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Abstract
Background: The role of coastal nutrient sources in the persistence of Karenia brevis red tides in coastal waters of
Florida is a contentious issue that warrants investigation into the regulation of nutrient responses in this
dinoflagellate. In other phytoplankton studied, nutrient status is reflected by the expression levels of N- and Presponsive gene transcripts. In dinoflagellates, however, many processes are regulated post-transcriptionally. All
nuclear encoded gene transcripts studied to date possess a 5’ trans-spliced leader (SL) sequence suggestive, based
on the trypanosome model, of post-transcriptional regulation. The current study therefore sought to determine if
the transcriptome of K. brevis is responsive to nitrogen and phosphorus and is informative of nutrient status.
Results: Microarray analysis of N-depleted K. brevis cultures revealed an increase in the expression of transcripts
involved in N-assimilation (nitrate and ammonium transporters, glutamine synthetases) relative to nutrient replete cells.
In contrast, a transcriptional signal of P-starvation was not apparent despite evidence of P-starvation based on their
rapid growth response to P-addition. To study transcriptome responses to nutrient addition, the limiting nutrient was
added to depleted cells and changes in global gene expression were assessed over the first 48 hours following nutrient
addition. Both N- and P-addition resulted in significant changes in approximately 4% of genes on the microarray, using
a significance cutoff of 1.7-fold and p ≤ 10-4. By far, the earliest responding genes were dominated in both nutrient
treatments by pentatricopeptide repeat (PPR) proteins, which increased in expression up to 3-fold by 1 h following
nutrient addition. PPR proteins are nuclear encoded proteins involved in chloroplast and mitochondria RNA processing.
Correspondingly, other functions enriched in response to both nutrients were photosystem and ribosomal genes.
Conclusions: Microarray analysis provided transcriptomic evidence for N- but not P-limitation in K. brevis.
Transcriptomic responses to the addition of either N or P suggest a concerted program leading to the reactivation
of chloroplast functions. Even the earliest responding PPR protein transcripts possess a 5’ SL sequence that
suggests post-transcriptional control. Given the current state of knowledge of dinoflagellate gene regulation, it is
currently unclear how these rapid changes in such transcript levels are achieved.

Background
Blooms of the dinoflagellate Karenia brevis occur nearly
annually on the west Florida shelf, initiating in the late
summer/early fall at depth before being transported
along sub-surface currents and upwelled into coastal
waters. There they may become further aggregated to
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form dense blooms that can dominate the water column
for several months [1-3]. In recent years the duration
and intensity of these blooms appear to have increased.
A record red tide in 2005-6 persisted for more than 12
months and caused extensive mortality at all trophic
levels in more than 2000 km2 off the west central Florida coast [4]. In addition, the occurrence of blooms in
the northern Gulf of Mexico in the past decade surpassed previous records, resulting in three major marine
mammal mortality events in the Florida panhandle during that time period [5]. The recent intensity of bloom
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activity has raised alarm regarding the source of nutrients supporting high biomass blooms for extended durations, particularly whether anthropogenic sources of
nitrogen and phosphorus due to extensive coastal development and agriculture have contributed to this
increase [6]. Understanding the contribution of nutrient
sources to the persistence of coastal blooms requires
knowledge of how nutrient utilization by K. brevis permits this slow growing dinoflagellate to successfully
compete in coastal waters.
Karenia brevis blooms experience diverse nutrient
environments as they are transported shoreward from
their near-bottom initiation in oligotrophic waters and
become upwelled into surface coastal waters. Karenia
brevis can efficiently utilize both inorganic and organic
forms of carbon, nitrogen and phosphorus and its ability
to carry out both autotrophic and heterotrophic metabolism is believed to provide a competitive advantage.
This coupled with its low light adaptation may enable K.
brevis to outcompete obligate autotrophs under low
light conditions at depths found on the mid-Florida
shelf [7]. Recent studies suggest that K. brevis is capable
of accessing nitrogen from the sediment pore water
through nutrient-directed swimming behavior [8].
Upwelling conditions on the west Florida shelf typically
favor nitrate-assimilating diatoms, yet once initiated K.
brevis often dominates hundreds of square kilometers
and can represent a significant portion of the primary
production [2,9,10]. Estimates of both N and P required
to support dense blooms of K. brevis exceed the concentrations of either inorganic N and P available, which are
typically 0.02-0.2 μM and 0.025-0.24 μM, respectively
[10]. In contrast, organic N ranges from 8-14 μM and
organic P from 0.2-0.5 μM. Current evidence suggests
that N and P from multiple sources are required to
maintain dense blooms, and that these sources vary
temporally and spatially over the course of a bloom,
including estuarine flux, atmospheric deposition, benthic
flux, zooplankton excretion, and regenerated N released
from Trichodesmium blooms and decomposing fish that
result from bloom toxicity associated with brevetoxins
[10,11].
The biochemical pathways by which K. brevis acquires
and assimilates different sources of N and P are poorly
characterized. However, the molecular characterization
of these pathways in other phytoplankton groups provides some insight, particularly with the recent sequencing of three different species of diatom [12]. N-uptake
is generally mediated by high affinity nitrate transporters
and ammonium transporters. NO3- is reduced by cytosolic nitrate reductase to NH4+ and NO2- [13]. NO2- is
reduced by nitrite reductase to NH4+. NH4+ is assimilated in the plastid by glutamine synthetase II. A cytosolic glutamine synthetase, GSIII, acts separately to
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catalyze the assimilation of ammonium originating from
the environment or cytoplasmic reactions. A number of
genes in the N-assimilatory pathway in diatoms that are
differentially regulated by the presence of NO3- or NH4+
have been identified as useful biomarkers for N-status,
including glutamine synthetase II, nitrate reductase, and
ammonium transporters [14]. Understanding the regulation of N-assimilation pathways in K. brevis may similarly provide insight into its utilization of nutrients
during high density blooms.
Genomic studies have shed light on the mechanisms
of phosphorus acquisition primarily in prokaryotic phytoplankton. In the cyanobacteria, Synechocystis [15], Prochlorococcus, [16], and Synechococcus [17], genes
comprising the phosphorus responsive Pho regulon are
strongly induced under P-starvation. These generally
include a P-responsive histidine kinase phoR, a master
regulator phoB, P-specific ABC transporters, and alkaline phosphatase phoA, as well as P-metabolism genes.
However, the gene topology and even presence of Presponsive gene clusters may vary between ecotypes
within a species, which may reflect their adaptation to
different P regimes [18,19]. In the green algae, Chlamydomonas reinhardtii, a phosphorus starvation response
(PSR1) transcription factor regulates inducible phosphate uptake mechanisms, including high affinity H+/Pi
symporters, Na +/P i cotransporters, and alkaline phosphatase [20]. Among other eukaryotic microalgae, Ptransport and assimilation are less well characterized.
An inducible high affinity phosphate transporter in the
prasinophyte, Tetraselmis chui, was suggested to serve
as a probe for monitoring phosphate stress [21].
Sequencing of the genome of the diatom Thallassiosira
pseudonanna has also identified high affinity phosphate
transporters [13]. The coccolithophore, Emiliania huxleyi, has a putative phosphate-repressible permease [22],
which is up-regulated under low-P conditions [23].
Organic phosphate sources can be accessed in a wide
variety of phytoplankton through the activity of extracellular alkaline phosphatases. Alkaline phosphatase transcripts in the coccolithophore E. huxleyi respond rapidly
to fluctuations in phosphorus levels and are up-regulated in P-starved cells [24].
In contrast to other phytoplankton studied, it is currently unclear the extent to which dinoflagellates regulate gene expression at the level of transcription.
Dinoflagellate chromatin lacks nucleosomes and exists
in a tightly packed liquid crystal state, with peripheral
arches of exposed DNA thought to be areas undergoing
active transcription [25]. Many genes are present in
multiple, divergent copies, often arrayed in tandem
repeats. No recognizable promoter sequences (e.g.,
TATA boxes or initiator elements) have been identified
in dinoflagellate genes. Instead, many physiological
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processes appear to be regulated at the translational
level, including bioluminescence [26,27], carbon fixation
[28], photosynthesis [29] and the cell cycle [30,31]. The
discovery of a conserved 22-nucleotide trans-spliced leader sequence (SL) on diverse (possibly all) dinoflagellate
transcripts [32,33] provides a possible mechanism to
explain the prevalence of post-transcriptional gene
expression. SL trans-splicing was first identified in trypanosomes, which carry out constitutive transcription of
polycistronic messages. Polycistronic pre-mRNAs are
processed into mature single-gene messages through the
trans-splicing of the leader sequence at a splice acceptor
site approximately 100 nt upstream of each start codon
[34,35]. These trans-spliced messages then serve as a
stable pool available for translation on demand. Transsplicing is one of many examples of convergent evolution in dinoflagellates and trypanosomes [36] and, by
analogy with trypanosomes, the widespread presence of
the SL on dinoflagellate mRNAs suggests post-transcriptional control of gene expression. Like trypanosomes,
the intergenic sequences between tandemly arrayed
copies of actin genes in Amphidinium carterae possess
splice acceptor sites approximately 100 nt upstream of
each open reading frame [37]. Unlike trypanosomes, in
which polycistronic messages contain a series of different genes, the few examples studied in dinoflagellates
consist of tandemly arrayed copies of the same gene
[37]. In some cases, genes present in tandem arrays lack
stop codons and are therefore not only co-transcribed,
but also co-translated into polyproteins that are matured
by protein cleavage [38-40]. Nonetheless, the presence
of the SL mechanism does not preclude the possibility
of differential rates of transcription. For example, major
diurnal differences in transcript abundance of peridinin
chlorophyll a proteins and light harvesting complex proteins in Amphidinium carterae correlate with DNA
methylation within or near their coding regions, suggesting that their differential transcription may be regulated by differential chromatin condensation [41].
In the current study we sought to determine how
nutrient limited K. brevis responds to nutrient (N, P)
addition and in particular if its response includes a
response at the transcriptome level. To assess transcriptome response we utilized a K. brevis 11K feature microarray to first compare transcript profiles in cultures
under nutrient replete conditions and in N- or P-starved
cells. We then carried out N- or P-additions and compared the transcript profiles over 48 hours following
nutrient addition. Following nutrient addition, differential transcript profiles were observed as early as 1 hour.
The earliest responding transcripts were dominated in
both nutrient treatments by nuclear-encoded transcripts
for PPR proteins, which are involved in chloroplast and
mitochondria RNA processing, as well as photosystem
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and ribosomal genes, suggesting a reawakening of the
cellular metabolic machinery.

Methods
K. brevis Culture Conditions

Batch cultures of K. brevis (Wilson isolate) were maintained in 1 L bottles in f/2 medium using 20 μm filtered,
autoclaved natural seawater (36 ‰) with the following
modifications: ferric sequestrene was substituted for
EDTA · Na2 and FeCl3 ·6H2O and 0.01 μM (final concentration) selenous acid was added. The concentration
of nitrate or phosphate in nutrient replete cultures was
883 μM or 36 μM, respectively. Nitrogen-limited cultures were adapted to 10 μM nitrate and phosphoruslimited cultures were adapted to 0.1 μM phosphate by a
minimum of six serial log phase (Day 7) transfers prior
to experimental treatments. All cultures were acclimated
to a 16:8 h light:dark cycle at 25 ± 1°C and approximately 175-215 μmol photons·m -2 ·sec -1 illumination
from cool white lights.
Nutrient Addition Studies

For nutrient addition studies, triplicate nutrient replete
and low nutrient 1 L cultures (10 μM NO3 or 0.1 μM
PO 4 ) were grown to stationary phase. Using sodium
nitrate or sodium phosphate, 155 μM NO3 or 168 μM
PO4 were added to stationary phase cultures. Nutrient
replete cultures and N- or P-limited cultures were harvested at the time of nutrient addition (Time 0; n = 3)
and total RNA extracted. Following nitrogen addition,
triplicate cultures were harvested at 4, 12, 24, and 48 h
post-addition and total RNA extracted. For phosphorus
addition, triplicate cultures were harvested at 1, 4, 24,
and 48 h post-phosphorus addition and total RNA
extracted. All time points occurred during the light
phase in order to avoid potential diurnal effects on gene
expression [31]. Growth curves were established in triplicate parallel 1 L cultures by collecting 5 mL of nutrient replete, N- or P-limited, and N- or P-supplemented
cells every two days, fixing in glutaraldehyde, and counting using a Beckman Coulter Multisizer 3 (Fullerton,
CA). The specific growth rate (K’) was calculated for
each of the culture conditions [42].
RNA Processing

At each time point post-nutrient addition, triplicate one
liter cultures were harvested by centrifugation at 600 ×
g for 10 m and total RNA was extracted using TriReagent according to the manufacturer’s protocol
(Molecular Research Center, Inc., Cincinnati, OH). RNA
was resusupended in nuclease-free water and further
processed using an RNeasy mini column with on-column DNase digestion (Qiagen, Valencia, CA) according
to manufacturer’s protocol. RNA was then quantified
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using a NanoDrop ND-1000 (Wilmington, DE) and qualified on an Agilent 2100 Bioanalyzer (Santa Clara, CA).
RNA was also extracted from nutrient replete and nutrient deplete cultures (n = 3) at the time of nutrient
addition.
Microarray Analysis

A K. brevis oligonucleotide microarray containing 10,263
60-mer probes designed from our cDNA library as
described by Lidie et al. [43] was used for these studies,
using a one-color protocol. Total RNA (600 ng) was
amplified and labeled with Cy3 dye using a low input
linear amplification kit (Agilent, Santa Clara, CA). The
amplified, labeled RNA was quantified using a NanoDrop ND-1000 and 480 ng of Cy3 labeled targets were
hybridized to the array for 17 hours at 60°C. After
hybridization, arrays were washed according to the manufacturer’s protocol. Microarrays were imaged using an
Agilent microarray scanner. Images were extracted with
Agilent Feature Extraction version 9.5.3.1 and data analyzed with Rosetta Resolver version 7.2 gene expression
analysis system (Rosetta Biosoftware, Cambridge, MA).
Using a rank consistency filter, features were subjected
to a combination linear and LOWESS normalization
algorithm. Based on the Rosetta error model designed
for the Agilent platform, a composite array was generated at each time point from triplicate arrays (representing three biological replicates), in which the data for
each feature underwent a normalization, intensity averaging, and error estimation based on data from the
replicate arrays making up the composite [44]. The
composite arrays were then used to build ratios at each
time point, relative to nutrient deplete cultures the time
of nutrient addition, and a trend analysis was used to
determine the expression pattern of genes throughout
the time course. Only features with absolute differential
expression of 1.7 fold or greater and a p-value ≤ 10-4 on
the composite array in at least one time point were
included in trend analyses. Since genes that operate
within a pathway are often coordinately regulated, these
data were then clustered using a Euclidean metric by a
K-means clustering algorithm to discern subsets of
genes with similar expression patterns. The trend set
was further analyzed for enrichment of specific gene
ontology (GO) categories using the modified Fisher’s
Exact test in Blast2GO version 2.3.6 [45].
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interest were designed and (Additional File 1) used for
qPCR on an ABI 7500 using the ABI Power SYBR
Green master mix (Applied Biosystems, Foster City,
CA). The optimal annealing temperature for each primer set was determined prior to the analysis of experimental samples. The specificity of each primer set and
size of the amplicon were verified by analysis with an
Agilent Bioanalyzer 2100 and further confirmed by melt
curve analysis. The efficiency of each primer set was
determined using a standard curve of cDNA from K.
brevis. A cycle threshold (Ct) was assigned at the beginning of the logarithmic phase of PCR amplification and
the difference in the Ct values of the control and experimental samples were used to determine the relative
expression of the gene in each sample. Contig_5157, a
cyclin dependent kinase, or Contig_2004, a hypothetical
protein, were used for normalization of the nitrogen- or
phosphorus addition study, respectively, with the ΔΔCt
method [46] as their expression did not change significantly in microarray or qPCR experiments (ANOVA, p
> 0.05). Correlation to the N-addition microarray data
set was determined by Pearson Product-Moment Correlation while correlations to the P-addition data set were
determined by Spearman’s Rho, due to a non-normal
data distribution, using JMP version 5.1.2 (SAS Institute,
Cary, NC).
Amplification of trans-spliced messages

Reverse transcription of total RNA was carried out using
Ambion’s RetroScript kit with an oligo(dT) primer
according to manufacturer’s instructions. To confirm
the presence of the spliced leader sequence on PPR
transcripts, a truncated SL primer (5’-TCCGTAGCCATTTTGGCTC-3’) was used in combination with
gene-specific primers as previously described in [32].
Briefly, amplification was carried out for 25 cycles at an
annealing temperature of 60°C using Qiagen’s HotStarTaq Master Mix and the resulting PCR products were
qualified on an Agilent Bioanalyzer 2100, purified using
a Qiagen PCR purification kit, and cloned using Invitrogen’s TOPO TA for Sequencing prior to sequencing in
both directions using M13 forward and reverse primers
on an ABI Prism 3730xl sequencer by SeqWright
(Houston, TX).

Results

Quantitative Real-Time PCR

K. brevis Growth Behavior Under Different Nitrogen
Regimes

Differentially expressed genes of interest were selected
for validation of the microarray results by quantitative
real-time PCR (qPCR). Triplicate reverse transcription
reactions were carried out using 200 ng total RNA with
an oligo(dT) primer using Ambion’s RETROscript Kit
(Austin, TX). Primer pairs specific for the contig of

Karenia brevis cultures grown in f/2 medium with a
starting cell concentration of ~500 cells · mL-1 underwent approximately 7 days of logarithmic growth at a
division rate of 0.6 div · day -1 (Figure 1A). Cultures
grown in 10 μM NO3 had a shorter logarithmic growth
phase of approximately 5 days, entering stationary phase
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Figure 1 The growth of K. brevis under different nutrient
treatments. Growth of K. brevis cultures under f/2, 883 μM NO3,
and N-deplete, 10 μM NO3, conditions and their response to 155
μM NO3 addition during stationary phase (day 9) (A). Growth of K.
brevis cultures under f/2, 36 μM PO4, and P-deplete, 0.1 μM PO4,
conditions and their response to 168 μM PO4 addition during
stationary phase (day 12) (B). Data are mean ± S.E.M. of cell
concentrations in 6 replicate cultures prior to N- or P-addition and 3
replicate cultures post-addition (where 3 of 6 cultures received
nutrient addition, 3 remained untreated).

at a lower cell concentration (Figure 1A) and with a
somewhat lower division rate of 0.48 div · day-1.
When 155 μM nitrate was added to N-depleted cultures once they reached stationary phase (day 9), measurable growth was observed within 3 days of Naddition (Figure 1A). In contrast, cultures grown in f/2
did not exhibit significant growth following addition of
NO3 on day 9 (data not shown). These results indicate
that the cultures grown in 10 μM NO3 entered stationary phase early because of N-depletion.
Transcriptomic Evidence for N-depletion

Microarray analysis was first used to compare the transcriptomes of cultures grown in f/2 (n = 3) to cultures
grown in 10 μM NO3 (n = 3) in stationary phase on day
9 to establish whether signatures of N-depletion were
evident in the 10 μM NO3 cultures, given their rapid
growth response to N-addition. Individual microarrays
were hybridized with RNA from each of the triplicate
cultures. The triplicate arrays were then used to generate an error-weighted composite array for f/2 or 10 μM
NO 3 day 9 cultures and the log ratio of fluorescence
intensity was generated for each probe on the array. A
1.7-fold difference with a p-value ≤10-4 was used as a
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significance cutoff based on our previous establishment
of significance limits using these arrays [47]. Using this
cutoff, 1102 probes (10.7% of array features) differed
between f/2 and 10 μM NO3 stationary phase cultures,
454 of which are annotated. No significant enrichment
for specific gene ontologies was found within these features. Among the annotated features, there was little
evidence of hallmark signs of N-depletion in the 10 μM
NO 3 cultures relative to the f/2 cultures on Day 9
(Table 1). Data mining of microarrays from a separate
study of gene expression in K. brevis over a complete
growth curve in f/2 media (Johnson JG, Morey JS, Neely
MG, Ryan JC, Van Dolah FM: Transcriptome remodeling associated with chronological aging in the dinoflagellate Karenia brevis, submitted) showed increases in
expression of some nitrogen assimilation genes as cultures moved from log phase to stationary phase (Table
1), while a comparison of the f/2 log phase cultures to
the 10 μM NO3 stationary phase cultures in the current
study showed consistent signs of N-depletion, indicated
by significant up-regulation of type III glutamine synthetases, nitrate/nitrite transporters, and an ammonium
transporter (Table 1). Together with the differential
growth responses to NO 3 addition these data suggest
that K. brevis grown in 10 μM NO 3 were N-depleted
once entering stationary phase.
Transcriptomic Response of N-depleted K. brevis to
Nitrogen Addition

Microarray analysis of gene expression was carried out
on N-depleted K. brevis at 0, 4, 12, 24, and 48 h following the addition of 155 μM NO 3 on day 9. Individual
microarrays were hybridized with RNA from individual
cultures at each time point (n = 3), which were then
used to generate an error-weighted composite array at
each time point. All raw gene expression data have been
deposited in NCBI’s Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/, GEO series accession
number GSE28362). For analysis of gene expression
throughout the time course, a high quality trend set was
compiled including only those features that exhibited at
least 1.7 fold change and a p ≤ 0.0001 in at least one
time point. This filtering resulted in a trend set of 456
features (4.4% of array features), of which 218 could be
annotated (BLASTx e-value ≤ 1e-4; Additional File 2).
Few features (39) qualified for the trend set at the 4 h
time point whereas 307 qualified at the 48 h time point,
which represented the greatest change relative to the Ndepleted cultures at time of NO3 addition (Time 0). Of
the nitrogen assimilation pathway components that were
up-regulated in the N-depleted cells relative to N-replete
cells, none changed significantly over the 48 h time
course following N-addition. Overall, PPR proteins were
the most highly represented gene family in the trend
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Table 1 Fold-change in expression of genes in the nitrogen assimilation pathway in cultures grown in 10 μM NO3 vs f/
2 medium
Stationary 10 μM NO3/
Stationary f /2
Gene
Ammonium transporter
Glutamine synthetase, type III

type I or II

Nitrate transporter, NRT2

Nitrate/nitrite transporter

Stationary f/2/Log f/2

Stationary 10 μM NO3/
Log f/2

Contig #

Top BLASTx
e-value

fold change

p-value

fold change

p-value

fold change

p-value

11443

1.00E-54

1.30

0.0023

2.00

8.58E-16

2.50

9.14E-13

214

1.00E-16

1.00

0.9574

2.69

5.68E-10

2.58

6.58E-07

2216
2215

1.00E-07
1.00E-15

2.34
1.93

1.00E-07
0.0007

-1.05
1.08

0.4424
0.1709

2.07
1.98

1.95E-06
0.0002

2193

5.00E-58

1.12

0.3888

1.28

0.1693

1.44

0.0337

547

1.00E-19

-1.28

0.0071

1.29

0.0005

1.00

0.9323
0.0006

780

2.00E-45

1.00

0.5756

1.95

0.0002

1.77

3886

1.00E-11

1.31

0.2593

1.97

0.1347

2.68

0.01

2750

4.00E-22

1.39

0.0249

-1.68

5.68E-07

-1.20

0.0347

77

2.00E-32

-1.15

0.2534

-1.25

2.28E-05

-1.36

0.0317

1567

1.00E-98

1.21

0.401

3.26

5.80E-13

3.70

2.68E-09

11115

2.00E-99

1.25

0.1016

1.70

1.48E-06

2.18

0.6118

Bolded values meet the significance cutoff of ±1.7 and p ≤ 10 .
-4

set, comprising 13.3% of the annotated features with significant change in expression. Furthermore, 32% of the
features corresponding to PPR proteins on the microarray were included in the trend set. Enrichment analysis
by Blast2GO indicated significant over-representation of
several categories of genes in the trend set, including
structural constituents of the ribosome, amino acid
metabolic/biosynthetic processes, and plastid functions
(Fisher’s Exact, FDR < 0.05, Figure 2A). Whereas the
overall trends for the ribosome and plastid functions
were up-regulation, the overall expression levels of the
sulfur amino acid metabolic processes decreased over
the 48 h time course. Within the enriched GO term for
sulfur amino acid metabolic processes, genes involved in
catalysis of the transfer of a methyl group from S-adenosyl-methionine were up-regulated, whereas genes
involved in methionine biosynthesis were down-regulated (Additional File 3).
Since genes that operate within a pathway are often
coordinately regulated, the trend set was next analyzed
using K-means clustering with a Euclidean distance
metric to discern subsets of genes with similar expression patterns. Five gene clusters identified distinctly different patterns of expression following NO3 addition
(Figure 2B).
Cluster 1 contained 80 features showing little change
at 4 and 12 h, mild down-regulation at 24 h followed by
stronger down-regulation at 48 h post-N-addition (Figure 2B). Thirty-four features were annotated and
included 2 DnaJ chaperone proteins (Hsp 40), a Cu/Zn
SOD, and all 4 of the serine/threonine protein

phosphatases included in the trend set (Additional File
2). No significant enrichment of any GO term was
found in this cluster. These genes were not up-regulated
in N-deplete cultures relative to log or stationary phase
cultures grown in f/2 (data not shown). Therefore, this
strong down-regulation does not appear to be not a
return to steady state levels over this short time course.
Cluster 2 contained 184 features showing little change
at 4 and 12 h with increasing up-regulation through 24
and 48 h (Figure 2B). Among the 87 annotated features
were several ribosomal proteins, PPR proteins, photosystem 1 (psI) and photosystem 2 (psII) proteins, and several enzymes involved in DNA repair (Additional File 2).
As in Cluster 1, no significant enrichment of any GO
term was observed.
Cluster 3 included 110 probes, 55 of which were
annotated (Additional File 2). These features show little
change at 4 h post-N-addition with stronger down-regulation throughout the remainder of the time course (Figure 2B). Many genes involved in various aspects of
amino acid metabolic processes were found in this cluster. As a result, this cluster shows significant enrichment
of nitrogen compound biosynthetic processes as well as
sulfate assimilation and reduction, and amino acid biosynthetic/metabolic processes (Fisher’s Exact test, FDR <
0.05, Figure 3A). These enrichments are driven by the
presence of 3-phosphoadenosine-5-phosphosulfate
reductase and homoserine dehydrogenase genes involved
in methionine and threonine biosynthesis, which are
down-regulated 2-3 fold. An ornithine carbamoyltransferase, involved in arginine biosynthesis, also belongs to
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Figure 2 Transcriptomic response to nitrate addition. Selected
significantly enriched GO terms within the N-addition trend set
relative to all sequences on the array (A) using a modified Fisher’s
Exact Test in Blast2GO (FDR < 0.05). The plotted values are the
average fold change for all probes in the enrichment group. Heat
map of K. brevis trend set for N-addition (B) microarray studies. Kmeans clustering with a Euclidean distance metric were applied to
a filtered data set requiring at least 1.7 fold change and a p-value ≤
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Figure 3 Significantly enriched GO categories in response to Naddition in K. brevis. Selected categories of enrichment from
cluster 3 (A) and cluster 5 (B) of the N-addition trend set.
Enrichment was determined relative to all sequences on the array
using a modified Fisher’s Exact Test in Blast2GO (FDR < 0.05). The
plotted values are the average fold change for all probes in the
enrichment group. Clusters 1, 2, and 4 of the trend set did not have
any significant enrichment of GO terms.

cluster were helicases and genes involved in amino acid
or ribosome binding. Together these created significant
enrichment in GO categories corresponding to regulation of plastid transcription and plastid functions/organization (Fisher’s Exact Test, FDR < 0.05, Figure 3B).
qPCR Validation of the NO3 Addition Microarray Results

the nitrogen compound biosynthetic processes term
(Additional File 3).
Cluster 4 was a small cluster of only 13 features that
show strong down-regulation throughout the time
course (Figure 2B). Among the 6 features that were
annotated there is no apparent commonality in function
or localization (Additional File 2). Calreticulin, which
qualified for the trend analysis at all 4 time points, was
included in this cluster as was ubiquitin.
Cluster 5 contained 69 features that were strongly upregulated throughout the time course, particularly at 12
h (Figure 2B). Of the 36 annotated features, 60% were
PPR proteins (Additional File 2). Other genes in this

Ten features were selected for verification by real-time
PCR (Figure 4), including Contig_5041 a cdc2-like protein kinase, used for normalization with the ΔΔC t
method. Changes in gene expression measured by qPCR
strongly support the microarray results, with a correlation of 0.82 across the time series (p < 0.0001, n = 36).
Correlations at individual time points increased
throughout the time series, as did the magnitude of
change observed. Disagreement between qPCR and
microarray occurred only when minimal changes in
expression were observed, as has been previously
reported [47]. A minimal correlation of 0.56 (p = 0.113,
n = 9) was observed at 4 h where, with one exception,
all changes were less than ± 1.5 fold by both qPCR and
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of 0.56 div · day-1 (Figure 1B). The cultures grown in 0.1
μM PO4 entered stationary phase after approximately 7
days, and had a similar division rate of 0.53 div · day-1
(Figure 1B). Consequently, nutrient addition was carried
out on day 12, when both P-deplete and cells grown in
f/2 were in stationary phase. When 168 μM PO 4 was
added to the f/2 cultures on day 12 no additional
growth was seen (data not shown). In contrast, the Pdepleted cultures resumed growth following PO4 addition, exceeding the maximal cell density of cultures
grown in f/2 by day 21 (Figure 1B). The growth
response to PO4 addition in the P-depleted cells suggests that they entered stationary phase at least in part
due to P-depletion
Transcriptomic Evidence for P-depletion is Largely Absent

-2

array. Correlations increased to 0.84 at 12 h (p = 0.005,
n = 9), 0.91 at 24 h (p = 0.0006, n = 9), and reached a
maximum of 0.94 at 48 h (p = 0.0002, n = 9).

Microarray analysis was next used to compare the transcriptomes of cultures grown in f/2 (n = 3) to cultures
grown in 0.1 μM PO4 (n = 3) on day 12 in stationary
phase in order to establish whether any signatures of Plimitation were evident in the P-depleted cultures. Using
the 1.7 fold and p ≤ 0.0001 cutoffs, 1259 probes (12% of
array features) differed significantly, 548 of which are
annotated. Comparison of the annotated features provided little indication of differences in P-status, with
mixed responses of acid phosphatases being the only
observable difference (Table 2). Data mining of microarrays from a study of gene expression in K. brevis grown
in f/2 media over a growth curve (Johnson JG, Morey
JS, Neely MG, Ryan JC, Van Dolah FM: Transcriptome
remodeling associated with chronological aging in the
dinoflagellate Karenia brevis, submitted) showed an
increase in expression reported by two probes for plastid
inorganic pyrophosphatase and purple acid phosphatase
in stationary phase relative to log phase cultures (Table
2). Only one of these plastid inorganic pyrophosphatase
probes was increased in the P-starved cells on day 12
relative to log phase cells in f/2, as was purple acid
phosphatase. Vacuolar type H+ translocating inorganic
pyrophosphatases showed mixed response and two
probes for type III glutamine synthetase were up-regulated 1.8-2.4 fold in the P-depleted stationary phase cells
relative to P-replete log phase cultures (Table 2). Alkaline phosphatase did not change in expression under
any condition. Thus, although the rapid growth response
following the addition of PO4 indicates P-starvation in
these cells, the transcriptional profile was not informative of P-starvation based on these phosphorus transport
and metabolism genes.

K. brevis Growth Behavior Under Different Phosphorus
Regimes

Transcriptomic Response of P-depleted K. brevis to
Phosphorus Addition

K. brevis cultures grown in f/2 carried out logarithmic
growth for approximately 10 days, with a division rate

Because we observed a surprisingly rapid change in the
transcriptome as early as 4 h in the NO3 addition study,
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Log2 ratio
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Figure 4 Validation of the N-addition microarray study by qPCR.
Ten genes, including one normalizer, not shown, were selected for
verification by qPCR. Overall, a correlation of 0.82 was observed
(Pearson’s, p < 0.0001, n = 36). The correlations at the 4, 12, 24, and 48
h time points were 0.56 (p = 0.113, n = 9), 0.84 (p = 0.005, n = 9), 0.91
(p = 0.0006, n = 9), 0.94 (p = 0.0002, n = 9), respectively.
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Table 2 Fold-change in expression of genes in the phosphorus assimilation pathway in cultures grown in 0.1 μM PO4
vs f/2 medium
Stationary 0.1 μM
PO4/
Stationary f/2
Gene

Mn-dependent inorganic pyrophosphatase
Plastid inorganic pyrophosphatase

V type H+-translocating inorganic
pyrophosphatase

Acid phosphatase

Stationary f/2/Log f/
2

Stationary 0.1 μM
PO4/
Log f/2

Contig #

Top
BLASTx
e-value

fold
change

p-value

fold
change

p-value

fold
change

p-value

3803

1.00E-42

1.04

0.7064

-1.38

0.0002

-1.34

1.40E-05

4129

1.00E-49

-1.42

4.24E-08

1.76

1.65E-23

1.25

0.0022

4809

1.00E-103

1.16

0.2

3.10

8.52E-25

3.41

6.77E-21

2166

3.00E-34

1.05

0.6177

1.33

0.0005

1.36

1.08E-06

4595

1.00E-61

1.60

0.0001

-1.03

0.8259

1.50

0.0006

7738
8774

9.00E-40
1.00E-24

1.31
-1.23

0.0018
0.0366

1.14
-1.56

0.2264
1.58E-06

1.45
-1.92

0.0005
1.86E-07

10241

9.00E-29

1.33

0.0019

1.46

0.0001

1.92

2.60E-08

9839

2.00E-57

1.80

7.01E-09

-1.63

0.0081

1.15

0.3335

4279

5.00E-31

1.69

6.52E-12

-1.31

2.64E-05

1.23

2.35E-05

8626

1.00E-05

-1.79

2.80E-11

1.19

0.0211

-1.49

1.76E-11

10776

1.00E-12

1.33

0.0108

1.02

0.7163

-1.28

0.0167

Purple acid phosphatase

10336

9.00E-20

-1.13

0.5343

2.22

0.0372

2.03

0.0952

Alkaline phosphatase

9702

9.00E-22

-1.1

0.3349

1.08

0.292

-1.01

0.9311

Plastid phosphate translocator

9723

1.00E-19

-1.20

0.0066

1.54

1.78E-10

1.28

4.26E-07

Glutamine synthetase, type III

type I or II

214

5.00E-31

1.03

0.7576

2.39

4.14E-08

2.42

3.74E-10

2215
2216

2.00E-14
5.00E-08

1.16
1.02

8.66E-06
0.7891

1.09
-1.38

0.2455
0.4855

1.75
-1.05

3.87E-07
0.5808

547

1.00E-19

-1.33

8.47E-05

1.29

3.85E-07

-1.09

0.1286

2193

2.00E-58

1.29

0.0407

1.20

0.2996

1.51

0.0157

Bolded values meet the significance cutoff of ±1.7 and p ≤ 10-4.

particularly among the PPR-repeat dominated cluster 5,
we added an earlier time point of 1 h in the PO4 addition study. All raw gene expression data have been
deposited in NCBI’s Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/, GEO series accession
number GSE28419). A high quality trend set was compiled from 3 arrays representing biological replicates at
1, 4, 24, and 48 h following P-addition that included features that exhibited at least 1.7 fold change and a p ≤
0.0001 in at least one time point. This filtering resulted
in 425 features (4.1% of array features), of which 183
had BLASTx hits with an e-value ≤ 1e-4 (Additional File
4). We did not see change in expression of any P-assimilation genes during the first 48 h following P-addition
(Additional File 4). Very few features (23) were differentially expressed at the 1 h or 4 h time points (44),

whereas 148 or 298 qualified for the trend set at 24 h or
48 h time point, respectively. Only 2 features qualified
for inclusion in the trend set at all 4 time points, both
of which were PPR containing proteins. PPR proteins
were highly represented in the phosphate-responsive
trend set showing, in general, maximal up-regulation at
4 h with continued elevated expression throughout the
time course. Twenty-seven (14.8%) of the annotated features in the trend set were PPR proteins, representing
30% of all features corresponding to PPR proteins on
the microarray.
Blast2GO analyses indicated enrichment of the trend
set relative to the array in several categories including
structural constituents of the ribosome, rRNA binding,
the plastid, and components of photosynthesis and electron transfer (Fisher’s Exact, FDR < 0.05, Figure 5A).

Morey et al. BMC Genomics 2011, 12:346
http://www.biomedcentral.com/1471-2164/12/346

Page 10 of 18

A.

PO4 Addition Cluster 1

A.

0.5
0
-0.5
-1.0
-1.5
-2.0
-2.5
-3 0
-3.0
-3.5
-4.0
-4.5
-5.0

1
Thylakoid
GO:0009579
Plastid
GO:0009536
Photosynthesis
GO:0015979
Structural molecule
GO:0005198
activity

Ribosome
GO:0005840
y 00
p
Part
Cytoplasmic
GO:0044444
GO
Translation
GO:0006412
Magnesium ion binding
GO:0000287

1 4

24

48

Fold Change

Folld Change

PO4 Addition Trend

0

rRNA binding
GO:0019843
Plastid
GO:0009536

-1
-2
-3

1 4

Macromolecule
GO:0009059
biosynthetic process

Time (h)

24

48

Time (h)
Photosynthesis, light reaction
GO:0019684
Chloroplast
GO:0009507
Photosystem
GO:0009521
GO:0043229
Intracellular organelle
Generationof precursor metabolites and
GO:0006091

PO4 Addition Cluster 3

B
B.

B.

Fold Ch
hange

0.5
0
-0.5

PO4 Addition Trend
Time (h)
1

4

24

48

energy

-1.5
-2.5
-3.5
-4.5
-5.5

1

93 probes

-6.5

1 4

24

48

GO:0009055
Electron carrier activity
GO:0044425
Membrane part
GO:0005622
Intracellular
Thylakoid membrane
GO:0042651
Cyanelle
GO:0009842
Membrane
GO:0016020
Structural constituent of ribosome
GO:0003735
Cellular macromolecule metabolic process
GO:0044260
Localization
GO:0051179

C.
2

134 probes

3

44 probes

4

120 probes

PO4 Addition Cluster 4
0

Fold Change

Cluster

Time (h)

34 probes

Figure 5 Transcriptomic response to phosphate addition.
Selected significantly enriched GO terms within the P-addition trend
set relative to all sequences on the array (A) using a modified
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the average fold change for all probes in the enrichment group.
Heat map of K. brevis trend set for P-addition (B) microarray studies.
K-means clustering with a Euclidean distance metric were applied
to a filtered data set requiring at least 1.7 fold change and a pvalue ≤ 0.0001 in at least one time point for inclusion.

The trend set was next clustered by K-means using a
Euclidean distance metric to discern subsets of genes
with similar expression patterns (Figure 5B).
Cluster 1 contained 93 probes that showed little
change at 1 h following P-addition and gradually
decreased in expression over the remaining 48 h of the
study (Figure 5B and Additional File 4). Among the 39
annotated features were ribosomal genes and photosynthesis-related genes. Enrichment analyses in Blast2GO indicated a significant enrichment of categories
including rRNA binding and the chloroplast (Fisher’s
Exact test, FDR < 0.05, Figure 6A).
Cluster 2 contained 134 probes, 53 of which are annotated. These features showed gradually increasing

Structural constituent of ribosome
GO:0003735

-0.5
-1.0
-1.5
15
-2.0

5

Structural molecule activity
GO:0005198

1 4

24

48

Time (h)

Figure 6 Significantly enriched GO categories in response to Paddition in K. brevis. Selected categories of enrichment from
cluster 1 (A), cluster 3 (B), and cluster 4 (C) of the P-addition trend
set. Enrichment was determined relative to all sequences on the
array using a modified Fisher’s Exact Test in Blast2GO (FDR < 0.05).
The plotted values are the average fold change for all probes in the
enrichment group. Clusters 2 and 5 of the trend set did not have
significant enrichment of any GO terms.

expression throughout the time course following P-addition (Figure 5B). There was no significant enrichment of
any GO category in the cluster. This cluster did contain
several PPR proteins, RNA interacting proteins, and
three polyketide synthases (Additional File 4).
Cluster 3 contained 44 probes that are down-regulated
throughout the time course, with strong down-regulation at 48 h (Figure 5B and Additional File 4). Twentythree of the features were annotated, of which most
encode ribosomal proteins or photosystem proteins.
Accordingly, Fisher’s Exact test showed significant overenrichment of many GO annotations, almost all of
which are related to the chloroplast, photosynthesis, or
ribosomes (FDR <0.05, Figure 6B). As these transcripts
were not up-regulated in P-deplete cultures compared
to either log or stationary phase cultures grown in f/2,
the strong down-regulation does not appear to represent

Morey et al. BMC Genomics 2011, 12:346
http://www.biomedcentral.com/1471-2164/12/346

2.5
1.5

1h

qPCR
array

Log2 ratio

0.5
-0.5
-1.5
1.5
-2.5
-3.5
-4.5
-5.5
2.5

4h

1.5
0.5

Lo
og2 ratio

a return to typical P-replete levels during this time
course.
Cluster 4 contained 120 features down-regulated at all
time points, with mild down-regulation early and moderate
down-regulation observed at 24 and 48 h (Figure 5B and
Additional File 4). Among the 43 annotated features were
several ribosomal proteins. Correspondingly, the Fisher’s
Exact test found that the structural constituent of the ribosome is significantly over-enriched (FDR <0.05, Figure 6C).
Cluster 5 was the smallest cluster of the trend with 34
features. These features are up-regulated throughout the
time course, but showed maximal expression at 4 h
post-P-addition (Figure 5B and Additional File 4).
Among the 25 annotated features were 22 PPR proteins.
One of the remaining 3 features in this cluster is an
RNA-binding protein. Despite the prevalence of PPR
proteins in this cluster, no significant enrichment was
found. The lack of enrichment is most likely due to the
incomplete annotation of many of these PPR proteins (i.
e. many have not been assigned GO terms).
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The transcriptomes of NO3- or PO4-depleted cultures
showed similar temporal responses to N- or P-addition,
with limited changes in transcript levels observed prior to
12 h post-addition. The resulting trend sets were similar in
size, with approximately 4% of array features responding to
nutrient addition. Overall, the transcriptional changes measured in response to N-addition were of greater magnitude
than those observed in response to P-addition. Eighty-two
features, roughly 18% of features in the trend sets, were
found in common between N- and P- addition (Additional
Files 2 and 4). Of those found in common, the majority
exhibited similar directions of response to N- or P-addition,
including 21 PPR proteins. However, 12 features, including
30S and 60S ribosomal proteins and several photosystem
proteins behaved oppositely in the two studies: in response
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Nine features were selected for verification by real-time
PCR (Figure 7), including Contig_2004 a hypothetical
protein, used for normalization with the ΔΔCt method.
Changes in genes expression measures by qPCR strongly
supported the microarray results, with a correlation of
0.82 across the time series (p < 0.0001, n = 32). The
strongest correlation of 0.88 (p = 0.004, n = 8) was
observed at the 48 ht time point, which also exhibited
the greatest changes of gene expression. Among the
validated contigs, minimal changes were observed at 24
h post-addition and corresponded to the lowest correlation of 0.52 (p = 0.183, n = 8). The correlations at 1 h
and 4 h post-addition were 0.76 (p = 0.028, n = 8) and
0.74 (p = 0.037, n = 8), respectively.

Log2 ratio

0.5

qPCR Validation of the PO4 Addition Microarray Results

Contig

Figure 7 Validation of the P-addition microarray study by
qPCR. Nine genes, including one normalizer, not shown, were
selected for verification by qPCR. Overall, a correlation of 0.82 was
observed (Spearman’s Rho, p < 0.0001, n = 32). The correlations at
the 1, 4, 24, and 48 h time points were 0.76 (p = 0.028, n = 8), 0.74
(p = 0.037, n = 8), 0.52 (p = 0.183, n = 8), 0.88 (p = 0.004, n = 8),
respectively.

to N-addition these features are up-regulated, whereas they
are down-regulated following P-addition (Figure 8). The 82
features found in common between N- and P- addition are
significantly enriched in GO categories corresponding to
photosynthesis, the chloroplast, or ribosomes relative to the
features included on the array (Fisher’s Exact test, FDR <
0.05, Figure 8). The features unique to N-addition did not
result in the significant enrichment of any GO category. In

fold change
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Figure 8 Significantly enriched GO categories in response to
both N- and P-addition in K. brevis. Enrichment was determined
relative to all sequences on the array using a modified Fisher’s Exact
Test in Blast2GO (FDR < 0.05). The plotted values are the average
fold change for all probes in the enrichment group.

contrast, the features unique to P-addition that were significantly enriched were additional members of GO categories
corresponding to the ribosome or rRNA binding, the chloroplast and photosynthesis (Fisher’s Exact test, FDR < 0.05,
data not shown).
Early Responding Transcripts Possess the Spliced Leader

Given the presence of the spliced leader sequence on all
dinoflagellate nuclear encoded transcripts investigated to
date, and its implication of post-transcriptional control of
gene expression, it was somewhat surprising to see the
early response of gene transcripts in Cluster 5 of both
the N- and P- addition experiments, which were dominated by PPR proteins. Some of these transcripts
increased more than three-fold by 1 h following P-addition (e.g., probe numbers 183 and 3271, Additional File
4). This led us to question whether these early responding transcripts represent a class of genes not processed
through the SL mechanism and under transcriptional
control. Since the sequences from which probes on the
array were designed are ESTs or contigs representing
incomplete gene sequences, we selected representative
early responding PPR containing transcripts for confirmation of a 5’ SL sequence by performing PCR using a
SL primer and gene-specific primers. Due to the high
sequence similarity between PPR contigs in our K. brevis
EST library, the reverse primers designed against contigs
183, 3257, 3556, and 3574, when paired with the SL primer, actually amplified multiple products. Thus, through
cloning and sequencing we have identified the presence
of the SL on just over 40 contigs annotated as PPR proteins. These results suggest that the early responding
genes are not exceptions to the SL trans-splicing
mechanism prevalent in dinoflagellates.

Discussion
The absence of recognizable promoter sequences on
dinoflagellate genes and the presence of 5’ SL on

dinoflagellate gene transcripts [32,33] suggest, by analogy
with trypanosomes, the post-transcriptional control of
gene expression. Consistent with this hypothesis, many
physiological processes have been found to be regulated
post-transcriptionally [26-31]. Similarly, microarray analysis of acute stress responses in K. brevis did not reveal
the activation of stress genes [48] under conditions (1-4
hours) where they were shown to be induced at the protein level [49]. Microarray analyses found only ~3% of
transcripts changing over a circadian day in Pyrocystis
lunula [50] and K. brevis [31]. Yet in K. brevis ~10% of
transcripts were differentially expressed over a light-dark
cycle [31], a percentage that does not differ substantially
from other photosynthetic eukaryotes that utilize typical
transcriptional controls [51,52]. Since microarrays report
only changes in transcript abundance, it remains unresolved by what mechanism(s) these changes are achieved.
In this study, we explored in two different scenarios
the response of the K. brevis transcriptome to nutrients.
We first investigated the differences in the transcriptome between nutrient depleted cells and cells grown in
nutrient replete media. This may be considered a
chronic response in which the transcriptome has had an
extended period of time to remodel, and therefore,
changes in the transcriptome could result solely from
differences in message stability. We found that the transcript profiles of N-depleted cells did indeed reflect
their status by the increased expression levels of transcripts for N- acquisition. In contrast, evidence for Plimitation was not apparent from the transcriptome. We
next investigated the acute response of the transcriptome of nutrient depleted cells to the addition of N or P
over a short time course of 1-48 h following addition.
The acute remodeling of the transcriptome within hours
of nutrient addition was surprising, given the presence
of the spliced leader on even the earliest responding
transcripts. The resulting changes in transcript profile
reflect primarily the rapid reactivation of the chloroplast
metabolic machinery by nuclear encoded regulators.
Changes in the expression of hallmark N- or P-acquisition genes were not observed upon addition of nitrogen
or phosphorus to nutrient depleted cultures. To our
knowledge there are currently no global transcriptional
studies in phytoplankton following nutrient addition.
Transcriptome Responses to Nitrogen Starvation and
Addition

The increased expression of putative ammonium transporter, nitrate transporter and glutamine synthetase
transcripts observed in N-starved K. brevis is consistent
with their roles in N-uptake and assimilation. Transcript
abundance of all three of these genes was strongly upregulated in the N-depleted stationary phase cultures
relative to nutrient replete cultures in log phase of
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growth. All of the up-regulated glutamine synthetases
had homology to glutamine synthetase III (glnN), while
other glutamine synthetase probes present on the array
with homology to glutamine synthetase I or II did not
respond. In the haptophyte Isochrysis galbana ammonium and nitrate transporters are strongly up-regulated
under N-starvation, along with glutamine synthetase II
as measured by qRT-PCR [53]. In contrast, glutamine
synthetase II mRNA expression in the diatom Skeletonema costatum was low under N-starvation [54] and
increased with NO3 addition following approximately a
five day delay. Digital expression profiling of EST
libraries of the diatoms Phaeodactylum and Thallassiosira revealed altered expression of numerous genes
involved in nitrogen metabolism and regulatory elements in nitrogen starved cells [55]. Among these, an
ammonium transporter was the most highly up-regulated gene in an N-starved Phaeodactylum library.
Ammonium transporters have similarly been shown to
increase in expression in N-starved diatom Cylindrotheca [56]. The nitrate reductase transcript in the
diatom Cylindrotheca is expressed under N-starvation
or in the presence of nitrate, but is inhibited by the presence of ammonium [57]. Thus it appears that the regulation of these pathways may differ somewhat across
different phytoplankton phyla.
Following the addition of NO3 to N-depleted cells, we
did not observe changes in the expression of any Nuptake or assimilation genes within the first 48 h. The
responses in K. brevis were instead enriched in several
processes including plastid functions, ribosomes, nitrogen compound metabolism, and amino acid biosynthesis. Members of these gene ontologies were also
responsive in a microarray study of the Arabidopsis
transcriptomic response at 2 and 24 h following N-addition [58]. In both studies, transcript levels for ribosome
and plastid functions increased by 24 h. Confoundingly,
transcripts belonging to the GO functions of nitrogen
compound metabolism and amino acid biosynthesis differed in their direction of change, where their abundances increased in Arabidopsis by 24 h, but decreased
in K. brevis over the 48 h time course. Specifically, in K.
brevis genes involved in the synthesis of arginine,
methionine, and threonine, such as homoserine dehydrogenase and ornithine carbamoyltransferase are downregulated. These genes were not up-regulated under Ndepletion so the observed down-regulation does not
appear to be a return to levels expressed in N-replete
log phase cultures. In contrast, genes involved in
cysteine biosynthesis, including catechol-o-methyltransferase and cystathionine beta-synthase were increasingly
up-regulated 1.76-1.90 fold starting at 12 h following Naddition. A possible explanation is that genes involved
in the synthesis of amino acids exhibit an overall down-
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regulation during N-limitation. Upon addition of a N
source biosynthesis of amino acids initiates and, as the
sulfate needed to produce methionine is derived from
cysteine [59], it is possible that the expression of genes
involved in methionine biosynthesis will increase only
after a sufficient pool of cysteine is produced as a result
of increased nitrogen levels. The regulation of nitrogen
and sulfur assimilation pathways has been shown to be
tightly coupled in many other plants and algae including
the green alga Chlamydomonas reinhardtii [60] with
nitrogen limitation causing a down-regulation in genes
involved in sulfate assimilation as observed in this study.
Transcriptome Responses to Phosphorus Starvation and
Addition

P-depleted cells showed little consistent indication of Pstarvation through the transcript levels of genes putatively involved in P- uptake or utilization, despite the
strong evidence based on the growth response to Paddition. Under P-stress, ATP pools are significantly
reduced, affecting nearly all metabolic processes, including DNA, RNA, and phospholipid biosynthesis, as well
as regulatory phosphorylation of proteins and generation
of phosphorylated intermediates for photosynthetic carbon fixation. Plastid inorganic pyrophosphatases and
plastid phosphate translocators are important mechanisms for recycling PPi needed for regenerating ATP used
for CO2 fixation. We also queried acid phosphatases and
vacuolar type H+-translocating inorganic pyrophosphatases, which in higher plants and Chlamydomonas
increase in both expression and activity under P-starvation, thereby providing alternative energy sources to the
limited ATP pools available under P-starved conditions
[61]. These probes showed mixed responses to P-starvation in K. brevis. Lastly, alkaline phosphatase, whose
activity is often used as an indicator of phosphate stress
in phytoplankton, showed no response at the transcript
level. Alkaline phosphatase enzyme activity has been
shown to be induced in K. brevis under similar low
phosphate (1 μM) conditions [62]. By comparison, in
the coccolithophore Emiliania huxleyi, alkaline phosphatase transcripts are dramatically induced by phosphate starvation and rapidly repressed after phosphate
addition [24]. The absence of any changes in transcript
levels in the current study suggests this activity may be
regulated at a translational or post-translational level,
which is consistent with the presence of the SL
mechanism.
Following P-addition, the transcriptome response was
enriched in GO categories that include ribosome constituents, RNA binding, plastid, and electron transfer functions. As in the response to N-addition, the earliest
changes were dominated by the increase in transcripts
for PPR proteins that in the P study were measurable as
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early as 1 h following P-addition. However, in marked
contrast with the response to N-addition, the ribosomal
and chloroplast functions were strongly down-regulated
by 24-48 h following P-addition. The reason for the disparity in response of these transcripts to N- and P-addition is unknown. It has been shown in yeast that the
initiation of ribosome biogenesis is tied to a critical cell
size that is controlled by nutrient signals [63]. While
cell size was not measured in this study, N-limitation
has been reported to decrease cell size while P-limitation increases cell size in other dinoflagellate and algal
species [64,65]. Thus, the opposing responses of these
genes may reflect complex differences in the physiological status of N- and P-starved cells that will require
further investigation.
PPR Proteins

The early responses of the transcriptome to both N and
P were dominated by increases in transcripts for PPR
proteins. Of the array features that responded significantly to nutrient addition, 29 and 25 annotated features
of the N- and P- addition trend sets, respectively, were
PPRs. This represents over 13% of annotated features in
the trend sets, and approximately a quarter of the features annotated as PPRs on the array. PPR (pentatricopeptide repeat) proteins are a novel family of proteins
first discovered when the Arabidopsis genome was
sequenced, defined by a 35 amino acid (pentatricopeptide) motif that is repeated in tandem up to 30 times
[66,67]. Most PPR transcripts in Arabidopsis possess
chloroplast (~25%) or mitochondrial (~75%) targeting
sequences [68]. PPR proteins are sequence-specific RNA
binding proteins that, in plants, bind in a sequence-specific manner to unique organellar mRNAs, resulting in
recruitment of enzyme complexes that modulate their
expression through post-transcriptional processes,
including editing, splicing, translation, and stability
[67,69,70]. PPR proteins are absent from bacteria, but
are present in all eukaryotes examined, generally at low
copy number (5 and 6 in yeast and human, respectively
[68]). Trypanosoma brucei is an exception among nonphotosynthetic eukaryotes, encoding 28 unique PPR
proteins [71,72] that are essential for mitochondrial
rRNA biogenesis and stability [72]. Among the 11,000
unique genes in the K. brevis EST database approximately 100 are annotated as PPR proteins. Preliminary
analysis of these PPRs contigs with ChloroP [73] has
identified the presence of a chloroplast transit peptide
on 40% of contigs from the EST database. Further, 100%
of the contigs that have the 5’ end (as defined by the
presence of the splice leader) were found to have a
chloroplast transit peptide in K. brevis.
The large representation of PPR proteins among the
K. brevis transcripts responding to N- or P- addition
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was a driving force behind many of the enrichment
categories involving the chloroplast and ribosomal proteins. Their peak expression (12-24 h following nutrient
addition) generally preceded the changes in expression
of the chloroplast encoded photosystem and electron
transport genes, and ribosome and RNA binding proteins, which peaked at 48 h following N-addition. This
temporal relationship, in addition to their known roles
in organellar RNA processing, suggests a link between
PPR transcript abundance and subsequent expression of
chloroplast encoded genes.
The Photosystem and Photosynthetic Electron Transport
Chain

A limited number of plastid encoded genes involved in
the photosynthetic electron transport chain are present
on the array and were among the strongest responding
transcripts to both N- and P-addition. The interpretation of chloroplast-encoded gene expression using the
microarray requires special consideration because the
oligo(dT) primed RNA labeling methods employed
depend on the presence of a polyA tail, but in the chloroplast, polyadenylation serves as a signal for RNA degradation [74]. Therefore, an increase in transcript
abundance of a chloroplast-encoded gene on the array
may reflect increased polyadenylation, or destabilization
of the message pool, rather than increased expression.
Conversely, a decrease in chloroplast encoded transcripts on the array may reflect their decreased polyadenylation, or increased mRNA stability. At 48 h following
N-addition, Photosystem I (p700 chlorophyll a apoproteins A1 and A2), photosystem II (44 kDa, 47 kDa, D1,
and D2 proteins) and ATP synthase (CF0 a and F0 subunit C) transcripts were strongly up-regulated on the
array, likely indicating increased turnover of these chloroplast encoded genes. Down-regulation (e.g., stabilization) of the same genes was observed as K. brevis moves
from log phase into stationary phase (Johnson JG,
Morey JS, Neely MG, Ryan JC, Van Dolah FM: Transcriptome remodeling associated with chronological
aging in the dinoflagellate Karenia brevis, submitted), so
the increase following nutrient addition may reflect the
transition back to active cellular division.
Although pigment analyses were not performed,
greening of the cells was clearly visible within 12 hours
of N-addition as pigment production was re-established
in chlorotic cells; this process preceded the increase in
polyadenylated transcript abundance for photosystem
and ATPase genes. Thus the observed increase in polyadenylated plastid messages late in the recovery from Nstarvation may reflect a subsequent turnover of messages. Consistent with this interpretation, during greening of Chlamydomonas reinhardtii following N-addition
an increase in photosystem transcripts occurred within
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2-3 hours, then returned to basal levels within 12 hours
[75]. In the current study, every one of the photosystem
and ATP synthase transcripts that was up-regulated on
the array following N-addition was down-regulated at
48 h following P-addition, possibly indicating increased
message stability (i.e., decrease in polyadenylated messages). Although P-amended K. brevis cultures returned
to growth with similar kinetics as those that received Nadditions, the processes underlying this response clearly
differ. No obvious greening of the cells occurred following P-addition as chlorosis did not occur in the P-limited cultures of K. brevis. In plants, both nitrogen and
phosphorus limitations decrease photosynthesis but do
so through different mechanisms. N-stress reduces
photosynthesis directly by decreased light absorption
capacity through diminished expression of photosystem
protein complexes, whereas P-stress decreases rates of
CO2 fixation through changes in the activity of Calvin
cycle enzymes, both mechanisms resulting in further
feedback inhibition of photosynthesis [76]. In Chlamydomonas, removal of either sulfate or phosphate reduces
photosynthesis, but whereas S-depletion decreases chloroplast transcript levels, P-depletion results in an increase
in chloroplast RNA stability and abundance [77]. The
opposing responses of photosystem gene transcripts following the addition of N or P in the current study suggest differences also exist in the recovery from N- vs Pdepletion at the level of chloroplast mRNA transcription
and/or stability. A better understanding of this process
will require targeted studies on K. brevis chloroplast
regulation.
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may be mediated by a rapid resumption in trans-splicing
of polycistronic messages, which would generate an
increased number of mature monocistronic mRNAs
available for detection by the microarray without changes
in transcription. However, gene expression in trypanosomes is further regulated by changes in RNA stability
mediated by 3’UTR elements including U-rich instability
elements (UREs), short interspersed degenerated retroposons (SIDERs), and RNA binding proteins [80]. A clockcontrolled RNA-binding protein has been identified in
Chlamydomonas reinhardtii (Chlamy 1) and is involved
in regulating nitrogen metabolism; however it is believed
that it does so through inhibition of translation rather
than impacting mRNA stability [81]. Another RNA binding protein, circadian controlled translational regulator
(CCTR), has been identified in the dinoflagellate Lingulodinium polyedrum and likewise regulates translation of
luciferin binding protein [82]. Increasingly, RNA binding
proteins are recognized to play a role in mRNA stability
in many systems, which has significant impacts on measurements of gene expression [83]. A recent study in the
toxic dinoflagellate Alexandrium catenella identified several RNA binding proteins proposed to be involved in
RNA silencing and other post-transcriptional regulation
mechanisms [84]. The up-regulation of RNA binding
proteins at 1 and 4 hours post-P-addition may similarly
reflect a role in differential mRNA stability in K. brevis. It
is also apparent that local changes in chromatin condensation can rapidly alter the availability of genes [41] and
thereby modulate levels of transcription [85] even in the
apparent absence of regulation by basal transcription factors in dinoflagellates.

Post-transcriptional Control in K. brevis

Given the prevalence of PPR proteins in these data sets
and their rapid increase in response to nutrient addition,
we were particularly interested in determining if these
genes are among those under SL control, or if they
represent a class of dinoflagellate genes regulated by
transcription. Using PCR with a SL specific primer and
a gene specific primer, we identified the presence of the
5’ SL cap on more than 40 unique PPR gene transcripts.
This suggests that the up-regulation of PPRs in response
to nutrient addition does not reflect typical eukaryotic
transcriptional control. Changes observed in a global
transcriptional profile could be the result of several different mechanisms, including differential rates of transsplicing, differential mRNA stability, and changes in
chromatin structure that modulate transcription.
In trypanosomes, transcriptional silencing of the
spliced leader gene (the only gene under transcriptional
control) occurs in response to stress, leading to depletion
of SL available for trans-splicing and the accumulation of
polycistronic messages [78,79]. If this mechanism occurs
in dinoflagellates, the recovery from nutrient starvation

Conclusions
The precedence for post-transcriptional control in dinoflagellates, the absence of canonical transcription regulators, and the presence of the SL on diverse
dinoflagellate transcripts suggests that dinoflagellate
gene expression is regulated post-transcriptionally.
Nonetheless, transcriptome analysis in K. brevis was
informative of its physiological responses to nutrient
depletion and nutrient addition. Of particular interest
was the rapid increase in numerous PPR protein transcripts following nutrient addition. The response of
these nuclear-encoded regulators of organellar RNA preceded that of the photosystem, suggesting a role in the
reactivation of energy production in response to both
N- and P-addition. The presence of the SL on PPR protein transcripts further suggests that this “reawakening”
is achieved at the post-transcriptional level. Clarification
of the contributions of differential rates of trans-splicing,
differential mRNA stability, and control of chromatin
accessibility for transcription is central to understanding
dinoflagellate gene expression.
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Additional material
Additional file 1: Primers used for real-time PCR. This pdf file
contains the contig number, sequence description, forward and reverse
primer sequences, and annealing temperatures of all genes validated by
qPCR in this study.
Additional file 2: Annotated genes in the nitrogen addition trend
set. This pdf file contains the contig number, sequence description,
BLASTx e-value, cluster number, and fold change and p-values for all
annotated genes in the nitrogen addition trend set.
Additional file 3: Genes from the N-addition trend set in the
enriched GO terms involved in amino acid biosynthesis/
metabolism, sulfate assimilation and reduction, or nitrogen
compound biosynthetic processes. This pdf file contains the contig
number, sequence description, BLASTx e-value, and fold change and pvalues for the genes in the N-addition trend set resulting in enrichment
of GO terms involved in amino acid biosynthesis/metabolism, sulfate
assimilation and reduction, or nitrogen compound biosynthetic
processes.
Additional file 4: Annotated genes in the phosphorus addition
trend set. This pdf file contains the contig number, sequence
description, BLASTx e-value, cluster number, and fold change and pvalues for all annotated genes in the phosphorus addition trend set.

Page 16 of 18

2.

3.

4.

5.

6.
7.

8.

9.

10.
Acknowledgements
This project was funded by the NOAA Marine Biotoxins Program project
#02E00025 and the University of Miami Oceans and Human Health Center
(NSF grant #OCE0432368/0911373 and NIEHS grant #1 P50ES12736).
NOAA Disclaimer
This publication does not constitute an endorsement of any commercial
product or intend to be an opinion beyond scientific or other results
obtained by the National Oceanic and Atmospheric Administration (NOAA).
No reference shall be made to NOAA, or this publication furnished by
NOAA, to any advertising or sales promotion which would indicate or imply
that NOAA recommends or endorses any proprietary product mentioned
herein, or which has as its purpose an interest to cause the advertised
product to be used or purchased because of this publication.
Author details
1
Marine Biotoxins Program, NOAA National Ocean Service, Center for Coastal
Environmental Health and Biomolecular Research, 219 Fort Johnson Rd.,
Charleston, SC 29412, USA. 2Rosenstiel School of Marine and Atmospheric
Sciences, University of Miami, 4600 Rickenbacker Cswy., Miami, FL 33149,
USA. 3Center for Marine Biotechnology and Biomedicine, Scripps Institution
of Oceanography, University of California, San Diego, 9500 Gilman Dr. La
Jolla, CA 92093, USA.
Authors’ contributions
JSM participated in the design of the study and sample collection, carried
out all RNA extractions, array and qPCR analyses, and drafted the
manuscript. EAM established the low nutrient adapted cultures. ALK carried
out the qPCR assays, MB processed the microarrays, JGJ carried out the
growth curve microarray study, and GLH participated in the design of the
study and sample collection. FMVD conceived of the study, participated in
the design of the study and sample collection, data analysis, and writing the
manuscript. All authors read and approved the final manuscript.

11.

12.

13.

14.

15.

16.

17.

18.

19.
Competing interests
The authors declare that they have no competing interests.
Received: 23 December 2010 Accepted: 5 July 2011
Published: 5 July 2011
References
1. Steidinger KA: Historical perspective on Karenia brevis red tide research
in the Gulf of Mexico. Harmful Algae 2009, 8(4):549-561.

20.

21.

Walsh JJ, Jolliff JK, Darrow BP, Lenes JM, Milroy SP, Remsen A, Dieterle DA,
Carder KL, Chen FR, Vargo GA, et al: Red tides in the Gulf of Mexico:
Where, when, and why? J Geophys Res 2006, 111(C11):C1100.
Weisberg RH, Barth A, Alvera-Azcárate A, Zheng L: A coordinated coastal
ocean observing and modeling system for the West Florida Continental
Shelf. Harmful Algae 2009, 8(4):585-597.
Alcock F: An assessment of Florida red tide: Causes, consequences and
management options. Techinical Report 1190 Marine Policy Institute, Mote
Marine Laboratory; 2007.
Gaydos JK, Barrio N, Bossart GD, Bowen S, Evans K, Ewing R, Fleetwood ML,
Flewelling L, Hardy R, Heil C, et al: Epizootiology of three distinct
brevetoxin-associated bottlenose mortality events in the Florida
Panhandle. 41st Annual International Association for Aquatic Animal
Medicine: 2010; Vancouver, British Columbia 2010, 25-27.
Brand LE, Compton A: Long-term increase in Karenia brevis abundance
along the Southwest Florida Coast. Harmful Algae 2007, 6(2):232-252.
Schaeffer BA, Kamykowski D, Sinclair G, McKay L, Milligan EJ: Diel vertical
migration thresholds of Karenia brevis (Dinophyceae). Harmful Algae 2009,
8(5):692-698.
Sinclair GA, Kamykowski D: Benthic-pelagic coupling in sedimentassociated populations of Karenia brevis. J Plankton Res 2008,
30(7):829-838.
Vargo GA: A brief summary of the physiology and ecology of Karenia
brevis Davis (G. Hansen and Moestrup comb. nov.) red tides on the West
Florida Shelf and of hypotheses posed for their initiation, growth,
maintenance, and termination. Harmful Algae 2009, 8(4):573-584.
Vargo GA, Heil CA, Fanning KA, Dixon LK, Neely MB, Lester K, Ault D,
Murasko S, Havens J, Walsh J, et al: Nutrient availability in support of
Karenia brevis blooms on the central West Florida Shelf: What keeps
Karenia blooming? Cont Shelf Res 2008, 28(1):73-98.
Walsh JJ, Weisberg RH, Lenes JM, Chen FR, Dieterle DA, Zheng L, Carder KL,
Vargo GA, Havens JA, Peebles E, et al: Isotopic evidence for dead fish
maintenance of Florida red tides, with implications for coastal fisheries
over both source regions of the West Florida shelf and within
downstream waters of the South Atlantic Bight. Prog Oceanogr 2009,
80(1-2):51-73.
Allen AE, Vardi A, Bowler C: An ecological and evolutionary context for
integrated nitrogen metabolism and related signaling pathways in
marine diatoms. Curr Opin Plant Biol 2006, 9(3):264-273.
Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam NH,
Zhou S, Allen AE, Apt KE, Bechner M, et al: The genome of the diatom
Thalassiosira pseudonana: Ecology, evolution, and metabolism. Science
2004, 306(5693):79-86.
Parker MS, Armbrust EV: Synergistic effects of light, temperature, and
nitrogen source on transcription of genes for carbon and nitrogen
metabolism in the centric diatom Thalassiosira pseudonana
(Bacillariophyceae). J Phycol 2005, 41(6):1142-1153.
Suzuki S, Ferjani A, Suzuki I, Murata N: The SphS-SphR two component
system Is the exclusive sensor for the induction of gene expression in
response to phosphate limitation in Synechocystis. J Biol Chem 2004,
279(13):13234-13240.
Martiny AC, Coleman ML, Chisholm SW: Phosphate acquisition genes in
Prochlorococcus ecotypes: Evidence for genome-wide adaptation. P Natl
Acad Sci USA 2006, 103(33):12552-12557.
Tetu SG, Brahamsha B, Johnson DA, Tai V, Phillippy K, Palenik B, Paulsen IT:
Microarray analysis of phosphate regulation in the marine
cyanobacterium Synechococcus sp. WH8102. ISME J 2009, 3(7):835-849.
Coleman ML, Sullivan MB, Martiny AC, Steglich C, Barry K, DeLong EF,
Chisholm SW: Genomic islands and the ecology and evolution of
Prochlorococcus. Science 2006, 311(5768):1768-1770.
Palenik B, Ren Q, Dupont CL, Myers GS, Heidelberg JF, Badger JH,
Madupu R, Nelson WC, Brinkac LM, Dodson RJ, et al: Genome sequence of
Synechococcus CC9311: Insights into adaptation to a coastal
environment. P Natl Acad Sci USA 2006, 103(36):13555-13559.
Moseley JL, Chang CW, Grossman AR: Genome-based approaches to
understanding phosphorus deprivation responses and PSR1 control in
Chlamydomonas reinhardtii. Eukaryot Cell 2006, 5(1):26-44.
Chung CC, Hwang S-PL, Chang J: Identification of a high-affinity
phosphate transporter gene in a Prasinophyte alga, Tetraselmis chui, and
its expression under nutrient limitation. Appl Environ Microbiol 2003,
69(2):754-759.

Morey et al. BMC Genomics 2011, 12:346
http://www.biomedcentral.com/1471-2164/12/346

22. Corstjens PLAM, Zuiderwijk M, Nilsson M, Feindt H, Sam Niedbala R,
Tanke HJ: Lateral-flow and up-converting phosphor reporters to detect
single-stranded nucleic acids in a sandwich-hybridization assay. Anal
Biochem 2003, 312(2):191-200.
23. Dyhrman ST, Haley ST, Birkeland SR, Wurch LL, Cipriano MJ, McArthur AG:
Long serial analysis of gene expression for gene discovery and
transcriptome profiling in the widespread marine coccolithophore
Emiliania huxleyi. Appl Environ Microbiol 2006, 72(1):252-260.
24. Xu Y, Wahlund TM, Feng L, Shaked Y, Morel FMM: A novel alkaline
phosphatase in the coccolithophore Emiliania huxeyli
(Prymnesiophyceae) and its regulation by phosphorus. J Phycol 2006,
42(4):835-844.
25. Costas E, Goyanes V: Architecture and evolution of dinoflagellate
chromosomes: an enigmatic origin. Cytogenet Genome Res 2005, 109(13):268-275.
26. Mittag M, Li L, Hastings JW: The mRNA level of the circadian regulated
Gonyaulax luciferase remains constant over the cycle. Chronobiol Int
1998, 15(1):93-98.
27. Morse D, Milos PM, Roux E, Hastings JW: Circadian regulation of
bioluminescence in Gonyaulax involves translational control. P Natl Acad
Sci USA 1989, 86(1):172-176.
28. Fagan T, Morse D, Hastings JW: Circadian synthesis of a nuclear-encoded
chloroplast glyceraldehyde-3-phosphate dehydrogenase in the
dinoflagellate Gonyaulax polyedra is translationally controlled.
Biochemistry 1999, 38(24):7689-7695.
29. Le QH, Jovine R, Markovic P, Morse D: Peridinin-chlorophyll a-protein Is
not implicated in the photosynthesis rhythm of the dinoflagellate
Gonyaulax despite circadian regulation of its translation. Biol Rhythm Res
2001, 32(5):579-594.
30. Brunelle SA, Van Dolah FM: Post-transcriptional regulation of S-phase
genes in the dinoflagellate Karenia brevis. J Eukaryot Microbiol [http://
onlinelibrary.wiley.com/doi/10.1111/j.1550-7408.2011.00560.x/pdf].
31. Van Dolah FM, Lidie KB, Morey JS, Brunelle SA, Ryan JC, Monroe EA,
Haynes BL: Microarray analysis of diurnal- and circadian-regulated genes
in the Florida red-tide dinoflagellate Karenia brevis (Dinophyceae). J
Phycol 2007, 43(4):741-752.
32. Lidie KB, Van Dolah FM: Spliced leader RNA-mediated trans-splicing in a
dinoflagellate, Karenia brevis. J Eukaryot Microbiol 2007, 54(5):427-435.
33. Zhang H, Hou Y, Miranda L, Campbell DA, Sturm NR, Gaasterland T, Lin S:
Spliced leader RNA trans-splicing in dinoflagellates. P Natl Acad Sci USA
2007, 104(11):4618-4623.
34. Clayton CE: Life without transcriptional control? From fly to man and
back again. EMBO J 2002, 21(8):1881-1888.
35. Palenchar JB, Bellofatto V: Gene transcription in trypanosomes. Mol
Biochem Parasit 2006, 146(2):135-141.
36. Lukeš J, Leander BS, Keeling PJ: Cascades of convergent evolution: The
corresponding evolutionary histories of euglenozoans and
dinoflagellates. P Natl Acad Sci USA 2009, 106(Supplement 1):9963-9970.
37. Bachvaroff TR, Place AR: From stop to start: Tandem gene arrangement,
copy number and trans-splicing sites in the dinoflagellate Amphidinium
carterae. PLoS ONE 2008, 3(8):e2929.
38. Hiller RG, Wrench PM, Sharples FP: The light-harvesting chlorophyll a-cbinding protein of dinoflagellates: a putative polyprotein. FEBS Letters
1995, 363(1-2):175-178.
39. Rowan R, Whitney SM, Fowler A, Yellowlees D: Rubisco in Marine
Symbiotic Dinoflagellates: Form II Enzymes in Eukaryotic Oxygenic
Phototrophs Encoded by a Nuclear Multigene Family. The Plant Cell
Online 1996, 8(3):539-553.
40. Zhang H, Hou Y, Lin S: Isolation and Characterization of Proliferating Cell
Nuclear Antigen from the Dinoflagellate Pfiesteria piscicida. J Eukaryot
Microbiol 2006, 53(2):142-150.
41. ten Lohuis MR, Miller DJ: Light-regulated transcription of genes encoding
peridinin chlorophyll a proteins and the major Intrinsic light-harvesting
complex proteins in the dinoflagellate Amphidinium carterae Hulburt
(Dinophycae). Changes in cytosine methylation accompany
photoadaptation. Plant Physiol 1998, 117(1):189-196.
42. Guillard RRL: Division rates. In Handbook of Phycological Methods-Culture
Methods and Growth Measurements. Edited by: Stein JR. Cambridge:
Cambridge University Press; 1973:289-311.
43. Lidie K, Ryan J, Barbier M, Van Dolah F: Gene expression in Florida red
tide dinoflagellate Karenia brevis: Analysis of an expressed sequence tag

Page 17 of 18

44.
45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.
58.

59.

60.
61.

62.
63.

64.

65.

library and development of DNA microarray. Mar Biotechnol 2005,
7(5):481-493.
Weng L, Dai H, Zhan Y, He Y, Stepaniants SB, Bassett DE: Rosetta error
model for gene expression analysis. Bioinformatics 2006, 22(9):1111-1121.
Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M: Blast2GO: a
universal tool for annotation and visualization in functional genomics
research. Bioinformatics 2005, bti610.
Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2-ΔΔCT method. Methods 2001,
25(4):402-408.
Morey JS, Ryan JC, Van Dolah FM: Microarray validation: factors
influencing correlation between oligonucleotide microarrays and realtime PCR. Biol Proced Online 2006, 8:175-193.
Lidie KB: Characterization and regulation of gene expression networks
in response to acute environmental stress in the Florida red tide
dinoflagellate, Karenia brevis. PhD thesis Medical University of South
Carolina, Department of Molecular and Cellular Biology and
Pathobiology, Marine Biomedicine and Environmental Sciences Center;
2007.
Miller-Morey JS, Van Dolah FM: Differential responses of stress proteins,
antioxidant enzymes, and photosynthetic efficiency to physiological
stresses in the Florida red tide dinoflagellate, Karenia brevis. Comp
Biochem Phys C 2004, 138(4):493-505.
Okamoto OK, Hastings JW: Novel dinoflagellate clock-related genes
identified throught microarray analysis. J Phycol 2003, 39(3):519-526.
Kucho Ki, Okamoto K, Tabata S, Fukuzawa H, Ishiura M: Identification of
novel clock-controlled genes by cDNA macroarray analysis in
Chlamydomonas reinhardtii. Plant Mol Biol 2005, 57(6):889-906.
Schaffer R, Landgraf J, Accerbi M, Simon V, Larson M, Wisman E: Microarray
analysis of diurnal and circadian-regulated genes in Arabidopsis. Plant
Cell 2001, 13(1):113-123.
Kang LK, Hwang S-PL, Gong GC, Lin HJ, Chen PC, Chang J: Influences of
nitrogen deficiency on the transcript levels of ammonium transporter,
nitrate transporter and glutamine synthetase genes in Isochrysis galbana
(Isochrysidales, Haptophyta). Phycologia 2007, 46(5):521-533.
Takabayashi M, Wilkerson FP, Robertson D: Response of glutamine
synthetase gene ttranscription and enzyme activity to external nitrogen
sources in the diatom Skeletonmea costatum (Bacillariophyceae). J Phycol
2005, 41(1):84-94.
Maheswari U, Jabbari K, Petit JL, Porcel B, Allen A, Cadoret JP, De Martino A,
Heijde M, Kaas R, La Roche J, et al: Digital expression profiling of novel
diatom transcripts provides insight into their biological functions.
Genome Biol 2010, 11(8):R85.
Hildebrand M: Cloning and functional characterization of ammonium
transporters from the marine diatom Cylindrotheca fusiformis
(Bacillariophyceae). J Phycol 2005, 41(1):105-113.
Poulsen N, Kröger N: A new molecular tool for transgenic diatoms. FEBS
Journal 2005, 272(13):3413-3423.
Bi YM, Wang RL, Zhu T, Rothstein S: Global transcription profiling reveals
differential responses to chronic nitrogen stress and putative nitrogen
regulatory components in Arabidopsis. BMC Genomics 2007, 8(1):281.
Stefels J: Sulfur in the marine environment. In Sulfur in Plants An Ecological
Perspective. Volume 6. Edited by: Hawkesford MJ, Kok LJ. Springer
Netherlands; 2007:77-90.
Ravina CG, Barroso C, Vega JM, Gotor C: Cysteine biosynthesis in
Chlamydomonas reinhardtii. Eur J Biochem 1999, 264(3):848-853.
Palma DA, Blumwald E, Plaxton WC: Upregulation of vacuolar H
+-translocating pyrophosphatase by phosphate starvation of Brassica
napus (rapeseed) suspension cell cultures. FEBS Letters 2000,
486(2):155-158.
Craney AC, Haley ST, Dyhrman ST: Alkaline phosphatase activity in the
toxic dinoflagellate Karenia brevis. Biol Bull 2004, 207(2):174a-.
Jorgensen P, Rupeš I, Sharom JR, Schneper L, Broach JR, Tyers M: A
dynamic transcriptional network communicates growth potential to
ribosome synthesis and critical cell size. Gene Dev 2004, 18(20):2491-2505.
Flynn K, Jones KJ, Flynn KJ: Comparisons among species of Alexandrium
(Dinophyceae) grown in nitrogen- or phosphorus-limiting batch culture.
Mar Biol 1996, 126(1):9-18.
Kilham S, Kreeger D, Goulden C, Lynn S: Effects of nutrient limitation on
biochemical constituents of Ankistrodesmus falcatus. Freshwater Biol 1997,
38(3):591-596.

Morey et al. BMC Genomics 2011, 12:346
http://www.biomedcentral.com/1471-2164/12/346

66. Aubourg S, Boudet N, Kreis M, Lecharny A: In Arabidopsis thaliana, 1% of
the genome codes for a novel protein family unique to plants. Plant Mol
Biol 2000, 42(4):603-613.
67. Small ID, Peeters N: The PPR motif - a TPR-related motif prevalent in
plant organellar proteins. Trends Biochem Sci 2000, 25(2):45-47.
68. Lurin C, Andres C, Aubourg S, Bellaoui M, Bitton F, Bruyere C, Caboche M,
Debast C, Gualberto J, Hoffmann B, et al: Genome-wide analysis of
Arabidopsis pentatricopeptide repeat proteins reveals their essential role
in organelle biogenesis. Plant Cell 2004, 16(8):2089-2103.
69. Saha D, Prasad AM, Srinivasan R: Pentatricopeptide repeat proteins and
their emerging roles in plants. Plant Physiol Bioch 2007, 45(8):521-534.
70. Schmitz-Linneweber C, Small I: Pentatricopeptide repeat proteins: a
socket set for organelle gene expression. Trends Plant Sci 2008,
13(12):663-670.
71. Mingler MK, Hingst AM, Clement SL, Yu LE, Reifur L, Koslowsky DJ:
Identification of pentatricopeptide repeat proteins in Trypanosoma
brucei. Mol Biochem Parasit 2006, 150(1):37-45.
72. Pusnik M, Small I, Read LK, Fabbro T, Schneider A: Pentatricopeptide
repeat proteins in Trypanosoma brucei function in mitochondrial
ribosomes. Mol Cell Biol 2007, 27(19):6876-6888.
73. Emanuelsson O, Nielsen H, Heijne GV: ChloroP, a neural network-based
method for predicting chloroplast transit peptides and their cleavage
sites. Protein Sci 1999, 8(5):978-984.
74. Lange H, Sement FM, Canaday J, Gagliardi D: Polyadenylation-assisted
RNA degradation processes in plants. Trends Plant Sci 2009, 14(9):497-504.
75. Plumley FG, Schmidt GW: Nitrogen-dependent regulation of
photosynthetic gene expression. P Natl Acad Sci USA 1989,
86(8):2678-2682.
76. de Groot CC, van den Boogaard R, Marcelis LFM, Harbinson J, Lambers H:
Contrasting effects of N and P deprivation on the regulation of
photosynthesis in tomato plants in relation to feedback limitation. J Exp
Bot 2003, 54(389):1957-1967.
77. Lilly JW, Maul JE, Stern DB: The Chlamydomonas reinhardtii organellar
genomes respond transcriptionally and post-transcriptionally to abiotic
stimuli. Plant Cell 2002, 14(11):2681-2706.
78. Lustig Y, Sheiner L, Vagima Y, Goldshmidt H, Das A, Bellofatto V, Michaeli S:
Spliced-leader RNA silencing: a novel stress-induced mechanism in
Trypanosoma brucei. EMBO Rep 2007, 8(4):408-413.
79. Muhich ML, Boothroyd JC: Polycistronic transcripts in trypanosomes and
their accumulation during heat shock: evidence for a precursor role in
mRNA synthesis. Mol Cell Biol 1988, 8(9):3837-3846.
80. Haile S, Papadopoulou B: Developmental regulation of gene expression
in trypanosomatid parasitic protozoa. Curr Opin Microbiol 2007,
10(6):569-577.
81. Waltenberger H, Schneid C, Grosch JO, Bareiss A, Mittag M: Identification
of target mRNAs for the clock-controlled RNA-binding protein Chlamy 1
from Chlamydomonas reinhardtii. Mol Genet Genomics 2001,
265(1):180-188.
82. Mittag M, Lee DH, Hastings JW: Circadian expression of the luciferinbinding protein correlates with the binding of a protein to the 3’
untranslated region of its mRNA. P Natl Acad Sci USA 1994,
91(12):5257-5261.
83. Wilusz CJ, Wilusz J: Bringing the role of mRNA decay in the control of
gene expression into focus. Trends Genet 2004, 20(10):491-497.
84. Toulza E, Shin MS, Blanc G, Audic S, Laabir M, Collos Y, Claverie JM,
Grzebyk D: Gene expression in proliferating cells of the dinoflagellate
Alexandrium catenella (Dinophyceae). Appl Environ Microbiol 2010,
76(13):4521-4529.
85. Guillebault D, Derelle E, Bhaud Y, Moreau H: Role of nuclear WW domains
and proline-rich proteins in dinoflagellate transcription. Protist 2001,
152(2):127-138.
doi:10.1186/1471-2164-12-346
Cite this article as: Morey et al.: Transcriptomic response of the red tide
dinoflagellate, Karenia brevis, to nitrogen and phosphorus depletion
and addition. BMC Genomics 2011 12:346.

Page 18 of 18

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

