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The development of molecular probe technologies over the last several decades has enabled more rapid
and specific identification and enumeration of phytoplankton species compared to traditional
technologies, such as light microscopy. Direct comparisons of these methods with respect to
physiological status, however, are sparse. Here we directly compare quantitative real-time PCR (qPCR)
and sandwich hybridization assay (SHA) for enumerating the raphidophyte Heterosigma akashiwo at

Iéejl/lworL:S: several points during its growth phase, over a diel cycle and with macronutrient stress in laboratory
D?el cczlcdee cultures. To ensure consistency between comparisons, a single cellular homogenate was generated from

Heterosigma akashiwo each culture and split for analysis by qPCR and SHA. Since the homogenate was generated from the same
Nutrient stress number of cells during each experiment, results reflect changes in nucleic acid content (rRNA and DNA)
qPCR at each time point or in response to environmental conditions relative to a reference sample. Results
SHA show a greater level of precision in SHA results which contributed to significant (2-3 fold) differences in
rRNA content per cell in several of these analyses. There was significantly greater rRNA content during
lag and exponential phases compared to stationary phase cultures, and a significant decrease in rRNA
content during the light cycle compared to cells harvested in the dark. In contrast, there were no
significant differences in DNA content per cell as determined by qPCR over a diel cycle or during different
growth phases. There was also no decrease in either rRNA or DNA content for cultures under low P
conditions compared to nutrient replete conditions. However, both rRNA and DNA content were
significantly lower under N stress when compared to nutrient replete conditions. Results of this study
suggest that growth stage, nutrient stress and cell cycle may impact molecular analyses, and that

physiological status should be taken into account when using these methods for HAB monitoring.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction require the use of electron microscopy (Anderson, 1995), which is

not amendable to high-throughput analysis (Culverhouse et al.,

A fundamental requirement for any harmful algal bloom (HAB)
monitoring program is the accurate determination of both species
and abundance. Light microscopy has historically been the method
of choice for detection, identification, and enumeration of HAB
species, but this technique can be time consuming and may require
specialized training for accurate identification between species or
strains. In addition, the use of microscopy for monitoring HAB
species may not be sensitive enough to detect organisms that are a
minor component of the assemblage (Anderson et al., 2005; Godhe
et al., 2007). Further identification to the species level may also

* Corresponding author.
E-mail address: kcoyne@udel.edu (KJ. Coyne).

http://dx.doi.org/10.1016/j.hal.2014.05.014
1568-9883/© 2014 Elsevier B.V. All rights reserved.

2003). Over the past couple of decades, development of molecular
probe technologies have enabled rapid and specific identification
of phytoplankton species while also providing increased sensitivity
of detection (Coyne et al., 2001, 2005; Greenfield et al., 2006;
Godhe et al., 2007). As a result, the use of molecular approaches in
HAB research and monitoring programs has increased (Rhodes
et al., 2001; Anderson et al., 2005, 2012; Haywood et al., 2009).
Quantitative real-time PCR (qPCR) and sandwich hybridization
assay (SHA) are two molecular approaches that have been
developed for detection and quantification of HAB species (Tyrrell
et al., 2002; Coyne et al., 2005; Haywood et al., 2007; Greenfield
et al., 2008). Each approach uses targeted molecular probes or non-
specific fluorescent dyes for detection and quantification. The
techniques differ in that qPCR typically targets DNA and requires
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isolation and purification of DNA from samples, whereas SHA uses
direct detection of ribosomal RNA (rRNA) from unpurified and
unamplified samples (Greenfield et al., 2006; Scholin et al., 2003).
Both technologies have been used extensively in the marine
environment for quantitative detection of HAB species including
Pseudo-nitzschia (Scholin et al., 1997), Aureococcus anophagefferens
(Popels et al., 2003), Alexandrium fundyense (Godhe et al., 2007),
Karlodinium veneficum (Handy et al., 2008), Karenia brevis (Gray
et al.,, 2003; Haywood et al., 2007), Cochlodinium polykrikoides
(Mikulski et al., 2008), Ostreopsis spp. (Hariganeya et al., 2013) and
several raphidophyte species, including Heterosigma akashiwo
(Tyrrell et al., 2002, 2001; Coyne et al., 2005; Bowers et al., 2006;
Handy et al., 2006; Demir et al., 2008; Greenfield et al., 2008;
Portune et al., 2009).

Heterosigma akashiwo is a globally distributed harmful alga (Li
and Smayda, 2000; Tyrrell et al., 2002; O’Halloran et al., 2006;
Kempton et al., 2008; Portune et al., 2009) that has been implicated
in fish killing blooms in China (Tseng et al., 1993), Japan (Honjo,
1992), New Zealand (Chang et al., 1990), South Africa (Bates et al.,
2004) and estuaries on the east (Kempton et al., 2008) and west
(Rensel et al., 2010) coasts of the United States. Although both
gqPCR (Coyne et al., 2005; Handy et al., 2006; Bowers et al., 2006;
Demir et al., 2008; Portune et al., 2009) and SHA (Tyrrell et al.,
2002, 2001; Greenfield et al., 2006, 2008) have been developed and
independently validated for this HAB species, direct comparison of
these methods has only recently been carried out (Doll et al., 2014).
In this recent study, Doll and co-authors directly compared the
accuracy and sensitivity of each method for enumeration of H.
akashiwo over a range of cell concentrations. In addition, several
strains of H. akashiwo representing various geographic origins
were assessed using qPCR and SHA, with results showing a high
degree of correlation between methods. These results also
highlighted the capabilities and limitations of each method. For
example, qPCR accurately enumerated cells over a wide range of
cell concentrations but was less able to distinguish differences in
small (~2-fold) changes in cell abundance. By comparison, SHA
was capable of detecting small changes in cell concentrations,
particularly at pre-bloom levels, but became oversaturated at
higher levels of cell abundance (Doll et al., 2014).

The physiological status of the cell may also affect the accuracy
of gPCR and SHA to enumerate cell abundances (e.g. Miller et al.,
2002; Tyrrell et al., 2002; Haywood et al., 2007; Dittami and
Edvardsen, 2012), but rigorous comparisons between these
methods with respect to physiological status of HAB species have
not been conducted. Changes in growth rate during bloom
progression, for example, are likely to impact both DNA (Berdalet
et al, 1992) and rRNA content (Ayers et al., 2005), and can
contribute to an overestimation of cell abundance during
exponential growth compared to stationary phase when using
SHA (Tyrrell et al.,, 2001; Dittami and Edvardsen, 2012). Diel
changes in the cell cycle are also accompanied by changes in
cellular DNA and rRNA content (Zachleder and Setlik, 1988;
Berdalet et al., 1992). In Heterosigma akashiwo, replication of DNA
occurs during the daylight (Satoh et al., 1987; Lee et al., 2012;
Tobin et al., 2013), suggesting that enumeration of cell densities
from samples collected during the light and dark cycles may yield
different results by either qPCR or SHA. Finally, nutrient stress can
affect both growth rates and rRNA synthesis. In photosynthetic
organisms, RNA is a major source of non-storage phosphorus
(Raven, 2013), and the concentrations of rRNA have been shown to
decrease under phosphorus limitation in a number of phytoplank-
ton species (Elser et al., 2000, 2003; Flynn et al., 2010). Nitrogen
limitation, on the other hand has a direct impact on protein
content, which can result in lowered growth rates and adversely
affecting rRNA content per cell (Rhee, 1978; Miller et al., 2002;
Sterner and Elser, 2002; Dittami and Edvardsen, 2012). Although

this has been demonstrated for H. akashiwo (e.g. Blanco et al,,
2013), the effect of nutrient stress on DNA-based analysis such as
PCR have not been investigated for this species.

The objective of this study was to examine the potential effects
of physiological status on the accuracy of qPCR compared to SHA.
This research extends the study of Doll et al. (2014), by directly
comparing qPCR and SHA methods for enumerating cell density
with respect to (1) diel cycle, (2) growth phase, and (3)
macronutrient (nitrogen and phosphorus) stress, using Hetero-
sigma akashiwo as a model organism. Results of this study are
broadly applicable to research and monitoring efforts for H.
akashiwo and other HAB species.

2. Materials and methods
2.1. Culture conditions

Heterosigma akashiwo, Center for Applied Aquatic Ecology
(CAAE) strain 1663, previously isolated from an estuary in Hilton
Head, South Carolina, USA (32.18° N, 80.74° W), was used for all
experiments. Batch cultures of H. akashiwo were grown in 500 mL
f]2 medium (-Si) at a salinity of 25 (Guillard and Ryther, 1962).
Cultures were kept at 25 °C with 140 wE m~2s~! irradiance on a
12:12 h light:dark cycle. For all experiments, cell densities were
determined from replicate (5-9) counts using a light microscope
and a Sedgewick-Rafter chamber, as a reference for results
produced by qPCR and SHA according to previously described
methods (Doll et al., 2014; Greenfield et al., 2008). The Sedgewick-
Rafter chamber detects lower concentrations of cells and replicate
counts have smaller deviations than either a Palmer-Malony slide
or a hemocytometer (Godhe et al., 2007).

2.2. Cellular homogenization

For each experiment described below, cultures were filtered
using a gentle vacuum (380 mmHg) onto 25 mm, 0.65 pm pore size
hydrophilic Durapore filters (Millipore) with a minimum of 10 filters
per sample. Filters were immediately placed into 2 mL cryovials
(Nalgene, Rochester, NY, USA), sample facing inward, and then
stored in liquid nitrogen until processing. For direct comparison of
qPCR and SHA, a single cellular homogenate was generated then split
for use in both assays as described in Doll et al. (2014). Briefly, frozen
filters (n=5) were briefly thawed, then incubated with 2 mL of
0.2 wm filtered lysis buffer containing guanidinium thiocyanate
(3 M, pH 8.9, Saigene Biotech Corporation, Marina, CA, USA) at 85 °C
for 5 min (Goffredi et al., 2006). Homogenate within each cryovial
was then combined and syringe-filtered through a 0.22 wm Millex
filter (Fisher). A 2 mL aliquot of filtered homogenate was removed
and stored at —80 °C until shipped overnight on dry ice to the
University of Delaware (Lewes, DE, USA) for qPCR analyses as
described below. A second portion of the cellular homogenate
(250 L per sample well) was analyzed for SHA as described below
at the University of South Carolina (Charleston, SC, USA).

2.3. Growth phase and diel cycle

Batch cultures (n = 3) were sampled at the start of the light cycle
over four growth phases (lag, exponential, stationary and decline,
Fig. 1). Growth phases were determined by cell counts of batch
culture as described above. At each phase, 40,000 cells from each
replicate were collected by gentle vacuum onto 0.65 pum Durapore
filter. Additional sampling occurred during exponential stage for
comparison of changes during the diel cycle. Sampling for diel
cycle began at the start of the light cycle (Ty), and additional
samples were collected at 4, 8, 12 and 20 h after To. Samples were
collected, filtered and stored in liquid nitrogen as above.
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Fig. 1. Growth curve of Heterosigma akashiwo. Arrow heads (W) represent collection
dates for growth phase experiment: lag phase, Day 3; exponential phase, Day 10;
stationary phase, Day 22; and decline phase, Day 31.

2.4. Macronutrient stress

To examine the effects of low levels of nitrogen (N) and
phosphorus (P) on quantification of Heterosigma akashiwo, initial
batch cultures were grown to exponential stage. A pre-treatment
sample in nutrient replete f/2 medium (—Si, 883 wM NaNO; and
36.3 WM NaH,P04-2H,0) consisting of ~60,000 cells from the
batch culture was collected and used for establishment of cultures
in low nitrogen (low N, 1:1 N:P, 36.3 wM NaNO; and 36.3 uM
NaH;P04-2H,0) or low phosphorus (low P, 100:1 N:P, 883 uM
NaNO; and 8.83 uM NaH,P042H,0) media (n=3). Control
cultures were nutrient replete in f/2 (—Si) seawater medium.
Batch cultures were grown to exponential phase in low N or P
media or nutrient-replete f/2 (control) medium and transferred a
second time to minimize carryover from nutrient replete condi-
tions. Cell counts were conducted as above, and acclimatized
cultures were sampled during exponential phase at the start of the
light cycle for qPCR and SHA analyses. Sample volumes containing
40,000 cells were collected, filtered and stored in liquid nitrogen as
described above.

The physiological status of Heterosigma akashiwo was assessed
in tandem with sampling for qPCR and SHA analyses. The
efficiency of photosystem II, Fv/Fm, was measured as an indicator
of stress (Parkhill et al., 2001) using a Phyto-PAM fluorometer
(Walz, Germany) after a 25 min dark adaptation. Chlorophyll a
(chl a) concentrations were measured after extraction with 90%
acetone (Arar and Collins, 1992). In addition, samples for
particulate carbon (PC) and nitrogen (PN) analysis were collected
to detect changes in C:N. Culture (1 mL) was concentrated onto a
pre-combusted GFF and stored desiccated until analysis using a
Costech Elemental Combustion System CHNS-O 4010 (Costech
Analytical Technologies Inc., Valencia, CA, USA). An aliquot of
culture was syringe-filtered through a pre-combusted GFF for
dissolved nutrient (N and P) concentrations performed using a
Lachat Quik-Chem-8000 autoanalyzer (Loveland, CO, USA;
Johnson and Petty, 1983; Hansen and Koroleff, 1999). An aliquot
of 2 mL was collected in triplicate from each culture for analysis of
protein and carbohydrate content. Cell pellets were obtained by
centrifuging for 5 min at 10,600 x g. The supernatant was
carefully removed and cell pellets were frozen immediately and
stored at —80 °C until shipping over night for analyses at the
University of Delaware. Proteins were extracted from pelleted
algal cells by sonication in KPi buffer (200 mM potassium

phosphate monobasic and 140 mM potassium hydroxide, pH
7.9). Total protein content was measured using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA) according to manufacturer
instructions. For total carbohydrate content, algal cells were
digested in phenol and sulfuric acid (final concentration 0.66% and
13 M respectively). Samples were incubated in a room tempera-
ture water bath for 30 min and absorbance was read at 482 nm on
a FLUOstar Omega (MG LABTECH GmbH, Germany; DuBois et al.,
1956). Concentrations of each constituent (protein and carbohy-
drate) were determined by linear regression analysis.

2.5. DNA extraction

Prior to extraction of DNA for qPCR analysis, 50 ng mL™' (2 L)
of pGEM plasmid (pGEM-3Z Vector, Promega, Fitchburg, WI, USA)
was added to samples as an internal standard (Coyne et al., 2005).
To provide concentrations of background DNA comparable to those
found in environmental samples, 5 wg mL~! of sheared herring
sperm (Invitrogen, Grand Island, NY, USA) was also added. DNA
was extracted from each cellular homogenate using a DNeasy Plant
Mini Kit (Qiagen, Germantown, MD, USA), eluted in 100 pL of
elution buffer and diluted 1:5 with LoTE (3 mM Tris-HCI, 0.2 mM
EDTA, pH 7.5) prior to qPCR analysis.

2.6. qPCR

qPCR was performed using an Applied Biosystems 7500 Real
Time PCR System (Applied Biosystems, Grand Island, NY, USA).
Abundances of pGEM and Heterosigma akashiwo 18S rDNA were
determined in separate qPCR reactions. DNA was amplified in
10 pL reactions for each target sequence, consisting of 5 pL of
TagMan Universal Master Mix (Applied Biosystems), 1 pL diluted
template and appropriate concentrations for primers and probe.
For amplification of H. akashiwo rDNA gene, final concentrations
were 0.9 wM of each primer (Hs 1350F and Hs 1705R; Coyne et al.,
2005)and 50 nM Hs Probe (Coyne et al., 2005), modified with a 5’-
HEX reporter dye, an internal ZEN quencher and 3’-IBFQ1
quencher molecule (Integrated DNA Technologies, Coralville, IA,
USA). For amplification of the internal standard pGEM plasmid,
final concentrations were 0.9 wM of each primer (M13F and
pGEMR; Coyne etal., 2005),and 0.2 wM pGEM Probe (Coyne et al.,
2005). Cycling parameters for amplification of each target gene
consisted of 2 min at 50 °C, 10 min at 95 °C for activation of the
polymerase, followed by 40 cycles of 15 s at 95 °C, 30 s at 56 °C,
and 1min at 72 °C. Relative abundance of H. akashiwo was
determined using a standard curve generated from H. akashiwo
18S rRNA plasmid and normalized to the relative abundance of
PGEM in each sample. Results of each analysis were then
normalized to a reference sample for ease of comparison between
methods.

2.7. SHA

Detailed methodologies for using SHA with a 96-well plate and
robotic processor are described elsewhere (Goffredi et al., 2006).
Briefly, homogenized samples (250 L) were loaded in triplicate to
pre-made 96-well plates (Saigene Biotech Corporation) containing
the capture probe Het 1 and signal probe Raph BI DIG (Dioxygenin;
Tyrrell et al., 2001, 2002; Greenfield et al., 2008). Hybridization
reactions were conducted in triplicate at 30 °C with biotinylated
prongs (Saigene Biotech Corporation) on an Affirm robotic
processor (Microprobe Corporation, Southbury, CT, USA; Goffredi
et al,, 2006), and 0.2 pm-filtered lysis buffer only was used as a
control. When the reaction was complete, optical density was
measured using a Synergy HT plate reader (Biotek, Winooski, VT,
USA), and results were recorded at 450 nm using Gen 5 software
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Fig. 2. qPCR and SHA analysis during growth of Heterosigma akashiwo. Results were
normalized to stationary phase for ease of comparison. Error bars represent one
standard deviation.

(Biotek). Results of each analysis were then normalized to a
reference sample as above.

2.8. Statistics

Statistical comparisons were performed using the R statistical
package (R Core Team, 2012). Outliers were determined using the
Dixon’s Q test, with removal of outliers if the p-value was <0.05.
Data from growth phase, diel cycle and nutrient stress experiments
were examined for significant relationships between treatment
groups using a 1-way ANOVA. A difference between procedures or
treatments was considered significant if the p-value was <0.05. If a
significant relationship was detected, further examination was
carried out using a Tukey honest significant differences (Tukey
HSD) post hoc test to determine relationships.

3. Results
3.1. Growth phase

Results for qPCR and SHA analyses of samples containing the
same number of cells collected from lag, exponential, stationary
and decline growth phases were normalized to average results of
the stationary phase cultures for comparison. qPCR results were
not significantly different over the four collection periods (Fig. 2),
due in part to the large standard deviations among replicate
samples. Mean optical densities from SHA analyses were not
significantly different between lag and exponential phases but
were significantly different (p < 0.001) for all other comparisons.
For SHA analysis, calculated cell densities (expressed as relative
rRNA content) during lag and exponential phase growth were 3.1
and 3.3 times greater, respectively, than stationary phase for SHA
analysis, while cultures in stationary phase were 1.7 times greater
than that of decline phase cultures.

Table 1

gPCR SHA

Fig. 3. qPCR and SHA analysis during the diel cycle for Heterosigma akashiwo. Results
were normalized to Ty (lights on). Error bars represent one standard deviation.

3.2. Diel cycle

gPCR and SHA results were normalized to results at Ty for the
diel cycle experiment (Fig. 3). Results for qPCR analysis were not
significantly different between sampling time points. Cell abun-
dance as determined by SHA analysis was significantly different
(p < 0.001) between results obtained at Tp and Tg, Tg and Ty, and
Tg and Tye. Calculated cell densities during Ty, T15, and Too were 1.4,
1.5 and 1.3 times greater, respectively, than cell densities at Tg.

3.3. Macronutrient stress

Nutrient concentrations for low N and P cultures and control
cultures are shown in Table 1. Several additional measurements
were used to evaluate physiological status. Fv/Fm measures the
quantum yield efficiency of photosystem II and has been
previously shown to indicate physiological status of phytoplank-
ton in natural and cultured samples (Jakob et al., 2005). In the
current study, Fv/Fm was significantly lower (p < 0.05) in low N
cultures compared to nutrient replete conditions (Table 2). Chl a
concentrations and protein content were lower in low N and P
cultures, but only low N cultures were significantly lower
(p < 0.05) than nutrient replete conditions (Table 3). Carbohydrate
content for low N cultures was significantly greater (p < 0.001)
than controls, with 9.4 times more carbohydrates than nutrient
replete conditions, whereas low P cultures were not significantly
different than controls. Finally, pgNcell"! were significantly
higher (p <0.001) in low P cultures than replete conditions
(Table 3) and pg C cell~! were significantly higher in both low N
and P cultures (p<0.001 and p < 0.05 respectively) when
compared to replete cultures (Table 3). However, the C:N ratio
of low P cultures was not significantly different from nutrient
replete cultures.

Results of qPCR and SHA analyses were normalized to nutrient
replete (control) samples (Fig. 4). qPCR results for low N cultures
were significantly lower (p < 0.05) than nutrient replete (control)

Mean nutrient concentrations and nitrogen to phosphorus (N:P) ratio (+sd) after transfer during the nutrient-stress experiment. Sampling occurred during exponential phase
growth.

Treatment Nitrite (M) Nitrate (M) Orthophosphate (M) Ammonium (M) N:P

Control 0.64+0.01 774.40 +95.06 25.95+0.66 4.01+0.53 30.1+2.64
Low N 0.33+£0.03 6.76 +11.40 38.60+5.31 2.29+052 0.220+£0.259
Low P 0.74+0.25 820.90+27.44 1.85+2.05 2.95+0.18 892 +617
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Table 2
Mean Fv/Fm and chl a content (+sd) for nutrient-stress experiments. Sampling
occurred during exponential phase.

Treatment Fv/Fm Chl a (pgcell 1)

Control 0.65+0.01 5.05%x10°°+0.09 x 10°°
Low N 0.59+0.02° 3.51x10°5+0.59 x 10~
Low P 0.67 +0.01 3.87x10°°+0.65x10°°
" p<0.05.

cultures, which were 1.98 times greater than low N cultures.
Similar results were obtained from SHA, where replete cultures
were 1.36 times greater than the low N cultures.

4. Discussion

In this study we examined the effects of growth phase, diel
cycle, and macronutrient stress on quantification of Heterosigma
akashiwo by qPCR and SHA in order to determine whether
physiological factors may contribute to variability in results
obtained by these methods. Ribosomal RNA sequences typically
contain conserved and variable regions that allow for differentia-
tion of species (Diaz et al., 2010), and both 18S rRNA and its gene
sequence (rDNA) within the genome are abundant in eukaryotes,
making this an ideal target for molecular methods. However, rDNA
copy number within the cell changes during cell division (due to
genome duplication), which may affect qPCR results during
periods of rapid growth. Cellular content of 18S rRNA may also
vary over the diel cycle (Berdalet et al., 1992) and can be affected
by nutrient stress (Vrede et al., 2004), potentially impacting the
accuracy of SHA results.

Both SHA and qPCR methods have been used to enumerate
Heterosigma akashiwo in laboratory culture experiments (Tyrrell
et al., 2001, 2002; Bowers et al., 2006; Greenfield et al., 2008;
Handy et al., 2006, 2008), and in field samples (Ayers et al., 2005;
Coyne et al., 2005; Demir et al., 2008; Greenfield et al., 2008; Handy
et al., 2005, 2008; Portune et al., 2009; Ryan et al., 2011), but
rigorous comparisons between these two methods have never
been carried out across a range of physiological conditions. In this
study, the number of cells filtered for analysis at each sampling
point was kept constant to minimize errors due to extraction
efficiencies or range of detection. Results were then normalized to
a reference sample to facilitate comparison between the two
methods. Since the same number of cells was filtered for each time
point or treatment, the results presented here are indicative of the
relative nucleic acid content of DNA (for qPCR) or rRNA (for SHA)
per cell.

In general, standard deviations between replicate samples were
greater for qPCR compared to SHA, indicating a greater level of
precision by SHA. A number of factors may contribute to errors by
each of these methods. Quantification of nucleic acid content by
qPCR can be influenced by the quantity and quality of DNA
extracted (Bostrom and Simu, 2004; Coyne et al., 2005). Inhibitory
compounds that co-precipitated with DNA during extraction may

Table 3
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Fig. 4. qPCR and SHA analysis for Heterosigma akashiwo cultures during low nutrient
concentration conditions. Results were normalized to nutrient replete (control)
cultures. Error bars represent one standard deviation.

also affect the efficiency of the PCR reaction. Addition of exogenous
reference standard DNA to the extraction buffer can control for
variability in extraction and amplification efficiencies, as both
target and reference standard DNA are equally affected (Coyne
et al., 2005). In Coyne et al. (2005), the reference standard plasmid
PGEM was added to the bulk extraction buffer, resulting in a
constant concentration of the reference standard between
samples. In this study, we found that addition of pGEM to the
buffer interfered with SHA analysis (data not shown), requiring us
to add the plasmid to each split sample before extraction for qgPCR
analysis. Errors in pipetting when adding the exogenous reference
standard to individual samples, however, may have contributed to
greater standard deviation between replicates when analyzed by
gPCR. In addition, PCR amplification is exponential, so that small
differences in reference standard DNA content can result in greater
standard deviations between replicates. In contrast, SHA measures
RNA content within the lysate and does not require further
amplification of the target for detection and quantification,
resulting in lower standard deviation between replicates. While
the results obtained by SHA showed greater precision, Doll et al.
(2014) demonstrated that qPCR had a greater range and sensitivity
of detection compared to SHA without adjusting sample volume or
diluting the homogenate.

For the growth phase study, results obtained by both qPCR and
SHA were not significantly different between earlier growth stages
for either method (Fig. 2). The trend to higher nucleic acid content
during the early growth stages for qPCR analysis may be attributed
to an increase in DNA content when a greater proportion of cells
were undergoing cell division. rRNA content has also been shown
to be positively related to specific growth rate (Elser et al., 2000;
Sterner and Elser, 2002; Vrede et al., 2004), which would
contribute to the greater signal by SHA during lag and exponential

Protein (pgcell!), carbohydrate content (pgcell™!), protein:carbohydrate ratio, nitrogen and carbon per cell (pgcell '), and C:N ratio (+sd) for nutrient-stress experiment.

Sampling occurred during exponential phase.

Treatment Proteins Carbohydrates Protein:carbohydrate ratio Nitrogen cell™! Carbon cell™! C:N ratio
Control 48.66 +6.47 12.10+9.51 3.99+231 52.64+4.76 177.91+£13.99 3.95+0.20
Low N 28.76+9.85 114.56+101.20" 0.13+0.10 NA 512.85+192.40" NA

Low P 39.04+1.81 16.94+10.02 2.51+047 79.55+6.49" 240.64+43.07 3.524+0.48

NA represents below detection limits.
" p<0.05.
" p<0.01.
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growth phases compared to stationary phase. These results are
consistent with those of Tyrrell et al. (2001) who previously
demonstrated using SHA that Heterosigma akashiwo rRNA content
declined by a factor of approximately 2 between exponential and
stationary stages. A decline in SHA signal associated with growth
phase was also noted for Karenia spp. (Haywood et al., 2007),
where the variability in results was attributed to cell lysis of
unhealthy cells during filtration, or the possible inhibition of rRNA
synthesis during senescence.

Previous research demonstrated that the diel cell cycle in
Heterosigma akashiwo is light dependent, with DNA synthesis
occurring during the light cycle, and cell division occurring at night
(Kohata and Watanabe, 1986; Satoh et al., 1987; Lee et al., 2012).In
the data presented here, qPCR and SHA data generated over a diel
cycle was normalized to Ty (lights on). Although results obtained
by qPCR were not significantly different over the course of the day,
the trend toward higher nucleic acid content during the light phase
may be due to the higher proportion of cells that were synthesizing
DNA (Lee et al., 2012). A discrepancy in qPCR results over a diel
period has also been noted in other species. In the dinoflagellate
Lingulodinium polyedrum, for example, cell division caused an
asynchrony between microscopic counts and abundances deter-
mined by qPCR (Moorthi et al., 2006). In contrast, results obtained
by SHA showed a decrease in rRNA during the daylight which
returned to levels similar to the initial time point at T, and T»q
(Fig. 3). This may be due to circadian patterns of transcription, with
greater rRNA content required at the beginning of light and dark
phases (Tp and Tq,; e.g. Doran and Cattolico, 1997). A similar
pattern of diel variability in rRNA content was observed in
Synechococcus cultures entrained in a 12:12 h light:dark cycle
(Lepp and Schmidt, 1998). In this case, a decrease in rRNA content
during daylight hours due to the circadian control of transcription
was not considered plausible, because of the large number of genes
that were differentially expressed during the light compared to
dark phases. Instead, the diel pattern was attributed to a rate of cell
division that exceeded rRNA transcription. Results presented here
agree with the pattern observed in Synechococcus, but not with the
explanation. Instead, rRNA synthesis in Heterosigma appears to
keep pace with cell division, so that rRNA levels at Ty, and T,q are
similar to levels at To. The decrease in rRNA content during the day
may be a consequence of cells managing internal resources. H.
akashiwo has a very large nuclear genome (~2.9 pg DNA cell!;
Cattolico et al., 1976), suggesting that shared cellular resources
such as P, that are typically incorporated into RNA may be diverted
to dNTP synthesis, resulting in lower rRNA content.

Nitrogen (N) and phosphorus (P) concentrations are potential
limiting nutrients for primary producers in aquatic environments
(Beardall et al., 2001), and their concentrations can vary
substantially over the course of a bloom. Low concentrations of
N and/or P can have an effect on cellular DNA and rRNA content.
Several studies, for example, demonstrate that regulation of rRNA
synthesis is coupled to nutrient availability in yeast and
mammalian cells (reviwed by Grummt, 2003). Although little is
known about the molecular regulation of rRNA synthesis in
phytoplankton, several studies have shown a relationship between
N and P limitation and decreases in rRNA content in phytoplankton
species. In Alexandrium fundyense, for example, N and P limitation
resulted in a 4-fold decrease of rRNA fluorescence intensity when
compared to nutrient replete conditions (Anderson et al., 1999).
Similar results were noted in a recent study on Heterosigma
akashiwo (Blanco et al., 2013), where N depletion significantly
lowered cellular rRNA content after 72 h when compared to
controls. N and P are also required for DNA synthesis, and
limitation of either or both of these nutrients will result in lower
growth and average DNA content per cell (Berdalet et al., 1996). In
work presented here, we evaluated cell status at N:P ratios that

deviated considerably from the Redfield ratio of 16:1 as a metric
for assessing whether cells were stressed by N or P availability. Fv/
Fm values for cultures with low concentrations of N were
significantly lower when compared to nutrient replete cultures
(Table 2). Chl a measurements have often been used as a metric of
cell density, but chl a content per cell can vary with nutrient status
(Geider and La Roche, 2002; Geider et al., 1993; Moore et al., 2008).
In this study, chl a content of cells in low N cultures of H. akashiwo
was significantly lower than controls (Table 2). Finally, protein to
carbohydrate ratios may be used as indicators of nutrient
limitation (Pick, 1987), with ratios > 1.2 indicative of no deficiency
while ratios < 0.7 as an indicator of extreme deficiency. In our
study, the protein to carbohydrate ratio of low N cultures was 0.13,
confirming that N stress had a significant effect on carbon
partitioning in Heterosigma (Table 3). There was no indication
from the protein to carbohydrate ratios that the low P cultures
were under P-stress. The half-saturation constant (Ks) for growth
on orthophosphate for other strains of H. akashiwo (Zhang et al.,
2006) were lower than the concentrations used here, suggesting
that these cultures may not have been truly P limited. Likewise,
cellular carbon to nitrogen ratios were not significantly different
for low P cultures compared to controls whereas particulate N in
low N cultures was below the level of detection (Table 3).

The level of nutrient stress as demonstrated by Fv/Fm, C:N and
carbohydrate:protein ratios proved to be a good indicator for gPCR
and SHA results. Calculated cell abundances in low N cultures were
significantly lower than controls for both qPCR and SHA analyses,
whereas results for low P cultures were similar to nutrient replete
conditions. For qPCR, the decrease in nucleic acid content under
low N conditions was likely due to decreased growth rates, as
noted above. It was surprising, however, that SHA results were
more significantly affected by low N concentrations than low P
concentrations. RNA is a major source of non-storage P in
photosynthetic organisms, and therefore a decline in RNA content
would be expected under low or limiting P conditions (Raven,
2013). The data presented here do not demonstrate this,
suggesting further that cultures were not truly P-stressed. Instead,
it was likely that decreased rRNA under low N conditions was a
function of decreased growth, as proposed by the Growth Rate
Hypothesis (GRH; Sterner and Elser, 2002). GRH suggests that
rRNA content is linked to cellular requirements for protein
synthesis, which is reduced during periods of low growth (Elser
et al., 2000). While there is some controversy about that
application of GRH to phytoplankton taxa (Flynn et al., 2010),
the general assumption that decreases in rRNA content under N-
stress are a consequence of low growth rate is supported by a
number of investigations. Several studies, (e.g. Rhee, 1978;
Worden and Binder, 2003) for example, have demonstrated that
RNA content is reflective of growth rate in phytoplankton.
Zachleder and Setlik (1988) also demonstrated a decline in the
abundance of RNA for nitrate starved cells of the freshwater alga
Scenedesmus quadricauda. In Hymenomonas carterae and Thalas-
siosira weissflogii, RNA content during nitrogen limitation de-
creased to one third of replete conditions (Olson et al., 1986).
Finally, Berdalet et al. (1994) showed that N starvation led to
parallel decreases in RNA and protein concentrations in Hetero-
capsa sp.

Previous results examining qPCR and SHA methods individually
indicated that these methods could be used for accurate
identification and quantification of Heterosigma akashiwo in
laboratory and field samples (Tyrrell et al., 2002, 2001; Greenfield
et al., 2008; Handy et al., 2006, 2008; Ryan et al., 2011). However,
this investigation demonstrates that growth stage, nutrient stress,
and cell cycle may also impact results of molecular analysis,
suggesting that resource managers should consider these factors
when evaluating results from either method. Our results suggest
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that “calibrator” samples, consisting of a sample collected under
similar conditions and for which a cell count has been done, may be
necessary to accurately ground-truth molecular methods (Coyne
et al., 2005). However, exact cell abundances may not be required
by resource managers, since often the 2-3 fold difference in cell
abundances shown here may be within acceptable limits of
variability. Batch cultures used here were not exposed to
environmental conditions such as changes in temperature or
nutrient flux, or inter- or intraspecific competition for resources,
which may also impact results. Future work will examine these
factors using field collected samples in order to determine their
effects on qPCR and SHA results.
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