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Original Article 

Transcriptomic and isotopic data reveal central role of ammonium in 
facilitating the growth of the mixotrophic dinoflagellate, 
Dinophysis acuminata 
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A B S T R A C T   

Dinophysis spp. are mixotrophs that are dependent on specific prey, but are also potentially reliant on dissolved 
nutrients. The extent to which Dinophysis relies on exogenous N and the specific biochemical pathways important 
for supporting its autotrophic and heterotrophic growth are unknown. Here, the nutritional ecology of Dinophysis 
was explored using two approaches: 1) 15N tracer experiments were conducted to quantify the concentration- 
dependent uptake rates and associated kinetics of various N compounds (nitrate, ammonium, urea) of Dinoph-
ysis cultures and 2) the transcriptomic responses of Dinophysis cultures grown with multiple combinations of prey 
and nutrients were assessed via dinoflagellate spliced leader-based transcriptome profiling. Of the N compounds 
examined, ammonium had the highest Vmax and affinity coefficient, and lowest Ks for both pre-starved and pre- 
fed cultures, collectively demonstrating the preference of Dinophysis for this N source while little-to-no nitrate 
uptake was observed. During the transcriptome experiments, Dinophysis grown with nitrate and without prey had 
the largest number of genes with lower transcript abundances, did not increase abundance of transcripts asso-
ciated with nitrate/nitrite uptake or reduction, and displayed no cellular growth, suggesting D. acuminata is not 
capable of growing on nitrate. When offered prey, the transcriptomic response of Dinophysis included the pro-
duction of phagolysosomes, enzymes involved in protein and lipid catabolism, and N acquisition through amino 
acid degradation pathways. Compared with cultures only offered ammonium or prey, cultures offered both 
ammonium and prey had the largest number of genes with increased transcript abundances, the highest growth 
rate, and the unique activation of multiple pathways involved in cellular catabolism, further evidencing the 
ability of Dinophysis to grow optimally as a mixotroph. Collectively, this study evidences the key role ammonium 
plays in the mixotrophic growth of Dinophysis and reveals the precise biochemical pathways that facilitate its 
mixotrophic growth.   

1. Introduction 

In recent decades, harmful algal blooms have increased in frequency, 
intensity and range, and have become a global-scale concern due to their 
potential economic, environmental and human health impacts (Ander-
son et al., 2012; Glibert et al., 2005; Hallegraeff, 2010). While diarrhetic 
shellfish poisoning (DSP) caused by the toxin-producing (okadaic acid 
and dinophysistoxins) dinoflagellates of the genus Dinophysis has been a 

common occurrence in Europe, Asia and South America for decades 
(Hallegraeff, 1993; Van Dolah, 2000), it has only recently emerged in 
the United States (Reguera et al., 2014, 2012). During the last decade, 
there have been numerous reports of DSP toxin levels in shellfish 
exceeding the FDA action limit (160 ng g− 1 of shellfish tissue) on mul-
tiple US coastlines, including the West (Lloyd et al., 2013; Peacock et al., 
2018; Shultz et al., 2019; Trainer et al., 2013), East (DMF, 2015; Hat-
tenrath-Lehmann et al., 2018, 2013; Wolny et al., 2020) and Gulf coasts 
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(Campbell et al., 2010; Deeds et al., 2010; Swanson et al., 2010). While 
anthropogenic nutrient loading has, in many cases, been cited as a main 
contributing factor to the persistence and expansion of several HABs 
(Anderson et al., 2008; Heisler et al., 2008), the role of nutrients in the 
occurrence of Dinophysis blooms is poorly understood. 

The ability to culture Dinophysis (Park et al., 2006) has greatly 
expanded the understanding of multiple facets of its ecology. Tradi-
tionally, nitrogenous nutrients were considered to play little role, if any, 
in the ecology of Dinophysis given that cultures were not able to be 
established using traditional nutrient media (Maestrini et al., 1995; 
Reguera et al., 2012; Sampayo, 1993) but rather required the addition of 
live prey, specifically the ciliate Mesodinium rubrum (Park et al., 2006). 
More recent research, however, has demonstrated that cultures (Hat-
tenrath-Lehmann and Gobler, 2015) and field populations (Hatten-
rath-Lehmann et al., 2015) of Dinophysis from NY, USA, are capable of 
using various organic and inorganic nitrogenous nutrients to signifi-
cantly increase its growth rate and in some cases, can acquire the ma-
jority of its cellular N demand from dissolved nutrients 
(Hattenrath-Lehmann and Gobler, 2015). While the ability of Dinophysis 
to assimilate nutrients has been affirmed via 15N uptake experiments 
(Hattenrath-Lehmann and Gobler, 2015; García-Portela et al., 2020), 
concentration-dependent N uptake rates and the specific pathways 
important for supporting autotrophic and heterotrophic growth in this 
mixotroph are largely unknown. 

During the past few decades, molecular methods such as qPCR, 
dPCR, microrrays, in situ hybridization assays, and high throughput 
amplicon sequencing have been instrumental in HAB monitoring efforts 
(Medlin, 2013; Medlin and Orozco, 2017), while metagenomics, tran-
scriptomics and proteomics have been used to enhance our under-
standing of HAB ecology (Anderson et al., 2012; Bi et al., 2019; Cooper 
et al., 2014; Kudela et al., 2010b; Zhang et al., 2019; Zhuang et al., 
2015). Experiments targeting specific conditions in combination with 
transcriptomics have been pivotal in identifying genes responsible for 
regulating certain physiological processes of HABs (Harke and Gobler, 
2015; Kudela et al., 2010b; Wurch et al., 2019). Molecular studies 
involving assessing the genomes and/or transcriptomes of di-
noflagellates have been challenging due to large genomes, sequence 
redundancy and complex gene expression regulations such as splice 
leader trans-splicing and post-transcriptional editing (Lin, 2011; Lin 
et al., 2002; Zhang et al., 2007). Deep sequencing of dinoflagellates 
using RNA-seq methods have partly facilitated a means to address these 
challenges (Ryan et al., 2014; Shi et al., 2017; Stüken et al., 2011; 
Williams et al., 2017; Wisecaver and Hackett, 2010; Zhuang et al., 
2015). While the nutritional ecology of multiple HABs from diverse 
classes (Harke and Gobler, 2013, 2015; Ji et al., 2018; Wurch et al., 
2019) has been assessed through the lens of transcriptomics, few studies 
have assessed dinoflagellates (Lie et al., 2017, 2018; Luo et al., 2017; 
Morey et al., 2011; Rubin et al., 2019; Shi et al., 2017; Zhuang et al., 
2015) and, thus far, none have considered the nutritional ecology of the 
obligate mixotroph, Dinophysis. 

Here, we explore the nutritional ecology of Dinophysis using two 
approaches. First, 15N tracer experiments were performed to quantify 
the concentration-dependent uptake rates and associated kinetics of 
both pre-starved and pre-fed Dinophysis cultures grown with various 
nitrogenous compounds (nitrate, ammonium, urea). In parallel, the 
transcriptomic responses of Dinophysis cultures grown with multiple 
combinations of prey and nutrients were assessed using Illumina HiSeq. 
Transcriptomes were specifically assessed for expression of genes asso-
ciated with photosynthesis, the use of nutrients, and pathways associ-
ated with heterotrophy. 

2. Materials and methods 

2.1. Cultures and culture maintenance 

The cryptophyte, Teleaulax amphioxeia (K-0434, Scandinavian 

Culture Collection of Algae and Protozoa), and the ciliate, Mesodinium 
rubrum (MBL-DK2009), were isolated in 2009 from Helsingør Harbor, 
Denmark, and cultures were generously provided by PJ Hansen (Nielsen 
et al., 2013). During May 2013, clonal isolates of D. acuminata were 
established from Meetinghouse Creek, NY (40

◦

56.314´N, 72
◦

37.119´W) 
using 12-well culture plates (Corning, Corning, NY, USA). Dinophysis 
acuminata from Meetinghouse Creek was determined to be 100% iden-
tical to both D. acuminata from Narragansett Bay, Rhode Island, USA 
(accession number EU130566) and Northport Bay, New York (Hatten-
rath-Lehmann et al., 2013) by sequencing the mitochondrial cyto-
chrome c oxidase 1 (cox1) gene (Campbell et al., 2010; Raho et al., 
2008). 

M. rubrum was fed T. amphioxeia weekly at a ratio of ~10:1 (prey: 
predator) and following complete consumption of the cryptophyte were 
fed to Dinophysis acuminata isolates weekly at a ratio of ~10:1 (prey: 
predator). To mimic field populations, two viable D. acuminata isolates 
from Meetinghouse Creek were combined and maintained in 2 L Pyrex 
Erlenmeyer flasks. All cultures were maintained using sterile f/2 (-Si) 
medium (883μmol L-1 nitrate and 36μmol L-1 phosphate; Guillard and 
Ryther, 1962) made from autoclaved and 0.2 μm-filtered aged coastal 
Atlantic Ocean water (40.7969◦N, 72.4606◦W) adjusted to a salinity of 
25 and kept at 18 ◦C in an incubator with a 14:10 h light:dark cycle, 
illuminated by a bank of fluorescent lights that provided a light intensity 
of ~70 µmol quanta m − 2 s− 1 to cultures. 

2.2. Uptake kinetics of nitrogenous nutrients by starved and fed 
Dinophysis cultures 

15N tracer experiments were conducted to quantify uptake rates of 
various nitrogenous compounds (ammonium, nitrate, and urea) over a 
range of concentrations (2 - 100 µM of N) by pre-starved and pre-fed 
Dinophysis cultures. Prior to the initiation of the experiments a two- 
phase preconditioning period was implemented as per Hattenrath-Leh-
mann and Gobler (2015). For both phases, M. rubrum was provided to 
Dinophysis at ~1:1 ratio to reflect prey densities in the field where 
Dinophysis spp. is typically food-limited (Kim et al., 2008; Riisgaard and 
Hansen, 2009). The first phase was a two-week grow-out period in 
which D. acuminata was grown in nutrient replete medium (f/2 -Si, made 
from autoclaved, 0.2µm-filtered, aged seawater) and fed M. rubrum at a 
ratio of ~1:1 three times (day 0, day 7 and day 11). At the end of phase 
one (day 14), the culture was sieved through a 10 µm mesh (to rid the 
culture of residual M. rubrum) and subsequently washed into fresh f/2 
(-Si). These D. acuminata cells were used to inoculate flasks for phase two 
of the preconditioning period where cultures were either starved or fed 
for another two weeks. The starved D. acuminata culture was maintained 
in nutrient replete medium (f/2 –Si), whereas the fed culture was 
maintained in the same medium and fed M. rubrum at a ~1:1 ratio four 
times during the two week period (every three to four days). This 
two-phased preconditioning period was implemented to: 1) generate 
sufficient biomass for large experiments, 2) ensure that the cultures that 
were fed and starved in phase 2 originated from healthy, well fed cul-
tures and 3) ensure that all cultures used for experiments were handled 
in the same fashion. Immediately prior to the start of the experiments, 
both starved (herein referred to as pre-starved) and fed (herein referred 
to as pre-fed) cultures were sieved using a 10 µm mesh filter and washed 
into freshly made f/2 (–N and –Si) to ensure both cultures had the same 
background nutrient concentrations, minimal bacterial densities and to 
remove any residual M. rubrum. Each culture was then distributed to 
sterile, triplicate 50 ml polystyrene flasks and controls were established 
(no tracer or nitrogen added). Triplicate flasks were amended with 
either nitrate, ammonium or urea at final concentrations of 2, 5, 10, 25, 
50, and 100 µM of N; 90% was added as 14N while the remaining 10% 
was 15N labeled substrate. Flasks were incubated for 1 hour in an 18 ◦C 
incubator illuminated by a bank of fluorescent lights that provided a 
light intensity of ~70 µmol quanta m − 2 s− 1. Turnover rates of nutrients 
were assumed to be minimal given the short incubation period (Glibert 

T.K. Hattenrath-Lehmann et al.                                                                                                                                                                                                              



Harmful Algae 104 (2021) 102031

3

et al., 1982). In addition, contributions of bacteria to the 15N signal were 
considered minimal given that 1) cultures were sieved using a 10 µm 
mesh filter prior to the start of the experiments and 2) the use of glass 
fiber filters (GF/F) would retain only a small fraction of bacteria (Lee 
et al., 1995). 

At the end of the incubation, treatments in addition to control 
samples (no tracer or nitrogen added) were filtered onto pre-combusted 
(4 h @ 450 ◦C) 25 mm GF/F glass fiber filters and frozen (− 20 ◦C). 
Samples were then dried at 60 ◦C and pelleted for particulate nitrogen 
and 15N analysis via continuous flow isotope ratio mass spectrometry 
(IRMS) by the UC Davis Stable Isotope Facility. Specific uptake rates 
were calculated according to the mixing model of Montoya et al. (1996) 
using equations from Orcutt et al. (2001) and converted to Dinophysis 
cell specific uptake rates. A Michaelis–Menten curve fitting function 
within Kaleidagraph (v 4.5, Synergy Software) was used to determine 
Vmax (maximum cell specific uptake rates) and KS (half saturation con-
stant) and the nutrient affinity coefficient, α, was calculated from 
Vmax/Ks. Differences in maximum cell specific uptake rates were eluci-
dated using two-way ANOVAs where pre-conditioning (pre-starved or 
pre-fed) and nutrient source were the main effects using Sigma Stat 
software embedded within Sigma Plot 11.0. The Holm-Sidak method 
was used for post-hoc comparison tests with statistical significance set at 
an alpha of 0.05. 

2.3. Dinophysis transcriptome experiments 

An experiment was conducted to assess the effects of nutrients and 
prey on Dinophysis gene expression. Prior to the start of the experiment, 
Dinophysis was grown in nutrient replete medium (f/2 -Si, made from 
autoclaved, 0.2µm-filtered, aged seawater) and was fed M. rubrum at a 
~1:1 ratio four times (every three to four days) during a two week grow- 
out period. Immediately prior to the start of the experiment, the culture 
was sieved using a 10 µm mesh filter and washed into freshly made f/2 
(–N and –Si) to ensure there was no residual nitrogen or M. rubrum in the 
stock culture. The sieved stock culture was used to inoculate triplicate 
500 ml Erlenmeyer flasks with 310 ml of Dinophysis culture (in freshly 
made f/2 –N and –Si) at an initial density of 1050 cells ml− 1. Triplicate 
flasks of five treatments were established as follows: 1) nitrate added in 
12.5 µM daily doses for four days (total of 50 µM), 2) ammonium added 
in 12.5 µM daily doses for four days (total of 50 µM), 3) M. rubrum at an 
initial density of 1050 cells ml− 1 (referred to as ‘prey’), and 4) M. rubrum 
at an initial density of 1050 cells ml− 1 with ammonium added in 12.5 
µM daily doses for four days (total of 50 µM; referred to as ‘ammonium 
+ prey’), and 5) no nutrients or prey added (referred to as the control). 
Immediately prior to the start of the experiment, M. rubrum was trans-
ferred to f/2 (–N, -Si), allowed to vertically migrate to the top of the flask 
and surface aggregates were transferred to another flask with f/2 (–N, 
-Si). This was done multiple times to reduce nutrient carry over into 
experimental flasks. Nutrients were added to appropriate experimental 
flasks in doses to avoid potential toxic effects of high ammonium con-
centrations (Collos and Harrison, 2014) seen in previous nutrient 
amendment experiments (Hattenrath-Lehmann and Gobler, 2015). 
While nitrate does not elicit a toxic effect, it was added in the same 
fashion as ammonium to ensure experimental flasks were treated simi-
larly. Flasks were incubated (as above) at 18 ◦C for a four-day period. 
Ambient nutrient concentrations in experimental flasks were measured 
daily (after the addition of nutrients for the first time point (day 0) and 
prior to the addition of nutrients for every time point thereafter). Filtrate 
was made using precombusted (4 hr @ 450◦C) glass fiber filters (GF/F, 
0.7 µm pore size) and frozen in acid washed scintillation vials. Filtrate 
was analyzed colorimetrically on a Lachat QuikChem 8500 flow injec-
tion analysis system (Lachat Instruments; Hach Company, Colorado, 
USA) with analyses proceeding only after 100% recovery of standard 
reference materials for nitrate and ammonium (SPEX©) were achieved. 
Every two days, a 5 mL aliquot from each flask was fixed in Lugol’s 
iodine (final concentration= 2%) and cells were enumerated with a 1 mL 

Sedgewick-Rafter chamber using a compound microscope. After four 
days, Dinophysis cells were harvested from each experimental flask by 
removing 50 ml of well-mixed culture (51,000–154,000 cells per pellet), 
concentrating the aliquot on a 10 µm mesh filter, rinsing thoroughly and 
immediately backwashing cells into a 15 ml centrifuge tube using fresh 
f/2 (–N and –Si). Dinophysis cell pellets were made immediately by 
centrifuging at room temperature at 1700 rcf for 15 min and aspirating 
the supernatant without disturbing the cell pellet. Trizol® was imme-
diately added to all cell pellets and kept frozen at − 80 ◦C until RNA 
extraction. 

To assess differences in cell densities between treatments (control, 
prey, ammonium, nitrate, ammonium + prey) two-way repeated mea-
sures ANOVAs (ANOVARs) were conducted using Sigma Plot v11.0. 
Each experimental flask was considered a subject and factors were 
treatments and time. The Holm-Sidak method was used for post-hoc 
comparison tests, with statistical significance set at an alpha of 0.05. 

2.4. Transcriptome sample processing and sequencing 

RNA was isolated and cDNA synthesized for all samples (triplicate 
flasks for each treatment at day four) using dinoflagellate spliced leader- 
based transcriptome profiling according to Zhang et al. (2007) and 
Zhuang et al. (2015). Because our cDNA libraries were prepared using 
DinoSL, which is specific to dinoflagellate nuclear mRNAs (Zhang et al., 
2007), the expressed genes identified in this study and discussed here 
are genes from the Dinophysis nuclear genome. The modified random 
primer Illu-N9b was used to synthesize the first-strand cDNA, and 5′-end 
intact double stranded cDNA libraries were PCR amplified with 
Illu-D_SLb-Read1 (Table S1). The PCR conditions were 1 cycle of 95 ◦C 
for 3 min, 5 cycles of 95 ◦C for 15S, 56 ◦C for 30S, and 72 ◦C for 30S, 
followed by 25 cycles of 95 ◦C for 15S, 68 ◦C for 60S, and 1 cycle of 72 ◦C 
for 5 min. For each cDNA sample, 10 PCR reactions were run and 
combined, and the PCR products purified according to Zhang et al. 
(2007). For each sample, equal amounts of the triplicate samples were 
mixed, and size fractionated via gel electrophoresis in an agarose gel to 
cut the cDNAs into two size fractions (Dino-S, 350–500 bp and Dino-L: 
500–900 bp). DNA samples were purified from the agarose gel using 
Zymoclean™ Gel DNA Recovery kit (Zymo Research). For both Dino-S 
and Dino-L fractions, unique indices were added to the following 5 
cDNA libraries: 1) Control-T4, 2) Prey-T4, 3) Ammonium-T4, 4) 
Ammonium+prey-T4, and 5) Nitrate-T4 using Nextera XT DNA Sample 
Preparation Index Kit using the method of preparing amplicons for the 
Illumina MiSeq System with modification (Table S2; Illumina). PCR was 
run using the following conditions: 1 cycle of 95 ◦C for 3 min, 10 cycles 
of 95 ◦C for 15S, 55 ◦C for 30S, and 72 ◦C for 30S, and 1 cycle of 72 ◦C for 
5 min. Only the Dino-S size fraction was processed further and used for 
sequencing. The cDNA libraries with the indices were purified with 
Pronex Size Selective Purification System (Promega) following the 
manufacturers protocol to enrich fragments of ~550 bp. The concen-
tration of each library was quantified using the NEBNext® Library 
Quant Kit (New England Biolabs) and pooled based on DNA concen-
tration for a final concentration of 3.2 nM. Paired end sequencing was 
conducted using 2 lanes of Illumina HiSeq2500 Rapid Run. 

2.5. Transcriptome analysis 

Quality trimming was conducted on raw reads to remove adapter 
sequences and poor quality data with TrimmomaticPE (version 0.36; 
Bolger et al., 2014). The parameters were set as follows: ILLUMINACLIP: 
adaptor_nextera.fasta:2:30:10 LEADING:5 TRAILING:5 SLI-
DINGWINDOW: 4:15 MINLEN:50, with a custom made Nextera adapter 
file. Using Kraken (version 0.10.6; Wood and Salzberg, 2014), rRNA and 
general plasmid like sequences were removed using the SILVA database 
of SSU and LSU sequences (release 128; Quast et al., 2012) and NCBI 
database of plasmid sequences. The resulting clean reads were evaluated 
with FastQC (v0.11.5; Andrews, 2010) and used for further analyses. 
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Trimmomatic unpaired reads were merged to the end of the respective 
reads files of the paired fragments for assembly. All the clean reads from 
different treatments and lanes were first pooled and normalized using 
Trinity’s (version v2.8.4; Grabherr et al., 2011) in-silico normalization 
module, then denovo assembled into transcripts using Trinity’s 
paired-end mode with default settings. The candidate open reading 
frames (ORFs) and deduced amino acid sequences were obtained using 
TransDecoder (version 5.5.0, https://transdecoder.github.io/; Haas 
et al., 2013) utilizing the Blastp (BLAST+ version 2.9.0; Camacho et al., 
2009) and Hmmscan (HMMER version 3.2.1; Eddy, 2009) results. Dia-
mond blastx (evalue=1e− 3) was used to annotate transcripts against 

Phylodb, (a database comprised of peptides obtained from KEGG, Gen-
Bank, JGI, Ensembl, CAMERA, and various other repositories (available 
for download at https://scripps.ucsd.edu/labs/aallen/data/) and NCBI 
NR databases. Homology annotation was also conducted using BLAST 
(with evalue 1e− 3 as cutoff) to search against the UniProt_Swiss-Prot 
database (release 2016.08). InterProScan (version 5.39–77.0; Jones 
et al., 2014) was used to obtain GO and InterPro annotations based on 
Transdecoder identified peptide sequences. Blast and hmmscan results 
were systematically combined using Trinotate (version 3.0.1; Bryant 
et al., 2017). GO annotations were integrated from UniPort and Inter-
ProScan annotations. KEGG annotations were obtained from the 

Fig. 1. 15N tracer experiment: Cell specific N uptake rates (pmol N cell− 1 h− 1) of pre-starved (white circles) and pre-fed (black circles) Dinophysis acuminata cultures 
at varying concentrations (2 - 100 µM of N) of A) ammonium, B) urea, and C) nitrate. 90% of N was added as 14N while the remaining 10% was 15N labeled substrate. 
Inset is the nitrate figure expanded. 
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combination of the annotation using GhostKOALA service from KEGG 
(Kanehisa et al., 2016) and UniProt derived KO annotations. 

Read counts of transcripts were obtained with Kallisto (version 
0.46.0; Bray et al., 2016) by mapping the clean reads of each sample to 
the assembled transcriptome (Supplementary dataset 1). Differential 
gene expression was performed using the R package Sleuth3 (version 
0.28–1; Pimentel et al., 2017) based on read counts, in which only 
transcripts with read counts of at least 5 in half of the samples were used 
in the analysis to ensure data quality. To obtain KEGG gene level 
expression, the transcript expression was aggregated utilizing the gene 
aggregation option within Sleuth. Sleuth generates b value (beta value, 
Wald only), a biased estimator of the fold change compared to ambient 
control (no nutrients, no prey) and also gives the statistical significance 
(q-value). KEGG genes with fold change ≥4 and adjusted p-value ≤0.05 
between two conditions were considered to be significantly differen-
tially expressed. To identify the cellular responses linked with each 
treatment, KO genes that were uniquely expressed in each treatment and 
those that were shared between the ammonium and ammonium + prey, 
and prey and ammonium + prey were identified. Following the KEGG 
database classification at level B, the identified KO genes were classified 
into functional pathways (Table S4 and Table S5). KO genes that 
belonged to amino acid metabolism, carbohydrate metabolism, energy 
metabolism (including nitrogen metabolism), folding, sorting and 
degradation (protein related), lipid metabolism and transport, and 
catabolism (including phagosomes, lysosomes, endocytosis), along with 
the enzymes in BRITE category were identified. The remaining pathways 
were included as other cellular pathways. The raw read files (see Sup-
plementary dataset 2 for SRA accessions), assembled transcriptomes, 
and gene expression data are available for download through NCBI 
BioProject: PRJNA632555. The Transcriptome Shotgun Assembly proj-
ect has been deposited at DDBJ/EMBL/GenBank under the accession 
GIOG00000000. The version described in this paper is the first version, 
GIOG01000000. 

3. Results 

3.1. N uptake kinetics of pre-starved and pre-fed Dinophysis cultures 

N uptake kinetics for pre-starved Dinophysis cultures displayed 
Michaelis-Menten type behavior for all substrates (ammonium, urea and 
nitrate) tested, with nitrate having the lowest correlation coefficient (R2 

for nitrate= 0.61, ammonium= 0.93, and urea= 0.85; Fig. 1, Table 1). 
Maximum cell-specific uptake rates for pre-starved Dinophysis cultures 
were significantly higher for ammonium (0.5 ± 0.01 pmol N cell− 1 h− 1) 
than other compounds, followed by urea (0.37 ± 0.02 pmol N cell− 1 h− 1) 
with nitrate being 25-fold lower (0.02 ± 0.003 pmol N cell− 1 h− 1; 
p<0.001 for all, two-way ANOVA; Fig. 1, Table 1). Half saturation 
constants (Ks) were 2.0 ± 0.3, 3.0 ± 0.7 and 7.8 ± 6.1 µM N for pre- 
starved Dinophysis cultures provided ammonium, urea and nitrate, 
respectively, while affinity coefficients were 0.25, 0.12 and 0.002 
(Table 1). 

N uptake kinetics for pre-fed Dinophysis cultures followed a similar 
pattern to those of pre-starved Dinophysis cultures (R2 for nitrate= 0.73, 
ammonium= 0.96, and urea= 0.94; Fig. 1, Table 1). Maximum cell 

specific uptake rates for pre-fed Dinophysis cultures were significantly 
higher for ammonium (0.70 ± 0.02 pmol N cell− 1 h− 1), followed by urea 
(0.25 ± 0.01 pmol N cell− 1 h− 1) with nitrate being more than 70-fold 
lower (0.01±0.003 pmol N cell− 1 h− 1; p<0.001 for all, two-way 
ANOVA; Fig. 1, Table 1). Half saturation constants (Ks) were 4.7 ±
0.71, 7.2 ± 1.3 and 39±29 µM N, while affinity coefficients were 0.15, 
0.03 and 0.0003, for pre-fed Dinophysis cultures provided with ammo-
nium, urea and nitrate, respectively (Table 1). Nutrient source signifi-
cantly (p<0.001) affected D. acuminata maximum uptake rates, but pre- 
conditioning (pre-starved vs. pre-fed) did not. However, there was a 
significant interaction between these factors as the response to pre- 
conditioning was dependent on nutrient source (p<0.001, two-way 
ANOVA, Table 1) as there was synergy between the ammonium grown 
culture and feeding: ammonium-grown cultures that were pre-fed had 
higher uptake rates than pre-starved cultures, whereas for urea and ni-
trate, pre-starved cultures grown with the nutrients outgrew pre-fed 
cultures grown with nutrients. Maximum uptake rates of all treat-
ments were significantly different from each other with the exception of 
pre-starved vs pre-fed cultures offered nitrate (p<0.001, two-way 
ANOVA, Table 1). 

3.2. Growth of Dinophysis under varying nutritional conditions for 
transcriptomic analyses 

Both nutrient treatment and time significantly affected D. acuminata 
densities during the transcriptome experiment and there was a signifi-
cant interaction between these factors as the response to nutrients 
changed over time (p<0.001 for all, two-way ANOVAR; Fig. 2). Den-
sities of D. acuminata grown on nitrate did not change significantly over 
the course of the experiment, while cells in the control increased slightly 
but significantly from t = 0 to t = 2 (p<0.05, two-way ANOVAR; Fig. 2) 
but then decreased again (t = 4). D. acuminata densities in prey, 
ammonium and ammonium + prey treatments increased significantly 
(p<0.001 for all, two-way ANOVAR) over time, resulting in a 110%, 
90% and 170% increase in cell densities, respectively, from the start (t =
0) to the end (t = 4) of the experiment (Fig. 2). During t = 2, the only 
significant (p<0.05, two-way ANOVAR) differences among treatments 
were between prey-, ammonium-, and ammonium + prey- treatments 
vs. the nitrate amendment with the former having higher cell densities 
(Fig. 2). During t = 4, however, all experimental treatments were highly 
and significantly (p<0.001 for all, two-way ANOVAR) different from 
each other with the exception of the nitrate vs control, and the ammo-
nium vs prey treatments (Fig. 2). For t = 4, ammonium + prey 
(2829±226 cells L− 1) had the highest Dinophysis densities of any treat-
ment followed by prey (2160±126 cells L− 1) and ammonium 
(1997±156 cells L− 1) treatments with the addition of ammonium + prey 
having an additive effect on cell densities. 

Ammonium concentrations in ammonium addition treatments were 
drawn down to levels that were lower than the amount added, while 
levels of ammonium in the nitrate, control and prey treatments were 
drawn down to <2 µM on t = 1 and remained at this level throughout the 
experiment (Fig. 2). Nitrate concentrations in the nitrate treatment 
increased steadily and were similar to the amount added, while the 
concentration of nitrate in all other treatments remained <1 µM over the 

Table 1 
Maximum cell specific uptake rates (Vmax; pmol N cell− 1 h− 1), half saturation constant (Ks; µM N), affinity coefficient (α; Vmax/KS) and R2 of Michaelis-Menten pa-
rameters for pre-starved and pre-fed Dinophysis cultures using ammonium, urea and nitrate as substrate. Mean ± SD. Letters indicate Holm-Sidak multiple comparison 
results (p<0.001).   

Ammonium Urea Nitrate  
Pre-Fed Pre-Starved Pre-Fed Pre-Starved Pre-Fed Pre-Starved 

Vmax 0.70±0.02a 0.5 ± 0.01b 0.25 ± 0.01c 0.37± 0.02d 0.01±0.003e 0.02±0.003e 

Ks 4.7 ± 0.71 2.0 ± 0.3 7.2 ± 1.3 3.0 ± 0.7 39±29 7.8 ± 6.1 
R2 0.96 0.93 0.94 0.85 0.73 0.61 
α 0.15 0.25 0.03 0.12 0.0003 0.002  
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course of the experiment (Fig. 2). 

3.3. Transcriptomic responses of Dinophysis under varying nutritional 
conditions 

Most of the variability (PC1=86.2%) in expression patterns of tran-
scripts following supplementation with different nutrients and/or prey 
indicated that transcript abundances separated the control and nitrate 
treatments from the ammonium, prey, and ammonium + prey (Fig S1). 
A smaller percentage (PC2=10%) of the changes in transcript abun-
dances separated the ammonium, prey, and ammonium + prey treat-
ments (Fig S1). Similarly, hierarchical clustering revealed that the 
control and nitrate treatments, and ammonium and ammonium + prey 
treatments grouped close to each other while the prey only treatment 
clustered closest to but separately from the ammonium and ammonium 
+ prey treatments (Fig S2). These changes in gene expression were 
further assessed through evaluation of aggregated KEGG KO gene 
expression. 

Transcripts encoding a total of 2082 unique KO genes with KEGG 
database IDs (KO IDs) belonging to 319 KEGG pathways were identified, 
of which 1857, 1882, 1843, and 1885 KO genes in nitrate, ammonium, 
prey and ammonium + prey, respectively were filtered (Sleuth with 
default parameters) and considered for differential gene expression. Of 
these, 291, 269, 263 and 305 KO genes were differentially expressed in 
nitrate, ammonium, prey and ammonium + prey, respectively, 
compared to the control (Fig. 3, corrected p-value <0.05 genes > 4-fold 

TPM change were considered expressed). Among the differentially 
expressed genes, the ammonium + prey treatment had the most KO 
genes (221) with significantly higher transcript abundances, while the 
nitrate treatment had the highest number of genes with a decrease in 
transcript abundances (127, Fig. 3). Further, 85 genes with increased 
transcript abundances and 37 genes with decreased transcript abun-
dances were common among the four treatments (Table S3 & Fig 3). 
Between the treatments, ammonium and ammonium + prey had the 
most common KO genes (31) with increases in transcript abundances 
while the nitrate and the prey treatments had the most common genes 
(24) with decreases in transcript abundances (Table S3, Fig 3). Indi-
vidually, the nitrate treatment had the highest number of genes with 
increased- and decreased- transcript abundances (36 and 37 KO genes) 
that were unique to the treatment, followed by the ammonium + prey 
treatment (33 KO genes with uniquely increased transcript abundances), 
the prey treatment (18 and 17 unique KO genes with decreased- and 
increased- transcript abundances), and the ammonium treatment (16 
and 13 KO genes with increased- and decreased- transcript abundances), 
and the ammonium + prey treatment (7 with decreased abundances). To 
avoid redundancy, we describe and interpret the responses of different 
genes from different treatments in each of the KEGG categories in the 

Fig. 2. Transcriptome experiment: A) Growth of Dinophysis acuminata (cells 
mL− 1) cultures provided varying nitrogenous nutrients. B) Ammonium and C) 
nitrate concentrations (µM) were measured after addition of nutrients only at t 
= 0. Black arrows indicate time points in which nutrients were added and stars 
represent time points in which cells were harvested for RNA extraction. Mea-
surements for all other days represent nutrient measurements made before the 
daily nutrient additions. Black hatched lines represent the concentration at 
which nutrients were added daily. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. Transcriptome experiment: The number of significantly differentially 
expressed KEGG KO genes (adjusted p-value <0.05 and 4 fold change) in the 
four treatments and combination of treatments in comparison to starved control 
condition. a) KO genes that had an increase in transcript abundance and b) KO 
genes that had a decrease in transcript abundance. Colors correspond to 
treatments: green (nitrate), coral (prey), blue (ammonium + prey), and gray 
(ammonium). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Discussion. 

4. Discussion 

4.1. N uptake kinetics of pre-starved and pre-fed Dinophysis cultures 

Despite being a kleptoplastidic mixotroph, Dinophysis, like most 
phytoplankton, displayed Michaelis-Menten type kinetics for nitroge-
nous nutrients (Bonachela et al., 2011) as well as differences between 
pre-fed and pre-starved cultures. Pre-fed cultures offered ammonium 
had a significantly higher Vmax than pre-starved cultures, while 
pre-starved cells had a higher affinity coefficient and lower Ks. In 
contrast to the ammonium-grown cultures, pre-starved cultures pro-
vided with urea and nitrate had a higher Vmax and affinity coefficient, 
and lower Ks compared to pre-fed cultures (Fig. 1, Table 1). Consistent 
with previous 15N uptake experiments (Hattenrath-Lehmann and Gob-
ler, 2015), both pre-starved and pre-fed cultures assimilated nitrate but 
at very low rates (<0.02 pmol N cell− 1 h− 1; 50 – 70-times lower than 
ammonium) and pre-starved cells had higher uptake rates than pre-fed 
cells. Cultures grown with ammonium had a high Vmax and affinity co-
efficients, and low Ks for both pre-starved and pre-fed cultures collec-
tively demonstrating Dinophysis’ preference for this N source. These 
findings are similar to an ecosystem-based Dinophysis experiment by 
Seeyave et al. (2009) that demonstrated ammonium uptake was highest 
followed by urea and nitrate. Half saturation constants (Ks) for ammo-
nium, urea and nitrate were within range of those typically reported for 
dinoflagellates, including mixotrophic species (Kudela et al., 2010a, 
2008; Smayda, 1997). To our knowledge this is the only report of 
concentration-dependent N uptake rates by a kleptoplastidic 
dinoflagellate. 

4.2. Transcriptomic and physiological responses of Dinophysis under 
varying nutritional conditions 

Dinophysis is a kleptoplastidic dinoflagellate, and consistent with 
this, the observed nutritional response was indicative of a dependency 
on both autotrophic and heterotrophic biochemistry. Transcriptomic 
analyses conducted by Wisecaver and Hackett (2010) found that 
Dinophysis acuminata has far fewer nuclear-encoded plastid genes than 
most fully photosynthetic dinoflagellates. Moreover, Dinophysis has 
limited functional control over these plastids and is unable to maintain 
them over time (Wisecaver and Hackett, 2010). This, in addition to 
increased cell yields when offered both ammonium + prey (Mesodinium) 
and the synergistically higher ammonium uptake rates when pre-fed 
provides further evidence that Dinophysis is a mixotroph that relies on 
exogenous ammonium. 

4.3. Growth on nitrate 

In the nitrate treatment, glutamine synthetase (K01915 [EC:6.3.1.2], 
Fig 4 and 5, Table S5), which catalyzes the condensation of glutamate 
and ammonium to glutamine, uniquely had significantly lower tran-
script abundances indicating a decrease in ammonia assimilation 
through the GO-GAT pathway. In addition, there was a significant 
decrease in carbonic anhydrase (K18246, [EC:4.2.1.1], Table S6) tran-
script abundance indicating a down-regulation of the inorganic carbon 
incorporation into biological pathways. Although nitrate was supplied, 
an increase in transcript abundances of nitrate and nitrite reductases 
was not observed, nor was any nitrate drawdown observed during the 
transcriptome experiment. Furthermore, nitrate uptake during 15N ex-
periments was minimal. In the transcriptome, one transcript for each 
nitrate reductase (TRINITY_DN13393_c0_g1_i1, Table S7) and nitrite 
reductase (TRINITY_DN12577_c0_g1_i1, Table S7) were annotated by 
the UniPort database, whereas four other transcripts were annotated for 
nitrate/nitrite transporter (Table S7) using UniProt and UniRef90 da-
tabases. Of these, one transcript showed a non-significant increased 

abundance, another showed no significant change and, reads related to 
transcripts annotated as nitrite reductase and two of nitrate/nitrite 
transporter were not present in the nitrate treatment. Thus, it appears 
that D. acuminata does not actively acquire nitrate and convert to 
ammonium. These observations of nuclear transcripts are consistent 
with the finding that nitrate reduction reactions take place within the 
plastid of some dinoflagellates (Fritz et al., 1996) and that Dinophysis has 
limited functional control over its kleptoplastids (Wisecaver and Hack-
ett, 2010). Garcia-Portela et al. (2020) evaluated 33 dinoflagellate 
reference transcriptomes and found that Dinophysis had the lowest 
number of nitrate transporter and nitrate reductase homologs. Despite 
the inability of D. acuminata to use nitrate, it may still acquire N indi-
rectly from nitrate, perhaps from a non-specific ion transporter or via 
bacterial reduction of nitrate to ammonium at the cell surface. This may, 
in part, explain the minute rates of nitrate uptake seen during 15N ex-
periments here and in other studies (Hattenrath-Lehmann and Gobler 
2015; García-Portela et al., 2020). Further, allantoinase (K01466 
[EC:3.5.2.5], Fig 4 and 5, Table S4), a hydrolase that is involved in the 
degradation of purine derivative allantoin had uniquely high transcript 
abundances in the nitrate treatment, indicating that the N limited cells 
were acquiring N from nitrogen-rich organic compounds like purines 
and its derivatives (Werner and Witte, 2011). 

Beyond N metabolism genes and the lack of Dinophysis growth when 
offered nitrate (Hattenrath-Lehmann and Gobler, 2015; Hattenrath--
Lehmann et al., 2015; Tong et al., 2015), the effects of N limitation were 
also evident in the other metabolic processes. The nitrate treatment had 
the highest number of genes with decreased transcript abundances (127 
KO genes, Fig. 3), overall indicating a lower metabolic activity. Pyruvate 
metabolism forms the link between the citrate cycle and glycolysis, 
which, in turn, are the central metabolic pathways that link many other 
pathways. Pyruvate metabolism enzymes, pyruvate carboxylase 
(K01958 [EC:6.4.1.1]) and D-lactate dehydrogenase (cytochrome) 
([EC:1.1.2.4], K00102, Fig 4, Table S5) had uniquely lower transcript 
abundances in the nitrate treatment indicating a reduced metabolic 
activity (Jitrapakdee et al., 2008). In addition, photosystem (PS) II P680 
reaction center D1 protein (K02703, [EC:1.10.3.9], Fig 4 and 5, 
Table S5) had uniquely lower transcript abundances indicating a 
reduction in photosynthesis. However, there was no corresponding 
decrease in PS I or plastocyanin (PC). On the contrary, PS I and PC 
related genes increased transcript abundances (K02689, K2638, Fig 5, 
Table S6) indicating a differential regulation of the PS I, PS II and 
photosynthetic electron transport chain. Such differential regulation has 
been reported in a previous study (Berges et al., 1996) and suggests that 
N limitation primarily effects PS II, particularly the depletion of PS II D1 
protein. In our analysis, photosystem II CP43 chlorophyll apoprotein 
(K02705) also displayed a decreased abundance, though not uniquely. 
Fructose bisphosphatase (EC 3.1. 3.11, K03841; involved in gluconeo-
genesis and the Calvin cycle, Fig 4 and 5, Table S5) showed uniquely 
lower transcript abundances indicating a corresponding decrease in 
carbohydrate synthesis alongside the reduced CO2 assimilation and 
photosynthesis. While the oxidative phosphorylation pathway was sty-
mied via decreased transcript abundances of 6-phosphogluconolacto-
nase ([EC:3.1.1.31] K01507, Fig 4 and 5, Table S5), enhancement of 
non-oxidative phosphorylation was observed via increased transcript 
abundances of D-xylose reductase ([EC:1.1.1.307], K17743, Fig 4 and 5) 
indicating potential utilization of alternative sources of energy (Neu-
hauser et al., 1997). Fatty acid biosynthesis and degradation can be 
closely linked with N availability (Chen and Johns, 1991; Ikaran, 2015). 
Long-chain-fatty-acid-CoA ligase ACSBG (K15013 [EC:6.2.1.3], Fig 4 
and 5, Table S4) had uniquely higher transcript abundances in the ni-
trate treatment. This enzyme is involved in both the fatty acid biosyn-
thesis and fatty acid degradation but the increased abundance of 
transcripts for the malate synthase [EC:2.3.3.9] (Fig 5, Table S6) sug-
gested an activation of the glyoxylate cycle in which acetate from 
degraded fatty acids are used for biosynthesis of carbohydrates. Addi-
tionally, 2− isopropylmalate synthase [EC:2.3.3.13], involved in leucine 
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Fig. 4. Transcriptome experiment: Gene expression levels of KEGG KO genes that were differentially expressed (adjusted pvalue <0.05 and 4 fold change) uniquely 
in either of the treatment or shared between ammonium and ammonium+prey treatment or prey and ammonium+prey treatment. Other differentially regulated 
genes that are discussed in the manuscript can be accessed in the supplementary tables S4-S6. Treatments are clustered by calculating the distance using the cor-
relation method and observations were not scaled. Colors correspond to the expression levels in terms of b-value (log fold TPM as calculated by Sleuth) represented in 
the legend scale. The plot was generated in R using the pheatmap package. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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biosynthesis, vesicle− associated membrane protein 7, involved in 
vesicle trafficking, and exosome complex component RRP41, involved 
in cellular RNA processing and degradation, all showed increased 
abundance thus helping to maintain cellular metabolism under stress. 
Collectively, these findings indicate that although genes associated with 
nitrate were found in the transcriptome of D. acuminata, D. acuminata 

does not actively acquire and assimilate nitrate into biological path-
ways. In fact, exposure to nitrate seems to elicit a cascading response 
typical of nitrogen starvation that was more evident compared to its 
starved control. This may indicate that the presence of low nitrate levels 
may initiate a type of cell dormancy in D. acuminata, a strategy many 
microalgae utilize to overcome stress conditions (Bravo and Figueroa, 

Fig. 5. Transcriptome experiment: Summary of the observed changes in the metabolic pathways as a response to nitrate, ammonium, prey and ammonium-prey 
treatments. KEGG KO genes that showed an increase (green) and decrease (orange) in abundance are shown. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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2014). 

4.4. Growth on ammonium 

In contrast to nitrate, ammonium clearly stimulated multiple meta-
bolic pathways in Dinophysis. In the treatment where Dinophysis was 
offered only ammonium, there were no significant changes in the KEGG 
KO genes related to N metabolism and several isoforms of ammonium 
transporters had significantly lower transcript abundances (4 of 18 
isoforms, none increased in abundance, Table S7) indicating the cells 
might have accumulated sufficient N compounds (Frischkorn et al., 
2014; Wurch et al., 2019, 2011) as evidenced by the drawdown in 
ammonium during the experiment. Alternatively, the ammonium 
transporters with decreased transcript abundances may have been high 
affinity ammonium transporters which were not needed given the 
higher levels of ammonium added (12.5 µM per day; Harke and Gobler, 
2015). Beyond N metabolism, we observed a unique decrease in tran-
script abundances of the ribulose-bisphosphate carboxylase large chain 
(rbcL, K01601 [EC:4.1.1.39], Fig 4 and 5, Table S5) indicating reduced 
CO2 acquisition and photosynthesis (energy metabolism), although 
other photosystem genes were unchanged. On the other hand, oxidative 
phosphorylation-related genes displayed higher transcript abundances, 
specifically F-type H+-transporting ATPase subunit beta (ATPeF1B, 
K02133, [EC:7.1.2.2]), inorganic pyrophosphatase (K01507, 
[EC:3.6.1.1]) (Fig 4, Table S4) and cytochrome c oxidase subunit 3 
(COX3, K02262, 5, Table S6), indicating efficient generation of ATP 
likely through catabolic processes that were reflected in increased 
Dinophysis growth compared to control cultures. Carbohydrate meta-
bolism genes uniquely or shared with the ammonium + prey treatment 
at higher transcript abundance included alcohol dehydrogenase 
(K13953 [EC:1.1.1.1]), 3-isopropylmalate dehydrogenase 
([EC:1.1.1.85] K00052), phosphatidylinositol 4-phosphatase 
([EC:3.1.3.-] K21797), and aconitate hydratase (K01681, [EC:4.2.1.3], 
citrate cycle; Fig. 4 and Table S4). In particular, the pyruvate 
metabolism-related genes in the ammonium treatment were also higher 
including malate synthase [EC:2.3.3.9], acetyl-CoA C-acetyltransferase 
[EC:2.3.1.9] and acetate kinase [EC:2.7.2.1], which evidences degra-
dation of fatty acids (Table S6). In fact, transcript abundance for the 
fatty acid synthesis gene, [acyl-carrier-protein] S-malonyltransferase 
[EC:2.3.1.39] decreased while the fatty acid degradation genes, 
acetyl-CoA C-acetyltransferase [EC:2.3.1.9], alcohol dehydrogenase 
[EC:1.1.1.1] and 17-beta-estradiol 17-dehydrogenase / very-long-chain 
3-oxoacyl-CoA reductase [EC:1.1.1.62 1.1.1.330] all increased in tran-
script abundance similar to the nitrate treatment (Fig 5 and Table S6). 
Thus, when D. acuminata was supplied with ammonium without the 
prey, later stage cell growth slowed leading to a shift in cellular meta-
bolism towards catabolic processes for the cell survival. This may, in 
part, explain why Dinophysis densities were not significantly different 
among ammonium, and ammonium + prey treatments during t = 2, but 
by t = 4 cell densities in the ammonium + prey treatment were signif-
icantly higher than those in the ammonium treatment. We hypothesize 
the decrease in photosynthesis and growth and increase in fatty acid 
degradation might be due to lack of critical nutritional factors and 
co-factors that are derived from prey, further evidencing the importance 
of mixotrophy for D. acuminata. 

4.5. Growth with prey only 

In the prey only treatment (M. rubrum with no nutrients added), 
there were limited changes in gene expression involving N metabolism 
except for decreased transcript abundances of carbonic anhydrase 4 
(K018246, [EC:4.2.1.1], Table S6) indicating a reduced CO2 uptake and 
a possible reduced assimilation of ammonia into biological molecules 
related to a lack of available N as the ammonium + prey treatment 
which did not show this pattern. This provides evidence at the pathway 
level of the means by which growth on prey without ammonium may 

lead to slower growth compared to ammonium + prey, specifically the 
need for Dinophysis to couple its photosynthetic acquisition of C with the 
assimilation of exogenous N. Similar to the ammonium + prey treat-
ment, transcripts encoding acetyl-CoA C-acetyltransferase and glutaryl- 
CoA dehydrogenase (Fig 5, Table S6) were at significantly higher 
abundances than the control evidencing increase in fatty acid degrada-
tion and conversion of glutarate degradation to acetyl-CoA. Significantly 
lower transcript abundances of [acyl-carrier-protein] S-malonyl-
transferase (K00645, [EC:2.3.1.39]), fatty acid synthase (K00665 
[EC:2.3.1.85]) and palmitoyl-protein thioesterase (K01074 
[EC:3.1.2.22], Fig 5, Table S6) suggest the down-regulation of the fatty 
acid biosynthesis pathway (Li-Beisson et al., 2013) collectively sug-
gesting a shift away from biosynthesis and towards fatty acid degrada-
tion. However, of the 11 KO genes linked with fatty acid degradation, 
acetyl-CoA C-acetyltransferase (K00626, [EC:2.3.1.9], Fig 5, Table S6) 
and glutaryl-CoA dehydrogenase (K00252, [EC:1.3.8.6], Fig 4 and 5, 
Table S4), had significantly increased transcript abundances and none 
significantly decreased. Xaa-Pro-aminopeptidase (K01262, 
[EC:3.4.11.9]) and lysosomal gene AP-3 complex subunit beta (K12319, 
Fig 4 and 5, Table S4) had uniquely higher transcript abundances in the 
prey treatment indicating an up-regulation of protein degradation and 
perhaps a greater effort at extracting N from prey when ammonium was 
not available. With respect to phagosomes, V-type H+-transporting 
ATPase subunit E (K02150, Fig 5, Table S6) had increased transcript 
abundances indicating the need for maintaining the hydrolytically 
competent acidic environment within the phagosomes (Kissing et al., 
2015). We hypothesize that the active maintenance of an acidic envi-
ronment in the phagolysosome promotes the digestion of ingested prey 
(Kissing et al., 2015). Regarding carbohydrate metabolism, similar to 
the nitrate and ammonium treatment, malate synthase ([EC:2.3.3.9], 
Fig 5, Table S6) displayed a significant increase in transcript abundances 
indicating an active glyoxylate cycle and, potentially, fatty acid degra-
dation. However, in the presence of prey this may be related to prey 
digestion rather than degradation of stored lipids. The increased abun-
dance of phosphoenolpyruvate carboxykinase (ATP) [EC:4.1.1.49] a 
critical enzyme in gluconeogenesis from non-carbohydrate sources also 
evidences prey digestion. Other genes with a significant increase in 
transcript abundance included Fem-1b homolog, dual 3′, 
5′ − cyclic− AMP and − GMP phosphodiesterase 11 [EC:3.1.4.17 
3.1.4.35], threonine 3− dehydrogenase [EC:1.1.1.103], tripartite 
motif− containing protein 43/48/49/64/77 and peroxisomal leader 
peptide− processing protease [EC:3.4.21.− ] (Fig 4, Table S4 and S5), at 
times also in the ammonium + prey treatment. These genes again are 
likely involved in degrading and deriving nutrition from prey. Overall, 
the differential gene expression in response to the prey treatment 
involved genes related to prey digestion and deriving energy from the 
prey. 

4.6. Growth on ammonium with prey 

Among the four nutritional conditions assessed, the Dinophysis cul-
ture supplemented with ammonium + prey had the highest number of 
KEGG genes, with increased transcript abundances and lowest number 
of decreased transcript abundances indicating a state of high metabolic 
activity in the cells compared to the unamended control. Consistent with 
this, Dinophysis densities in this same treatment were significantly 
higher than all other treatments, and in 15N uptake experiments 
Dinophysis pre-fed and provided ammonium had the highest uptake rates 
of any substrate tested. Significant increases in Dinophysis densities with 
the addition of ammonium + prey compared to cultures either fed 
Mesodinium (prey only) or grown with ammonium only was also 
observed by Hattenrath-Lehmann and Gobler (2015). Paralleling the 
drawdown of ammonium observed in this treatment, KEGG genes 
revealed an increase in ammonium utilization through the activation of 
the enzyme glutamate synthase (K00265 [EC:1.4.1.13], Fig 4 and 5, 
Table S4). In comparison, this gene was unaffected in the ammonium 
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only treatment indicating a greater rate of amino acid synthesis in this 
combined treatment. However, the ammonium transporter genes were 
unaltered or displayed decreasing transcript abundances at the 
isoform-level (4 of 16 isoforms, Table S7) similar to the ammonium only 
treatment. Given some high affinity ammonium transporters are 
induced as a symptom of N limitation in eukaryotic algae (Frischkorn 
et al., 2014; Wurch et al., 2019), this finding suggests that given enough 
ammonium, transporters are downregulated. Interestingly, 
glutarate-semialdehyde dehydrogenase (K00135, [EC:1.2.1.20], Fig 4 
and 5, Table S4) displayed a unique, significant increase in transcript 
abundances in the ammonium + prey treatment, suggesting a potential 
accumulation of glutarate, a compound usually produced during bio-
logical catabolism of aromatic compounds (e.g. nicotinate and benzo-
ate) and amino acids (e.g. L-lysine, L-hydroxylysine, and L-tryptophan) 
(Zhang et al., 2018). In addition, the up-regulation of glutaryl-CoA de-
hydrogenase (K00252, [EC:1.3.8.6], Fig 4 and 5, Table S4) and 
acetyl-CoA C-acetyltransferase (K00626, [EC:2.3.1.9], Fig 5, Table S6) 
suggests further degradation of glutarate to acetyl-CoA which can enter 
the citrate cycle for energy generation (Kurowska and Carroll, 1994; 
Rao et al., 2006; Wischgoll et al., 2009). While these genes (glutaryl-CoA 
dehydrogenase and acetyl-CoA C-acetyltransferase) showed no signifi-
cant change in the ammonium only and nitrate treatment, they dis-
played significantly higher transcript abundances in the prey treatment, 
but glutarate-semialdehyde dehydrogenase was unaffected. Thus, the 
increase in glutarate was specific to heterotrophic nutrition and the 
degradation of amino acids. 

Genes related to ubiquitin mediated proteolysis (K03349, K10578, 
K10587), RNA degradation (K12581, K12603), and protein processing 
in the endoplasmic reticulum (K01230, K09582, K10578, K23741) were 
in higher abundances (Table S6) in ammonium + prey treatment, sug-
gesting the activation of protein catabolism (Myung et al., 2001; Wahl 
et al., 2009). While these genes were mostly unaltered in the prey 
treatment, the overall protein metabolism still indicated an activation of 
degradation enzymes involved in the extraction of N and energy from 
the prey. In addition, 2-acylglycerol O-acyltransferase 2 (K14457, 
[EC:2.3.1.22], Fig 4 and 5, Table S4) displayed higher transcript abun-
dances in the ammonium + prey treatment indicating activation of the 
fatty acid degradation pathway. In fact, three other genes acetyl-CoA 
C-acetyltransferase (K00626, [EC:2.3.1.9]), glutaryl-CoA dehydroge-
nase (K00252, [EC:1.3.8.6]), and alcohol dehydrogenase 1/7 (K13951, 
[EC:1.1.1.1]) also had greater transcript abundances (Fig 4 and 5, 
Table S4, S6) while the fatty acid biosynthesis gene, S-malonyl-
transferase (K00645, [EC:2.3.1.39], Fig 5, Table S6) had lower tran-
script abundances, further evidencing the activation of fatty acid 
degradation (Li-Beisson et al., 2013) as also noted in the prey treatment. 
Similar to all other treatments, the glyoxylate pathway activation was 
observed in the ammonium + prey treatment by increased transcript 
abundances of malate synthase [EC:2.3.3.9], aconitate hydratase 2 / 
2-methylisocitrate dehydratase [EC:4.2.1.3 4.2.1.99], and acetyl-CoA 
C-acetyltransferase [EC:2.3.1.9] (Fig 5 and Table S6) paralleling fatty 
acid degradation. Collectively the ammonium + prey treatment showed 
signs of both individual treatments: the assimilatory ammonium 
reduction was similar to that observed in the ammonium only treatment 
and the shift in protein metabolism and fatty acid metabolism towards 
that of catabolism was similar to the prey treatment. Overall, both the 
physiological and transcriptomic responses seen in the ammonium +
prey treatment in comparison to the prey- or ammonium- only treat-
ments, indicates that D. acuminata possessed the biochemical pathways 
to grow maximally as a mixotroph, consuming prey and ammonium. 

4.7. Conclusion 

Here, the physiological and transcriptomic responses elicited by 
differing nutritional sources were evident (Fig 5). Dinophysis was not 
able to grow when provided with nitrate, displaying a down regulation 
of multiple biochemical pathways and an overall starvation response in 

this treatment. Compared to the control and nitrate treatments, 
Dinophysis grew significantly faster when offered ammonium alone but 
slower than compared to ammonium + prey seemingly due to lack of 
key nutritional factors derived from prey that were necessary for 
photosynthesis (i.e. plastids). Similarly, Dinophysis feeding solely on 
Mesodinium grew significantly better than the control and nitrate 
treatments but was never significantly different from the ammonium 
only treatment. The ammonium only treatment grew phototrophically, 
while the prey only treatment utilized heterotrophic pathways associ-
ated with prey digestion and extracting nutrients from prey. Overall, the 
similarity of growth rates in the ammonium- and prey- only treatments 
suggested that the autotrophic and heterotrophic pathways associated 
with each treatment produce a similar amount of cellular energy. 
Dinophysis achieved maximal growth rates when offered ammonium +
prey. Given that Dinophysis gets C and N from prey and C from photo-
synthesis, it would seem exogenous N is needed to balance the C ac-
quired through photosynthesis as evidenced by the increase in N 
incorporation via the GO-GAT pathway and N recycling through amino 
acid degradation in the ammonium + prey treatment. Dinophysis growth 
on ammonium + prey was additive indicating that mixotrophy, using 
both autotrophic and heterotrophic pathways, while energetically 
expensive (Raven, 1997) was, nonetheless, optimal. 
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