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Résumé

Les dinoflagellés sont des eucaryotes unicellulaires retrouvés dans la plupart des
écosystemes aquatiques du globe. Ces organismes aménent une contribution substantielle a la
production primaire des océans, soit en tant que membre du phytoplancton, soit en tant que
symbiontes des anthozoaires formant les récifs coralliens. Malheureusement, ce role
écologique majeur est souvent négligé face a la capacité de certaines especes de dinoflagellés
a former des fleurs d'eau, parfois d'étendue et de durée spectaculaires. Ces floraisons d'algues,
communément appelées "marées rouges", peuvent avoir de graves conséquences sur les
écosystemes cotiers, sur les industries de la péche et du tourisme, ainsi que sur la santé
humaine. Un des facteurs souvent corrélé avec la formation des fleurs d'eau est une
augmentation dans la concentration de nutriments, notamment 1’azote et le phosphore. Le
nitrate est un des composants principaux retrouvés dans les eaux de ruissellement agricoles,
mais également la forme d'azote bioaccessible la plus abondante dans les écosystémes marins.
Ainsi, l'agriculture humaine a contribué¢ a magnifier significativement les problémes associés
aux marées rouges au niveau mondial. Cependant, la pollution ne peut pas expliquer a elle
seule la formation et la persistance des fleurs d'eau, qui impliquent plusieurs facteurs biotiques
et abiotiques. Il est particuliérement difficile d'évaluer I'importance relative qu'ont les ajouts de
nitrate par rapport a ces autres facteurs, parce que le métabolisme du nitrate chez les
dinoflagellés est largement méconnu. Le but principal de cette these vise a remédier a cette
lacune. J'ai choisi Lingulodinium polyedrum comme modele pour I'é¢tude du métabolisme du
nitrate, parce que ce dinoflagellé est facilement cultivable en laboratoire et qu'une étude
transcriptomique a récemment fourni une liste de génes pratiquement compléte pour cette
espece. Il est également intéressant que certaines composantes moléculaires de la voie du
nitrate chez cet organisme soient sous contrdle circadien. Ainsi, dans ce projet, j'ai utilisé des
analyses physiologiques, biochimiques, transcriptomiques et bioinformatiques pour enrichir
nos connaissances sur le métabolisme du nitrate des dinoflagellés et nous permettre de mieux
apprécier le role de l'horloge circadienne dans la régulation de cette importante voie

métabolique primaire.



Je me suis tout d'abord penché sur les cas particuliers ou des floraisons de dinoflagellés
sont observées dans des conditions de carence en azote. Cette idée peut sembler contre-
intuitive, parce que l'ajout de nitrate plutdt que son €puisement dans le milieu est généralement
associ¢ aux floraisons d'algues. Cependant, j’ai découvert que lorsque du nitrate était ajouté a
des cultures initialement carencées ou enrichies en azote, celles qui s'étaient acclimatées au
stress d'azote arrivaient a survivre prés de deux mois a haute densité cellulaire, alors que les
cellules qui n'étaient pas acclimatées mourraient apres deux semaines. En condition de carence
d'azote sévere, les cellules arrivaient a survivre un peu plus de deux semaines et ce, en arrétant
leur cycle cellulaire et en diminuant leur activit¢ photosynthétique. L’incapacité pour ces
cellules carencées a synthétiser de nouveaux acides aminés dans un contexte ou la
photosynthése €tait toujours active a mené a 1’accumulation de carbone réduit sous forme de
granules d’amidon et corps lipidiques. Curieusement, ces deux réserves de carbone se
trouvaient a des pdles opposés de la cellule, suggérant un role fonctionnel a cette polarisation.

La deuxieme contribution de ma thése fut d’identifier et de caractériser les premiers
transporteurs de nitrate chez les dinoflagellés. J'ai découvert que Lingulodinium ne possédait
que trés peu de transporteurs comparativement a ce qui est observé chez les plantes et j'ai
suggéré que seuls les membres de la famille des transporteurs de nitrate de haute affinité 2
(NRT2) étaient réellement impliqués dans le transport du nitrate. Le principal transporteur
chez Lingulodinium était exprimé constitutivement, suggérant que 1’acquisition du nitrate chez
ce dinoflagell¢ se fondait majoritairement sur un systéme constitutif plutét qu’inductible.
Enfin, j'ai démontré que l'acquisition du nitrate chez Lingulodinium était régulée par la lumiere
et non par l'horloge circadienne, tel qu'il avait été proposé dans une étude antérieure.

Finalement, j’ai utilisé une approche RNA-seq pour vérifier si certains transcrits de
composantes impliquées dans le métabolisme du nitrate de Lingulodinium étaient sous
controle circadien. Non seulement ai-je découvert qu’il n’y avait aucune variation journaliere
dans les niveaux des transcrits impliqués dans le métabolisme du nitrate, j’ai aussi constaté
qu’il n’y avait aucune variation journaliere pour n’importe quel ARN du transcriptome de
Lingulodinium. Cette découverte a démontré que 1’horloge de ce dinoflagellé n'avait pas
besoin de transcription rythmique pour générer des rythmes physiologiques comme observé

chez les autres eukaryotes.
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Abstract

Dinoflagellates are unicellular eukaryotes found in most aquatic ecosystems of the
world. They are major contributors to carbon fixation in the oceans, either as free-living
phytoplankton or as symbionts to corals. Dinoflagellates are also infamous because some
species can form spectacular blooms called red tides, which can cause serious damage to
ecosystems, human health, fisheries and tourism. One of the factors often correlated with algal
blooms are increases in nutrients, particularly nitrogen and phosphorus. Nitrate is one of the
main components of agricultural runoffs, but also the most abundant bioavailable form of
nitrogen in marine environments. Thus, agricultural activities have globally contributed to the
magnification of the problems associated with red tides. However, bloom formation and
persistence cannot be ascribed to human pollution alone, because other biotic and abiotic
factors are at play. Particularly, it is difficult to assess the relative importance of nitrate
addition over these other factors, because nitrate metabolism in dinoflagellate is mostly
unknown. Filling part of this gap was the main goal of this thesis. I selected Lingulodinium
polyedrum as a model for studying nitrate metabolism, because this dinoflagellate can easily
be cultured in the lab and a recent transcriptomic survey has provided an almost complete
gene catalogue for this species. It is also interesting that some molecular components of the
nitrate pathway in this organism have been reported to be under circadian control. Thus, in this
project, I used physiological, biochemical, transcriptomic and bioinformatic approaches to
enrich our understanding of dinoflagellate nitrate metabolism and to increase our appreciation
of the role of the circadian clock in regulating this important primary metabolic pathway.

I first studied the particular case of dinoflagellate blooms that occur and persist in
conditions of nitrogen depletion. This idea may seems counterintuitive, because nitrogen
addition rather than depletion, is generally associated with algal blooms. However, I
discovered that when nitrate was added to nitrogen-deficient or nitrogen-sufficient cultures,
those that had been acclimated to nitrogen stress were able to survive for about two months at
high cell densities, while non-acclimated cells died after two weeks. In conditions of severe
nitrogen limitation, cells could survive a little bit more than two weeks by arresting cell

division and reducing photosynthetic rates. The incapacity to synthesize new amino acids for
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these deprived cells in a context of on-going photosynthesis led to the accumulation of
reduced carbon in the form of starch granules and lipid bodies. Interestingly, both of these
carbon storage compounds were polarized in Lingulodinium cells, suggesting a functional role.

The second contribution of my thesis was to identify and characterize the first nitrate
transporters in dinoflagellates. I found that in contrast to plants, Lingulodinium had a reduced
suite of nitrate transporters and only members of the high-affinity nitrate transporter 2 (NRT2)
family were predicted to be functionally relevant in the transport of nitrate. The main
transporter was constitutively expressed, which suggested that nitrate uptake in Lingulodinium
was mostly a constitutive process rather than an inducible one. I also discovered that nitrate
uptake in this organism was light-dependent and not a circadian-regulated process, as
previously suggested.

Finally, I used RNA-seq to verify if any transcripts involved in the nitrate metabolism
of Lingulodinium were under circadian control. Not only did I discovered that there were no
daily variations in the level of transcripts involved in nitrate metabolism, but also that there
were no changes for any transcripts present in the whole transcriptome of Lingulodinium. This
discovery showed that the circadian timer in this species did not require rhythmic transcription

to generate biological rhythms, as observed in other eukaryotes.

Keywords : acclimation, carbon, circadian clock, daily rhythms, dinoflagellate, harmful algal
blooms, high-affinity nitrate tranporters, Lingulodinium polyedrum, lipid bodies, nitrate,
nitrate uptake, nitrogen stress, photosynthesis, starch, transcription-translation feedback loops,

transcriptome
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Chapter 1- Introduction



1.1. Overview of dinoflagellates

1.1.1. Phylogeny

Dinoflagellates are unicellular organisms that can be found in most aquatic ecosystems
of the world. They display a tremendous diversity in morphology, nutritional strategies and
ecological functions. Phylogenetically, dinoflagellates cluster with ciliates and apicomplexans
within the well-supported superphylum Alveolata (Fig. 1.1.1), named for the flattened vesicles
(cortical alveoli) that form a continuous layer just under the plasma membrane in these
organisms [1]. The apicomplexans are sister to dinoflagellates and molecular clock analyses
estimated their divergence at about 800-900 million years ago [2,3]. These analyses are
consistent with the discovery of the oldest dinoflagellate fossils in late Mesoproterozoic rocks
[4]. Molecular phylogenetics has divided the dinoflagellates in three groups: the Oxyrrhinales,
the Syndiniales and the core dinoflagellates (Fig. 1.1.1) [5,6]. While not a true dinoflagellate,
the oyster pathogen Perkinsus marinus has been useful in inferring ancestral conditions in
dinoflagellates, because this organism possesses some distinctive dinoflagellate features, while
retaining more general eukaryotic characteristics (Fig 1.1.1). The free-living Oxyrrhinales and
parasitic Syndiniales are also heterotrophic and localized at the base of the tree [7,8,9,10]. The
core dinoflagellates contain the majority of characterized species, which are heterotrophic,
phototrophic or mixotrophic. Fensome et al, initially classified the core dinoflagellates into 14
orders based on morphological data, such as the patterns of thecal plates or the absence of a
theca altogether [11]. However, molecular and ultrastructural phylogenies showed that thecal
characteristics evolved multiple times within the core dinoflagellates [5,9] and as a result,
many of the orders previously described were poly- and paraphyletic. Thus, relationships
among dinoflagellates are still being investigated and future classifications will most likely

introduce major changes [5].

1.1.2. Plastid origin and distinctive features

About half of the ~2000 dinoflagellate species that have been described are
photosynthetic [12]. Most of these have distinctive chloroplasts surrounded by three

membranes and contain chlorophylls a and ¢, in addition to the xanthophyll peridinin, which is



a photopigment unique to dinoflagellates and responsible for the characteristic red colour of
most species [13]. The peridinin chloroplast is thought to result from an endosymbiotic event
involving a red alga. However, it was a matter of debate if this event occurred ancestrally,
through a single secondary endosymbiotic event or rather recently through, serial tertiary
endosymbiosis [14,15], the latter occurring by engulfment of an alga containing a secondary
plastid. On one hand, the "Chromoalveolata hypothesis" suggested that all members within
this supergroup, including the cercozoans, the foraminiferans, the radiolarians, the Alveolates
and the Stramenopiles, were derived from a common bikont ancestor that had engulfed a
rhodophyte [16]. The main rationale for the Chromoalveolata monophyly was that plastid gain
was thought to be much more evolutionary difficult than plastid loss [17]. Thus, it was more
parsimonious to hypothesize a single secondary endosymbiotic event in a common ancestor to
all Chromoalveolata, and subsequent loss of plastids in ciliates, some apicomplexans and
early-diverging members of many chromalveolate lineages [14], than to propose multiple
plastid acquisitions by horizontal transfer. On the other hand, tertiary endosymbiosis is
observed in multiple dinoflagellate taxa that have chloroplasts of different origins [6,18]. For
example, two dinoflagellate genera, Karenia and Karlodinium, have permanent haptophyte-
derived plastids [19,20], while species of the Dinophysis obtain temporary chloroplasts from
ingestion of cryptophytes [21]. Another problem with the Chromoalveolata hypothesis was
that the very few phylogenies based on nuclear DNA and including all groups within the
chromoavleolates were incongruent with plastid-based phylogenies [6,20,22]. Thus, it was
suggested that the red algal-derived plastid in chromoalveolates was more likely acquired
horizontally by tertiary endosymbiosis than by vertical inheritance from a common ancestor
[15,18]. However, this alternative was recently challenged by the discovery of Chromera
velia, a free-living photosynthetic alga closely related to apicomplexans and sharing a
common plastid origin with heterokonts (Stramenopiles) [23]. Combined with the observation
of a vestigial chloroplast in some apicomplexans [24], and the discovery of several plastid-
targeted genes in the nuclear genome of the heterotrophic dinoflagellate Oxyrrhis marina [25],
it now seems more likely that the common ancestor of dinoflagellates and apicomplexans was
photosynthetic rather than heterotrophic.

Chloroplasts of peridinin-containing dinoflagellates also possess multiple distinctive

features. They have replaced the typical form I ribulose-1,5-bisphosphate-carboxylase-



oxygenase (RuBisCO) by a form II RuBisCO [26], which is usually found in proteobacteria
growing in high-CO,, low-O; environments [27]. The reason for this is that form II RuBisCO
has a significantly lower affinity to CO, than the form 1 enzyme [27]. However,
dinoflagellates typically live in low-CO,, high-O, environments, and thus, it was suggested
that these organisms needed novel CO;-concentrating mechanisms (CCM) to compensate for
the imperfections of form II RuBisCO [6]. One such CCM was identified in Lingulodinium
polyedrum, where a oJ-type carbonic anhydrase (CA), which catalyzes the rapid
interconversion of CO, and HCOs, was found to be exclusively localized at the plasma
membrane [28]. Treating the cells with acetazolamide, a non-membrane-permeable CA
inhibitor, resulted in decreases in photosynthetic rates [28]. This suggested that the action of
the CA at the vicinity of the cell membrane increased CO, uptake, leading to higher
photosynthetic rates [28]. Interestingly, Lingulodinium also showed a circadian variation in the
localization of RuBisCO within individual chloroplasts that correlated with the CO," fixation
rhythm [29]. During the day, where carbon fixation rates are highest, RuBisCO was
sequestered near the center of the cell in the pyrenoid within the chloroplast, while the enzyme
distributed evenly within the chloroplasts at night. Thus, the strategic localization of RuBisCO
in day-phased cells was proposed to optimize carbon fixation by limiting access of oxygen to
the active site of the enzyme, rather than increasing CO, concentrations within the chloroplasts
[29].

Unlike most genes that are typically encoded in the plastids of photosynthetic
eukaryotes, the form II RuBisCO is nuclear-encoded in peridinin dinoflagellates [26]. In fact,
these organisms have the smallest known functioning plastid genomes, with only 16 genes
described so far [30], in contrast to the ~100 genes typically found in chloroplasts of other
photosynthetic eukaryotes [6]. This dramatic reduction is thought to be the result of massive
gene transfer from the chloroplast to the nucleus in dinoflagellates [31]. The DNA structure in
their plastids is also peculiar. Whereas conventional plastid genomes have their genes
distributed on a single circular DNA molecule, the plastid genome of peridinin dinoflagellates
has been broken down in multiple small 2- to 3-kb plasmids, termed "minicircles" [32]. Each
of these minicircles encodes one to several genes and possesses a noncoding core sequence
proposed to act as an origin of replication [32,33]. Transcription in the chloroplasts was

suggested to occur in a "rolling circle" fashion where the minicircular DNA 1is transcribed



continuously to generate polycistronic transcripts larger than the minicircle itself [34]. These
transcripts are then cleaved by an endonuclease to produce long RNA precursors, which are
further processed into mature RNAs by processes including 3'-polyuridylylation [35].

On an evolutionary perspective, it is interesting that all the usual plastid features that
were mentioned above (i.e. peridinin, form II RuBisCO, small genomes, minicircles, 3'-
polyuridylylation of mRNAs) were lost in the dinoflagellates that have replaced this ancestral
peridinin plastid with plastids from other algal sources [6]. The term "replacement” is used,
because many nuclear-encoded genes that are targeted to the plastids of non-peridinin
dinoflagellates have chimeric origins. For example, the fucoxanthin dinoflagellates Karenia
and Karlodinium possess a plastid proteome derived from many genes that originated from the
recent haptophyte endosymbiont, while also retaining some that are remnants of the peridinin-
containing ancestor [36,37]. This suggests that the ancestors of non-peridinin dinoflagellates

lived with at least two plastids of different origins in the same cell [37].

1.1.3. A unique mitochondrial genome

Similar to the plastid genome, gene content of the mitochondrial genome in
dinoflagellates is highly reduced when compared to other eukaryotes. Only 3 protein-coding
genes (cob, coxl, cox3) and 2 rRNAs sequences have been identified [38,39,40], which are the
same as those reported for the apicomplexans [41,42]. However, dinoflagellates mitochondrial
gene arrangements and expression are unique. In contrast to apicomplexans where the
mitochondrial genome is compactly arranged on a contiguous and linear stretch of DNA
[41,42], dinoflagellate mitochondrial genomes are highly fragmented, contain multiple copies
of the same genes and are characterized by large amounts of inverted repeats and noncoding
DNA [43]. The cox3 gene is encoded by two genomic elements that are each transcribed and
polyadenylated, and the two RNA fragments are joined by trans-splicing to produce a mature
cox3 mRNA[38]. Trans-splicing is a particular RNA process where exons of two pre-mRNAs
are ligated to produce a single mature mRNA molecule. Mitochondrial transcripts also lack
canonical start and stop codons [38,40,44], and they are extensively edited with a bias toward
G or C [38,39,40]. While the function of mRNA editing is mostly unknown, dinoflagellates

generally possess GC-rich nuclear sequences, and thus, reducing the AT content of



mitochondrial transcripts could potentially make them better suited for imported nucleus-

encoded tRNAs [45].

1.1.4. Particularities of nuclear structure and biology

It is impossible to describe dinoflagellates without mentioning their nuclear biology
since this 1s among the most divergent in the eukaryotic domain. It is so divergent that before
molecular phylogenetics confirmed their membership within the Alveolates, dinoflagellates
were considered mesokaryotes, an intermediate between prokaryotes and eukaryotes [46]. All
core dinoflagellates possess a "dinokaryon" that is characterized by permanently condensed
chromosomes attached to the nuclear envelope and lacking the nucleosomes necessary for
DNA packing [47]. Instead of histones, the organization of chromatin in these organisms relies
on histone-like proteins (HLP), which are structurally similar to bacterial DNA-binding
proteins [48]. However, the HLP/DNA ratio in dinoflagellates is roughly one tenth of the
histones/DNA ratio found in other eukaryotes, and this low level of nucleoproteins is thought
to favor the liquid crystalline form of DNA that is observed in core dinoflagellates [49,50].
While histones have long been postulated to be absent in these organisms, this idea has been
rejected with the finding of all core nucleosomal histones along with histone modifying
enzymes and a nucleosome assembly protein in dinoflagellate transcriptomes [51,52].
However, the relevance of these histones in chromatin organization is still questioned, because
no proteins have yet been detected on immunoblots [52].

In contrast to their organellar genomes, some dinoflagellate nuclear genomes are
among the largest found in nature. For example, Prorocentrum micans contains 250 pg of
DNA per haploid cell [53], which is about eighty-fold more than what is found in a haploid
human cell. While regression models can predict gene content in most organisms based on
their genome size [54], genes in many dinoflagellate genomes are present in several copies
organised in tandem arrays [54,55,56,57]. Thus, based on sizes of known dinoflagellate
genomes, the estimation of 37000 to 87000 unique genes in these organisms is bound to be an
exaggeration of the actual gene content [54]. The reason why single cell eukaryotes like
dinoflagellates accumulate such large amounts of DNA and how they manage to conserve and

express the relevant sequences is still being investigated.



A major breakthrough in dinoflagellate biology was made by the discovery that every
nuclear transcript contained an identical 22-nucleotides spliced leader (SL) sequence on the 5'
end [58,59]. This SL sequence was found to be added to mature mRNAs by 5'-frans-splicing.
The leader sequences themselves were found to be encoded in tandem gene arrays of unknown
number and size [58,59]. Interestingly, the same SL sequence was found in all dinoflagellate
species studied, including those of the Oxyrrhinales [60], and Syndiniales [61] orders, which
suggest that 5' frans-splicing arose early in the evolution of dinoflagellates. Kinetoplastids,
which include the trypanosome parasites, are another group that make extensive use of SL-
trans-splicing for mRNA maturation. In these organisms, mRNAs are first transcribed as
polycistrons, where trans-splicing of the SL sequence serves to delineate and excise individual
open reading frames (ORFs) [62]. This observation led to the hypothesis that dinoflagellate
mRNA could also be transcribed as polycistrons [58]. However, a recent study invalidated this
hypothesis [63], and the function of SL-trans-splicing in dinoflagellates still needs to be
clarified.

Transcriptional regulation in dinoflagellates is another particularity that sets them apart
from other eukaryotes. First, the canonical eukaryotic TATA box promoter element is absent
in dinoflagellate [6,64]. However, it was suggested to have been replaced by a TTTT motif,
because an intermediate TATA box binding protein with a higher affinity for TTTT was
identified in Crypthecodinium cohnii [65]. While this prediction was made more than 10 years
ago, it was only recently confirmed experimentally with the analysis of Symbiodinium
kawagutii genome, which is the first genome sequenced for dinoflagellates [66]. A global
search revealed that the TTTT motif was present in the upstream regions of 94% of the
predicted genes in the genome [66]. Moreover, the strategic localization of the TTTT ~30 bp
upstream of potential transcriptional sites strongly suggested that it served as a bona fide
dinoflagellate core promoter motif [66].

A second difference to typical eukaryotes, is the infrequent use of transcriptional
regulation in dinoflagellates. For example, microarray analysis in Pyrocystis lunula revealed
that only 3% of transcripts showed a circadian variation [67], while 4% responded to oxidative
stress [68]. Another microarray study in Karenia brevis also found that 3% of genes showed
circadian changes at the mRNA level [69]. Massively parallel signature sequencing in

Alexandrium detected that 10% to 27% of transcripts were differentially expressed in various



conditions [70,71]. A likely explanation for this limited use of transcriptional control is that
dinoflagellates might show a reduction in the number protein factors necessary for
transcriptional regulation, when compared to other eukaryotes. This hypothesis was confirmed
in Lingulodinium where it was found that DNA-binding proteins were greatly
underrepresented when compared to diatoms, ciliates and green algae [63]. Analysis of
sequences common to Lingulodinium, Karenia and Alexandrium also showed that DNA-
binding proteins were depleted, while translational factors, protein kinases and protein
phosphatases were enriched [63]. These findings support the idea that dinoflagellates favor
posttranscriptional mechanisms to control their gene expression over transcriptional

regulation.

1.1.5. Ecological functions

If the oddities of dinoflagellate biology inspired many cellular, molecular and
evolutionary researchers, dinoflagellates have also had a tremendous impact on past and
modern ecology. Dinoflagellates have one of the most extensive fossil records among
microscopic eukaryotes, due to the ability of many species to form resting cysts [72]. These
dormant cells can resist unfavourable conditions and remain viable for hundred of years [73].
Assemblages of cysts from different species deposit in sediments and form stratum. Changes
in these dinoflagellate assemblages reflect variations in productivity [74,75], water
temperature [76,77], salinity [76,78] and ice cover [79,80], and are used extensively by
paleoecologists to reconstruct the history of past seas and oceans, particularly those of the
Quaternary Period. Cysts of freshwater dinoflagellates were also shown to be useful indicators
of productivity, temperature and pH for paleoecological reconstructions [81].

In present marine environments, dinoflagellates are major contributors to primary
production, either as free-living phytoplankton or as symbionts to reef-forming corals [6,82].
Some heterotrophic and mixotrophic species are prolific grazers that can prey on multiple
planktonic groups [83]. Dinoflagellates are in turn excellent prey for some protists and
metazoans. Thus, dinoflagellates play diverse roles in marine food webs. However, their
ecological value is often overshadowed by the propensity of some species to form harmful
algal blooms (HABs), commonly described as red tides. HABs often kill fishes and other

marine wildlife and microorganisms through oxygen depletion, irradiance reduction, physical



damage and/or secretion of biotoxins [84]. Some of these toxins can also accumulate within
shellfish and fish, and can cause serious diseases in humans such as paralytic shellfish
poisoning, neurotoxic shellfish poisoning and ciguatera fish poisoning [85]. Thus, red tides
have serious negative impacts on marine ecosystems, human health and economic activities.
While the development and persistence of HABs involve multiple factors, an increase
in nutrient inputs is often correlated with bloom outbreaks [86,87,88]. Nitrogen is one of these
essential nutrients that is commonly found in agricultural fertilizers in the form of nitrate,
ammonium or urea. Nitrogen runoffs contribute to the eutrophication of many coastal regions
of the world and are sometimes directly linked to the development of HABs dominated by
dinoflagellates [89]. Anthropogenic addition of nitrogen also modifies the elemental ratios that
have been reported to influence the composition and abundance of phytoplankton [90,91,92].
For example, decreases in the Si:N [91,93], and increases in the N:P [92], ratios in coastal
waters have globally reduced the diversity and abundance of diatoms to the benefit of
flagellate species. Thus, dinoflagellates and the problems associated with HABs are becoming

more prevalent in coastal ecosystems.



Figure 1.1.1. Distinctive features of dinoflagellate evolution within the Alveolata

Schematic representation of the Superphyllum Alveolata, based on molecular phylogenetic

analyses [6].
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In this section, I review nitrogen metabolism in dinoflagellates. I present the multiple
strategies that these organisms have developed to meet their nitrogen demands while
competing for this resource with other phytoplankton, particularly diatoms. I also present the

adaptation mechanisms dinoflagellates have evolved to cope with nitrogen stress.
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1.2.1. Abstract

The cosmopolitan presence of dinoflagellates in aquatic habitats is now believed to be a
direct consequence of the different trophic modes they have developed through evolution.
While heterotrophs ingest food and photoautotrophs photosynthesize, mixotrophic species are
able to use both strategies to harvest energy and nutrients. These different trophic modes are of
particular importance when nitrogen nutrition is considered. Nitrogen is required for the
synthesis of amino acids, nucleic acids, chlorophylls, and toxins, and thus changes in the
concentrations of various nitrogenous compounds can strongly affect both primary and
secondary metabolism. For example, high nitrogen concentration is correlated with rampant
cell division resulting in the formation of the algal blooms commonly called red tides.
Conversely, nitrogen starvation results in cell cycle arrest and induces a series of
physiological, behavioral and transcriptomic modifications to ensure survival. This review will
combine physiological, biochemical and transcriptomic data to assess the mechanism and
impact of nitrogen metabolism in dinoflagellates and to compare the dinoflagellate responses

with those of diatoms.

Key words: Dinoflagellates, diatoms, nitrogen metabolism, nitrogen stress, autotrophy,

mixotrophy, heterotrophy
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1.2.2. Introduction

Dinoflagellates are unicellular eukaryotes that appeared ~ 400 MYA and still thrive
today in most marine and freshwater ecosystems [94]. They have evolved various life styles,
which has enabled them to populate a great diversity of ecological niches. Many
dinoflagellates are found within the phytoplankton, and are important contributors to oceanic
primary production. Others, such as Pfiesteria or Protoperidinium, are predators that are
known to feed on a wide array of prey. Still other dinoflagellates can be symbiotic, as
exemplified by the endosymbiotic associations formed between Symbiodinium and some
anthozoans. This mutualistic symbiosis is of immense ecological importance because many
tropical reef corals live in nutrient-poor water and the photosynthetic products supplied by the
zooxanthellae symbionts are essential for growth and survival of the host [82]. The order
Syndiniales is comprised exclusively of parasitic species that infect tintinnid ciliates,
crustaceans, dinoflagellates and fish [95,96,97,98,99,100]. Curiously, some dinoflagellate
genera, such as Gambierdiscus, Ostreopsis or Prorocentrum, can live fixed to a substrate.
They can be found both in epiphytic associations with macroalgae and in benthic sediments
[101]. The benthic zone also contains dinoflagellate temporary or resting cysts. It is now
believed that one explanation for the ecological versatility of dinoflagellates comes from the
three trophic modes, autotrophy, mixotrophy and heterotrophy, they have evolve to harvest
energy.

Traditionally, dinoflagellates have been categorized as either photoautotrophic or
heterotrophic, based on the presence or absence of chloroplasts. Over the past 30 years,
however, it became evident that these two trophic modes were actually the extremes of a
continuum, with the middle region being composed of mixotrophic species. Mixotrophs
combine photosynthesis and food ingestion to harvest both energy and nutrients, and are quite
common in marine phytoplankton, with the diatoms being a noteworthy exception [102].
Mixotrophy can be found in all dinoflagellate orders, even if evidence is stronger in some taxa
[103]. Most dinoflagellates have complex life cycles, and in some cases mixotrophic behavior
is only apparent in some life stages. For example, P. piscicida lacks chloroplasts and is
heterotrophic for most of its life, except in its flagellated zoospore stage where the cells

contain functional kleptochloroplasts stolen from ingested cryptophytes [103,104].
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Although dinoflagellate life styles are diverse, all species require carbon (C), phosphorus
(P) and nitrogen (N). Of these, N nutrition is of particular interest, because high concentrations
of various N sources are often correlated with the appearance of harmful algal blooms (HABs)
dominated by dinoflagellates [86,89,105,106,107]. There is a general scientific consensus that
HAB events have globally increased in frequency, magnitude and geographic extent over the
last 40 years [105]. Concurrently, the impacts of HABs on public health, tourism, fisheries and
ecosystems have also increased. Some HABs are toxic, such as those caused by the
widespread Alexandrium genus, as they can synthesize a suite of paralytic shellfish toxins
(PST) [108,109]. These toxins accumulating within filter-feeding mollusks can cause paralytic
shellfish poisoning. PSTs all contain N and their concentration within Alexandrium cells can
increase up to 76% following N-enrichment [109,110]. A better understanding of N
metabolism in dinoflagellates could help to better predict the occurrence of HABs and limit
their impact.

This review will cover nitrogen metabolism in dinoflagellates of various marine life
styles. Unfortunately, even though some physiological and transcriptional studies are
available, there is little known about the molecular components involved in N metabolism for
these organisms. However, it is known that most dinoflagellates species with permanent
chloroplasts can live in medium supplemented strictly with various inorganic nutrients, nitrate
(NOs") being the predominant N form [83]. This implies that N assimilation genes are present
in these species and, because this process is remarkably well conserved in plants and algae, it
is likely that parallels can be made with dinoflagellates (Fig. 1.2.1, see further sections for
details). This review will first address these parallels by describing what is currently reported
about the molecular components involved in N metabolism in plants and eukaryotic algae. We
will then discuss the particular case of mixotrophy for the uptake of N in dinoflagellates. This
nutrient being essential for synthesis of amino acids, nucleic acids, chlorophylls, and toxins, it
1s a major factor limiting growth. In conditions of N-stress dinoflagellate cells either die or
modify their metabolism and trophic behavior to ensure their survival. We will finish by
presenting the various adaptations used by dinoflagellates to cope with N stress. Throughout
the text, we will compare the dinoflagellate N responses to those of diatoms to examine which

environmental conditions could favor one group of organisms over the other.
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1.2.3. Overview of the marine N cycle

The marine N cycle is probably the most complex of the biogeochemical cycles, as it
involves various chemical forms and multiple transformations that connect all marine
organisms. In this section and the following one, we will begin by giving a brief overview of
the N cycle to better understand how N flux in the oceans and what chemical forms are the
most relevant for dinoflagellates. We will then describe the molecular mechanisms of N
transport in plants and algae. We will finish with what is currently known about physiological
N uptake in dinoflagellates and how our understanding has been helped by genomic and
functional studies in diatoms.

About 94% of the oceanic N inventory exists as biologically unavailable dissolved
nitrogen gas (N,) [111]. This gas can be made bioavailable through N,- fixation, a process
carried out by photoautotrophic prokaryotes, mainly cyanobacteria, using iron-dependent
nitrogenases to catalyze reduction of N, to NH,". N-fixation thus provides a counterbalance
to the loss of bioavailable N through denitrification (NOs3™ to N;) and anaerobic ammonium
oxidation (Annamox, NH; to N,), both of which are anaerobic reactions catalyzed by
bacteria. The 6% of biologically available N exists primarily as NO;3™ (~88%) and dissolved
organic nitrogen (DON, ~11.7%) [111]. The remaining 0.3% is found in other chemical forms,
such as NO,", NH,", nitrous oxide (N,O) and particulate organic nitrogen (PON) [111].

The distribution and composition of fixed N forms vary with depth as direct
consequences of combined biological and physical processes. In the euphotic zone, C fixation
by photosynthesis drives the assimilation of inorganic N in order to sustain growth. If the
resulting organic N produced is released into the seawater in the euphotic zone, most can be
directly reassimilated, remineralized into inorganic N or respired for energy production.
However, some organic N will sink down to the aphotic zone where ammonification and
nitrification will remineralize it back to inorganic N. Finally, ocean circulation and mixing can
return this remineralized N to the euphotic zone where it can be used to sustain new growth.
The direct consequences of this biogeochemical loop are that surface waters are generally
depleted in inorganic N while the deep oceans are enriched [111]. Conversely, concentrations
of PON and DON are much higher near the surface than deeper in the oceans [111]. While this

scenario holds in the open ocean, anthropogenically-derived N additions have significantly
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changed the nutrient states in the coastal regions of the world [112,113]. Agricultural runoffs
and aquaculture industries bring sizeable amounts of new inorganic and organic N which tend
to accelerate the N cycle in coastal ecosystems [107,111,112,114]. The main engine driving
this accelerated N cycle is the ability of phytoplanktonic species to take up nitrogen directly

from the environment using very efficient transport systems.
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1.2.4. Uptake of nitrogen using transporters

The work of Epstein and Hagen on ionic transport in plant rhizodermal cells was among
the first to describe the dynamics of transporters [115]. They found that the kinetics of ion
uptake shared all the characteristics of classic Michaelis-Menten enzyme catalyzed reactions,
although uptake of potassium (K) and rubidium was later shown to have a low K, or a high
K depending if the external ionic concentrations were low (uM) or high (mM), respectively
[116]. In plants and eukaryotic algae, physiological import of inorganic and organic N is also
generally dependent on environmental concentrations [109,117,118,119,120,121,122,123].
Expression of transport proteins in heterologous systems such as yeast and Xenopus oocytes
has greatly helped to determine their biochemical properties [121,124]. At the molecular level,
dual affinity can be explained by the presence of a group of transporters, which individually
have either a high or a low affinity for their substrates. However, dual affinity can also result
when an individual transporter is able to switch between the two affinities. The best example
of a switching transporter is CHL1/AtNRTI1.1 in Arabidopsis, where phosphorylation of
threonine 101 (T101) changes its activity from a low-affinity to a high-affinity NOs
transporter [125]. Interestingly, T101 was also shown to be involved in NOj3  sensing, as
assessed by the ability of NOs™ to induce expression of genes involved in NOs;™ metabolism.
Mutants mimicking the phosphorylated form of the transporter were unable to elicit a low-
affinity NOs™ response, whereas mutants mimicking the dephosphorylated form had an
increased NOs response at all concentrations of N [126]. CHL1/AtNRT1.1 was thus named a
“transceptor”. Finally, a last group of transporters is made up of channel-like proteins such as
the major intrinsic proteins (MIPs), a family which also contains aquaporins. MIPs provide
facilitated diffusion of NH," and urea into plant cells and tonoplasts and have only low affinity
for their substrates [127,128,129,130].

N transporters and channels are often multi-selective and differentially regulated. For
example, the Chlamydomonas reinhardtii transporters CrNRT2.1 and CrNRT2.3 transport
both NO;™ and NO; with identical or different affinities, respectively. CrNRT2.1 has a high
affinity for both NO;™ and NO,’, while CrNRT2.3 has a low affinity for NO;™ and a high
affinity for NO, [131]. Generally, however, most transporters of the same family or subfamily

share similar substrate selectivity and affinity. As for the regulation patterns, some transporters
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are constitutively expressed while others are influenced by different conditions such as pH,
light and level of substrates in the environment.

Facilitated diffusion such as carried out by MIPs follows down the concentration
gradient and thus has no requirement for energy. However, for the majority of inorganic and
organic N compounds, transport goes against a concentration gradient and thus needs a source
of energy. Plants and algae produce a proton motive force (PMF) using H'-ATPases at their
plasma membranes and other cell compartments. The PMF is an electrochemical gradient
exploited by transporters, such as those for NOs’, NO>', the high-affinity system of urea, some
amino acids and peptides. These transporters work either by the symport or antiport of H', and
their activities are thus dependent on pH [121,124,131,132,133,134]. Others, such as the high-
affinity NH, " uniporter AMT1.1 from Arabidopsis, exploit the electrical gradient generated by
the PMF, and thus do not require H' transport [120]{Ninnemann, 1994
#129}.

One problem concerning the use of a PMF in marine organisms is that seawater is
typically alkaline (pH = 7.8). Fortunately, seawater also contains abundant sodium (Na", 450-
500 mM), and as in animal cells, many marine algae can exploit these Na" gradients for uptake
of nutrients such as NO3', PO43', glucose, amino acids and silica [135,136,137,138]. Moreover,
existence of P-type Na'-ATPases in marine algae was confirmed in Tetraselmis viridis and
Heterosigma akashiwo [139]. The Na' versus H' powered-transport in, respectively, marine
and freshwater/terrestrial organisms, is however not an absolute rule. For example, the
freshwater chlorophyte Ankistrodesmus braunii requires Na™ for the transport of PO,>” while
Charales living in brackish waters typically use H" symporters for nutrient transport [140,141].
The strong negative membrane potential of characean cells is thought to enable H'-symport
even in alkaline environments [140]. Notably, Charales are also able to use Na'-coupled
transport for PO4”, urea and CI" [142,143,144]. To date, no comparisons of the energetics of
transport have been made between dinoflagellates living in freshwater and those living in
seawater.

Physiological uptake of NO;, NO,, NH,', urea and other DON by chloroplast-
containing dinoflagellates has been reported in both field and laboratory studies
[145,146,147,148,149,150,151,152,153,154]. Most describe the uptake kinetics in relation to

cell growth, and the variability in the kinetics has emerged as an important feature. Depending
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on the experimental sampling conditions, different intraspecific half-saturation constant (K,)
values for NO3, NH;" and urea were reported in Lingulodinium polyedrum and Alexandrium
catenella [84,145,148]. In the latter species, K, for NH," and K,, for urea varied from 0.2 to
20 uM and 0.1 to 44 uM over a 4-year period, respectively [145]. In the same study, the
authors’ measured K,, values range from 0.5 to 6.2 pM NH," within a 3-day interval, showing
how fast transport kinetics can change within the same dinoflagellate population. Similar
variations were also noted in L. polyedrum [147]. In a 2005 review, Collos et al. noted a linear
relationship between K, for NOs™ and ambient NO;™ concentrations for various freshwater and
marine unicellular algae in the field [155]. They proposed that most phytoplankton possess an
ability to physiologically acclimate to different NO3 concentrations. The variations of K,
observed for NH4" and urea in dinoflagellates suggest that acclimation could be generalized to
various N forms, not only NOs". From a molecular perspective, these results suggest that
different combinations of transporters each with particular kinetics and level of
expression/activity will be found in dinoflagellates.

Generally, when growing in presence of various different N compounds, dinoflagellates
(as well as plants and algae) prefer to take up NH,'. However, there is a concentration
threshold above which NH," becomes toxic to the cells, and this threshold seems to be
species-specific. For example, in 4. minutum, NH4" concentrations of 25 uM and higher lead
to growth inhibition while for A. tamarense and Cochlodinium polykrikoides, this threshold
was not observed until 50 uM [149,150,156]. Another tendency in dinoflagellates is inhibition
of NO; uptake when in the presence of NH,". In A. minutum, this inhibition was found to be
greater when the cells were in N-sufficient compared to N-deprived conditions [153]. This
suggests that when N is limiting, uptake of different forms will be favored over strict
assimilation of NH;" which has a reduced energy cost. Curiously, different blooming
populations of dinoflagellates were found to have high uptake rates for urea and/or amino
acids, and these rates were always higher than the rates for NO3™ uptake [145,146,148]. In L.
polyedrum, the urea uptake rate was also about 2 times more than that of NH,', even if
environmental urea concentrations were less than NH, [148]. Taken together, these
observations suggest that dinoflagellates possess a full suite of transporters for inorganic N

and organic N forms, that they have the biochemical means to assimilate these N forms, and
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that they show a great physiological plasticity in response to external N types and
concentrations.

Dinoflagellates are able to store large amounts of inorganic and organic N forms.
Comparison of N uptake and assimilation rates at various growth rates in 4. minutum showed
that most of the NO; and NH4 taken up in 1 h was not assimilated, and it was hypothesized
that the unassimilated N was stored within the cell [153]. This species was also found to have
a great storage capacity for amino acids [157], and a similar storage capability was also
described in A4, catenella, A. tamarense, and Amphidinium cartarae as well as other unicellular
algae [158,159,160]. One recent study, using Nanoscale Secondary-Ion Mass Spectrometry
(NanoSIMS) and transmission electron microscopy, showed that Symbiodinium spp.
temporarily stored N in the form of uric acid crystals after sudden increases in environmental
N [161]. Indeed, pulses of ’N-labeled NH4", NOs™ or aspartic acid promoted accumulation of
cytosolic crystalline uric acid inclusions in the zooxanthellae, which were formed in only 45
minutes in the case of NH;'. After 24 h of chasing with unlabeled-NH,  seawater, the
inclusions completely dissolved and were remobilized uniformly within the cell. These results
suggest that dinoflagellates might store their N within the cytosol, in contrast to plants where
up to 50 mM of NO;™ can be stored in the vacuoles [162]. The chemical nature of the long-
term storage of N in dinoflagellates is still unclear.

Another interesting feature of N transport in dinoflagellates is the ability of some
species to take up substantial amounts of various N forms in the darkness (Table 1.2.1.).
Dinoflagellates often display a diurnal vertical migration (DVM) in the water column and,
because NO;3™ concentrations increase with depth, dark NO;3™ uptake was first described as a
means to sustain uninterrupted growth by meeting their N requirements under conditions
where the cells cannot photosynthesize [147]. It was further suggested that the DVM of
dinoflagellates gave them a competitive advantage for N uptake over the non-motile diatoms
[84,147]. Paasche et al. showed that uptake efficiency and the N form preferentially taken up
in the dark were species-specific. At one end of the spectrum, P. minimum took up NH;" and
NOs™ at similar rates in the light or in the dark, while at the other end, Gyrodinium aureolum in
the dark had smaller rates of uptake for NH; and did not take up NO;  in N-sufficient
conditions [163]. Recently, dark uptake of NO;, NH,; and urea was confirmed in A.

tamarense [151].
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In contrast to dinoflagellates where molecular characteristics of transporters are
mainly based on predictions from physiological studies, the three presently available diatom
genomes have helped considerably to better appreciate the full extent of N transport and
assimilation in these organisms [164,165,166]. Consistent with their fast growth rate and high
productivity, diatom genomes were found to contain multiple transporters for NO3,, NH,',
urea and other organic N forms [164,167]. Analysis of genomes and studies in Cylindrotheca
fusiformis revealed that diatoms seemed to possess twice as many transporters for NH;"
compared to NOs™ [168,169,170]. It was suggested that these numbers reflect the fact that
marine phytoplankton generally face low concentrations of NH4", while NOs™ concentrations
are higher [168]. Amino acid sequence analysis of five NH," transporters of C. fusiformis
showed that they shared 40% similarity with the vascular plant NH4" transporters AMT1 and
AMT?2 [169]. Furthermore, rescue by functional complementation of a yeast strain missing all
three of its native NH," transporters not only confirmed the functionality of the identified
transporters, but also showed that AMT1 in diatoms were much more efficient transporters
than AMT?2 [169]. Identification and characterization of NO;™ transporter sequences were also
made in C. fusiformis [170]. As a general rule, genomic data and functional characterization
showed that marine N transporters share sequence homology with N transporters of terrestrial
and freshwater organisms, and that these tools can be used to better understand the responses
of an organism to different N forms and concentrations. In dinoflagellates, the immense sizes
of their genomes and the high gene copy number have long hindered sequencing projects.
However, efforts are now being made to sequence the smallest of dinoflagellate genome,
Symbiodinium [171]. There is no doubt that the presently available transcriptomic data for
Alexandrium, Karenia, Lingulodinium and Symbiodinium, as well as the upcoming genome
sequences will help in unraveling the complexity of N transport and assimilation in

dinoflagellates [63,172,173,174].
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1.2.5. Uptake of nitrogen by feeding

Because “food” comes from whole organisms (or parts of them), it contains a large
spectrum of inorganic and organic matter, in which each individual compound is not ingested
differently. For this reason, the following section will begin by describing general feeding
mechanisms measured in mixotrophic studies of dinoflagellates, taking for granted that N is
not ingested differentially than from other nutrients. Following this, we will discuss some
specific examples of the N contribution obtained from feeding and of the inorganic N
influence on the mixotrophic behavior of different dinoflagellates. We will finish with a model
proposed by Jeong et al., where mixotrophy explains the outbreak and persistence of HABs in
aquatic ecosystems limited in inorganic nutrients [175].

Mixotrophic dinoflagellates (MTDs) and heterotrophic dinoflagellates (HTDs) have
similar feeding strategies. These strategies include 1) raptorial feeding, where the predator
actively searches for its prey, 2) filter/interception, where the predator generates feeding
currents to drag the prey into proximity of its feeding parts, and 3) diffusion feeding, where
the predator passively wait until the prey comes close [175,176]. Raptorial feeding uses 3
mechanisms for ingestion of preys, 1) direct engulfment (phagocytosis), 2) pallium feeding,
where a feeding veil is deployed around the prey, and 3) peduncle feeding, in which a straw-
like structure is used to siphon out the prey’s cytoplasm [175,177]. Pallium feeding has still
not been observed in MTDs, and thus seems to be unique to HTDs. HTDs are also able to
engulf bigger preys than MTDs. In fact, the upper size limit of prey is generally proportional
to the size of MTDs, while this correlation is not observed for HTDs [178]. It was suggested
that morphological adaptations to the sulcus, the “mouth” of most HTDs, as well as a stronger
pulling force for ingestion of prey, could enable them to ingest larger prey [175]. In general,
the prey upper size limits are greater when using pallium and peduncle feeding than when
using engulfment. Spectacularly, some pallium and peduncle feeders are able to ingest prey up
to 10 times their size [177]. As for prey types, MTDs and HTDs feed on a wide array of taxa.
They were shown to ingest cryptophytes, haptophytes, chlorophytes, prasiophytes,
raphidophytes, diatoms, heterotrophic nanoflagellates, ciliates and other dinoflagellates

[179,180,181,182,183,184,185,186,187,188,189]. However, while some HTDs can feed on
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blood, flesh, eggs and early naupliar stages and adults forms of metazoans, no MTDs have
been shown to do so [190,191,192].

In 1998, Stocker has proposed three physiological types of mixotrophic protists [193].
Type III contains “photosynthetic” protozoa that require prey for growth and survival. In the
same manner as HTDs, type III MTDs take the majority of their nutrients from feeding. Type I
is made of “ideal” mixotrophs, which grow equally well either using light and inorganic
nutrients or when they consume food. Very few MTDs with permanent chloroplasts are of this
type. In fact, only 3 out of 36 reported species grew in the dark when prey was provided [83].
Most mixotrophs belong to type II, which was defined as “phagotrophic™ algae that primarily
photosynthesize and can assimilate inorganic nutrients. In this group, different proportions of
N can be taken up either by transporters or through feeding. Estimations of these proportions
have been made using in situ grazing experiments in Ceratium furca and Akashiwo sanguinea
[194,195]. In C. furca, hourly ingestion rates (I) of the fluorescently labeled prey Strobilidium
spp., were measured by dividing the mean number of food vacuoles in the predator with the
incubation time of prey and predator. The % body N was then estimated as daily ingestion
relative to cellular N content of C. furca (100 x 24h x I x (cellular N of prey/cellular N C.
furca)). On average, the % N obtained through feeding was 6.5 % with a maximal value of 51
% [195]. Similarly in 4. sanguinea, a gut clearance/gut fullness approach estimated an average
of 4 % N obtained through feeding with a maximal value of 18.5 % [194]. Both of these
species have low averages, which signifies that under low light and with inorganic nutrient
concentrations normally found in the environment, uptake of N by transporters is dominant
over feeding. Interestingly, C. furca and A. sanguinea show only a marginal increase in
growth rate with increasing prey concentrations [83]. However, in another 6 out of 36
chloroplast-containing species, a large increase in growth rates with increasing prey
concentrations was observed [83]. Although the % body N in these species was not estimated,
it could be argued that a larger proportion of N was obtained through feeding compared to C.
furca or A. sanguinea. An extreme case of mixotrophy is observed in some dinoflagellates
such as the Dinophysis genera that may contain chloroplasts of cryptophyte, haptophyte or
cyanobacterial origin [196]. All the species studied in this genus cannot grow on an inorganic
medium alone, as all require both light and prey for growth and survival

[83,197,198,199,200,201]. Dinophysis spp. are thus considered obligate mixotrophs. It is still

25



unclear what are the proportions of N obtained by feeding and by transporters in these
organisms.

The grazing behavior of some MTDs was shown to be under the influence of light and
inorganic nutrient concentrations. In laboratory cultures of Gyrodinium galatheanum and C.
furca, the incidence of feeding was negatively correlated with the amount of inorganic N
present in the medium [202,203]. In C. furca, cells only started to ingest food after 11 to 16
days in NOs'-depleted medium [203]. Similarly in P. minimum, additions of NOs™ inhibited
feeding [204]. Curiously, this organism followed a diel pattern of prey ingestion with peaks in
the afternoon and evening, and a trough in the morning. Moreover, the number of food
vacuoles observed within P. minimum cells did not change between surface populations and
the ones deeper in the water column. Because of these spatio-temporal evidences, the authors
suggested that feeding in this organism was primarily a means for obtaining limiting nutrients,
and not a mechanism to supplement C nutrition during light limitation [204]. In contrast to the
above-mentioned species, prey ingestion rates in Fragilidium cf. mexicanum was shown to be
independent of inorganic N concentrations [205]. Also, most of the chloroplast-containing
MTDs were reported to ingest prey in N-replete conditions [83]. Thus, the effects of inorganic
N on grazing behavior must be species-specific.

It was long believed that bacteria were too small to be ingested by dinoflagellates. In the
last few years, however, fluorescence and transmission electron microscopy observations
revealed that multiple HTDs and MTDs were able to feed on heterotrophic bacteria and
cyanobacteria [184,185,206,207]. In particular, feeding on the N,-fixing Synechococcus spp.
was seen in 18 species reported to form HABs [184,206,207]. Generally, when prey
concentration was high (10° cells/ml), the ingestion rates increased with increasing size of the
dinoflagellate predators [184]. Moreover, ingestion rates of Synechococcus were comparable
to those observed in heterotrophic nanoflagellates [207]. A mixture of P. mininum and P.
donghaiense was able to remove up to 98% of the Synechococcus population within 1 h,
showing that grazing by these species on bacteria could be very substantial [184]. Thus,
bacterivory in dinoflagellates was suggested to be a cause of HABs outbreaks and persistence
in nutrient-limited waters [175,206]. A model was further proposed where MTDs would

supply their N requirement by ingesting cyanobacteria, while meeting their P requirement by
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ingesting heterotrophic bacteria, which are reported to generally have a high P:N ratio [175].

This model as yet to be tested in the environment.
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1.2.6. Nitrogen assimilation and metabolism

Once inorganic N has entered the cells, phototrophic and mixotrophic dinoflagellates
can either store it or assimilate it in the form of amino acids. Whether organic N is taken up by
means of transport or by ingestion of food, all dinoflagellates must metabolize it for further
use using enzymes such as ureases, hydrolases, peptidases and aminotransferases (also known
as transaminases). In this section, we will start by giving a brief description of the enzymes
involved in inorganic N assimilation, based on the available knowledge from plants and algae.
We will follow with different evidence on the presence of these enzymes in dinoflagellates,
particularly the NR of L. polyedrum, which was found to be under the control of a circadian
clock. We will finish with a description of N assimilation in diatoms with emphasis on the
newly discovered ornithine-urea cycle.

There are two structurally different types of NR, dissimilatory and assimilatory. The first
type is found mainly in anaerobic prokaryotes, but is also present in some eukaryotes, such as
the benthic foraminiferans and some fungi [208,209,210]. These organisms use their
dissimilatory NR to respire NO; instead of O,. Direct reduction of NO; to NHy4" is a process
named dissimilatory NO;3™ reduction to ammonium (DNRA), and is well documented in
prokaryotes such as large sulfur bacteria [211]. Surprisingly, DNRA was also identified in the
benthic diatom Amphora coffeaeformis [212]. The authors suggested that this organism
respired NOs3™ as a means to survive dark and anoxic conditions. Considering that some
dinoflagellates can form resting cysts that will sink in the benthic zone, and that others are also
living there, dinoflagellates might also rely on the energy produced by dissimilatory NRs for
excystment and for survival. However, the second type, assimilatory NR (usually just called
NR) is the most common form in both eukaryotes and prokaryotes and is the type that was
implied until now in this review. It catalyzes the reduction of NOs3™ to NO,™ for assimilation.
NRs usually form homodimers, but homotetramers have been reported in organisms such as
the green algae Chlorella [213]. Each monomer contains an electron transport chain made of
three prosthetic groups: a flavine adenine dinucleotide (FAD), a cytochrome b557 and a
molybdenum cofactor [214,215]. These groups are ubiquitous in all reported NR and are
necessary for the stepwise transfer of 2 electrons from NAD(P)H to NO;™ in eukaryotes. In
contrast, prokaryotes use ferredoxins (Fd) or NADH for reduction of NO; and their NR is
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generally membrane-bound whereas the eukaryotic one is soluble [214,216]. Eukaryotic NRs
are generally localized to the cytoplasm.

In photosynthetic eukaryotes, once NO;  has been reduced, the resulting NO; is
imported into the chloroplasts where it will be further reduced. There are two types of
assimilatory NiR. The first one uses reduced-Fd from the photosynthetic transport chain as an
electron donor, while the second one, usually found in non-photosynthetic organisms, uses
NAD(P)H [214]. Both types require 6 electrons to catalyze the reduction of NO, to NH,".
Similarly to NR, Fd-NiRs contain three prosthetic groups: an iron-sulfur center, a FAD and a
siroheme [214,215]. Most of NiRs are soluble and work as individual enzymes. Generally,
NiRs have a greater affinity for NO," than NRs have for NOs™ [214]. As a consequence, NO; is
completely reduced to NH4  and does not accumulate within the cells. In plants and algae,
there are GS localized to the chloroplast and the cytosol [131,217,218]. GS adds NH;" to Glu
using ATP to produce 1 molecule of Gln. Gln is a central metabolite, which acts as a precursor
for the biosynthesis of purines, pyrimidines, proteins and ureides [218]. GOGATSs are found
exclusively in the chloroplasts/plastids in plants and algae [131,218]. They combine Gln to 2-
oxoglutarate using 2 electrons from either reduced-Fd or NAD(P)H and produce 2 molecules
of Glu. The a-amino group of Glu can then be transferred by amidotransferases to a wide
variety of 2-oxo acid acceptors to form amino acids, and back to form Glu, when amino acids
and 2-oxoglutatare are abundant. GDH present in the mitochondria can also use NH," and 2-
oxoglutarate to produce Glu. Thus, Glu and GIln are at the crossroads of amino acid
metabolism where they act both as N acceptors and N donors.

The presence of all inorganic N assimilation enzymes was tested indirectly or directly in
some MTDs. In Symbiodinium, analysis of transcriptomic data revealed sequences for NR and
NiR [172,219]. Moreover, NanoSIMS observations showed that after pulses of '*N-labeled
NOj,, zooxanthellae assimilated this N form before translocation to the coral host [161].
Because the host does not encode any NR or NiR genes, it was concluded that the
dinoflagellate symbionts were responsible for the assimilation. In dinoflagellates, it is believed
that N is principally assimilated by the GS-GOGAT pathway. In fact, GS activities were
directly measured in S. microadriaticum and the use of the GS inhibitor L-methionine
sulfoximine (MSX) strongly reduced the uptake of NH,;' [220]. Use of the GOGAT inhibitor

azaserine also led to inhibition of NH," uptake [221]. Moreover, 1 h pulses in NH; -enriched
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seawater led to a relative ~2 fold increase in levels of Gln and Glu, followed by a decrease
back to control levels after a 3 h chase with normal seawater [154]. Increases in levels of Gln
and Glu were also reported when pulses of '°N-labeled NH;", NO5™ or urea were applied [222].
In Karenia brevis, a microarray-analysis of N-depleted cultures revealed that sequences for
GS and transporters of NO3;” and NH, " were upregulated compared to N-replete cultures [174].
In L. polyedrum, a NR was purified by affinity chromatography and its activity was measured
using NOs™ as substrate [223]. Antibodies were then raised against the protein in order to
measure the daily level of expression. Interestingly, it was found that both NR activity and the
amount of the protein oscillated under light-dark and constant light conditions, the latter being
a hallmark of circadian rhythms [223]. Furthermore, it was reported in this organism that NO3
deficiency shortened the period of the circadian rhythms of bioluminescence and
photosynthesis. MSX added to cultures containing a saturating amount of NOs;™ mimicked the
effects of NOs™ deficiency on circadian period, arguing for the existence of GS. Altogether,
these experiments strongly suggest MTDs possess the full suite of enzymes required for N
assimilation and that these enzymes are homologous to those of other photosynthetic
eukaryotes.

Circadian clocks confer a selective advantage to organisms by preparing their internal
biochemistry for upcoming rhythmic environmental cues, the most typical of these being light
and darkness produced the succession of days and nights. These rhythmic cues are called
zeitgebers (time givers), because an organism’s circadian clock can entrain or synchronize to
it. The fact that NOs'-deficiency or NOs™ pulses act on the phase and the period of the
endogenous clock of L. polyedrum means that NO;3™ acts as a nonphotic zeitgeber [224]. It also
indicates that the internal clock can react adaptively to changes in NOs™ concentration. Usually
the greatest responses of a zeitgeber happen during the times when the organism is least likely
to receive a cue, for example by light during the night. L. polyedrum swims at the surface
during the day, but in the late afternoon sinks in the water column to where NOj
concentrations are higher. Thus, the effects of NO;™ pulses are greatest early at dawn where
the organisms must optimize between taking and assimilating more NO3™ or photosynthesize.
However, these effects on the clock must be interpreted carefully since the greatest uptake
rates of NO; or NH;" in all dinoflagellate species tested, including L. polyedrum, were

obtained during the middle of the light period rather than the night [147,163,225]. This
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suggests that the C skeletons and electrons provided by photosynthesis are more important
factors affecting the efficiency of uptake than is the N abundance alone. Furthermore, because
the circadian clock also controls the activity and expression of the NR in L. polyedrum, it
means the N metabolism in this species is both involved in the inputs and the outputs of the
clock. Circadian-control of the NiR activity in C. reinhardtii and on the expression of the NR
gene, NIA2, in Arabidopsis thaliana has also been reported [226,227]. Thus, circadian
regulation of the N metabolism in MTDs might be more common than what is currently
appreciated.

All the enzymes needed for N assimilation have been identified in diatoms by analysis
of their genome sequence [164,165,166]. Surprisingly, the genome also encoded all enzymes
required for the ornithine-urea cycle (OUC), present in metazoans but absent in plants and
green algae [164,228]. This cycle seems to be fully integrated within diatom metabolism,
principally through ornithine and arginine intermediates. Ornithine is a precursor for the
synthesis of polyamines, which, among other functions, are necessary for the precipitation of
silica during frustule formation, in a reaction catalyzed by ornithine decarboxylase [164].
Ornithine can also be directly converted to proline by ornithine cyclodeaminase, making this
intermediate an entry point into amino acid metabolism. As for arginine, it is used by nitric
oxide synthase to synthesize nitric oxide, an important signaling molecule in plants and
animals [229]. A pathway leading to the formation of the energy-storage molecule creatine-
phosphate, was also found to originate from arginine [164]. Integration of the OUC with the
TCA cycle and the GS-GOGAT pathway (see next section) were also shown in
Phaeodactylum tricornutum [228]. In order to check if dinoflagellates could also possess all
the genes necessary for the OUC, BLAST searches against dinoflagellate nucleotide databases
were performed using the protein sequences of 7. pseudonana and P. tricornutum as queries.
In fact, Alexandrium tamarense had candidates for all OUC enzymes (Fig. 1.2.2, Table 1.2.2.).
This suggests dinoflagellates could also possess a complete ornithine-urea cycle. In diatoms,
OUC was recognized as an important N remobilization hub, and it has been suggested that it
might give a general advantage when urea concentrations are high or any form of N are
abundant in the environment. This was thought to perhaps explain the success and prevalence
of diatoms over other phytoplankton species in eutrophic waters [228], but this idea may have

to be revisited if dinoflagellates are also able to catalyze the same reactions.
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1.2.7. Adaptations to nitrogen stress

Generally, dinoflagellates and diatoms need to cope with varying concentrations of N,
particularly in the open ocean where it is often limiting. Thus, each group has developed
various strategies, some of which are used by both, to respond and survive to oligotrophic
environments (Table 1.2.1.). In this section, we will present these responses based on
environmental and laboratory experiments. We will discuss symbiosis and various
physiological, behavioral and transcriptomic responses, with an emphasis on dinoflagellates.

Symbiosis with diazotrophs is an example of a strategy that is shared by some diatom
and dinoflagellate species. The diatom genera Hemiaulus and Rhizosolenia both form
endosymbiotic associations with the cyanobacteria Richelia intracellularis [230,231]. Both the
hosts and the symbionts were observed to bloom together in the oligotrophic waters of the
North Pacific Central Gyre and South West Atlantic Ocean. N,-fixation by Richelia
introduced an amount of “new N” to the ecosystems that could even exceed the N, fixed by
non-blooming Trichodesmium. Carpenter and colleagues suggested that the silicate- and iron-
enriched water of the Amazon River could have been factors in initiating and sustaining the
blooms in the SW Atlantic Ocean [230]. Silicate is required for the formation of the diatom
frustule, while iron is necessary for the action of the diazotroph nitrogenases.

In N-limited conditions, endo- and ectosymbiosis with cyanobacteria were exclusively
identified within the dinoflagellate order Dinophysiales [232]. In the genera Amphisolenia and
Triposolenia, the symbionts were found inside the host, while the genera Ornithocercus,
Histioneis, Parahistioneis and Citharistes appeared to “farm” cultures of cyanobacteria
outside the cells in an enlarged cingulum or in special cavities [83,232]. Further microscopic
observations of Ornithocercus spp. suggested that they could also ingest their symbionts,
depending on the size, shape, and color of the prey and on the presence of peduncle in the
dinoflagellates. However, it is not clear if these species take up the majority of the external N
fixed by the cyanobacteria using transporters and ingest the bacteria only occasionally, or if
they “farm” the symbionts exclusively to feed on them. While it was not directly shown that
Symbiodinium formed symbiotic association with cyanobacteria, the coral host was found to
do so. In fact, whole communities of beneficial bacteria including N,-fixers and chitin

decomposers were identified in all coral structures, including the surface mucous layer, tissue
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layers and the skeleton [233,234]. Interestingly, amplification of the nitrogenase gene nifH in
tissues of 3 different coral species revealed that 71% of the sequences came from a bacterial
group closely related to rhizobia, the N»-fixers symbiotic with legumes [235]. The products of
N»-fixation were initially assimilated by the zooxanthellae, then translocated to the animal
host, as determined by 8'"°N analysis [236]. Moreover, Symbiodinium population density was
positively correlated with nifH sequence copy number, suggesting that growth and division of
the zooxanthellae might be dependent upon the product of N»-fixation [237]. Taken together,
these examples suggest that the cyanobacteria barter their N,-fixing ability for protection and
nutrients from their hosts, thus providing a selective advantage to the hosts in N-limited
environments.

For the majority of diatom and dinoflagellate species, unable to form any symbiotic
associations with diazotrophs, N-limitation sets in motion a series of physiological and
behavioral modifications to avoid cell death. Generally, in both groups, N-limitation results in
a decrease in the levels of proteins and chlorophylls [238,239,240]. Toxin content in
Alexandrium sp. and Ostreopsis ovata was also shown to diminish when N-stressed
[110,241,242,243]. Furthermore, N-limitation or complete N-starvation induces a reduction or
an arrest of the cell cycle in both groups [174,238,239,242]. The phase at which arrest occurs
was shown to vary in different dinoflagellate species. For example, when completely N
deprived, A. cartarae cells stop in G1, while P. piscicida cells stall at both G1 and G2/M
phases [244,245]. Of course, independent of the phase of cell cycle arrest, the resulting
consequence is the same: cells cease dividing. At this point, organisms reach a state of stasis
where the cells will either form cysts or store/remobilize their internal metabolites until N
becomes available again. In photosynthetic eukaryotes, photosynthesis still occurs when N is
limiting and C skeletons can accumulate. These were shown to be stored in the form of starch
and/or as lipids in plants and green algae [246,247]. In dinoflagellates, accumulation of lipids
in the form of triacylglycerol was found to be ~200% higher in N-limited conditions compared
to control [248]. In contrast, N-limitation in the HTD Crypthecodinium cohnii did not have
any significant effects on the rates of lipid production [240]. Thus, N stress may have different
effects on the regulation of the enzymes involved in C storage between dinoflagellate groups.

Diatoms can also accumulate lipids, but only when cultured under very low N

concentrations [164,238,249,250]. At the early stages of N-stress, when the intracellular
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concentrations of NO3', amino acids and proteins were about half the amount measured in N-
replete cultures, no changes in C stores such as starch or lipids were detected in 7. pseudonana
[238]. It was proposed that diatoms had a greater tendency to remobilize rather than to store C
compounds, because their OUC gives them the potential to increase the efficiency of N
reassimilation from catabolic processes [251]. An augmentation of reassimilation would lead
to a greater use of C skeletons compared to organisms lacking a urea cycle [238]. This N
remobilization hypothesis was suggested by the finding that recovery from N-stress in P.
tricornutum was impaired in a RNA interference (RNA1) line having a reduced level of
carbamoyl phosphate synthase, the enzyme catalyzing the first committed step of the OUC
[228]. Indeed, compared to wild type, this mutant accumulates less of most metabolites in the
tricarboxylic acid (TCA) cycle and OUC. There are also reduced levels of Gln and other
amino acids in the RNAI1 line, indicating that the OUC acts to link the TCA cycle and the GS-
GOGAT pathway together. Thus, the OUC, being at the crossroad of catabolic and anabolic
metabolism, was described as a distribution and repackaging hub for C and N compounds,
which could have contributed to the success of diatoms in the modern oceans [228].

In some dinoflagellates, such as the MTD species G. galatheanum, C. furca and P.
minimum, N-limitation elicits a change in their N nutritional strategy, which switches from a
primarily inorganic N uptake by transporters to uptake relying on both transporters and
feeding mechanisms. A similar change in behavior was also recently shown to occur in free-
living Symbiodinium spp. [252], as while the cells ingested prey in both N-replete and N-
limited conditions, the feeding rates were higher in the latter. In these experiments, ingestion
of the raphidophyte H. akashiwo in NOj-limited conditions contributed up to 229% of
Symbiodinium spp. daily body N compared to 105% in NOjs-replete conditions. In other
dinoflagellates, such as the type IIl MTD P. piscicida, when the amount of prey was reduced
to ~ 1% of the predator population in the presence of high concentrations of DIN and DON
(principally NO3"), uptake rates by transporters increased to levels similar to those cited for
phytoplankton [253]. Indeed, the highest rates of N uptake by transporters were comparable to
the rates of N uptake by ingestion in P. piscicida cultures containing high amounts of prey
[253]. Clearly, some MTDs adapt to the N status of the environment by modifying their

feeding behavior and altering the expression or activity of N transporters.
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Transcriptional regulation of N metabolism is widespread in plants and algae
[119,254,255]. In diatoms, comparative analysis of expressed sequence tags (ESTs) libraries
under N stress in 7. pseudonana and P. tricornutum revealed altered expression of numerous
genes involved in N transport and assimilation [256]. In this study, an NH," transporter was
among the most up-regulated genes in N-depleted P. tricornutum cells. Similarly, in C.
fusiformis, AMT1 and AMT2 transcript levels were highest in N-starved conditions [169].
Curiously, other transcripts, such as the one encoding NR in C. fusiformis, do not respond to
variations in NO;™ concentrations, although its expression is inhibited by NH4" [257]. These
examples highlight the complex regulation of different N metabolism genes in diatoms.

Interestingly, in dinoflagellates, different high-throughput analysis of transcriptomes
under N-stressed conditions revealed that transcriptional control also seems to occur in these
organisms. Massively parallel signature sequencing (MPSS) in Alexandrium fundyense
revealed that ~10% of the signatures were differentially expressed between N-stressed and P-
stressed cells [70]. This does not mean that 10% of the transcripts varied, however, as rapid
amplification of cDNA ends (RACE) sequencing and mapping to known dinoflagellate genes
showed that multiple signatures arose from sequence variants of individual genes. This
redundancy was ascribed to the gene duplication events commonly described in dinoflagellate
genomes [70]. MPSS of Alexandrium tamarense cultures grown under various stresses was
also performed, but in this study most of the differentially expressed genes were observed in
comparisons between xenic and axenic cultures, rather than the N-limited ones [71]. In
Karenia brevis, a microarray comparison of N-limited and N-replete cells showed that ~11%
of the probes differ between the two conditions [174]. Interestingly, an NH," transporter, NO3’
/NO;" transporters and type III GSs were among the sequences up regulated under N-
limitation. These experiments show that stress can induce transcriptional responses in
dinoflagellates, which presumably act to fine tune dinoflagellate N metabolism in relation to

environmental N status.
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1.2.8. Conclusion

Dinoflagellates use various strategies to acquire and assimilate N, depending on their
trophic preferences and life styles. Some make an extensive use of transporters, others
preferentially ingest prey and still others exploit both strategies equally. Enzymes for uptake
and assimilation of N seem to share homology and kinetic properties with those reported in
other photosynthetic eukaryotes. A remarkable feature both found in diatoms and
dinoflagellates is their adaptability to changes in environmental N concentrations, particularly
under stress conditions. Some mechanisms are common, such as symbiosis and transcriptional
control; others are particular to dinoflagellates, like mixotrophy and vertical migration. With
the advent of next-generation sequencing technologies, transcriptomic and even genomic tools
will soon help in identifying and characterizing the molecular components involved in
dinoflagellate N metabolism. Understanding how N is put in dinoflagellates will certainly help

to better predict their behavior into our future anthropogenically-altered aquatic ecosystems.

36



Table 1.2.1. Comparison of adaptation mechanisms to N stress between dinoflagellates

and diatoms

Mechanism Dinoflagellates Diatoms
Encystment v 4
C storage v 4
High-affinity transporters v 4
Decreased Internal N pool v v
Ornithine-urea cycle v 4
Symbiosis v 4
Transcriptional control v 4
Circadian control v X
Mixotrophy v X
Vertical migration/

Dark nitrate uptake v X

37



Table 1.2.2. Nitrogen Metabolizing Enzymes similar to those in diatoms in the

Transcriptome of Alexandrium tamarense

Enzyme E-value  Query length (AA) Coverage Accession
Carbamoyl phosphate synthase 0 1485 95% GAJB01000224
Ornithine carbamoyltransferase e° 352 90% GAIT01092113
Argininosuccinate synthase e 418 95% GAIT01061622
Argininosuccinate lyase e® 469 78% GAJG01001449
Arginase et 223 96% GAJB01022416
Urease 0 807 99% GAJB01002972
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Figure 1.2.1. Nitrogen metabolism in dinoflagellates.

In this schematic overview of N metabolism, transporters and channels are depicted as
individual proteins that transport a range of N forms, even though transporters/channels are
normally selective for particular N forms. A (?) signifies that the pathways or proteins have
not been reported in dinoflagellates, but can be present in other photosynthetic eukaryotes.
The (NR ?) indicates that while this enzyme is usually localized to the cytoplasm, a study in L.
polyedrum indicated it was found to the chloroplast (Fritz et al., 1996). AA, amino acids; DIN,
dissolved inorganic nitrogen; DON, dissolved organic nitrogen; GS, glutamine synthetases;
GOGAT, glutamine 2-oxoglutarate amidotransferase; NH,", ammonium; NOj5, nitrate; NO,;

nitrite; NiR; nitrite reductase; NR, nitrate reductase; NT, nucleotides.
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Figure 1.2.2. Ornithine-urea cycle.

This pathway is derived from that identified in diatoms. CPS, Carbamoyl phosphate synthase;
OTC, ornithine carbamoyltransferase; AsuS, argininosuccinate synthase; AsL,
argininosuccinate lyase; Arg, arginase (depicted twice, because it produces both ornithine and

urea); Ure, urease.
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1.3. Lingulodinium polyedrum and the circadian clock

Lingulodinium polyedrum 1is a marine, bioluminescent and armored (thecate)
dinoflagellate (Fig. 1.3.1, 1.3.2), found in various regions of the world [258] but commonly
seen along the Southern California coast, where it typically blooms during late spring and
early summer [148]. This species belongs to the gonyaulacoids, which is a rare core
dinoflagellate group that is monophyletic [6]. While the gonyaulacoids include important toxic
genera such as Alexandrium, and Gambierdiscus, L. polyedrum is generally described as non-
toxic. In fact, some studies have identified yessotoxin in Lingulodinium [259], but their levels
were so low, that blooms dominated this species are considered harmful mainly because they
cause anoxia and reduce irradiance in the water column. Morphologically, Lingulodinium is
approximately 35 by 45 um in size [260], and has a C-shaped nucleus with about 200 pg of
DNA distributed over roughly 200 chromosomes [261]. It also possesses a triple-membrane
bound, peridinin-chloroplast with all the features described in section 1.1.2, and relies
principally on photosynthesis for its living, even though evidence of mixotrophy has been
reported [178]. For about 60 years, L. polyedrum has been recognized as a useful model in
chronobiology, because many physiological activities in this species show daily rhythms that
are independent of external cues and thus controlled by a circadian clock [262].

Circadian clocks are endogenous, self-sustained oscillators that living organisms have
developed in response to daily variations in environmental conditions, such as light,
temperature and nutrients. The adaptive importance of circadian clocks has been illustrated in
multiple models, from bacteria to mammals [263,264,265,266]. In a notable experiment, a co-
culture competition with two strains of the cyanobacterium Synechococcus elongatus, each
having different internal clock periods (often called free-running periods), showed that the
strain having the period most closely matching the external light/dark cycle clearly
outcompeted the other strain [263]. In contrast to rhythms simply responding to environmental
cues, biological rhythms that are circadian-regulated continue to oscillate with a period of ~24
h in constant conditions and are temperature-compensated [267]. The circadian clock can also
synchronize to the environment using cues such as changes in light or temperature. External
stimuli are detected by the internal clock, which in turn conveys timing signals to the organism

to regulate cellular physiology [267]. The clock circuitry can thus be thought as being
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composed of three interlocking parts: the input pathway; the central oscillator; and the output
pathway [268].

With the exception of cyanobacteria, whose central oscillator can run using
posttranslational modifications alone [269], the core clock mechanisms in eukaryotic circadian
systems appears to be based on transcriptional/translational feedback loops (TTFL) [270,271].
These TTFL involve rhythmic expression of "clock genes", which give rise to oscillating
levels of RNA and proteins. After a lag, the proteins feedback to repress their own expression
by interfering with their transcriptional activators, thereby closing the loop [270]. Rhythmic
expression of clock genes drives the expression of output genes that manifest in the form of
physiological rhythms. However, while the TTFL mechanism is conserved among diverse
eukaryotic phyla, the clock genes are not, which is indicative of convergent evolution. For this
reason, homology searches could not be used to identify clock genes in dinoflagellates, and the
central oscillator components in these organisms are still unknown. Studies of L. polyedrum in
chronobiology have thus been related to understanding the biochemical basis of clock control
on output rthythms, rather than working of the clock itself. In this regard, Lingulodinium has
proven to be an interesting model, because the clock in this organism was found to prefer
translational control over transcriptional regulation for gene expression [262].

Bioluminescence is one of the rhythmic output in L. polyedrum that has received
particular attention. Not only is bioluminescence easy to measure, but light emission appears
to require only a substrate (luciferin), and two proteins: the luciferin-binding protein (LBP)
and luciferase (LCF). All three components are localized in distinct spherical organelles called
scintillons, that protrude into the acidic vacuole and are in fact almost completely surrounded
by the vacuolar membrane [272]. The bioluminescent reaction involves the catalysed
oxidation of luciferin by LCF. However, in Lingulodinium, luciferin is sequestered by LBP at
cytoplasmic pH of ~7.5 and prevents this reaction [273]. Upon mechanical or temperature
stimulation, a voltage-gated proton channel in the vacuolar membrane is activated and
decreases the cytoplasmic pH around the scintillons to ~6.5 [274]. This acidic pH releases
LBP from luciferin and activates LCF [273], which produces light in the form of brief (~100
msec) [275] and bright (~10° photons/cell) flashes [274]. The number of scintillons at night is
roughly tenfold higher than during the day [276] (Fig. 1.3.2), which correlates with the protein
levels of LBP and LCF [277,278,279]. Both proteins were shown to be circadian-regulated
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[277,278,279] at the translational level, based on the observation that levels in LBP and LCF
mRNA did not vary during a daily cycle [277,280].

In contrast to bioluminescence, photosynthesis in Lingulodinium is a circadian output
that does not seem to rely on changes in abundance of key proteins. Both oxygen evolution
[281] and carbon fixation [282] are rhythmic and peak during the day, but levels of the main
proteins associated with these rhythms, the peridinin-chlorophyll a-protein (PCP) [283], and
RuBisCO [29,284], respectively, do not change appreciably over the daily cycle. While the
mechanism behind the oxygen evolution rhythm is still unknown, circadian control over
carbon fixation was shown to correlate with the sub-cellular distribution of RuBisCO (see
section 1.1.2.) [29]. The chloroplasts in Lingulodinium also experience daily changes in shape
and position in the cell. Plastids of day phase cells are 50% longer and seem to radiate from
the center toward the cell periphery, while night phase chloroplasts are more centrally
localized and are characterized by the presence of widely separated thylakoid stacks [285]
(Fig. 1.3.2). Studies of both the bioluminescent and photosynthesis rthythms in Lingulodinium
has showed that circadian control of cell physiology does not involve regulation at the
transcriptional level and that various translational and posttranslational mechanisms can

control different rhythms in the same cell.

46



Figure 1.3.1. llustration of a Lingulodinium polyedrum cell.
Artistic representation of Lingulodinium polyedrum obtained by modifying a scanning electron

microscopy photograph of a single cell. The picture was taken with a FEI Quanta 200 3D

(Dualbeam) microscope and modifications were made using Adobe Photoshop 8.0.
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Figure 1.3.2. Circadian rhythms of bioluminescence and photosynthesis in Lingulodinium

polyedrum.

Scintillons (blue) and chloroplasts (orange) of A), day phase and B), night phase
Lingulodinium cells. Images were taken on a LSM 5 Duo confocal microscope (Zeiss). A 405
nm argon laser was used for excitation, and emitted light was passed through a beam splitter
for simultaneous observation of scintillons (420-480 nm band pass filter) and chloroplasts
(575 nm long pass filter). Images were reconstructed from z-stacks using Imaris. Bars are 10

um.
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1.4. Lingulodinium polyedrum: a circadian model for the study of
nitrate metabolism

Another important circadian rhythm of Lingulodinium and the topic of this thesis, is the
nitrate metabolism. Interestingly, nitrate is not only an essential nutrient for the survival of this
dinoflagellate, it also acts both as an input to and an output from the circadian clock; an input,
because nitrate influences fundamental clock properties (period, amplitude and phase)
[224,286], and an output because assimilation is circadian-regulated at the NR level [223].
Studying nitrate metabolism in Lingulodinium could potentially answer important ecological
questions, such as how dinoflagellates respond to their environmental nitrogen status, and
what are the conditions required for nitrogen pollution to trigger the formation of HABs.
Identification and characterization of molecular components involved in the nitrate
metabolism of Lingulodinium could also reveal important players of the clock input pathway
and give a better appreciation of the regulation mechanisms used by the circadian system to
optimize a primary metabolic pathway. These broad ideas were used as guidelines to define
the specific goals of my thesis. Each of these goals is presented in the following three
chapters.

My first objective was to describe the physiological responses of Lingulodinium to
nitrogen stress and to explain why HABs are sometime observed in conditions of nitrogen
limitation [287]. Secondly, I aimed to identify and characterize nitrate transporters, because it
was previously suggested that nitrate transport was circadian-regulated in Lingulodinium
[224], and it is known that these transporters are sometimes also used as nitrate sensors [126].
Finally, I used a high-throughput RNA sequencing method to verify if any molecular
component of the nitrate metabolism in Lingulodinium was circadian-regulated at the

transcriptional level.
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As an explanation for the occurrence and sustenance of HABs in oligotrophic
environments, Vargo and colleagues suggested that mixotrophic dinoflagellates could meet
their daily N demands by feeding on fishes killed by blooms [287]. In this chapter, | wanted to
offer an alternative to this suggestion by showing the particular resilience of photosynthetic
dinoflagellates to N stress. I present the physiological responses of Lingulodinium to N
starvation with an emphasis on amino acid and carbon metabolisms. I also show that N stress

triggers acclimation mechanisms in this dinoflagellate.
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2.1. Abstract

Dinoflagellates are important contributors to the marine phytoplankton and global
carbon fixation, but are also infamous for their ability to form the spectacular harmful algal
blooms called red tides. While blooms are often associated with high available nitrogen, there
are instances where they are observed in oligotrophic environments. In order to maintain their
massive population in conditions of nitrogen limitation, dinoflagellates must have evolved
efficient adaptive mechanisms. Here we report the physiological responses to nitrogen
deprivation in Lingulodinium polyedrum. We find that this species reacts to nitrogen stress, as
do most plants and microalgae, by stopping cell growth and diminishing levels of internal
nitrogen, in particular in the form of protein and chlorophyll. Photosynthesis is maintained at
high levels for roughly a week following nitrate depletion, resulting in accumulated
photosynthetic products in the form of starch. During the second week, photosynthesis rates
decrease due to a reduction in the number of chloroplasts and the accumulation of neutral lipid
droplets. Surprisingly, the starch granules and lipid droplets are seen to accumulate at opposite
poles of the cell. Lastly, we observe that cells acclimated to nitrogen-depleted conditions
resume normal growth after addition of inorganic nitrogen, but are able to maintain high cell

densities far longer than cells grown continuously in nitrogen-replete conditions.

Keywords: Dinoflagellate, harmful algal bloom, acclimation, nitrogen limitation, proteins,

photosynthesis, carbon, starch, triacylglycerol
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2.2. Introduction

Nitrogen (N) is an essential nutrient for all living organisms as it is required for
biosynthesis of proteins and nucleic acids. While N is highly abundant in the atmosphere as
dinitrogen gas (N), this chemical form is inaccessible to most organisms, which thus depend
on diazotrophs, prokaryotes able to transform N, to bioavailable N forms. As a result, demand
for N often exceeds its supply, which limits growth in many ecosystems. This is particularly
severe in the open oceans where diverse phytoplanktonic species must compete for small
amounts of bioavailable N and be able to survive periods of natural N depletion [288].

Dinoflagellates are important members of the phytoplankton that have developed a
variety of strategies to cope with N stress [289]. These strategies have a particular importance
for those dinoflagellate species able to form harmful algal blooms (HAB), or “red tides”.
Some HAB can produce toxins, which can have a strong negative impact on other parts of the
ecosystem and on human health. Strategies allowing blooms to deal with N stress might
appear counterintuitive, as natural and anthropogenic N addition rather than N deprivation is a
factor often associated with HAB [86,105]. However, in some cases dense blooms can form
and persist in oligotrophic environments where the measured inorganic N supply would seem
to be insufficient to support their biomass, as was observed for Karenia brevis in the West
Florida Shelf [287]. In this particular example it was proposed that organic N coming from
decaying fish killed by the HAB explained the persistence of the dinoflagellate populations
[287,290]. However, another possibility is that acclimation mechanisms triggered by N
deprivation during a bloom could allow the dinoflagellates to maintain bloom-density
population levels until new N becomes available. Unfortunately, testing this hypothesis in the
environment would be difficult, because of the complex interplay between biotic and abiotic
factors involved in bloom dynamics [105].

Lingulodinium polyedrum is a marine dinoflagellate usually studied as a model system
in circadian biology, but is known to form HAB in various regions of the world, particularly
along the coast of Southern California [148,262,291]. Laboratory cultures of this species can
be readily transferred to media of different composition after filtration, which makes it a good
candidate to test the effects of controlled nutrient conditions on its biochemistry and

physiology. Interestingly, L. polyedrum grown in N-deprived artificial sea water was reported
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to survive up to 4 times longer than when grown in the normal nitrate (NOj3') enriched f/2-
medium [224]. These findings implied that this species was able to acclimate to N limitation,
but the underlying mechanisms were not evaluated. In this study, we have addressed this issue
by monitoring the physiological responses of L. polyedrum to N stress. In particular, we note
that cells acclimated to N limitation rose to high cell densities when new inorganic N was
supplied and these for durations normally observed in L. polyedrum blooming populations in
the environment. This is in sharp contrast to the behavior of non acclimated cells, which
abruptly die after reaching their maximum cell density. We also note an accumulation of
reduced carbon (C) in the form of starch granules and lipid bodies in N-limited cells.

Curiously, these two forms accumulated in different regions of the cell.
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2.3. Material and methods

2.3.1. Cell culture

Unialgal but not axenic Lingulodinium polyedrum (CCMP 1936, previously Gonyaulax
polyedra) was obtained from the Provasoli-Guillard National Center for Marine Algae and
Microbiota (East Boothbay, ME, USA). Cell cultures were either grown in normal /2 medium
prepared using Instant Ocean (termed day 0) or in /2 lacking added N (f/2-N) for one or two
weeks (termed day 7 or day 14). Day 0 cells acted as control during all experiments. To
transfer cells to f/2-N (N-depleted medium), cultures grown in f/2 were filtered on Whatman
541 paper and washed with 200 ml of f/2-N medium before resuspension in f/2-N medium.
Normal /2 medium is made from Instant Ocean supplemented with 0.88 mM NOs, and Instant
Ocean alone contains 1 uM NO;, 10 uM NH;3; and 3 uM dissolved organic N [292]. All
cultures were grown under a 12 h light (40 pmol photons m > s cool white fluorescent light)
and 12 h darkness at a temperature of 18 + 1 °C. This light/dark regime is termed LD, with LD
0 corresponding to lights on and LD 12 to lights off. Cells used for elemental analysis, the
quantification of total proteins, amino acids, starch and neutral lipids were harvested by

filtration and stored at -80 °C until use.

2.3.2. Cell density measurements

Cells in multiple 10 pl aliquots of /2 and f/2-N cultures were placed on microscope
slides and were counted every 3 or 4 days using a Leica Wild M3B stereo microscope. After
17 days, a time when the cultures had typically reached their maximum cell density, 880 uM
of NaNO; was added to each culture. Counts were continued every 3 or 4 days until the

cultures did not contained anymore cells swimming in the medium.

2.3.3. Elemental analysis

Measurements of total C and N contents were performed using a Carlo Erba NC2500
Elemental Analyzer (at Geotop-UQAM, Montreal, PQ, Canada). The analytical step was
preceded by a preparative step, where cells were harvested, lyophilized, weighed and inserted

into tin capsules. Results are reported as percent of total dry weight.
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2.3.4. Protein and amino acid quantification

For total protein quantification, cultures grown in /2 were split into /2 and f/2-N
cultures, and samples were taken before, as well as 3, 7, 10 and 14 days after the split. Protein
from 30 mg wet weight of cells was extracted following a slightly modified Trizol (Life
technologies) protocol as described previously [293]. Protein pellets were resuspended in 7 M
urea, 2 M thiourea, 4% CHAPS and 20 mM dithiotreitol, and incubated overnight to
completely solubilize the pellets. Protein concentrations were measured using Bio-Rad
(Bradford) Protein Assay following the manufacturer’s protocol.

Amino acid quantification was performed by HPLC using a protocol previously
optimized for plant tissues [294]. Samples were lysed mechanically in 80% (v/v) ethanol for 2
min at 4°C in a bead beater (BioSpec products). They were then extracted at 70°C in 80%
(v/v) ethanol and fractionated into neutral, anionic and cationic fractions by preparative ion
exchange purification [295]. The cationic fractions were aliquoted and evaporated to dryness
before derivatization with the AccQ Fluor reagent kit (Waters). The amino acids in the
aliquots were analyzed on a Waters HPLC system controlled by the Empower Pro software
and equipped with a 600 controller, a 717 Plus refrigerated automatic sample injector, a 2996
Diode Array Detector and an AccQTag Amino Acid Analysis Column (Waters). HPLC
parameters were set according to manufacturer’s recommendations. Quantification was done

using standard curves from commercial amino acids.

2.3.5. Photosynthetic measurements

Chlorophyll a content was measured after extraction of 50 mg wet weight of cells in
100% acetone. The pigment-containing supernatants were collected after centrifugation and
cell residues were re-extracted with small volumes of acetone until colorless. Supernatants
were combined and chlorophyll optical densities were measured using a Cary 100
Spectrophotometer (Varian). Concentrations were calculated using the equations presented by
[296].

Photosynthetic C fixation rates in normal and N-depleted cultures were calculated from
incorporation of 'C to an acid-soluble form. For each assay, 1.48 kBq (= 0.04 pCi) of
radiolabelled bicarbonate (NaH'*COj3(aq), ICN, 310 MBq mmol™) was added to 5 mL of cell

culture with dissolved inorganic carbon = 2 mM [297] and the culture incubated for 90 min
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under normal lighting (40 pmol photons m > s cool white fluorescent light). The '*C labeling
was quenched by adding HCI to a final concentration of 1 N and gaseous radioactivity was
allowed to escape from unsealed samples vials during an overnight incubation in a fume hood.
Samples were transferred into scintillation vials with 2 mL Scintiverse (Fisher Scientific) then
counted in a TriCarb 2800TR scintillation counter (Perkin Elmer). Values were reported as the
number of disintegrations per minute (DPM) from light-induced C fixation after subtraction of
the number of DPM for identical subcultures incubated in the dark. Samples were normalized

to cell number.

2.3.6. Starch quantification

For starch analysis, cells from all cultures were harvested at both LD 0 and at LD 12
and were lysed mechanically in 80% (v/v) ethanol for 2 min at 4°C in a bead beater (BioSpec
products). Starch was assayed enzymatically as described [298]. Briefly, the procedure
included the removal of soluble sugars with 80% (v/v) ethanol washes at 70°C, the
solubilization of starch in 1M KOH and its conversion into glucose by amyloglucosidase. The
glucose concentration was determined using hexokinase (HK) to phosphorylate the glucose
and glucose-6-phosphate dehydrogenase (G6PDH) to convert the glucose-6-phosphate to 6-
phosphogluconolactone and simultaneously reduce NAD' to NADH. This reduction was
monitored spectrophotometrically at 340 nm with the amount of NADH produced proportional

to the amount of glucose in the samples.

2.3.7. Nile red quantification of neutral lipid

Neutral lipids were quantified with Nile red using a fluorometric assay previously
optimized for various microalgae [299]. Two mg wet weight cell pellets were resuspended in
25% dimethyl sulfoxide (DMSO) in 1.5 mL tubes with glass beads (0.5 mm, BioSpec
products) and were lysed mechanically for 2 min at 4°C in a bead beater (BioSpec products).
Small aliquots of these cell solutions were added to a black 96-microplate and the volume was
adjusted to 297 pL with 25% DMSO. Fluorescence was recorded using a SpectraMax M5
Microplate Reader (Molecular Devices) under high scan control and high PMT detector
voltage mode, using emission and excitation wavelengths of 530 nm and 575 nm, respectively.

These wavelengths were selected based on the emission/excitation spectra of the triolein
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standard used for quantification. Three pL of a 50 pg mL™ Nile red solution was added to
each well to a final concentration of 0.75 pg mL™ and the plate was incubated at 37°C for 10
min. Fluorescence values after Nile red-staining were recorded and, after subtraction of the

pre-stain fluorescence values, were used for quantification using a triolein standard curve.

2.3.8. Microscopy

Starch was observed in cells from the a culture taken at both LD 0 or LD 12, after
fixation in 70% (w/v) ethanol, and staining using a solution containing 0.5 % (w/v) I, and 1 %
(w/v) KI. Stained cells were visualized with a bright-field Axio Imager M1 microscope
(Zeiss).

The contrast of all images was adjusted with Adobe Photoshop 8.0 using the same tonal curve
to provide better contrast between the black-stained starch and the dark brown cell
background.

Chloroplasts and lipid bodies of day phase living cells were visualized with a LSM 5
Duo confocal microscope (Zeiss). Chlorophyll autofluorescence was observed using a UV-
diode (405 nm) excitation and a long pass filter (> 575 nm) emission. For lipid bodies, 1 mL
aliquots were incubated at 18°C in the dark for 20 minutes with Nile red at a final
concentration of 10 pg mL™. Stained lipid bodies were observed using an argon laser
(excitation at 514 nm) and emissions at 575 and 615 nm. Differential interference contrast
(DIC) images were taken at the same time as the fluorescent images. Cells with the ventral
side up were selected for imaging so that the optical slices would have a similar appearance
with respect to the location of the C-shaped nucleus and the pyrenoids. All microscope
parameters used were the same between samples. Nile red images were modified for contrast
only using Adobe Photoshop 8.0.

For transmission electron microscopy, cells were harvested at LD 0, fixed with 2%
glutaraldehyde in 0.4 M NacCl, 0.05 M PBS (pH 7.2) for 2 h and then washed 3 times in 0.4 M
NaCl, 0.05 M PBS (pH 7.2). Fixed cells were dehydrated following standard procedures and
embedded in Spurr’s resin as recommended by the manufacturer. Thin sections were
contrasted with a saturated solution of uranyl acetate in 50% (w/v) ethanol and immediately

observed with a JEOL JEM-1010 electron microscope operating at a voltage of 80 keV.
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2.3.9. Statistical analyses

All experiments were run in triplicate (n=3) and results were presented as means + SE.
Analysis of variance or Student’s t-tests were used for all data. Statistical tests were performed

using the JMP software (SAS).

61



2.4. Results

To examine the acclimation mechanisms of Lingulodinium to N stress, we first
determined the physiological responses after transferring N-replete cultures (in standard /2
medium) to a medium lacking added nitrate (f/2-N). Cultures grown in /2 medium generally
show robust growth for 10-14 days after which the cell densities remain high for several days
then drop precipitously (Fig. 2.1). In some cases, where average growth rates decrease at
earlier times, the cultures can survive for slightly longer (Fig. 2.1B). In contrast, cell growth in
f/2-N medium stalled immediately after transfer (Fig. 2.1A). This inhibition of cell growth is a
direct consequence of N depletion, as the addition of nitrate to f/2-N cultures on the 17" day
restarted cell growth (Fig. 2.1B). Interestingly, some cultures acclimated to N depletion
demonstrated an ability to survive at high cell densities far longer than cells grown in the N-
replete /2 medium (Fig. 2.1B). A similar robustness in culture lifetime was also observed for
cases where cell densities declined to intermediate values. The cultures acclimated to low N
thus appear able to avoid the precipitous collapse of cell densities typically observed for
cultures grown in N replete conditions.

Elemental analysis revealed that proportion of cell dry weight as N for cultures grown
in f/2-N decreased to almost half their original value after 7 or 14 days (Fig. 2.2A), while the
proportion of cell dry weight as C remained unchanged (Fig. 2.2B). As these values represent
the fractional dry weight allocated to a particular element rather than the absolute amount of
that element, the smaller percentage of N observed in f/2-N-grown cells implies that the
absolute amounts of other elements are increasing while absolute cellular N levels remain
constant.

The bulk of cellular N is normally sequestered in proteins, and so a reduction in the
proportion of N should be accompanied by a reduction in the proportion of protein. To test
this, protein levels were measured as a function of time for cultures growing in /2 and {/2-N
media. After 7 days in f/2-N, the protein concentration declined to half the value of the f/2-
cultures and remained roughly constant for the following days (Fig. 2.3A), consistent with the
decrease observed for elemental N. The decrease in protein observed for cells grown in normal
/2 medium after 14 days may involve a decrease in protein synthesis rates such as observed in

stationary phase cells of Escherichia coli [300]. A consequence of this, should protein
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degradation rates remain unchanged, would be a decrease in protein levels. However, we do
not know what signals or environmental factors cause the transition to stationary phase in

Lingulodinium.

To test if the changes in protein levels observed for /2-N cultures were also reflected
in the free amino acid (FAA) pools, we next characterized the FAA profile of N-depleted
cultures using a previously described HPLC-based protocol (Fig. 2.3B)[294]. Of the 14 FAAs
that were quantified by this method, only Gln and Arg levels were found to decrease after N
deprivation consistent with the requirement of NH, "™ for their biosynthesis. Most of the FAAs
measured, in particular the most highly abundant ones, did not vary significantly during N
stress. However, levels of several of the less abundant FAAs, including Tyr, Met, Ile and Leu,
were observed to increase after 7 or 14 days in f/2-N. When the FAA data are considered as a
whole, the total N in FAA shows no significant change between f/2 and f/2-N cultures (Fig.
2.S1A, 2.S1B). However, the calculated GIn/Glu ratio, considered a useful indicator of N
assimilation rates [301] was ~ 4 times lower in N-deplete than in N-replete cells (Fig. 2.S1C).
Thus, despite a constant total FAA pool, N-depleted cultures show the effect of a severe
decrease in N assimilation.

When compared to the f/2-cultures, chlorophyll a concentrations gradually diminished
by two- and six-fold by 7 and 14 days of incubation in f/2-N, respectively (Fig. 2.4A).
However, a concomitant decrease in the rate of photosynthesis, as measured by '*C-
incorporation in acid-soluble compounds, was only observed after 14 days in N deprivation
(Fig. 2.4B), with CO, fixation rates actually showing an increase after 7 days N deprivation.
One possible explanation for this is that the initial decrease in chlorophyll aids C fixation by
decreasing O, evolution rates [29], but by 14 days the ability of the cells to produce
photosynthetic reductant is no longer sufficient to maintain high CO, fixation rates.
Interestingly, observation of chlorophyll autofluorescence in living cells by confocal
microscopy (Fig. 2.4C-K) supports the steady decrease in chlorophyll levels during N- stress
from 7 (Fig. 2.4G) to 14 days (Fig. 2.4J). Cells observed after 14 days also show a decreased
number of chloroplasts (Fig. 2.4J).

The ability of the cells to maintain high levels of C fixation for at least one week in N-

deplete conditions suggested that reduced C might accumulate in these cells. To test this, we
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assessed the levels of starch and neutral lipids, two C pools previously reported to increase
during N stress in other dinoflagellates and microalgae [240,302,303,304]. L. polyedrum
cultures show a clear increase in starch levels after 7 and 14 days of N depletion (Fig. 2.5A).
In the leaves of higher plants, starch is synthesized during the day and degraded at night [305],
and the data show that a similar rhythm is found in L. polyedrum grown in the presence of N.
In these cells, starch levels were substantial at dusk (LD 12) yet almost undetectable at dawn
(LD 0). However, this daily variation was abolished in N-deplete cells after 14 days,
suggesting the reduced C stores are not being used for metabolism. Curiously, a higher
variation in starch levels was repeatedly observed in cells grown for 7 days in f/2-N and
measured at LD 0 indicative of a greater heterogeneity in starch metabolism at that stage.
Starch accumulation can also be visualized microscopically using iodine to stain the starch
granules (Fig. 2.5B-G). Most of the cells at day 0 did not contain starch at the end of the night
(LD 0), but contained substantial amounts at the end of the day (LD 12) (Fig. 2.5B, 2.5C). In
addition, higher levels of starch accumulate in N-deplete cultures (Fig. 2.5D-G). Intriguingly,
starch granules always accumulated at the posterior end of the cells. This suggests that starch
is not localized within chloroplasts, as these organelles are distributed over the entire cell. A
cytosolic localization of starch granules has been reported in other dinoflagellates, in contrast
to the plastidic localization seen in land plants and green algae [306,307,308].

Neutral lipids, particularly triacylglycerols (TAGs), also accumulate in N-deplete
Lingulodinium (Fig. 2.6). TAG levels in cell extracts, measured using Nile red, were ~ 2 times
and ~ 10 times higher than in cells at day 0 after 7 and 14 days in f/2-N, respectively (Fig.
2.6A). Again, this form of C storage can be visualized in cells microscopically (Fig. 2.6B-J).
Abundance and size of lipid bodies clearly increased with the duration of N stress (Fig. 2.6C,
2.6F, 2.6I). However, in sharp contrast to the starch granules, TAGs accumulated
preferentially at the anterior end of the cell (Fig. 2.6D, 2.6G, 2.6)J).

To confirm the asymmetrical distribution of TAGs and starch granules, cells were
examined using transmission electron microscopy to visualize both types of C stores in the
same cell (Fig 7). Cells at day 0 and day 14 cells were fixed at LD 0, a time at which neither
lipid bodies nor starch were observed in the day 0 cell (Fig. 2.7A). However, the two types of
C stores have clearly accumulated at opposite ends of the cell by 14 days in f/2-N medium

(Fig. 2.7B). Lipid bodies are located at the anterior end and appear dark due to the lipophilic
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nature of the osmium tetroxide stain used to contrast the sections (Fig. 2.7C) while starch
granules appear white and are located at the posterior end of the cell (Fig. 2.7D). The white
striations observed in the lipid droplets are likely due to a sectioning artifact, as their
orientation is the same for all cells in a section independent of how the individual cells are
orientated in the section. Lastly, we also note that chloroplasts appear smaller and are less
abundant in the day 14 cell when compared to the day 0 cell, in agreement with the confocal

images (Fig. 2.4D, 2.4G, 2.4)).
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2.5. Discussion

In this study, we show that Lingulodinium polyedrum cultures with cell densities
similar to those observed in blooming populations in the field (~107 cells L™), are able to
survive and maintain these elevated cell densities for more than 2 weeks if previously
acclimated to N-deplete conditions (Fig. 2.1) [309]. The cells cease cell division upon transfer
to the N-depleted medium, a response to N limitation commonly observed in other
dinoflagellates, plants and algae [174,239,242,244,245,310]. The arrest of growth in f/2-N was
immediate, not gradual, and suggests that L. polyedrum grown in a NOs -replete medium does
not store N in a form that could have sustained growth and division under N stress. This
differs from the N storage observed in Symbiodinium spp. where uric acid crystals accumulate
following increases in environmental N [161]. The crystalline inclusions rapidly dissolve, but
it has been suggested that the resulting N is remobilized for long-term storage in other forms
within the cytosol. Either L. polyedrum does not share this long-term storage ability with
Symbiodinium or its storage capacity is insufficient to support cell division under N limitation.
Another possibility is that sensors at the Lingulodinium plasma membrane, similar to the
CHL1 nitrate transporter in Arabidopsis, detected an absence of extracellular NOs;  and
signaled a stress response, which included an early arrest of the cell cycle [126].

C and N metabolism are normally coupled because synthesis of amino acids and
nucleotides is dependent upon C skeletons and energy provided by photosynthesis [310].
During N depletion, L. polyedrum was restricted in its ability to assimilate N, while its
photosynthetic machinery was, for at least a week, still fully functional. This is indicated by
the '*C fixation rates, which only showed a significant decrease after 14 days of N deprivation
(Fig. 2.4B). We propose that during their first week of N-limitation, the cells divert their
excess C toward the synthesis of starch and neutral lipids (Fig. 2.5, 2.6). Because neither of
these storage compounds contain N, this would result in the decrease in the proportion of N in
these N-limited cells that we have observed (Fig. 2.2A). Furthermore, as the proportion of C in
sugar and TAG is roughly 40% C and 75% C, respectively, it seems reasonable that a mixture
of both could provide a means of increasing the mass of the cell through new C fixation while
at the same time maintaining a constant proportion of C. However, the situation after 14 days

in N-limited condition differs. Importantly, the rates of C fixation have decreased markedly
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(Fig. 2.4B), in agreement with the small increase in starch observed (Fig. 2.5A). Despite this,
we observe a pronounced increase in TAG (Fig. 2.6A). We suggest that the accumulation of
TAG may result from a recycling of the membranes associated with the chloroplast, whose
size and numbers have both decreased in 14 days N-limited-cells (Fig. 2.4J). Therefore, the
acclimation of cells to N-limited conditions appears to show a biphasic metabolic response,
with an initial maintenance of photosynthesis producing primarily starch as accumulated C,
and a subsequent recycling of chloroplast membranes resulting in an increased TAG
accumulation.

The proportional reduction in elemental N content is mirrored by the decrease in
cellular protein (Fig. 2.3A) since protein is the most important pool of cellular N in the cell. In
contrast, the total FAA levels remained unchanged (Fig. 2.S1A). Thus, since the mass of the
cells increases as a result of ongoing photosynthesis, this implies that the absolute amount of
FAA in the culture increases during N limitation in order to maintain the same levels relative
to the cell mass. One possibility is that the extra FAA result from protein degradation.
However, it seems unlikely that degradation of proteins would change the relative abundance
of the FAA pools, suggesting that some of the variations may reflect other causes. For
example, the lack of available N for ammonium synthesis seems the likely explanation for the
decrease observed in Gln and Arg levels (Fig. 2.3B). In addition, the levels of some FAA, in
particular those derived from pyruvate (such as Leu and Ile) or phosphoenolpyruvate (such as
Tyr or Phe) might be augmented using excess C skeletons originating from glycolysis (Fig.
2.3B). An increase in the levels of these glycolytic intermediates might in turn result from a
decreased activity of the tricarboxylic acid cycle under N Ilimitation where energy
requirements are likely to be lower than in actively dividing cells. However, additional studies
investigating levels of both glycolytic and TCA cycle intermediates would be required to test
these possibilities.

N limitation in L. polyedrum causes a gradual decrease in chlorophyll a, in agreement
to what is observed in other photosynthetic eukaryotes [310,311]. It is unlikely that the
dinoflagellate had difficulties in synthesizing new chlorophyll molecules in N-deplete
conditions, since glutamate, the precursor for the porphyrin moiety in chlorophyll, remained
stable under N stress (Fig. 2.3B). However, many different N-limited algal cells are shown to

be more susceptible to photoinhibition in normal light conditions than N-replete cells [312]. In
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fact, levels of the D1 protein are markedly lower when the cells are N-limited than when N-
replete. D1 is a component of the photosynthetic reaction center in PSII and is proposed to be
the site of photodamage. It has been suggested that photoinhibition occurred at lower
irradiance in N-limited cells, because the lower rates of protein synthesis are unable to keep
pace with degradation of damaged D1 [312]. In our study, it is likely that L. polyedrum
diminishes its chlorophyll content during N depletion to prevent photooxidative damage,
because a similar susceptibility to photoinhibition has been previously reported for this species
[313].

The reduction in chlorophyll levels, and the resulting protection against oxidative
stress, thus appears distinct from the reduction in the size and number of the chloroplasts
observed by 14 days in N limiting conditions (Fig. 2.4J). The decrease in chloroplast number
and size during N stress is suggestive of autophagy, the process by which an organism
degrades its own cellular components in order to recycle nutrients or eliminate damaged
material. Interestingly, autophagy 1is important for the survival of Arabidopsis and
Chlamydomonas in conditions of N limitation [314,315]. In the latter organism, N stress
causes the polar lipids of plastid membranes to be recycled for the production of TAGs
[316,317]. We propose that initially, neutral lipids could be produced de novo, fueled by C
fixation, while at latter stages during N-limitation, TAG accumulation reflects autophagy of
chloroplast membranes.

Interestingly, a recycling of plastid membranes might also explain the polarized
distribution of lipid bodies in L. polyedrum. This species typically contains a single PAS
(Periodic acid-Schiff) body, thought to be a dinoflagellate lysosome, in the posterior end of the
cell where the lipid droplets are rare [318]. Thus, if the PAS body was involved in neutral lipid
degradation, this might favor an anterior location for the accumulation of lipid droplets. TEM
observations show small lipid bodies surrounding the cell center in addition to the larger
droplets that accumulate predominantly at the anterior end (Fig. 2.7B). It is possible that the
smaller droplets are associated with lipid bodies that have recently budded off from the ER
membranes, centrally localized in this dinoflagellate [319]. This would agree with the ER
membranes being the site for the last reactions of TAG biosynthesis. The restricted cellular
location of the large lipid droplets could result from the fusion of smaller lipid bodies that

would, because of the PAS body, strictly accumulate at the anterior end of the cell. Another
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intriguing possibility could be that enzymes for TAG biosynthesis are polarized within the
cell. Independent of the mechanism for localizing the lipid body, however, their location may
be functionally important, as lipids were shown to contribute to cell buoyancy in various
planktonic species [320,321]. For example, an accumulation of lipid droplets at the anterior
pole at the beginning of the day could help L. polyedrum migration to the water surface.

Starch accumulation is a common response to N limitation, both in plants and green
algae, as well as in L. polyedrum. However, it is unlikely that these different organisms share a
common regulatory pathway, because they synthesize starch in different cellular
compartments. In the plastids of plants and green algae, glucose-1-phosphate is activated to
ADP-glucose using an ADP-glucose pyrophosphorylase before being transferred by starch
synthase to a terminal glucose residue for elongation of a glucan chain [322]. The ADP-
glucose pyrophosphorylase is inhibited by inorganic phosphate and activated by the Calvin
cycle intermediate, 3-phosphoglycerate [322]. Cytosolic P; is produced by sucrose synthesis
and is exchanged with chloroplastic triose-phosphate by the triose phosphate-phosphate
translocator [322]. In contrast, if starch is synthesized in the cytosol of dinoflagellates, then no
exchange of metabolites across the plastid membranes is required. Furthermore, multiple
soluble starch synthases and one granule-bound starch synthase of the heterotrophic
dinoflagellate Crypthecodinium cohnii, display a marked substrate preference for UDP-
glucose rather than ADP-glucose [308]. A similar preference is observed in all organisms
storing starch in the cytosol, such as the rhodophytes, glaucophytes and cryptophytes
[323,324,325]. Thus, starch synthesis in dinoflagellates might proceed through a cytosolic
UDP-glucose pyrophosphorylase, but characterization of this enzyme and its regulators will be
required to validate this suggestion.

Localization of the enzymes involved in L. polyedrum starch biosynthesis is of
particular interest, considering the observation that starch granule accumulation is polarized in
these cells (Fig. 2.5B-G, Fig. 2.7B). The asymmetrical distribution is not simply a result of N
limitation, because N-replete cells at LD12 accumulate granules at the same position as in N-
limited cells. It also seems unlikely that starch could be transported to the posterior end by
motor-proteins traveling on cytoskeletal filaments, because we were unable to detect any
membrane surrounding the granules (Fig. 2.7D), in agreement with a previous TEM study of

this species [319]. We suggest that starch synthases and starch branching enzymes might be
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tethered to membranes at the posterior end of L. polyedrum and these localized enzymes might
provide a scaffold for polarized starch synthesis. Protein immunolocalization could assess this
hypothesis, particularly now that sequences of starch metabolic enzymes are likely to be found
in the complete transcriptome of L. polyedrum [63].

The adaptation to N-deplete conditions allow L. polyedrum cells that are re-exposed to
N to survive at high cell densities for up to a month instead of the few days that N-replete
cultures normally tolerate (Fig. 2.1B). Thus, during the period of N depletion, the cells have
acquired a capacity to resist N stress that N-replete cells do not have. Interestingly, conditions
of N stress are more likely to be encountered by this species in the field than continuous
exposure to high N such as is the case for usual laboratory culture conditions. This increased
endurance could help blooming populations survive and maintain their density for long
periods of N stress in the environment. Further studies will be required to determine which

molecular adaptations accompany this physiological adaptation.
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Figure 2.1. Growth of N-replete and N stressed cultures.

The cell density in 6 independent cultures, 3 supplemented with 880 uM NaNOj; (f/2) and 3
without added N (f/2-N), was assessed until no swimming cells remained in the culture flasks.
The first 14 days are shown on an expanded time scale (A) or over the 100 days of the
experiment. The time at which 880 uM NaNO; was added to all cultures is shown by a black

arrow. Results are mean = SE of 3 technical replicates made on cell counts.
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Figure 2.2. Elemental analysis shows a decreased N content in N stressed cells without a

change in their C content.
(A) Dry weight percent of total N and B) total C. Results are mean + SE (n=3). Statistically

different results (p < 0.05) are marked with a different letter (Analysis of variance). DW; Dry
weight
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Figure 2.3. Changes in the total protein content and free amino acid profile in N stressed

cells are consistent with a decrease in N assimilation.

A) Total protein content. B) Free amino acids, classified into three groups based on their
relative abundance. Results are mean = SE (n=3). Statistically different results (p < 0.05) are
marked using either a different letter (Analysis of variance) or an asterisk (Student’s t-test).

FW; Fresh weight
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Figure 2.4. Photosynthesis decreases in N stressed cells.

A) Chlorophyll a levels. FW; Fresh weight. B) Photosynthetic rates of '*C fixation. Results are
mean + SE (n=3). Statistically different results (p < 0.05) are marked with a different letter
(Analysis of variance). (C-K) DIC, chlorophyll autofluorescence and merged images of day
phase cells at day 0 (C-E), day 7 (F-H) and day 14 (I-K). Chlorophyll intensity is highest in
the periphery of day phase cells cells (white arrows) due to a separation of RuBisCO and the
light harvesting peridinin-chlorophyll a-protein within individual chloroplasts [29]. All cells
were pictured from a ventral view. In this orientation, two ends of the C-shaped nucleus (n)

surround the centrally located ER and Golgi membranes (m). Scale bars are 10 pum.
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Figure 2.5. Starch accumulates in N stressed cells.

A) Starch levels in cells harvested at LD 0 and LD 12. Results are mean + SE (n=3).
Statistically different results (p < 0.05) are marked using either a different letter (Analysis of
variance) or an asterisk (Student’s t-test). FW; Fresh weight. Bright-field microscopy of
1odine-stained starch granules at day 0 (B-C), day 7 (D-E) and day 14-cells (F-G) at either LD
0 (B, D, F)or LD 12 (C, E, G). Starch is localized at the posterior part of the cells.
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Figure 2.6. TAGs accumulate in N stressed cells.

A) Neutral lipid levels. Results are mean = SE (n=3). Statistically different results (p < 0.05)
are marked with a different letter (Analysis of variance). FW; Fresh weight. DIC, Nile red-
stained lipid bodies and merged images of day 0 (B-D), day 7 (E-G) and day 14 cells (H-J).
All cells were pictured from a ventral view. Lipid bodies were most predominant in the

anterior part of the cells.
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Figure 2.7. Polarized localization of lipid bodies and starch granules visualized by

transmission electron microscopy.

Cross-sections of a cell at day 0 (A) and at day 14 in /2-N medium (B). Both are in a ventral
orientation and scale bars are 10 pm. Lipid bodies (1) are located predominantly at the anterior
(a) end of the cell, while starch granules (s) are localized at the posterior (p) end. The ends of
the C-shaped nucleus (n) surround a central Golgi/ER membrane region (m). Chloroplasts (c)
are less abundant in day 14 cells. Higher magnification images of lipid bodies (C) and starch

granules (D) in a cell at day 14. Scale bars are 1 um.
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Supplementary Figure legend
Figure 2.S1.

A) Sum of all free amino acids. B) Sum of N in amino acids. C) Gln/Glu ratio. The amino acid

data were compiled from Fig. 2.3B.
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In this section of my thesis, I aimed at identifying and characterizing nitrate
transporters in Lingulodinium to better understand the molecular mechanisms of nitrate uptake
in dinoflagellates. I was particularly interested in nitrate transporters, because nitrate uptake
was suggested to be under circadian control in Lingulodinium, but this idea had not been tested

experimentally.
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3.1. Abstract

Dinoflagellates are unicellular eukaryotes capable of forming spectacular harmful algal
blooms (HABs). Eutrophication of coastal waters by fertilizer runoff, nitrate in particular, has
contributed to recent increases in the frequency, magnitude and geographic extent of HABs.
However, while physiological nitrate uptake and assimilation in dinoflagellates have often
been measured in the field and in the laboratory, no molecular components involved in nitrate
transport have yet been reported. We report here the first identification and characterization of
dinoflagellate nitrate transporters, found in the transcriptome of the bloom-forming
Lingulodinium polyedrum. Of the 23 putative transporters found by BLAST searches, only
members of the nitrate transporter 2 (NRT2) family contained all key amino acids known to be
essential for nitrate transport. The dinoflagellate NRT2 sequences have 12 predicted
transmembrane domains, as do the NRT2 sequences of bacteria, plants and fungi. NRT2 in
Lingulodinium also appear to have two different evolutionary origins, as determined by
phylogenetic analyses. LpNRT2.1 was the most expressed transcript of all putative nitrate
transporters as determined by RNA-Seq. An antibody raised against LpNRT2.1 showed that
the same amount of protein was found at different times over the light dark cycle and with
different sources of N. Finally, global nitrate uptake was measured using a "N tracer, which
showed that the process was not under circadian-control, as previously suggested in
Lingulodinium, but simply light-regulated. Protein expression profiles of LpNRT2.1 are

discussed in relation to the obtained nitrate uptake curves.

Key Words: Lingulodinium polyedrum, nitrate transporters, NRT2, nitrate uptake, diurnal

rhythm, circadian clock
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3.2. Introduction

Dinoflagellates are unicellular eukaryotes found in most marine and freshwater
ecosystems. While members of this group contains important primary producers and, in the
case of the genus Symbiodinium, are essential for the survival of tropical reef corals [82],
dinoflagellates are also infamous because some species can form harmful algal blooms
(HABs). HABs can cause illness or death to aquatic wildlife, damaging ecosystems and
negatively impacting tourism and fish industries. Public health is also threatened by toxic
blooms, because human consumption of toxin-contaminated seafood can result in intoxication
or even death in extreme cases. Some HAB species, such as Karenia brevis in the Gulf of
Mexico, secrete neurotoxins that have an airborne component and can mix with marine
aerosols [326]. When driven by winds, people onshore inhaling the toxic sea spray can suffer
severe respiratory irritations. Thus, it is a growing concern that HAB events have globally
increased in frequency, magnitude and geographic extent over the last 40 years [105]. It also
justifies the heightened attention scientific and governmental authorities are giving to research
on bloom dynamics and the causes leading to HAB expansions [105].

While bloom formation and its persistence involve a complex interplay of biotic and
abiotic factors [105], increases in nutrients, particularly phosphorus (P) and nitrogen (N), has
often been positively correlated with HABs in various coastal regions of the world [86,87,88].
A recent example is the Changjiang River in China where agricultural runoffs have
contributed to a dramatic ~ 400% increase in nitrate concentration between 1960s and 2004,
while phosphate concentration increased by ~ 30% between 1980s and 2004 [89]. As a result,
in a 20 year-period there was a ~ 4-fold augmentation in phytoplankton standing stocks. Also
during the same period, the initially diatom-dominated communities started to shift toward
dinoflagellates, which is consistent with the observation that diatoms are poor competitors to
flagellates when the N: P ratio is high [92]. The most striking consequence of the Changjiang
eutrophication was the difference in number of reported HABs in the adjacent coastal waters
of the East China Sea, that passed from 2 events before 1980s to ~ 30-80 HABs per year
between 2001 and 2005 [89]. Because these recent HABs are mainly caused by photosynthetic
dinoflagellates [89], these organisms must have very efficient ways in utilizing nitrate for

rapid proliferation.
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Since nitrate is the most abundant form of bioavailable N in most aerobic soils and
marine environments [111,327], its uptake is expected to control the majority of N that can be
assimilated for most organisms. This explains the intensive effort over the past several decades
to isolate and characterize the genes responsible for nitrate transport in many phylogenetic
groups, including bacteria [328], fungi [329,330], and green plants [331,332]. The alveolates,
among which are found the dinoflagellates, are a noteworthy exception. The rationale for the
molecular characterizations is that nutrient uptake results from the combined action of
multiple transporters each with particular enzymatic kinetics, regulation patterns and crosstalk,
and that once transporter properties are defined, an overall system can be developed to help in
the predictions of an organism’s behaviour under fluctuating nutrient conditions. Thus,
characterization of dinoflagellate nitrate transporters could complement physiological and
field studies in understanding how N uptake influences HABs.

Four gene families have been shown to possess nitrate transport activity in eukaryotes:
the nitrate transporter 1/ peptide transporter (NPF) (previously NRT1/PTR), the nitrate
transporter 2 (NRT2) of the major facilitator superfamily (MFS), the chloride channels (CLCs)
and the slow anion channel-associated 1 homologues (SLAC1/SLAH) [331]. Although not
working as a transporter alone, nitrate assimilation related (NAR2) is a small protein that
directly interacts with several NRT2 [333,334]. NAR2 stimulates nitrate uptake of all seven
Arabidopsis NRT2 [333], and interaction is mandatory for NRT2.1 of the green alga
Chlamydomonas reinhardtii where nitrate-elicited current are only detected when both
proteins are co-expressed in Xenopus oocytes [335]. However, another well characterized
NRT2, NrtA (previously CrnA) from the fungus Aspergillus nidulans, functions without
NAR2 [336]. Members of the NPF and NRT2 families can be found in all kingdoms of life
[337], except for animals that lack NRT2 proteins [338]. CLCs are also ubiquitous in nature
[339], but nitrate transport has only been demonstrated in two members, both in Arabidopsis
[132,340]. AtCLC-a was shown to be a nitrate/proton antiporter involved in the accumulation
of nitrate into the plant tonoplast [132], while AtCLC-b showed a similar activity after
heterologous expression in Xenopus oocytes [340]. AtSLACI1 and AtSLAH3 proteins also
displayed nitrate transport activity when expressed in oocytes [341,342], but they are the only
members of the SLACI/SLAH family that were shown to possess this function. These
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observations suggest that dinoflagellate nitrate transporters are more likely to belong to the
NPF and NRT2 families than to the CLCs or SLAC1/SLAH.

Lingulodinium polyedrum is a non-toxic marine dinoflagellate reported to form HABs
along the Southern California coast [148,258]. Success of this organism during the upwelling
season was attributed in part to its ability to migrate into nitrate-rich subsurface waters at night
and assimilate nitrate in the dark [147]. However, nitrate uptake was also found to have a
strong diel rhythmicity, with the peak observed in the middle of the day [147]. Furthermore, a
circadian peak in nitrate reductase (NR) activity was also found during the day [223]. It has
been suggested that nitrate uptake could be controlled by an endogenous clock in
Lingulodinium [224], but experimental data supporting this hypothesis has not yet been
reported. Thus, the first aim of this study was to test for circadian nitrate uptake for
Lingulodinium grown in constant light. The second aim was to identify putative dinoflagellate
nitrate transporters from a recently published Lingulodinium transcriptome database [63], and
to characterize the most promising candidates. The final aim was to test the hypothesis that

changes in nitrate uptake rates resulted from changes in transporter levels.
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3.3. Material and methods

3.3.1. Cell culture

3.3.1.1. Initial conditions

Unialgal but not axenic Lingulodinium polyedrum (CCMP 1936, previously Gonyaulax
polyedra) was obtained from the Provasoli-Guillard National Center for Marine Algae and
Microbiota (East Boothbay, ME, USA). For all experiments, cell cultures were initially grown
in normal f/2 medium prepared using Instant Ocean under 12 h light (40 pmol photons m *s™"
cool white fluorescent light) and 12 h darkness at a temperature of 18 + 1 °C. Cells were

harvested by filtration on Whatman 541 paper and stored at -80 °C until use.

3.3.1.2. Daily and circadian nitrate uptake measurements

Nitrate uptake was monitored using a stable isotope analysis. Culture aliquots were
spiked with '"N-labeled NaNO;™ (Na'’NO5") at different times during a light dark cycle (ZT;
Zeitgeber times) or during constant light (CT; Circadian times) for 1 h durations. In the first
experiment (ZT), cultures were grown under a 12:12 light/dark regime, with ZTO
corresponding to lights on and ZT12 to lights off. In the second experiment (CT), cultures
were grown in continuous light for two days, with Na'’NOs™ incubations and cell harvests
made on the second day. For both experiments, cell cultures were filtered on Whatman 541
filters and transferred to an f/2 medium supplemented with half the amount of NaNOj;
normally included in this medium (normal concentration = 880 uM). These ~ 1.5 L cultures
were divided into multiple 150 ml aliquots and incubated under light dark or constant light
conditions. Na'’NO;™ was added to the cultures to a final concentration of 440 pM at different
times and cells were harvested 1 h later. Data are reported as & '°N, which represent the °N:

N ratio found within the cells after one hour of "’N accumulation.

3.3.1.3. Expression of LoNRT2.1 protein

Different cell cultures were either grown in normal f/2 medium supplemented with 880
uM NaNOj; (f2+NOj"), in f/2 with 10 pM NaNO; (f/2+NOy’), in /2 with 40 uM NH4CI
(f/2+NH4) or in {/2 lacking added N (f/2-N). To alter the source of N in the cultures, normal
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/2 cultures were filtered on Whatman 541 paper, washed with 200 ml of {/2-N medium and
resuspended in f/2-N. After resuspension, the 1.5 L flasks were divided into multiple 200 ml
aliquots and NaNO;, NaNO, and NH4Cl was added to the final concentrations listed above.

All cultures were harvested after 2 h or 24 h hour of growth in their respective medium.

3.3.2. Stable isotope analysis

Measurement of 8 "N was performed using a continuous flow Isoprime 100 TM
coupled to a Vario Micro CubeTM elemental analyzer (at Geotop-UQAM, Montreal, PQ,
Canada). The analytical step was preceded by a preparative step, where harvested cells were

lyophilized, weighed and inserted into tin capsules.

3.3.3. BLAST searches, phylogeny and bioinformatic analyses

Protein sequences encoding putative nitrate transporters in Lingulodinium were
selected based on their homology to reported nitrate transporters in Arabidopsis thaliana:
AtNRT2.1; AEE28241, AtNAR2.1; CAC36292, AtNPF6.3 (CHL1); AEE28838, AtCLC-a;
AEDY94612, and AtSLACI1; NP 563909 [331]. TBLASTN analyses were performed against
the Transcriptome Shotgun Assembly (TSA) database of Lingulodinium polyedrum (taxid:
160621) using default parameters. Hits with e-values < -20 were selected and a second
BLAST search was made using these hits against the Lingulodinium TSA database to
eliminate redundant sequences. Presence of complete open reading frames (ORF) for the
NRT2 sequences was confirmed by PCR-amplifications of a Rapid Amplification of cDNA
Ends (RACE) (Clontech) library, insertion in pUCm-t vectors (Bio Basic), and Sanger
sequencing. Stop codons in frame with the longest ORF were found in both the 5’- and 3’-
UTRs for all NRT2 sequences.

Phylogenetic analysis was performed using RAXML [343], which is available online at
the CIPRES science gateway (Miller et al., 2010). NRT2 sequences were aligned with
ClustalW, imported in PHYLIP format into CIPRES and analysed with RAXxML-HPC
Blackbox using default parameters. The tree was visualized using dendroscope [344]. Major
taxonomic groups used for classification are reported in the Tree of Life Web Project (ToL).

Analysis of amino acids essential for NRT2 activity was based on site-directed

mutagenesis studies using the NrtA of Aspergillus nidulans [345,346,347]. The NrtA sequence
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was compared using ClustalW-alignment to all NRT2 sequences from Lingulodinium and one
sequence for each group of organisms presented in the phylogeny. The nitrate signature (NS)
motif has been previously described by [347] and [348].

Transmembrane domains (TM) and topologies were predicted using TMHMM [349],
TMPred [350] and TopPred [351,352]. TMHMM version 1 and TMPred were run on default
parameters, while TopPred version 1.10 was run with all parameters at default settings except
for the organism type, which was set to “eukaryot” instead of “prokaryot” and the wedge

window size (-q), which was set to 3 instead of 5.

3.3.4. Relative transcript abundance of Lingulodinium NRT2 sequences

Reads Per Kilobase per Million mapped reads (RPKM) values for putative nitrate
transporters were obtained from a recently published transcriptomic study in Lingulodinium
polyedrum [353]. RPKM data were generated after mapping raw reads from two different
RNA-Seq experiments onto a Trinity [354] or Velvet [63] assembly. RPKM data from eight
samples were combined for each sequence, because it was shown that there was no difference
in expression between each sample [353]. Thus, the eight samples were considered as
replicates and were used to compare the relative transcript abundance of the putative nitrate

transporters.

3.3.5. Electrophoretic analyses

Samples for 1D electrophoresis were prepared from 10 mg of cells mechanically lysed
2 min in a bead beater (BioSpec products) at 4°C with 10 mM Tris, pH 8.0; 1 mM EDTA and
1 mM PMSF. SDS sample buffer (final concentration: 50 mM Tris-HCI pH 6.8; 2% SDS; 100
mM DTT; 10 % glycerol) was added to the cell lysates and boiled 10 min at 95°C. 10 pL of
each sample was electrophoresed on 10% polyacrylamide gels.

Samples for 2D electrophoresis were prepared from 200 mg of cells mechanically
lysed 2 min in a bead beater at 4°C with 7M urea and 2M thiourea. 4% CHAPS was added
after lysis and cell solutions were desalted on Bio-Rad Econo-Pac® 10DG columns following
the manufacturer’s instructions. 200 pg of proteins were resuspended in 125 pl of rehydration
buffer (7M urea; 2M thiourea; 4% CHAPS; 20 mM DTT; 0.2% Bio-Rad’s Bio-Lyte
Ampholyte pH 4-7) and applied to 7 cm ReadyStrip ™ IPG isoelectric focusing (IEF) strips
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from Bio-Rad. Strips were allowed to rehydrate passively for 14 h before IEF, which was
performed at 4000 V for 150 min with Rapid Ramp at 20°C. After IEF, strips were
equilibrated 10 min in 2.5 ml of SDS equilibration buffer I (6M urea; 0.375 M Tris-HCI, pH
8.8; 2% SDS; 20% glycerol; 2% DTT), and 10 min in 2.5 ml of SDS equilibration buffer II
(6M urea; 0.375 M Tris-HCI, pH 8.8; 2% SDS; 20% glycerol; 2.5% iodoacetamide). Second-
dimension electrophoresis was carried on 10% polyacrylamide gels.

For Western analysis, 1D and 2D gels were transferred to nitrocellulose using a wet
electroblotting system. The protein blots were blocked with 2.5% powdered milk and 2.5%
BSA in Tris-buffered saline containing 0.05% Tween 20. Membranes were incubated
overnight at 4°C with either a 1:1000 dilution of mouse anti-NRT2.1 or a 1:10000 dilution of
rabbit anti-RuBisCO to control for protein loading [29]. The anti-NRT2.1 is a monoclonal
antibody against the epitope GKNDADSPTD produced in mice ascites by Abmart (NJ, USA).
This peptide was unique to the NRT2.1 sequence when tested with BLAST against the
Lingulodinium TSA database. The epitope is in a predicted soluble domain near the N-
terminal. Protein bands or spots had a size and pl similar to the theoretical values, 60 kD and
6.4 respectively, calculated for LpNRT2.1 using the Compute pI/Mw tool available on the
ExPASy portal [355]. Antibody binding was visualized by using a 1:10000 dilution of
commercial peroxidase-linked secondary antibodies against mouse (GenScript) or rabbit
(Amersham Pharmacia Biotech) and chemiluminescence (HyGLO, Denville Scientific Inc).
An ImageQuant LAS 4000 was used for imagery and pictures were modified for contrast only

using Adobe Photoshop 8.0.

3.3.6. Statistical analysis

Results in figure 3.1 (n=3) and figure 3.2 (n=8) are presented as means = SE. An

analysis of variance was used to test for statistical significance using the JMP software (SAS).
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3.4. Results

To establish the patterns of nitrate uptake by Lingulodinium in light dark and constant light
conditions, a stable isotope analysis was performed using a "N tracer. While Lingulodinium
was still capable of taking nitrate in the dark, all 5 "N values measured during the day were
consistently higher than those measured during the night (Fig. 3.1A). Rates of nitrate uptake
were highest at the beginning of the day followed by a gradual decline during the rest of the
day (Fig. 3.1A). However, the marked changes in rates observed between the transitions
between light and dark phases argued that nitrate uptake was more likely to be light dependent
than circadian-regulated. To test this, the N experiment was repeated under constant light
(Fig. 3.1B). No significant changes in & '°N could be observed during an entire CT cycle (Fig.
3.1B) indicating the process is light dependent. Interestingly, the total amount of & °N taken
up during a 24-h period in light dark and constant light conditions is similar (Fig. 3.S1). This
may suggest the presence of an intracellular nitrate pool in Lingulodinium that allows N
metabolism to continue unabated despite poor N uptake in the dark.

We next generated a list of putative nitrate transporters in Lingulodinium by searching the
transcriptome with reported nitrate transporters in Arabidopsis thaliana (Table 1) [331]. In
contrast to Arabidopsis, where 53 members of the NPF protein family were identified [332],
only one NPF sequence was found in Lingulodinium and its transcripts were only expressed in
cysts [354]. Because all N experiments were performed on swimming (nonencysted) cells, it
is unlikely that this NPF contributed to the nitrate uptake presented in figure 3.1.
Lingulodinium has 17 sequences with homology to AtCLC-a, but again it seems unlikely that
these are specialized for nitrate uptake, because in 15 of them a proline residue, P'®°, necessary
for nitrate selectivity in AtCLC-a and AtCLC-b [356,357], was replaced by a serine (Fig.
3.S2), a modification also observed in mammalian CLC isoforms [356,357]. Of the 2
remaining sequences, one had a glycine instead of a serine and the other sequence was
incomplete and could not be aligned in the region encompassing the selectivity filter.
Unsurprisingly, no homologous sequences to the plant guard cell protein SLACI were found
in Lingulodinium. NAR2 sequences were also missing.

Lastly, Lingulodinium also expresses 5 sequences encoding putative nitrate transporters of

the NRT2 family (Table 1). All of these transcripts were found in ZT and CT, again without
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significant variation in either light condition [353] (Fig. 3.2, 3.S3). The mRNA levels of one
NRT2, named LpNRT2.1, were much greater than all the other putative nitrate transporters in
table 1, when using either a Trinity (Fig. 3.2) or a Velvet (Fig. 3.S3) assembly. Thus, NRT2
sequences, in particular LpNRT2.1, were judged the most likely candidates to be involved in
nitrate transport. Two NRT2s, JO716588 and JO704794, were omitted in the following
analyses, because their sequences were incomplete in the transcriptome and multiple attempts
to amplify their cDNA ends failed.

To assess the evolutionary history of dinoflagellate NRT2, sequences from taxa that
rely on this transporter family for nitrate uptake were used for molecular phylogenetic
reconstructions (Fig. 3.3). While distant relationships were poorly supported, monophyly of
the major ToL taxonomic groups were respected except for the Hacrobia (cryptophytes and
haptophytes). Interestingly, Lingulodinium LpNRT2.3 and the NRT2 of the haptophyte
(Hacrobia) Emiliania huxleyi both clustered together with the green plants and not with their
respective groups. Thus, there are at least two different origins for the NRT2 family members
in Lingulodinium.

Aspergillus nidulans NrtA was the first characterized NRT2 [329] and site-directed
mutagenesis studies of this transporter have determined a number of residues required for
nitrate/nitrite transport [345,346,347]. All these essential NrtA residues were found in
Lingulodinium NRT2 members and a representative from each of the taxonomic groups used
in figure 3.3 (Fig. 3.4). Furthermore, Lingulodinium NRT2s also contain the two characteristic
nitrate signature (NS) motifs. Lastly, the predicted membrane topology and the placement of
the essential residues and conserved motifs (F47 in TM1, R87 in TM2, R368 in TM8, NS1
after TM4 and NS2 close to TM11) within this topology [346], was also conserved for the
dinoflagellate sequences (Fig. 3.5). Predictions of membrane topology for the LpNRT2s
showed that the Neyiosolic: Ceytosolic Organisation, with generally 12 TMs, was also predicted in
Aspergillus, Arabidopsis and other dinoflagellates (Fig. 3.5). These predictions were in
agreement with previous reported models of membrane topologies for NRT2 in fungi, plants
and bacteria [345,348,358]. Taken together, these results thus support the identification of
Lingulodinium NRT2s as bona fide NRT2 involved in nitrate/nitrite transport.

Because the transcript abundance of LpNRT2.1 suggested it may be the most highly

expressed member of the NRT2 family, a monoclonal antibody was prepared to assess
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expression of the protein under different conditions (Fig. 3.6). Protein expression was first
measured at regular intervals during a light dark cycle, which showed no difference at any ZT
(Fig. 3.6A). Thus, changes in protein abundance of LpNRT2.1 cannot account for the
difference in nitrate uptake observed between day and night in ZT (Fig. 3.1A). The possibility
that post-translational modifications (PTM) such as phosphorylation could modify LpNRT2.1
and change its activity between day and night was next tested using two-dimensional gel
electrophoresis (Fig. 3.6B). While multiple isoforms were detected, similar to many other
dinoflagellate proteins, no difference in the number, intensity or the position of these spots
was observed between ZT6 and ZT18 (Fig. 3.6B). Thus, it seems unlikely that PTM of
LpNRT?2.1 or/and a particular isoform of the transporter were responsible for the variation in
nitrate uptake rates observed in figure 3.1A.

In addition to being important nutrients, nitrate, nitrite and ammonium have been
shown to serve as signalling molecules capable of regulating expression of multiple nitrate
transporters and nitrate assimilation enzymes [331,359,360]. Thus, the nutrients themselves
are used as signals to control their own uptake and assimilation by the cells. Responses to
these nutrients were reported to be extremely rapid (within minutes) in certain cases, and for
many proteins, the changes were also transient [331,359]. For these reasons, the amount of
LpNRT2.1 in Lingulodinium cells was assayed over a short (2 h) or a longer (24 h) duration in
cultures exposed to different sources of N. No variation in protein abundance was detected
under any treatments, including N deprivation, at either time (Fig. 3.6C). Taken together, these
results indicated that LpNRT2.1 was the main component of a constitutive nitrate uptake

system.
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3.5. Discussion

This study has measured nitrate uptake rates and identified potential nitrate transporters
in Lingulodinium polyedrum. Of the 5 classes of putative nitrate transporters found in the
Lingulodinium transcriptome (Table 1), only proteins of the NRT2 family appear likely to be
genuinely involved in nitrate transport (Fig. 3.4, 3.5, 3.S2). We have found five NRT2
sequences in the Lingulodinium transcriptome, a number similar to the 6 NRT2s reported in
the genome of Chlamydomonas [131] and the 7 NRT2s in Arabidopsis [331]. Lingulodinium
did not contain any NAR2 sequences, in contrast to plants and green algae (Table 1). It is
possible that the NRT2/NAR2 interaction is a particularity of the green lineage, and thus, as is
the case with Aspergillus NrtA [336], the NRT2s in Lingulodinium may function alone.
However, it is also possible that a Lingulodinium NAR2 was not detected by BLAST searches
because of low sequence homology. For example, NAR2 in the green algae Chlamydomonas
shares only 28% identities and 56% coverage (e-value of 0.17) with its homolog in the higher
plant Arabidopsis NAR2.1. Lingulodinium did contain a single NPF family member, although
this was expressed only in cyst and not in motile dinoflagellate cells (Fig. 3.2). This is a major
difference to the abundant and widely distributed NPF sequences found in plants [337].
However, the green algae C. reinhardtii and Ostreococcus tauri have only a single
uncharacterized NPF each [131,361], so expansion of the NPF family may be specific to
higher plants.

In general, the NRT2 phylogeny supported the monophyly of the major taxonomic
groups (Fig. 3.3), and is consistent with another NRT2 phylogeny, which, although more
exhaustive, did not contain sequences from the Hacrobia and Alveolates [338]. Interestingly,
the NRT2.3 of Lingulodinium clustered with the green plants instead of with the other
dinoflagellate NRT2 sequences (Fig. 3.3). This difference is also reflected in the structure, as
unlike the other dinoflagellate NRT2s, LpNRT2.3 lacked the long extension between TM1 and
TM2, and was thus structurally more similar to Arabidopsis NRT2.5 (Fig. 3.5). Lastly, the
expression level of LpNRT2.3 was ~10-fold and ~100-fold less than LpNRT2.2 and
LpNRT2.1, respectively (Fig. 3.2). We suggest LpNRT2.3 may have been acquired by

horizontal gene transfer.
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Comparison of Lingulodinium NRT2s with Aspergillus NrtA confirmed that the
dinoflagellate transporters analysed contained all amino acid residues known to be essential
for nitrate/nitrite transport (Fig. 3.4). Functionally, Arg®’ and Arg®® were shown to be the
substrate-binding sites in NrtA [347], and 3D modelling of this transporter predicted that
Asn* and Asn'® would also be involved in nitrate transport. Indeed, the Asn residues were
observed to lie on opposite sides of the probable substrate translocation pore in close
proximity to Arg®” for Asn®’ and Arg’®® for Asn'®® [346]. Six conserved glycine residues,
mostly localized within the two repeated motifs NS1 and NS2 (boxed in Fig. 3.4), were found
to be essential for structural positioning of helices as well as for close helix packing and
flexibility [346]. Phe’, together with other aromatic residues in TM1, were suggested to either
close the translocation pore following substrate binding or alternatively, constrain the

flexibility of the long side chains of Arg®” and Arg*®

[345]. In addition, all of these residues
and motifs in dinoflagellate NRT2s were localized in regions with the same topology as those
of Aspergillus NrtA or Arabidopsis NRT2.5 (Fig. 3.5). This suggests positioning of helixes
and of the substrate translocation pore in dinoflagellate NRT2s will be similar to that of fungi
or plants.

Transit of membrane proteins through the ER in dinoflagellates is not a guarantee that
their final destination will be at the plasma membrane. Indeed, nuclear-encoded plastid
proteins in Lingulodinium polyedrum were shown to reach the triple-membrane bound
chloroplasts via Golgi-derived vesicles and used a leader sequence different from what is
typically observed in plants and green algae [362]. This leader sequence contained two distinct
hydrophobic domains flanking a region rich in hydroxylated amino acids (S/T). The first
hydrophobic region acted as a signal peptide and was always followed by an AXA signal
peptidase site. The S/T- rich region was a transit sequence capable of targeting a luciferase
reporter into chloroplasts of transgenic plants expressing the construct. Finally, the second
hydrophobic domain acted as a stop-transfer signal that anchored plastid proteins in vesicles
en route through the Golgi to the chloroplasts. The NRT2 N-terminus does thus not possess
the characteristics expected for a plastid-targeted protein. An alternative destination accessible
from the Golgi is the vacuole, but no vacuolar targeting signals are known in the
dinoflagellates. A last possible destination is the plasma membrane, and only one protein,

called p43, has been localized to this location biochemically [363]. Interestingly, the N
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terminus of p43 and LpNRT2 do show some elements of similarity, notably a hydrophobic
region about 50 residues downstream from the N-terminus and numerous charged and
hydroxylated amino acids preceding the hydrophobic region. Thus while plausible,
confirmation of a plasma membrane location for the transporter will require
immunulocalization. It is unfortunate that our monoclonal antibody did not detect its epitope
on cell sections.

LpNRT2.1 transcripts were found to be the most abundant of all putative nitrate
transporters identified in this study (Fig. 3.2) thus motivating our choice of this protein for
antibody production (Fig. 3.6). Although LpNRT2.1 was constitutively expressed throughout a
daily cycle (Fig. 3.6A) or under different N treatments (Fig. 3.6C), this mode of expression is
not unusual for nitrate transporters, and constitutive nitrate uptake systems have long been
postulated in plants and green algae [131,332]. Interestingly, Arabidopsis NRT2.5, which was
reported as the major contributor to the constitutive nitrate uptake system in roots [364], is
also the closest Arabidopsis homologue to Lingulodinium LpNRT2.1. However, AtNRT2.5
was induced by severe nitrate starvation [365], while this induction was not observed for
LpNRT2.1 in N-free media (Fig. 3.6C). Ammonium is usually preferred to nitrate by most
photosynthetic organisms, because its assimilation requires less energy than nitrate. Thus,
ammonium is reported to repress multiple proteins of the nitrate metabolism, including NRT2s
[131,332]. In contrast, LpNRT2.1 was unresponsive to ammonium treatment, and a similar
resilience was also observed for the Lingulodinium NR [147]. Thus, nitrate uptake in
Lingulodinium appears to rely mainly on a constitutively expressed protein.

Daily changes in nitrate uptake, as observed for Lingulodinium polyedrum in this study
(Fig. 3.1A) and previously [147] are also well documented in plants [366,367,368]. In
Arabidopsis, tobacco and tomato, mRNA expression of NRT2s show a diurnal pattern that
correlated with the diurnal uptake of nitrate [369,370,371]. It is clear, however, that no such
correlation was found for Lingulodinium NRT2.1, where protein levels remained constant for
the daily cycle (Fig. 3.6A). Moreover, no difference in the 2D gel pattern of LpNRT2.1 was
detected between day and night (Fig. 3.6B), suggesting that changes in phosphorylation were
also not responsible for the diel variation observed in nitrate uptake. Several explanations can
be advanced to account for this uptake rate variation. First, LpNRT2.1 may not be the only

nitrate transporter in Lingulodinium contributing to nitrate uptake. A constitutively expressed
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LpNRT2.1 could be the main contributor to basal nitrate uptake at day and night, while other
transporters, such as LpNRT2.2 and LpNRT2.3 could be induced by light. Second, an
unknown interaction partner may be present and capable of stimulating LpNRT2.1 activity
during the day, but not at night. Lastly, it was recently discovered that dinoflagellates have
acquired by horizontal gene transfer from bacteria a suite of rhodopsins, including the light-
driven proton pump proteorhodopsin [372]. All characterized NRT2s are reported to be
secondary active transporters coupling the transport of nitrate with that of protons, the H"
gradient being generated by H'-ATPase pumps [131,331]. An intriguing possibility in
Lingulodinium could be that proteorhodopsins are used as alternative to H'-ATPases to
generate the proton motive force necessary for nitrate transport by NRT2s. In this context,
Lingulodinium NRT2 activity would merely follow the light-regulated activity of
proteorhodopsins, explaining the increased nitrate uptake observed during the day (Fig. 3.1A).

Circadian clocks are molecular systems that enable organisms to optimize their internal
biochemistry in response to anticipated modifications in their environment. In Lingulodinium,
there is circadian control of nitrate assimilation because the amount of NR in the cell is clock
regulated with a maximum during the day [223]. Maximum rates of nitrate reduction thus
agree well with maximum rates of uptake measured here. It can be argued that light-dependent
uptake is indirectly clock-controlled, as light intensity is higher at the surface and the diurnal
vertical migration, which places Lingulodinium at the surface during the day, is a bona fide
circadian rhythm [373]. However, it is clear from our results that nitrate uptake is distinct from
nitrate assimilation, as while nitrate reductase remains rhythmic in constant light, nitrate

uptake does not.
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3.6. Conclusion

This study provided a first glimpse of nitrate transporters in dinoflagellates and showed
that global nitrate uptake in Lingulodinium polyedrum was a light-regulated, not circadian-
regulated, thythm. We have identified LpNRT2 transporters as the best candidates for nitrate
uptake on the basis of sequence analysis, although their functional characterization in
heterologous systems such as Xenopus oocytes will be necessary to confirm the role proposed
here and to establish their kinetic properties. The approach presented here offers great
promises for the identification of other transporters in dinoflagellates. Foremost amongst these
are the ammonium, urea and phosphate transporters, which are all related to the formation and

persistence of HABs.
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Table 3.1. BLAST searches for putative nitrate transporters in Lingulodinium

polyedrum

Query name Hits<e?  Unique sequences Accession

AtNRT2.1 11 5 GABP01091661; JO755411;
GABP01019652; JO716588;
JO704794

AtNAR2.1 0 0 -

AtNPF6.3 (CHL1) 1 1 GABPO01017364

AtCLC-a 36 17 GABP01007646; GABP01067085;
GABP01030193; GABP01023136;
GABP01020755; GABP01013780;
GABP01037384; GABP01029549;
GABP01035949; GABP01073801;
GABP01068566; GABP01106673;
GABP01044984; GABP01064559;
GABP01053663; JO745918;
GABP01000849

AtSLACI1 0 0 -
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Figure 3.1. Nitrate uptake in Lingulodinium is light dependent.

A) Daily and B) circadian uptake measured as & '"N. Results are mean + SE (n=3).
Statistically different results (p < 0.05) are marked with a different letter (Analysis of
variance). Data presented in B) are not statistically different. ZT; Zeitgeber time, CT;

Circadian time
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Figure 3.2. Transcripts of NRT2.1 are the most abundant, relative to all of

Lingulodinium putative nitrate transporter sequences.

RPKM data for putative nitrate transporters from table 1 (A to W) were generated after
mapping raw reads onto a Trinity assembly. Bars are: A; LpNRT2.1 (GABP01091661), B;
LpNRT2.2 (JO755411), C; LpNRT2.3 (GABP01019652), D; JO716588, E; JO704794, F;
GABP01017364, G; GABP01007646, H; GABP01067085, I, GABP01030193, 1J;
GABP01023136, K; GABP01020755, L; GABP01013780, M; GABP01037384, N;
GABP01029549, O; GABP01035949, P; GABP01073801, Q; GABP01068566, R;
GABP01106673, S; GABP01044984, T; GABP01064559, U; GABP01053663, V; JO745918,
W; GABP01000849. Results are mean + SE (n=8). Statistically different results (p < 0.05) are
marked over the bars with a different lower case letter (Analysis of variance). RPKM; Reads

Per Kilobase per Million.
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Figure 3.3. Lingulodinium NRT2 sequences are found in two different clades.
Maximum-likelihood tree of NRT2 sequences as reconstructed by RAXML. Lingulodinium

sequences, coloured in red, are found in a well-supported dinoflagellate-specific clade as well

as in a clade formed primarily of green algal sequences.
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Figure 3.4. All sites essential for nitrate transport are conserved in Lingulodinium NRT?2

sequences.

NRT2 sequences were aligned and compared to the NrtA of Aspergillus nidulans, in which
mutagenesis studies have defined the residues required for nitrate transport. Only the regions
where these sites (boxes) are localized are presented in the alignment. Two nitrate signature
regions, NS1 and NS2, were further marked because they each contained the NRT2 specific
motif. There are two and four mismatches to the canonical motif in NS1 and NS2,
respectively. The G after the dashed line in NS1 was not included in the motif, but is essential
for nitrate transport. F47; Phe*” of A. nidulans NrtA, R87 and R368; Arg87 and Arg368 of A.
nidulans NrtA, N168 and N459; Asn'®® and Asn**’ of Aspergillus NrtA.
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Figure 3.5. Mature dinoflagellate NRT2 share the 12 predicted transmembrane domains.

NrtA from Aspergillus and NRT2.5 from Arabidopsis were compared to the NRT2 sequences
of the dinoflagellates, Symbiodinium, Alexandrium and Lingulodinium. All sequences were
submitted to TMHMM, TMPred and TopPred and a summary of their analysis is presented.
Domains, which were either undetected or below the default threshold in one of the predictors,
but detected in others, were marked as “Putative TM”. The Ncyiosolic: Ceytosolic topology
prediction of TMPred and TopPred was selected for presentation, because both predictors
shared the same results for all sequences analysed. Corresponding positions for F47, R87,
R368, NS1 and NS2 of Aspergillus NrtA to the other sequences were followed with dashed
lines. R87 and R368 ; Arg87 and Arg368 of A. nidulans NrtA, NS ; Nitrate Signature, An ; A.
nidulans, At ; A. thaliana, Ata ; A. tamarense, Ssp ; Symbiodinium sp. Freudenthal, Lp ; L.
polyedrum
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Figure 3.6. LpNRT?2.1 is constitutively expressed.

Western blot analyses of LpNRT2.1 on 1D gels (A, C) or on 2D gels (B). Samples were taken
at the indicated times over a daily cycle in normal f/2 medium (A, B) or after 2 h or 24 h
growth in medium containing the indicated N source. RuBisCO was used as a loading control.
Rub; RuBisCO, +NOs’; normal /2 supplemented with 880 uM NOs’, +NO2; {/2 with 10 uM
and no nitrate, +NH,"; f/2 with 40 uM NH4" and no nitrate, -N; /2 lacking added N, ZT;

Zeitgeber time
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Supplementary Figure legend
Figure 3.S1. Absolute nitrate uptake in Lingulodinium is the same over a 24 h period in

ZT or CT.

Mean & '°N was obtained by combining data from Fig. 3.1A and 3.1B. Values for ZT were
calculated by adding the means of & '°N in the light (white bar) and dark (black bar) phases
divided by 2 to account for the difference in uptake observed between day and night. Values
for CT were calculated by taking the mean of all time points in B). Results are mean + SE

(n=3). Data are not statistically different. ZT; Zeitgeber time, CT; Circadian time.
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Figure 3.S2. Lingulodinium putative CLC are predicted to be unselective for nitrate.

Lingulodinium polyedrum putative CLC (see table 1) were compared to Arabidopsis thaliana
CLC-a and CLC-b, and Rattus norvegicus CLC-4. Position 160 from Arabidopsis CLC-a
indicated the position of the selectivity filter. Instead of a proline residue found in plant and
reported to be essential for nitrate selectivity, mammalian and all except one dinoflagellate

sequences contain a serine residue, typically found in chloride specialized transporters.
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Figure 3.S3. Transcripts of NRT2.1 are the most abundant, relative to all of

Lingulodinium putative nitrate transporter sequences.

RPKM data for putative nitrate transporters from table 1 (A to W) were generated after
mapping raw reads onto a Velvet assembly. Bars are: A; LpNRT2.1 _GABP01091661, B;
LpNRT2.2 JO755411, C; LpNRT2.3 GABP01019652, D; JO716588, E; JO704794, F;
GABP01017364, G; GABP01007646, H; GABP01067085, I, GABP01030193, J;
GABP01023136, K; GABP01020755, L; GABP01013780, M; GABP01037384, N;
GABP01029549, O; GABP01035949, P; GABP01073801, Q; GABP01068566, R;
GABP01106673, S; GABP01044984, T; GABP01064559, U; GABP01053663, V; JO745918,
W; GABP01000849. Results are mean + SE (n=8). Statistically different results (p < 0.05) are
marked over the bars with a different lower case letter (Analysis of variance). RPKM; Reads

Per Kilobase per Million
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RNA-seq is a high-throughput analysis method that gives a snapshot of the RNA
profile and level of expression in a specific condition or time. We initially used this method to
identify transcripts in Lingulodinium that showed changes in expression level through a daily
or circadian cycle. My interest in this project was to find which components of the nitrate
metabolism were under circadian-control at the RNA level. However, we were surprised to
discover that no transcript in the complete transcriptome of Lingulodinium varied
rhythmically. While the focus of this publication is on the absence of rhythmic transcription
as a whole, I included it in my thesis, because it also points that circadian regulation of the

nitrate metabolism in Lingulodinium is not at the transcriptional level.
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4.1. Abstract

Background

Almost all cells display circadian rhythms, ~24 hour period changes in their
biochemistry, physiology or behavior. These rhythms are orchestrated by an endogenous
circadian clock whose mechanism is based on transcription-translation feedback loops (TTFL)
where the translated products of clock genes act to inhibit their own transcription.
Methods

We have used RNA-Seq to measure the abundance of all transcripts in an RNA-Seq-
derived de novo gene catalog in two different experiments. One compared midday and
midnight in a light-dark cycle (ZT6 and ZT18) with similar times under constant light (CT6
and CT18). The second compared four times (ZT2, ZT6, ZT14 and ZT18) under a light dark
cycle. The timing for the bioluminescence and photosynthesis rhythms were also determined
in the presence of the transcription inhibitors actinomycin D and cordycepin.
Results

We show here that despite an elaborate repertoire of biological rhythms, the unicellular
dinoflagellate Lingulodinium has no detectable daily variation in the abundance of any
transcript in an RNA-Seq-derived de novo gene catalog. Furthermore, notwithstanding a
marked decrease in rhythm amplitude, the timing of the two rhythms is unchanged in the
presence of transcription inhibitors.
Conclusions

The lack of detectable daily variation in transcript levels indicates that the endogenous
circadian timer of Lingulodinium does not require rthythmic RNA. If the circadian timer is
considered as a limit cycle oscillator, then cellular time in this organism must be defined by

variations in state variables that do not include the amount of a clock gene transcript.
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4.2. Background

Circadian rhythms are changes in a cell’s biochemistry, physiology or behavior that
occur with a roughly 24-hour period. The rhythms are the observable outputs of a cell-
autonomous and resettable timekeeper [374] called a circadian clock. This endogenous
circadian clock is ubiquitous and organized as TTFL in eukaryotes, and although the genes
that constitute the clock differ between plant, animal, and fungal model systems [375],
transcriptional control is thought to be an integral component of the clock mechanism. Even in
cyanobacteria, where a daily rhythm in the phosphorylation state of the clock protein KaiC has
been proposed to be the pacemaker [269], a KaiC TTFL may be required for generating robust
rhythms [376].

Recent observations, however, have indicated that transcription is not always required
to produce circadian oscillations, as evidenced by the daily oscillation of redox cycles of
peroxiredoxin in red blood cells [377] and the green algae Ostreococcus tauri [378].
Interestingly, when O. fauri is placed in prolonged darkness, transcription rates fall below
detectable limits and the rhythm in luciferase fused with the clock component CCA dampens
after one day. However, when rhythmicity is re-initiated by transfer to constant light, the
phase of the rhythm varies depending on the time when cells are exposed to light [378]. Thus,
either a timer driving the observed rhythm of this translational reporter continues even though
the overt rhythm itself is undetectable, or the TTFL of O. tauri may be influenced by cross-
talk with the non-transcriptional peroxiredoxin rhythm which has been shown to continue
unabated in darkness.

The marine dinoflagellate Lingulodinium displays a large variety of overt rhythms, and
has been a model for study of the mechanisms linking the clock with these rhythms for many
years [379]. For example, the bioluminescence rhythm is correlated with rhythmic changes in
the amount of the reaction catalyst (dinoflagellate luciferase) [279] and of a luciferin binding
protein (LBP) [277] that protects the bioluminescence substrate luciferin from non-
bioluminescent oxidation. In addition, the sequestration of the key carbon-fixing enzyme
RuBisCO within the pyrenoid of the chloroplast is correlated with the capacity of the cell to
efficiently fix carbon [29]. Both these different rhythms correlate with rhythms in the rate of

protein synthesis in vivo, indicating that clock control over gene expression may regulate the
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timing of the rhythms. Importantly, in these and other examples, the control over protein
synthesis occurs at a translational level since levels of the corresponding mRNAs do not
change over the daily cycle [277,380,381,382].

In contrast to the depth of knowledge concerning the rhythms, the mechanism of the
circadian clock in Lingulodinium remains unknown. To compound the difficulty in
characterizing the central timer, physiological studies have shown that these single celled
organisms actually contain two different endogenous clocks, as the rhythms of
bioluminescence and swimming behavior can run with different periods [383] and show
different phase resetting behavior [384]. In the present study we sought to identify rhythmic
transcripts in Lingulodinium in order to identify potential TTFL components. We used RNA-
Seq to assess levels of all RNA species in a Lingulodiunium transcriptome [63] over both
diurnal and circadian cycles. Surprisingly, our analyses indicate that Lingulodinium does not
express any detectable rhythmic transcripts. This suggests that the mechanism of the
endogenous timers in this organism will instead involve translational and post-translational

mechanisms.
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4.3. Results

To assess the possibility of isolating components of a transcription-based oscillator in a
dinoflagellate, RNA-Seq was used to globally quantitate transcript levels at different times.
Two different RNA-Seq experiments were performed, the first of which generated 252 million
76 bp paired end reads (using Zeitgeber times ZT 6, ZT 18, and circadian times CT 6 and CT
18) while the second generated 545 million 100 bp paired end reads (taken at times ZT 2, ZT
6, ZT 14 and ZT 18), of which 51% and 92%, respectively, mapped to our de novo gene
assemblies. We first compared ZT 6 and ZT 18 by mapping the 100 bp reads to a 103,266
contig Trinity assembly [354] (Fig. 4.1A.), expecting to find both light-induced and circadian
differences between the two times. Instead, read counts from the two times, normalized as
reads per kilobase per million reads (RPKM) [385] show surprisingly few differences in
mRNA levels. DESeq [386] analysis indicated only five contigs showed significantly different
levels between the two times (pagj < 0.001). A similar result was obtained when the reads were
mapped to a 74,655 contig Velvet assembly [63] for which DESeq identified 13 significant
differences (pagj < 0.001) (Supplementary Fig. 4.S1A). Of the five significant differences
uncovered using the Trinity assembly, three were also identified as significant using the
Velvet assembly, while the remaining two do not have corresponding contigs in the Velvet
assembly. The increased number of significant differences in the Velvet assembly is primarily
due to slight differences in the read counts that move either the fold difference or the mean
read counts above the significance threshold. Similar results were obtained using EdgeR [387]
to assess significant differences, so DESeq was used for all further analyses.

To confirm the similarity in transcript levels between midday and midnight, the
midday/midnight comparison was repeated using the 76 bp paired-end read experiment. This
experiment included samples taken at both true (ZT 18) and at subjective (CT 18) midnight, so
we first assessed the similarity between these two. DESeq analysis identified 9 and 6
significant differences when read counts were mapped to the Trinity (Fig. 4.1B) and Velvet
(Supplementary Fig. 4.S1B) assemblies, respectively, with only one contig common to both.
We conclude from this that constant light during the night phase does not cause a major
alteration in gene expression, and thus the two midnight samples are essentially duplicates.

We therefore compared the duplicate midday samples with these two midnight samples using
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DESeq (Supplementary Fig. 4.S2). This analysis revealed no significant differences using the
Trinity assembly and only three significant differences with the Velvet assembly. Since none
of the differences found in this second experiment were in common with those found in the
first experiment, we conclude that the mRNA complement of the cells at midday is the same
as at midnight.

To test the possibility that cells might express rhythmic RNA with maxima lying
between midday and midnight, we next compared the two additional times (ZT 2 and ZT 14)
in the 100 bp read experiment. These times, immediately after the light/dark transitions, were
chosen to maximize the chances of finding differentially accumulated RNAs. We determined
significant differences from all possible pairwise comparisons of read counts mapped to the
Trinity assembly using DESeq (p.¢j<0.001) and combined all to yield a final list of 131 non-
rRNA sequences (Fig. 4.2A). Those showing the greatest fold-differences were typically lower
in abundance (Fig. 4.2B). Hierarchical clustering identified four main groups of sequences,
with those peaking at ZT 14 containing the greatest number of significantly different RNAs
(Fig. 4.2C). Surprisingly, however, among the 42 sequences that could be identified by
sequence homology were found 2 of the 3 known mitochondrial protein-coding genes [388]
and 9 of the 10 known plastid protein-coding genes [35], and all these organelle-encoded
transcripts were among the group with peak expression at ZT 14. The plastid-encoded
sequences included the psbA transcript that had been previously shown by Northern analyses
to be arrhythmic [389], suggesting that at least some of the transcripts identified as
significantly different in our high throughput approach might in fact be false positives. To
assess this possibility, Northern analyses were performed using a random selection of 11
sequences (Fig. 4.2D). No rhythmicity was observed in the levels of any of these RNAs, as
confirmed by densitometric scans (Fig. 4.2E). Taken together, the two RNA-Seq experiments
thus indicate that the entire mRNA complement of the cell is maintained at constant levels
over the 24-hour cycle, both under light/dark cycles or in constant light.

The absence of rhythmic RNAs suggested that the circadian clock would continue
unabated in the presence of transcription inhibitors. To test this, we exposed cell cultures to a
combination of the transcription inhibitors actinomycin D and cordycepin (3-doxyadenosine).
Actinomycin D binds to DNA and interferes with transcription and replication [390] while

cordycepin interferes with polyadenylation of mRNAs [391]. This combined treatment

132



reduced RNA synthesis to levels roughly 5% of vehicle-treated cultures (Fig. 4.3A) and is
lethal after three days. Importantly, within this three-day time frame, the presence of the
inhibitors does not change the timing of the bioluminescence rhythm in constant darkness
(Fig. 4.3B) although the amplitude of the rhythm shows a marked decrease. Furthermore, the
timing of the photosynthesis rhythm in constant light (Fig. 4.3C) appears similar in the
presence of the drug, although again we note a marked decrease in the rhythmic amplitude,
especially during the third day (the second day under constant conditions). We conclude from
these experiments that, despite a strong effect on the amplitude of the two rhythms, robust

transcription is not required for determining their circadian timing.
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4.4. Discussion

The results described here indicate that none of the sequences in our Lingulodinium
transcriptomes show circadian or diurnal variations in transcript levels (Figs. 4.1., 4.2.). These
analyses rely on assemblies, derived from high throughput Illumina RNA-Seq experiments,
that have been constructed using either Velvet or Trinity. The Velvet assembly has been most
extensively characterized, with the 74,655 contigs estimated to represent ~94% of the total
transcripts expressed by the cells [63]. The 103,266 contig Trinity transcriptome contains all
the Velvet contigs as well as roughly 28,000 additional contigs [354]. Thus, it seems unlikely
that Lingulodinium will express a rhythmic transcript in an RNA species that is not
represented in either of the two assemblies. This conclusion is also supported by the finding
that reducing the transcription rate to 5% of control levels does not affect the period of either
the bioluminescence or the photosynthesis rhythms (Fig 4.3.).

The manifestation of eukaryotic circadian rhythms in the absence of transcription was
first suggested by observations of the photosynthesis rhythm in enucleated Acetabularia [392].
More recently, the finding of a circadian rhythm in peroxiredoxin redox state in red blood cells
[377], the demonstration of a FRQ-less oscillator in Neurospora [393] and the ability of
transcription-incompetent O. fauri [378] to keep time in constant darkness have also provided
support for this view. However, since these latter two organisms also have a canonical TTFL,
the significance of a non-transcriptional oscillator operating in parallel remains unclear. In
contrast, our findings indicate that the entire Lingulodinium circadian system has evolved to
function without a TTFL, a particularly remarkable finding considering that there are at least
two independent circadian timers in these cells [383]. It is unknown at this time if
Lingulodinium will also show a circadian rhythm in peroxiredoxin redox state.

One possible explanation for the absence of transcriptional control in the
Lingulodinium clock is the potential difficulty in regulating transcription in the dinoflagellates.
Indeed, these organisms do not contain detectable levels of histone proteins [52], their
chromosomes are permanently condensed [47], and the number and diversity of transcription
factors is also much reduced compared to other eukaryotes [63,172]. In addition, a global
analysis of mRNAs in the dinoflagellate Karenia has shown their half-lives to be substantially

longer than reported in other organisms [394], as might be expected if little control was
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exerted at the level of RNA synthesis rates. Lingulodinium also appears to have quite stable
RNAs, as least for the few specific cases that have been examined [395].

How might timing signals be generated in Lingulodinium in the absence of rhythmic
transcripts? Previous work with the system has show that inhibitors of translation (such as
anisomycin, puromycin and cycloheximide) have major phase-shifting effects on the
bioluminescence rhythm [396,397,398]. In particular, a specific dose of the inhibitor
anisomycin given at a specific time, but not lower or higher doses, can induce arrhythmicity
[398]. This has been interpreted by a limit cycle model to mean that the clock has been driven
to a singularity and provides strong presumptive evidence that translation is a state variable in
the clock mechanism. In addition to inhibitors of translation, the kinase inhibitors
staurosporine and 6-dimethyl amino purine (6-DMAP) affect the period of the
bioluminescence rhythm when administered chronically, and strongly affect light-induced
phase shifts [399]. Similarly, a range of protein phosphatase inhibitors (okadaic acid, calyculin
A and cantharidin) also affect the rhythmic period when given chronically, although they
appear unable to block light-induced phase shifts [400]. We suggest that, in the absence of
rhythmic transcripts, Lingulodinium may have evolved translational/posttranslational feedback
loops with 24-hour rhythmicity that can act as the central timing mechanism. One intriguing
possibility is that protein phosphorylation may be used to control translation, as Lingulodinium
has casein kinase 2 (CK2) sites in a large number of RNA binding proteins [401]. CK2 is a
kinase that has been implicated in animal, plant and fungal clock mechanisms [402].

There is growing awareness that RNA-binding proteins may play an important role in
clock function. For example, the Chlamydomonas protein CHLAMY1 is involved in
controlling both the period and phase of the circadian rhythms [226]. In addition, a cold-
induced RNA-binding protein appears to be required for efficient translation of the clock gene
Clock transcripts in mammalian cells [403]. Lastly, ATX (Ataxin-2) in Drosophila is an RNA-
associated protein that, together with TYF (Twenty-four), is required for translating the
transcripts from the clock gene Period (Per) [404,405]. TYF binds both to PABP, a factor
binding the polyadenylated tail at the 3° end of mRNA, and to the eukaryotic translation
initiation factor elF4E, which binds the cap at the 5° end of the mRNA [405]. This
circularization is thought to increase translation [406] which in this case would be targeted to

the Per transcript. In mouse liver cells, changes in the length of the poly(A) tail occur
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independently from the steady state level of the transcripts, and tail length is associated with
circadian control over protein synthesis [407].

The lack of rhythmic transcripts over the daily cycle in Lingulodinium provides new
impetus for an examination of translation and post-translational mechanisms in the clock. The
former may be addressed by methods such as translating ribosome affinity purification, which
has been used to demonstrate rhythmic translation from constant levels of mRNA in
drosophila [408]. The latter, at least for modifications involving phosphorylation, is now
becoming accessible through phosphoprotein purification and MS/MS de novo sequencing
[401]. In any event, it is clear that the long-studied Lingulodinium circadian system has still

some surprises in reserve.
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4.5. Conclusions

The lack of oscillating RNAs over the circadian cycle of the dinoflagellate
Lingulodinium indicates that the clock mechanism in this organism does not use or require

rhythmic changes in RNA amounts.
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4.6. Methods

4.6.1. Cell Culture

Unialgal but not axenic Lingulodinium polyedrum (CCMP 1936, previously Gonyaulax
polyedra) was obtained from the Provasoli-Guillard National Center for Marine Algae and
Microbiota (East Boothbay, ME, USA). Cell cultures were grown in normal f/2 medium
prepared using Instant Ocean under a 12 h light (40 umol photons m > s~' cool white
fluorescent light) and 12 h darkness at a temperature of 18 + 1 °C. This light/dark regime is
termed LD, with LD 0 corresponding to lights on and LD 12 to lights off. Cells were harvested
by filtration on Whatman 541 paper and washed with 200 ml of sterile seawater to reduce

bacterial contamination.

4.6.2. RNA extraction and RNA-Seq

RNA-Seq was performed for two different experiments. In one experiment,
Lingulodinium polyedrum cells grown in f/2 seawater medium at 18°C under a 12:12
light:dark cycle [277] were isolated by centrifugation (500g for 1 min) at two times (Zeitgeber
Time ZT 6, ZT 18) and two times under constant light (Circadian Time CT 6, CT 18). The
onset of the light phase in a light dark cycle or under continuous light is termed ZT 0 or CT 0,
respectively. In another experiment, cells were taken at ZT 2, ZT 6, ZT 14 and ZT 18. All cell
pellets were washed twice with fresh seawater and recentrifuged, and the cell pellets were
resuspended in 1 mL of Trizol reagent (Life Technologies) and total RNA was extracted as per
the manufacturers’ protocol. For the first experiment, RNA quality was assessed by Northern
blots before and after purification of poly(A) RNA using the poly(A) tract mRNA isolation kit
(Promega) and sequenced using a Genome Analyzer 11X (Illumina) at the McGill University
and Génome Québec Innovation Center. For the second experiment, RNA pellets were
dissolved in 50 puLL DEPC treated H,O, and a Bioanalyzer (Agilent) test performed to assess
the quality of the extracted RNA samples. An mRNA-Seq Sample Preparation Kit (Illumina)
was used prior to sequencing of the mRNAs using a HiSeq platform (Illumina) at the Institut

de Recherche en Immunologie et Cancérologie (Université de Montréal).
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Reads were mapped to both a Velvet assembly (accession nos. JO692619-JO767447)
[63] and to a Trinity assembly (accession nos. GABP01000001-GABP01114492) [354] using
BWA [409]. Sequencing produced 252 million 76 bp paired end reads (Illumina GAII,
accession numbers SRR330443-6), of which 49.8% and 51.8% mapped to the Velvet and
Trinity assemblies respectively, and 545 million 100 bp paired end reads (HiSeq, accession
numbers SRR1184543, 1184608, 1184657, 1184666) of which 95.5 and 88.3% mapped to the
Velvet and Trinity assemblies, respectively. Read counts were analyzed by DESeq [386] and
EdgeR [387] to uncover statistically significant differences. All reads and assemblies are
available as a part of the NCBI BioProject PRINA69549.

Northern blots were performed using total RNA isolated by Trizol extraction as
described by the manufacturer. From the 131 sequences with DESeq significant differences,
67 pairs of oligonucleotides were designed from the Trinity assembly sequences and tested by
PCR, with 27 pairs producing sequence-validated amplicons. The majority of these were from
the same group (maximal levels at ZT 14) so only 17 were tested by Northern blotting, and of
these 9 (including a mitochondrial cox/ probe) yielded a well-defined signal after exposure.
An additional two probes were prepared from previously cloned plastid-encoded sequences

atpA and psbC [35]. An actin probe was used to control for RNA loading.

4.6.3. Transcription Inhibition

All the inhibitors were dissolved in 100% DMSO to prepare the stock solution. To
inhibit transcription, 20 pL from a stock of 10 mg/mL Cordycepin (final concentration 20
png/mL) and 5 pL from a stock of 1 mM Actinomycin D (final concentration 0.5 uM) were
added to a 10 mL culture of Lingulodinium cells. To monitor the inhibition of RNA synthesis,
5 uCi of **P radionuclide was added after 8 hours incubation with inhibitors. Total RNA was
extracted using Trizol reagent (Life Technologies) after 8 hours of incubation with the label.
RNA pellets were dissolved in 50 pL. of DEPC treated water and 2 pL aliquots mixed with 2
mL of scintillation fluid and counted using a scintillation counter (Perkin Elmer TriCarb

2800TR). The control was prepared by adding only the vehicle (DMSO) to the culture.
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4.6.4. Rhythm Measurements

To monitor the bioluminescence rhythm after inhibition of transcription, cordycepin
and actinomycin D was added to the same concentrations as above. After 4 hours of
incubation of the cultures with inhibitors, six 280 uL aliquots of cell culture were loaded in to
a 96-well microtiter plate. Control cells in seawater or with the vehicle alone (DMSO) were
also included in the plate. The bioluminescence rhythm was monitored in constant darkness as
described [354] using a Spectramax M5 (Molecular Devices) microplate reader kept in the
culture room at constant temperature. Bioluminescence output was recorded for one second
every 2 min for the next 72 hours. Wells containing cultures were surrounded by wells filled
with only seawater to limit evaporation. The pH rhythm was measured as described [297,410]
using a pH electrode in a culture flask kept under constant light and temperature in the culture
room. The treatments with DMSO alone or DMSO containing the inhibitors were repeated

three times.
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Figure 4.1. Transcript abundance does not change between midday (ZT 6) and midnight
(ZT 18).

(A) Read counts from the two samples (as reads per kilobase per million, RPKM), obtained by
mapping raw read data to 103,266 contig Trinity assembly, were plotted against each other.
Contigs corresponding to rRNA were removed. Insets show (upper left) the fold difference for
DESeq statistically significant differences (pagj < 0.001) and (lower right) the MA plot used to
determine statistically valid differences. (B) Transcript abundance does not change between

true (ZT 18) and subjective (CT 18) midnight.
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