Cs probe
sequence is CTTT and the Ha probe sequence is ACGA. Although
the calculated Tm is the same for both probes, it is possible that
the difference in sequence may result in slightly lower probe-
target duplex stability for the Cs probe than the Ha probe.

The amplicon size and sequence could also account for the
reduced sensitivity and amplification efficiency for the tem-
plate at lower concentrations. The relatively large length of
the amplicons (377 bp) may result in reduced Taq enzyme pro-
cessivity. For multiplex/multiprobe reactions, this reduction
in processivity would be exacerbated for templates at lower
concentrations. In addition, the sequences of the amplicons
are 97% identical. As a result, the amplicon of the template in
higher concentration may be annealing to the template in lower
concentration, competing with primers during the annealing
step. This would decrease reaction efficiency whether in mul-
tiplex or multiprobe conditions.

Raphidophyte primer set 2 was designed to amplify a shorter
segment to see if this would increase the efficiency of the
multiprobing reactions (data not shown). Whereas the ampli-
fication efficiencies for simplex reaction increased with reduc-
tion of amplicon size (96% to 100%), the results of multi-
probing reactions with primer set 2 were slightly worse than
with primer set 1, with amplification efficiencies decreasing
from 64% to 60% (data not shown). We concluded that the
nearly identical sequences of the H. akashiwo and C. subsalsa
amplicons have a greater impact on amplification efficiency in
multiplex/multiprobe reactions than amplicon size.

Multiplex validation with heterogeneous plasmid targets—The
primers used for C. cf verruculosa yield shorter amplicons
than the ones used for C. subsalsa and H. akashiwo (239 bp
vs. 377 bp). Because C. cf verruculosa is phylogenetically dis-
tinct from C. subsalsa (Bowers et al. 2004), the 18S rDNA
sequences for these 2 species are more heterogeneous than
C. subsalsa and H. akashiwo. To test our hypothesis that formation
of amplicon heteroduplexes is inhibiting multiplex/multiprobing
reactions between H. akashiwo and C. subsalsa, we compared
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Table 3. Specificity of primer and probe combinations.

Probes

Target 0.1 ng/µµL plasmid Primers used Ha Cs Cv

C. cf. verruculosa multiplex Raph primer set 1

Cv 1561F/1780R – – +

C. subsalsa multiplex Raph primer set 1

Cv 1561F/1780R – + –

H. akashiwo multiplex Raph primer set 1

Cv 1561F/1780R + – –

H. akashiwo simplex Raph primer set 1 + – –

C. subsalsa simplex Raph primer set 1 – + –

C. cf. verruculosa simplex Raph primer set 1 – – –

C. cf. verruculosa simplex Cv 1561F/Cv 1780R – – +

H. akashiwo simplex Cv 1561F/ Cv 1780R – – –

C. subsalsa simplex Cv 1561F/ Cv 1780R – – –

Cv, C. cf. verruculosa; Cs, C. subsalsa; Ha, H. akashiwo.



those results to multiplex reactions of C. cf verruculosa with 
C. subsalsa. A dilution series of C. cf verruculosa and C. subsalsa
plasmids was prepared as described for C. subsalsa and H. akashiwo
(Figure 1A). The amplified insert of C. cf verruculosa was also
multiplexed with the pGEM internal standard plasmid
(Figure 1B). The simplexed and multiplexed reactions resulted
in nearly identical Ct values over 3 orders of magnitude for the
C. cf verruculosa plasmid (Figure 1A,B). When 10-fold dilutions
of C. subsalsa were combined with a constant concentration of
C. cf verruculosa, however, the result was the same as with 
H. akashiwo, in which the Ct values were shifted to higher val-
ues with a > 100-fold difference in concentration. Here, the
results for C. cf verruculosa suggest that shorter amplicons allow
multiplex reactions to proceed with greater efficiency. It is not
always possible to design primers that produce short amplicons
and are species-specific, but our results demonstrate that these
characteristics improve the accuracy of multiplex/multiprobe
reactions. In addition, multiplex reactions for species that are

genetically distant from each other yield more accurate results.
Validation of multiplexing/multiprobing with environmental

samples—Calibrator samples were prepared from environmen-
tal samples collected during blooms of C. subsalsa, C. cf verru-
culosa, and H. akashiwo. Each species was enumerated by
microscopic cell counts. DNA extracted from these field sam-
ples was then used to calculate abundances by QPCR for water
samples [see Handy et al. (2005) and Coyne et al. (2005) for
review]. It is more appropriate to compare simplexing and
multiplexing using calculated cell counts rather than Ct val-
ues, because small changes in the Ct value will correspond to
exponentially greater differences in calculated cell numbers. A
comparison of results indicates the accuracy of the calibrator
samples in calculating cell abundances for unknown samples
(i.e., whether results using a multiplexed calibrator would be
the same as a simplexed calibrator). Three different groups of
environmental samples were examined.

Fifteen samples collected from DIB during the summer of
2004 were used to directly compare cell counts calculated by
multiprobing vs. simplexing of C. subsalsa and H. akashiwo
(Figures 2 and 3A,B). For phytoplankton populations contain-
ing these 2 species of Raphidophytes in the DIB, C. subsalsa
tends to be the dominant one (K.J.C. , unpublished data).
Species-specific primers were used for the simplexing, whereas
raphidophyte primer set 1 was used for multiprobing with
species-specific probes. In this case, Universal Master Mix was
used. The results are presented in both a bar graph (Figure 2) to
depict calculated cell counts for both species within each sam-
ple, and as a linear regression (Figure 3A,B) of simplex vs. mul-
tiprobing results for each species. Figures 2 and 3A,B show that
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Fig. 1. Comparison of simplexed C. cf verruculosa using Cv1561F/1708R
primers (�) to multiplexed reaction with C. subsalsa using raphidophyte
prime set 1 (�) (A) or with pGEM internal standard (�) (B). Error bars are
the standard deviation of the Ct value; if not visible, error bars were smaller
than symbols.

Fig. 2. Comparison of cell abundances determined by simplex (simp)
and multiprobe (multi) QPCR analysis of C. subsalsa (Cs) and H. akashiwo
(Ha) in environmental water samples. The black and white bars indicate
values obtained for Cs by multiprobe and simplex reactions, respectively,
and the light gray and hatched bars indicate the values obtained for Ha
by multiprobe and simplex reactions, respectively. Raphidophyte primer
set 1 was used for the multiprobe reactions.



QPCR-calculated cell counts for both the simplex and multi-
probing reactions were strikingly similar for both species. The
only times that the multiprobing resulted in a loss of signal,
compared to the simplex reactions, were when the more dom-
inant species (C. subsalsa in all of these cases) was 1000-fold
greater than the lesser species (H. akashiwo; samples 617, 701,
720, 722, and 805) and/or when the less abundant species was
present at 10 cells L–1 or less (H. akashiwo; samples 720, 722,
805, and 817; Figure 2). In each of these cases, H. akashiwo was
present at concentrations less than 250 cells L–1 (calculated by
the simplex QPCR results). This level of sensitivity is vastly
better than the sensitivity of microscopic cell counts (about
10,000 cells L–1) commonly used by monitoring programs.

Linear regression analysis of the multiprobe versus simplex
results shows how closely results from the two methods agree
with one another (correlation coefficient), whether there is a
trend for one method to overestimate cell abundances 
(y-intercept) and if there is a density-dependent error in esti-

mating cell abundances (slope). The correlation coefficient for
simplex versus multiprobe of C. subsalsa (r 2 = 0.96) demon-
strates an excellent agreement in calculated cell abundances
between this group of samples. The y-intercept was essentially
0 (0.24 cells L–1), and the slope of the line (0.906) indicates
that cell densities calculated by multiprobing QPCR will be
approximately 10% lower than simplexing (Figure 3A).

Figure 3B illustrates the differences between simplex and
multiprobing results for H. akashiwo. The y-intercept of –0.6
with a slope of 1.02 suggests that, overall, multiprobe results
are comparable to those obtained by simplexing over the
range of cell concentrations tested. The correlation coefficient
(r 2 = 0.751), however, suggests less agreement between these
two methods compared to the results for C. subsalsa. This is
not surprising, as lower template concentrations tend to lead
to greater variability in QPCR results (Peirson et al. 2003;
S.M.H., K. Portune, D.A.H., and K.J.C. , unpublished data).
Comparing the abundance of H. akashiwo (2 to 29,000 cells L–1

by simplex results) to C. subsalsa (40 to 24,000,000 cells L–1 by
simplex results), one would expect greater error in combined
QPCR results for H. akashiwo. By removing the points repre-
senting times when cell abundances of C. subsalsa were 1000-
fold greater than H. akashiwo (Figure 3B, �), the correlation
coefficient increases to 0.889 (data not shown).

In spite of the weak agreement between simplex and multi-
probing results, amplification of H. akashiwo in multiprobe reac-
tions occurred even when it was much less abundant than 
C. subsalsa within the same field sample. These results are sur-
prising compared to those obtained by using plasmid templates
in multiprobe reactions. The differences in results between
using plasmid and environmental DNA as template may be a
result of differences in gene copy number. Currently the copy
number of the 18S rRNA gene in these harmful algal species is
unknown. It is possible that H. akashiwo has a much higher
gene copy number than C. subsalsa, so that even low numbers
of cells are detectable in environmental samples, but not when
plasmids of equal copy number are used for multiprobing. Alter-
natively, the primer specificity may increase with the complex-
ity of the DNA from environmental samples (discussed below).

Six environmental water samples from the DIB containing 
C. subsalsa and C. cf verruculosa were also examined. DNA
extracted from these samples was simplexed, multiplexed,
and multiprobed for both C. subsalsa and C. cf verruculosa
(Figure 4A-D). For the simplex and multiplex reactions, species-
specific primers and probes were used. Raphidophyte primer
set 2 was used for the multiprobe reactions. Cell numbers were
calculated with the use of calibrator samples. When the calcu-
lated cell abundances were compared by linear regression
(multiplex or multiprobe vs. simplex), the results were striking
(Figure 4A-D). For both species, r 2 values suggest that simplex
results agree more closely with results from multiplex reac-
tions than with multiprobing (0.999 vs. 0.867 for 
C. subsalsa, and 0.963 vs. 0.890 for C. cf verruculosa). For both
species, y-intercepts were close to 0, but the slopes of the lines

Handy et al. Multiplexing algal species with QPCR

200

Fig. 3. Linear regression analysis of cell abundances determined by sim-
plex vs. multiprobe reactions for environmental samples containing both
C. subsalsa (A) and H. akashiwo (B). Error bars are the standard deviation
of the Ct value; if not visible, error bars were smaller than symbols. �, sam-
ples in which C. subsalsa was 1000-fold more abundant than H. akashiwo.



for each graph indicate some overestimation of cell abun-
dances in multiplex/multiprobe reactions compared to simplex
QPCR results.

A final group of 6 environmental water samples was exam-
ined to compare simplexing and multiplexing for C. cf verrucu-
losa and the internal standard pGEM (Figure 5). The slope of the
direct comparison of the two methods was 1.02, with r2 = 0.96.
These results demonstrate that multiplexing the internal stan-
dard and the harmful species C. cf verruculosa can be achieved
in field samples with little to no loss of sensitivity or accuracy.

Multiplex/multiprobe with culture DNA—We wanted to deter-
mine whether the favorable multiplex/multiprobe results with
DNA from environmental samples were generated because of
inherent differences between genomic and plasmid DNA.
Genomic DNA was extracted from cultures of C. subsalsa
(CCMP 2191) and H. akashiwo (CCMP 2393). A comparison
was done with a starting concentration of 2.5 ng µL–1 of
genomic DNA for each of the targets. Ten-fold dilutions were
then made with either LoTE for simplex reactions or a con-

stant concentration of the other target for multiplex and mul-
tiprobe reactions. For the simplex and multiplex reactions, the
species-specific primers were used. For the multiprobing reac-
tions, raphidophyte primer set 1 was used. Results using the
genomic DNA were similar to the plasmid DNA in that when
differences in template concentrations were a 100-fold or
greater, the Ct values increased (data not shown). As an exam-
ple, when C. subsalsa genomic DNA was diluted, amplification
efficiencies decreased from 82% for simplex to 24% for multi-
probe reactions. These data suggest that the greater correlation
between simplex and multiplex/multiprobe reactions for
C. subsalsa and H. akashiwo observed in environmental sam-
ples, when compared to plasmids, does not seem to be a result
of the copy number.

Multiplex/multiprobe of plasmids and genomic DNA with added
SHS—We hypothesized that the higher level of DNA complex-
ity found in the environmental samples had a positive effect
on the accuracy of the results for multiprobe reactions. To test
this, we compared simplex to multiplex/multiprobe results for
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Fig. 4. Comparison of C. subsalsa cell abundance in simplex versus multiplex (A) or multiprobe (B) reactions and of C. cf verruculosa in simplex versus
multiplex (C) and multiprobe (D) reactions for environmental samples containing both C. subsalsa and C. cf verruculosa. �, multiplex reactions; �, multi-
probe reactions.



H. akashiwo and C. subsalsa using either plasmid or genomic
DNA mixed with an environmentally relevant background
level of nontarget DNA (25 ng/µL of SHS DNA). H. akashiwo
and C. subsalsa were chosen because they were difficult to
multiprobe with the plasmid DNA alone yet produced more
accurate results in the environmental samples. In both sim-
plex and multiprobe reactions, the addition of SHS made no
difference in results when using either genomic DNA or plas-
mid template (data not shown). This would imply that the
background level of genomic DNA in environmental samples
is not a factor in the improvement we see for the multiplex/
multiprobe reactions. It is possible, though, that the increased
complexity of DNA extracted from environmental samples
may have a positive effect on these reactions.

Discussion
Here, we designed and evaluated QPCR assays for single tube

detection of multiple raphidophyte species in the DIB using
both multiplexing and multiprobing. We found that 3 DIB
raphidophyte species can be accurately detected and enumer-
ated when the templates are at equal concentrations. With plas-
mid DNA template, however, a reduction in amplification effi-
ciency and sensitivity in multiplex/multiprobe QPCR assays
occurs when template concentrations are not equal. This could
be a consequence of amplicon size or homology. Large ampli-
cons reduce the efficiency of the reaction (Suzuki and Giovan-
noni 1996; Vet et al. 1999) owing to reduced enzyme processiv-
ity (Kainz 2000) and potential misincorporation of nucleotides
during the extension step (Cheng et al 1994). In addition,
amplicons from closely related species, such as H. akashiwo and
C. subsalsa, may form heteroduplexes, outcompeting primers
during the annealing step. This explanation for reduced ampli-
fication efficiency was further supported when raphidophyte
primer set 2 did not alleviate the problem, even though the

amplicons were shorter and could be more efficiently amplified.
It is recommended then, that targets chosen for multiplexing or
multiprobing should have primers designed for short amplicons
and have heterogeneous sequences.

The problems encountered when using plasmid or genomic
DNA as template were not observed for environmental samples.
We found that raphidophytes in environmental water samples
were accurately detected and enumerated in multiprobing QPCR
reactions when cell abundances for the two species are within 3
orders of magnitude. In fact, multiprobing of the environmental
samples examined worked very well, with sensitivities much bet-
ter than the limits of microscopy (the lower limit for these envi-
ronmental samples was 30 cells L–1 for H. akashiwo, compared
with 10,000 cells L–1 with microscopy). Accuracy is only greatly
affected when one target is in excess of the other by a factor of
1000 cells or more. During these instances, however, the lesser
species was present at very low cell concentrations (< 250 cells L–1).
In all environmental samples tested, C. subsalsa was always at a
higher abundance than H. akashiwo, so the amplification effi-
ciencies could not be determined for multiprobing reactions in
which H. akashiwo is dominant.

Results obtained using DNA extracted from environmental
samples demonstrated greater amplification efficiency for
multiplexing and multiprobing compared to plasmid tem-
plates. This result was surprising, as DNA from environmental
samples is typically more difficult to amplify (Bostrom et al.
2004) than DNA from lab cultures or plasmids due to inhibi-
tion. Humic acids, for example, may coprecipitate with DNA
from field samples and are known to decrease PCR efficiency
(Tebbe and Vahjen 1993). Conversely, results of this investiga-
tion indicate similar or increased amplification efficiency for
all targets investigated in environmental samples. Reasons for
this may be the increased level of nontarget DNA in environ-
mental samples such that primer specificity increases with the
complexity of the DNA. However, amplification of plasmid
and genomic DNA in the presence of sheared herring sperm
DNA did not improve multiplex/multiprobe results.

When enumerating cell abundances by QPCR, normaliz-
ing differences in extraction and amplification efficiencies
to an internal control will provide more accurate results
(Coyne et al. 2005). Typically, two separate reactions are
required to determine first the Ct values of the target
species, and then the Ct values of the internal standard
(pGEM). A source of error could be introduced because these
assays are performed in different wells (often at different
times), and with a different DNA aliquot for each assay. Any
variation in pipetting would also affect the results. However,
because pGEM has no homology to the raphidophyte DNA
targets, our results suggest that the two can be multiplexed
from the same DNA aliquot.

Although there have be a few publications on enumerating
raphidophyte species by QPCR in simplex reactions (Bowers et al.
2004; Coyne et al. 2005; Handy et al. 2005), there have been no
reports of multiplexing of these species or of any harmful algal
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Fig. 5. Comparison of C. cf verruculosa cell abundances in environmental
water samples for simplex vs. multiplex reactions with pGEM.



species. Using existing methods, we advanced these assays one
step further. In addition, we have outlined a protocol and identi-
fied limitations of this technique that may be of use to others
interested in developing multiplex or multiprobe QPCR assays.
This methodology is appropriate for monitoring agencies inter-
ested in using QPCR to determine cell abundances for multiple
harmful species, or for any investigator interested in efficiently
enumerating multiple algal species in a mixed community at a
lower cost. The method has been shown to be robust and sensi-
tive for environmental samples targeting harmful DIB raphido-
phytes as well as the internal standard pGEM. This technology
offers a time- and money-saving alternative to simplexing, with-
out losing the sensitivity and specificity of QPCR.

Comments and recommendations
Expenses—Currently the master mix is the most expensive

part of QPCR, at approximately $3.70 per sample if the Strat-
agene Brilliant Multiplex master mix is used. Mixes can be pre-
pared in the lab, but for simplicity and consistency we decided
to use a manufactured master mix that had been optimized for
multiplexing. Work is also being done in our laboratory to val-
idate the use of smaller reaction volumes (K. Portune and
K.J.C. , unpublished data).

Probe design—For the purpose of these experiments, only
linear hydrolysis probes were investigated, and only with 4
reporter dyes (FAM, HEX, TXRD, and CY5). There are many
different types of probes [see Wong and Medrano (2005) for
review] and reporter dyes (for a list see http://www.idtdna.
com/Catalog/DNAProbes/Page1.aspx). We found that probes
synthesized with CY5 and FAM as the reporter molecule are
spectrally well resolved and work well together.

Development of multiplexing and multiprobing techniques—
Although multiplexing and multiprobing are powerful tools
that could reduce costs and increase accuracy for molecular
investigations of specific groups of harmful algae, the develop-
ment and validation process can be difficult and expensive.
The probes and primers must be optimized for each successive
target, and, as demonstrated here, the results can be unpre-
dictable. Researchers must use caution when interpreting results
that show a large difference in template quantity or very low
template concentrations for environmental samples. These
assays work well outside the noted constraints. Newer QPCR
instruments and probe advancement will no doubt make these
methods easier and more efficient in the future (Klein 2002).
However, it is our intention here to critically evaluate the capa-
bilities and limitations of this technique with equipment and
reagents in common use today so that the protocol outlined in
this article may be directly relevant to other investigations of
raphidophytes or for those attempting to design multiplexing
or multiprobing protocols for other species.
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