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Abstract: Ammonium and polyamines are essential nitrogen metabolites in all living organisms.
Crosstalk between ammonium and polyamines through their metabolic pathways has been demon-
strated in plants and animals, while no research has been directed to explore this relationship in algae
or to investigate the underlying molecular mechanisms. Previous research demonstrated that high
concentrations of ammonium and putrescine were among the active substances in bacteria-derived
algicide targeting dinoflagellates, suggesting that the biochemical inter-connection and/or interaction
of these nitrogen compounds play an essential role in controlling these ecologically important algal
species. In this research, putrescine, ammonium, or a combination of putrescine and ammonium was
added to cultures of three dinoflagellate species to explore their effects. The results demonstrated the
dose-dependent and species-specific synergistic effects of putrescine and ammonium on these species.
To further explore the molecular mechanisms behind the synergistic effects, transcriptome analysis
was conducted on dinoflagellate Karlodinium veneficum treated with putrescine or ammonium vs.
a combination of putrescine and ammonium. The results suggested that the synergistic effects of
putrescine and ammonium disrupted polyamine homeostasis and reduced ammonium tolerance,
which may have contributed to the cell death of K. veneficum. There was also transcriptomic evidence
of damage to chloroplasts and impaired photosynthesis of K. veneficum. This research illustrates
the molecular mechanisms underlying the synergistic effects of the major nitrogen metabolites, am-
monium and putrescine, in dinoflagellates and provides direction for future studies on polyamine
biology in algal species.
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1. Introduction

Polyamines, including putrescine, spermidine, and spermine, among others, are ubiq-
uitous in both eukaryotic and prokaryotic cells [1,2] and are present in all compartments
of plant cells [3]. It has been well established that polyamines are essential for plants, ani-
mals, and bacteria to regulate cellular processes [4-8]. Modulating intracellular polyamine
content is vital for plants to tolerate environmental stresses [3,9,10]. The beneficial effects
of polyamines are attributed to their ability to serve as compatible solutes, bind and inter-
act with negatively charged micro- and macromolecules for protection and stabilization,
scavenge oxygen and hydroxyl radicals, modulate ion channels, and crosstalk with signal
molecules [2,11]. Putrescine is also an obligate precursor for other polyamines during
biosynthesis and can be converted sequentially to spermidine and spermine, catalyzed
by the spermidine and spermine synthases, respectively [12]. Despite their beneficial ef-
fects, high concentrations of polyamines can cause cell damage via the toxic compounds
produced during degradation, leading to irreversible reactive oxygen species (ROS) burst
and cell death [13]. Polyamines also play a role in initiating programmed cell death (PCD)
in plants [10,11] and animals [14]. Less is known about the functions of polyamines in
algal species, though research has suggested polyamines in plants and algae may play
similar roles [15]. For instance, research has demonstrated the importance of polyamines
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in growth [16,17], cell division [18], and environmental stress tolerance [19-21] in algal
species. Polyamines may also participate in the succession of algal blooms [22]. Even less
is known about the effects of high concentrations of polyamines on algal species.

The glutamine synthetase/glutamate synthase (GS/GOGAT) pathway is conserved in
all living organisms, and glutamate produced by the assimilation of ammonium through
this pathway is a precursor for putrescine biosynthesis [23-26]. Ammonium is often
considered the preferred nitrogen source for phytoplankton in the environment due to its
lower energy cost for assimilation than nitrate. At high concentrations, however, it can
have destructive effects on photosynthetic organisms, resulting in chloroplast damage and
photosynthesis disruption, photophosphorylation uncoupling, oxidative stress, and a shift
in cellular pH, among many other impacts [27,28]. The flow of nitrogen to polyamines
serves as a sink for excess ammonium, indicating an interconnection of these two groups of
nitrogen compounds [9,12].

Dinoflagellates are widely distributed in both freshwater and saltwater environments
and play significant ecological roles [29]. The photosynthetic dinoflagellates are among the
prominent primary producers [30], and some species form symbiotic relationships with
reef-building corals [29]. On the other hand, dinoflagellates are known to form persistent
and toxic algal blooms that have posed a significant concern for the health of ecosystems,
marine animals, and humans [31]. For example, Karlodinium veneficum, a representative
dinoflagellate species, has caused harmful algal blooms worldwide for decades [32]. This
species can produce karlotoxins that are hemolytic, ichthyotoxic, and cytotoxic, which have
been associated with massive fish kills [32,33].

Like other algal species, dinoflagellates can utilize ammonium as a nitrogen source [34]
but may be more sensitive to ammonium toxicity than other species [28]. Various studies
also provide evidence that polyamines play an essential part in the growth and division of
these species [16,17]. No research has focused on the addictive and/or synergistic effects of
these key nitrogen metabolites on dinoflagellates or any other algal species to date.

Recent research demonstrated putrescine and ammonium were among the active
compounds in a dinoflagellate-specific algicide, IRI-160AA, produced by the bacterium
Shewanella sp. IRI-160 [35,36]. Dinoflagellates exposed to IRI-160AA exhibited several
markers for PCD, accompanied by impaired photosynthesis, chloroplast destruction, ROS
induction, and cell cycle arrest, among other physiological changes [37-39]. The expres-
sion of genes related to these physiological changes was also differentially regulated in
dinoflagellate K. veneficum treated with IRI-160AA [40]. Further metabolomic analysis
on K. veneficum exposed to IRI-160AA demonstrated altered metabolites involved in am-
monium and polyamine metabolism pathways [41]. These results suggested that the
inter-connection and/or interaction of these nitrogen compounds may contribute to cell
death or, otherwise, play an essential role in these ecologically important algal species.

This research aimed to investigate the synergistic effects of putrescine and ammonium
on dinoflagellates, explore the mechanisms behind this effect, and illustrate the interrela-
tionships of these major nitrogen metabolites at the molecular level in these algal species.
To achieve this goal, the effects of putrescine with or without added ammonium were
evaluated on dinoflagellates Karlodinium veneficum, Prorocentrum minimum, and Levande-
rina fissa (syn. Gyrodinium instriatum). A transcriptome analysis was then conducted for
K. veneficum treated with putrescine, ammonium, or a combination of putrescine and am-
monium to elucidate molecular mechanisms underlying the synergistic effects of putrescine
and ammonium on this species.

2. Results
2.1. Effects of Putrescine with or without Ammonium on Dinoflagellates
In vivo fluorescence was used as a proxy for algal biomass as established in other

studies [41-44]. In the ammonium exposure experiments, 100 uM ammonium had a
significantly negative effect on the growth of K. veneficum (p < 0.05) but not on other species
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tested (p > 0.05; Figure 1). The in vivo fluorescence of K. veneficum exposed to 100 uM
ammonium was 0.73 of the control.
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Figure 1. Effects of putrescine with or without ammonium on dinoflagellates. Relative in vivo
fluorescence (FLR) of dinoflagellates Prorocentrum minimum, Karlodinium veneficum, and Levanderina
fissa treated with different concentrations of putrescine with or without 100 uM ammonium. The
bioassay was conducted for 24 h, and the FLR was measured at the end of the experiments. Relative
FLR was calculated by dividing the FLR of the treatments by the average FLR of the controls
(no ammonium or putrescine added). K. veneficum and L. fissa were treated with 500 or 750 uM
putrescine with or without 100 uM ammonium. P. minimum was treated with 250 or 500 uM putrescine
with or without 100 tM ammonium. Error bars indicate standard deviations of 3 replicates. Asterisks
“*” indicate significant differences in the relative FLR (p < 0.05; N = 3) between the 0 ptM NH,* and
the 100 uM NH,* treatments.

In the putrescine exposure experiments, both 250 and 500 uM putrescine had a signifi-
cantly negative effect on P. minimum (p < 0.05; Figure 1), while 500 and 750 pM putrescine
had a significantly negative effect on the growth of K. veneficum (p < 0.05). In vivo fluores-
cence of P. minimum treated with 250 and 500 pM putrescine was 0.66 and 0.12 of the control,
respectively; in vivo fluorescence of K. veneficum exposed to 500 and 750 uM putrescine
was 0.90 and 0.06 of the control, respectively. Exposure to putrescine at 500 pM did not
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have a significant effect on the growth of L. fissa (p > 0.05), while 750 uM putrescine had
a significantly negative impact on this species (p < 0.05). In vivo fluorescence of L. fissa
treated with 750 uM putrescine was 0.64 of the control.

No significant synergy between putrescine and ammonium was detected on P. min-
imum treated with a combination of 250 or 500 uM putrescine and 100 pM ammonium
(p > 0.05; Figure 1; Table 1). The relative in vivo fluorescence of P. minimum treated with a
combination of 250 M putrescine and 100 tM ammonium was significantly lower com-
pared to the control and the ammonium treatment (p < 0.05) but not significantly different
from those treated with 250 uM putrescine alone (p > 0.05). Similarly, in vivo fluorescence
of the treatment exposed to a combination of 500 uM putrescine and 100 uM ammonium
was not significantly different from those treated with 500 uM putrescine alone (p > 0.05).

Table 1. Synergistic effects of putrescine and 100 tM ammonium on dinoflagellates Prorocentrum
minimum, Karlodinium veneficum, and Levanderina fissa. The significance (p < 0.05; N = 3) of synergy was
tested using a statistical model described previously [45]. Asterisks “*” indicate the significance of
the synergy. Sa: the surviving fraction (SF) of the ammonium treatments; Sp: the SF of the putrescine
treatments; Spp: the SF of those treated with a combination of ammonium and putrescine. SySg/Sap
was only shown for the groups with a significant synergy.

Species Putrescine (uM) Synergy Significance (p-Values) SASB/SaB
P mini 250 0.61 /
. minimum 500 0.24 /
K. veneficum 500 *3.69 x 1077 47.08
' 750 0.16 /
L. fissa 500 *2.03 x 107° 1.78
' 750 *0.0023 1.52

In contrast to P. minimum, a significant synergy was detected for K. veneficum treated
with a combination of 500 uM putrescine and 100 tM ammonium (p < 0.05; SASg/SaB
= 47.08) but not those treated with 750 uM putrescine and 100 uM ammonium (p > 0.05;
Figure 1; Table 1). Significantly lower relative in vivo fluorescence was observed in the
treatment of K. veneficum with a combination of 500 M putrescine and ammonium com-
pared to the control, as well as the treatment with 100 tM ammonium or 500 uM putrescine
alone (p < 0.05). In addition, the relative in vivo fluorescence of K. veneficum treated with a
combination of 750 uM putrescine and 100 pM ammonium was significantly lower than
the control and the ammonium treatment (p < 0.05) but not those treated with 750 pM
putrescine (p > 0.05).

A significant synergy was observed for L. fissa treated with a combination of 500 uM
putrescine and 100 pM ammonium (p < 0.05; SASg/Sap = 1.78; Figure 1; Table 1), and
when treated with a combination of 750 uM putrescine and 100 uM ammonium (p < 0.05;
SASB/Sap = 1.52). A significantly lower relative in vivo fluorescence was observed in
L. fissa treated with a combination of putrescine (500 or 750 uM) and 100 tM ammonium
compared to the respective controls, as well as the respective ammonium and putrescine
treatments (p < 0.05).

Additionally, due to the sensitivity of K. veneficum to 100 pM ammonium, the syn-
ergistic effect of ammonium and putrescine was also evaluated by exposing this species
to 50 uM ammonium, 500 uM putrescine, or a combination of 50 pM ammonium and
500 uM putrescine (designated as the “Both” treatment). In the entire experiment period
of 24 h, no significant difference was observed in the in vivo fluorescence of K. veneficum
treated with 50 uM ammonium compared to the control (p > 0.05; Figure 2). Significantly
lower in vivo fluorescence was observed at each of the time points tested (T1hr, T6hr, and
T24hr) in the putrescine and Both treatments compared to the control and the ammonium
treatment (p < 0.05). A significant synergistic effect was observed in K. veneficum treated
with a combination of 50 tM ammonium and 500 uM putrescine at each of the time points
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(p < 0.05; Table 2). The S\Sg/Sap ratio was 1.41 at T1hr, 2.85 at T6hr, and 5.22 at T24hr.
To further investigate the underlying mechanism of the synergistic effect of putrescine
and ammonium on K. veneficum, samples were collected from this experiment at T1hr for
transcriptomic analyses (Section 2.2).
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Figure 2. Effects of putrescine with or without ammonium on Karlodinium veneficum over time.
In vivo fluorescence of K. veneficum of the control (no ammonium or putrescine added) and the
treatments with 50 yM ammonium, 500 uM putrescine, or a combination of 50 tM ammonium and
500 uM putrescine (the “Both” group). The measurements were taken at the initial time point (T0),
1 (T1hr), 6 (T6hr), and 24 (T24hr) hours after the experiment initiation. Samples for transcriptomic
analyses were collected at T1hr. Error bars indicate the standard deviations of 3 replicates. Asterisks
awn

indicate significant differences of in vivo fluorescence between groups at the indicated time point
(p < 0.05; N = 3).

Table 2. Synergistic effects of 500 uM putrescine with 50 uM ammonium on dinoflagellate Karlodinium
veneficum over time. The significance (p < 0.05; N = 3) of synergy was tested using the statistical model
described previously [45]. Samples at T1hr were collected for transcriptome analysis. Asterisks “*”
indicate the significance of the synergy. Sa: the surviving fraction (SF) of the ammonium treatment;
Sp: the SF of the putrescine treatment; Sap: the SF of those treated with a combination of ammonium

and putrescine.

Time Synergy Significance (p-Value) SASB/SaB
T1lhr *0.00070 1.41
Téhr *252 x 1077 2.85
T24hr *2.14 x 1077 5.22

Furthermore, to evaluate if the observed synergistic effects of putrescine and ammo-
nium on K. veneficum and L. fissa were due to an additive effect of amino groups (-NH;) in
these compounds, these algal species were exposed to either a combination of putrescine
(500 and 750 uM for K. veneficum and L. fissa, respectively) and ammonium (100 pM) or
only putrescine (550 and 800 uM for K. veneficum and L. fissa, respectively), where the -NH;
concentrations were equivalent between treatments of the same species (Figure 3). The
results indicated a significant difference in the relative in vivo fluorescence of K. veneficum
and L. fissa exposed to a combination of putrescine and ammonium vs. the treatments
with only putrescine (p < 0.05). The relative in vivo fluorescence of K. veneficum exposed to
putrescine was 52 times higher compared to the treatment with a combination of putrescine
and ammonium. Similarly, the relative in vivo fluorescence of L. fissa exposed to putrescine
was 1.96 times higher than the treatment with a combination of putrescine and ammonium.
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Figure 3. Relative in vivo fluorescence (FLR) of Karlodinium veneficum and Levanderina fissa exposed to
either a combination of putrescine and ammonium or putrescine only, where the amino group (-NHy)
concentrations were equivalent between treatments of the same species. K. veneficum was exposed
to 500 uM putrescine plus 100 pM ammonium or 550 uM putrescine only; L. fissa was exposed to
a combination of 750 uM putrescine and 100 uM ammonium, or 800 uM putrescine only. Control
included the same volumes of MilliQ water as in the treatments. The bioassays were conducted for
24 h, and in vivo fluorescence was measured at the end of each bioassay. Relative FLR was calculated
by dividing the FLR of the treatments by the average FLR of the controls. Error bars indicate standard
deviations of 3 replicates. Asterisks “*” indicate significant differences in the relative FLR (p < 0.05;
N = 3) between the indicated groups.

2.2. Transcriptome Analysis of K. veneficum Treated with Ammonium, Putrescine, or a
Combination of Ammonium and Putrescine

2.2.1. De Novo Assembly of K. veneficum Transcriptome

Transcriptome analysis was performed on K. veneficum obtained one hour post expo-
sure. A total of 199,475 transcripts and 164,503 genes were assembled, and 76,454 genes
were annotated, accounting for 46.48% of the total assembled genes. A positive and signifi-
cant correlation between the gene expression from the RT-qPCR and RNA-seq methods
was revealed by the gene expression fold-change of the selected genes (R = 0.86, p < 0.05;
Supplementary File S1, Figure S1).

A total of 25,079 genes were highly differentially expressed (DEGs; FDR < 0.001;
fold-change > 4; Supplementary File S2) across the control and treatment, accounting for
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15.25% of assembled genes (Figure 4). These DEGs were clustered into eight sub-groups
according to their expression patterns. Sequences of all assembled genes are listed in
Supplementary File S3.

Color Key

Control Ammonium Putrescine Both

Figure 4. Heatmap of highly differentially expressed genes (DEGs; fold-change > 4, FDR < 0.001).
Heatmap of DEGs across the control (no ammonium or putrescine added) and the treatments of
Karlodinium veneficum amended with ammonium, putrescine, or a combination of ammonium and
putrescine (Both). Colors at the left side of the heatmap indicate different sub-groups of genes
clustered by their expression patterns.

For pair-wise comparison between each of the treatment and the control, 6306 genes
were highly differentially expressed between the ammonium treatment and the control,
7095 between the putrescine treatment and the control, and 15,058 between the Both
treatment and the control (Table 3). DEGs in each of the treatments compared to the control
accounted for 3.83% of the total assembled genes for the ammonium treatment, 4.31% for
the putrescine treatment, and 9.51% for the Both treatment (Table 3).

Table 3. Number of highly differentially expressed genes (DEGs; FDR < 0.001; fold-change > 4) in
Karlodinium veneficum for each of the treatments compared to the control. Percentage is the percent of
total DEGs in each treatment in the 164,503 assembled genes.

Treatment Up_Regulated Down-Regulated Total Percentage (%)
Ammonium 3562 2744 6306 3.83
Putrescine 3880 3215 7095 431

Both 3843 11,215 15,058 9.15
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2.2.2. Gene Ontology Enrichment Analysis

Gene ontology (GO) enrichment analysis revealed 71 processes were enriched by at
least one of the subsets of DEGs (up- or down-regulated by ammonium, putrescine, or
a combination of ammonium and putrescine) compared to the control (Supplementary
File S1, Figure S2; Table S3). Five processes were enriched by the ammonium up-regulated
DEGs and nine by down-regulated DEGs. Up-regulated DEGs in the putrescine treatment
were enriched in 6 processes, and down-regulated DEGs were enriched in 16 processes. In
addition, 8 processes were enriched by DEGs that were up-regulated in the Both treatment,
while 49 processes were enriched by DEGs that were down-regulated in the Both treatment.
Among the processes that were enriched by DEGs in the Both treatment, the majority were
not shared by DEGs in the ammonium or putrescine treatment; 7 out of 8 (88%) processes
enriched by up-regulated DEGs in the Both treatment, and 38 out of 49 (78%) processes
enriched by down-regulated DEGs were not shared by the other treatments.

Forty-eight processes (68% of all enriched biological processes) could be categorized
into three groups: ion and cation transport (16 processes; 23% of all enriched biological pro-
cesses), response to stimulus and substance metabolism (24 processes; 34% of all enriched
biological processes), as well as signal transduction and phosphorylation (8 processes; 11%
of all enriched biological processes; Figure 5; Supplementary File S1, Tables S3 and 54).

Nearly all (94%) processes (except for chloride transport) that were related to ion and
cation transport were enriched by DEGs that were down-regulated in the Both treatment
(Figure 5). Two of these processes (regulation of ion transmembrane transport and regula-
tion of membrane potential) were also enriched by the DEGs that were down-regulated in
all treatments. Two processes (sodium ion transmembrane transport and cation transport)
were enriched by DEGs that were down-regulated in the Both and putrescine treatments.
For processes in this category, the proportion of DEGs in the Both treatment linked to
the GO terms relative to the total number of genes associated with the same GO term
in the transcriptome (GO-DEG/Total) was 8-37% (Supplementary File S1, Table S4). In
comparison, this ratio was 3-4% for DEGs down-regulated by ammonium, and 4-7% for
DEGs that were down-regulated by putrescine alone.

Among the 24 processes related to response to stimulus and substance metabolism,
13 (54%) were enriched by DEGs that were down-regulated in the Both treatment (GO-
DEG/Total: 15-60%), and 10 (42%) were enriched by DEGs that were down-regulated
in the putrescine treatment (GO-DEG/Total: 5-100%) (Figure 5; Supplementary File S1,
Tables S3 and S4). One process (cellular response to phosphate starvation) was enriched
by DEGs that were down-regulated in all treatments (the ammonium, putrescine, and
Both treatments). Two processes (phospholipid catabolic process and hydrogen peroxide
catabolic process) were enriched by down-regulated DEGs in the putrescine and Both
treatments. Only one process (pectin biosynthetic process) in this category was enriched by
DEGs that were up-regulated in the Both treatment (GO-DEG/ Total: 30%).

Additionally, all of the eight processes related to signal transduction and phospho-
rylation were enriched by DEGs that were down-regulated in the Both treatment (GO-
DEG/Total: 8-36%; Supplementary File S1, Table S4). Among these processes, protein
phosphorylation was also enriched by DEGs that were up- and down-regulated by am-
monium and those up-regulated by putrescine. Transmembrane receptor protein tyrosine
kinase signaling pathway was also enriched by DEGs that were up- and down-regulated
by ammonium as well as DEGs up- and down-regulated by putrescine.

Twenty-three enriched processes (32% of all enriched processes) were not included
in the categories above (Figure 5; Supplementary File S1, Tables S3 and S4). Processes
related to the meiotic cell cycle, flagellar assembly and movement, and mitochondrial
fission were among the processes that were only enriched by down-regulated DEGs in the
Both treatment (GO-DEG/Total: 13-75%).
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Figure 5. Network analysis of biological processes in Karlodinium veneficum enriched by DEGs.
Network analysis of biological processes enriched by DEGs up- or down-regulated by ammonium
(NH.up and NH.down), putrescine (Putr.up and Putr.down), or a combination of ammonium and
putrescine (Both.up and Both.down). Three main groups of processes are highlighted in boxes
(A to C; 68% of all processes). Nodes demonstrate biological processes. Edges in the network connect
nodes with shared genes, and their thickness is proportional to the overlap between the gene sets
represented by the respective nodes [46]. The gene ontology enrichment analysis was conducted
using DAVID [47,48]. The network analysis was conducted using the Enrichment Map plugin [46] in
Cytoscape software (v 3.8.0) [49].

2.2.3. Genes Involved in Nitrogen Metabolism, Photosynthesis, and Photorepair

Five genes encoding ammonium transporters were among the DEGs regulated in
the Both treatment (Figure 6; Table 4). All but one (DN158877_c0_g1_il; AMTY)) of these
genes were down-regulated in the Both treatment compared to the control and were not
differentially regulated in the treatment with ammonium or putrescine alone. Furthermore,
three GOGAT (glutamate synthase; two encoded chloroplastic GOGAT and one encoded
a cytosolic GOGAT subunit), a GS (glutamine synthetase; cytoplasm), and a NiR (nitrite
reductase large subunit) were down-regulated in the Both treatment compared to the control
and were not differentially regulated by ammonium or putrescine alone. Genes encoding
nitrate reductases (NR) were not among the DEGs. Furthermore, a SpdS (spermidine
synthase) and a PAO (polyamine oxidase) were also only down-regulated in the Both
treatment compared to the control.
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Figure 6. Simplified schematic representation of metabolism of nitrate [50], ammonium [50], and the
three major polyamines (putrescine, spermidine, and spermine) in algae [15]. Black solid arrows indi-
cate metabolic pathways; black dashed arrows demonstrate transportation of compounds. Arrows in
blue indicate the putrescine biosynthesis pathway from glutamate via an ornithine-urea cycle (OUC).
All genes involved in OUC have been identified in dinoflagellates, suggesting these species possess a
complete OUC [51]. Also, note that the biosynthesis of putrescine from arginine (dashed blue arrows)
may not be universal for all algal species [15]. Enzymes in red are those regulated in Karlodinium
veneficum in the Both treatment only (treated with a combination of putrescine and ammonium)
compared to the control at the transcriptional level revealed by the transcriptome study. Red arrows
indicate up- or down-regulation of the genes in the Both treatment compared to the control. The
PAO (polyamine oxidase) gene identified here is a homolog of the Arabidopsis AtPAO3, which is
responsible for a “full back-conversion” pathway for polyamine catabolism, including the sequential
reaction of spermine to spermidine and spermidine to putrescine, as well as the back-conversion from
polyamine N-acetyl-derivatives [52]. Compounds in pink are aldehydes produced during polyamine
catabolism. Glu, glutamate; Gln, glutamine; GS, glutamine synthetase; GOGAT, glutamate synthase;
NR, nitrate reductase; NiR, nitrite reductase; SpdS, spermidine synthase; SpmS, spermine synthase;
SSAT, spermidine/spermine acetyltransferase; SPMO, spermine oxidase; DAO, diamine oxidase. The
graph was created with BioRender (BioRender.com; accessed on 17 January 2024).
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Table 4. Expression of highly differentially expressed genes (DEGs; fold-change > 4, FDR < 0.001)
involved in ammonium and polyamine metabolism identified in Karlodinium veneficum treated with a
combination of putrescine and ammonium (Both). Expression of ammonium transporters, GOGAT
(glutamate synthase), GOGAT subunit, GS (glutamine synthetase), NiR (nitrite reductase) large
subunit, SpdS (spermidine synthase), and PAO (polyamine oxidase) identified in the DEGs of K.
veneficum treated with a combination of putrescine and ammonium (Both). Con., control; NHy,
ammonium; Putr., putrescine. Gene expression was measured as TPM (transcripts per million) and
normalized using the TMM (trimmed mean of M values) method, generated by Salmon (v0.11.2) [53]
embedded in Trinity (v2.8.5) [54,55]. Asterisk “*” indicates the gene was also identified as a DEG in
K. veneficum treated with ammonium and/or putrescine alone. Sequences are listed in Supplementary
File S4.

Normalized Gene Expression (TMM)

Transcript ID Gene Description
Con. NHy4 Putr. Both
. Ammonium transporter
DN165880_c0_g1_il (AMT1) 2.92 2.40 2.67 0.17
. Ammonium transporter
DN141316_c0_g1_il (AMT2) 9.62 7.71 5.08 1.11
. Ammonium transporter
DNB83039_c0_g1_il (AMT3) 3.15 5.16 1.08 0.00
. Ammonium transporter
DN30808_c0_g1_il (AMTA) 3.10 0.44 6.82 0.00
. Ammonium transporter " N
DN158877_c0_g1_il (AMT5) 0.00 1.61 6.74 3.43
DN149735_c0_g1_il NiR large subunit 5.00 4.38 1.81 0.09
. GOGAT
DN41374_c0_g1_i3 (chloroplast; GOGATT) 411 3.04 1.44 0.28
. GOGAT
DN19097_c0_g1_il (chloroplast; GOGAT2) 4.95 3.51 1.73 0.45
. GOGAT subunit
DN100333_c0_g1_il (cytosol; GOGAT3) 31.30 16.93 8.84 0.00
DN65105_c0_g1_il GS (cytoplasm) 4.94 5.73 3.84 0.46
DN111898_c0_g1_il Spds 1.89 2.66 0.28 0.00
DN156058_c0_g1_il PAO 3.70 2.50 1.19 0.00

Genes involved in photosynthesis and photorepair were also differentially regulated
in the Both treatment compared to the control (Table 5). The DEGs down-regulated in the
Both treatment included ChIM (magnesium-protoporphyrin IX methyltransferase), ChiH
(magnesium-chelatase subunit ChlH), FCP (fucoxanthin-chlorophyll a-c binding protein), a
gene encoding a pheophorbide a oxygenase, PP264 (protein LOW PHOTOSYNTHETIC
EFFICIENCY 1), PAPP5 (Serine/threonine-protein phosphatase 5), and UVR8 (ultraviolet-B
receptor UVRS). All of these genes were only down-regulated in the Both treatment and
were not differentially regulated in the ammonium or putrescine treatment. Furthermore,
two genes, including a DEGP2 gene (protease Do-like 2) and a SOD gene (superoxide
dismutase) were up-regulated in the Both treatment compared to the control. The DEGP2
gene was only up-regulated in the Both treatment, while the SOD gene was also up-
regulated in the putrescine treatment compared to the control.
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Table 5. Expression of highly differentially expressed genes (DEGs; fold-change > 4, FDR < 0.001)
involved in photosynthesis and photorepair identified in Karlodinium veneficum treated with a combi-
nation of putrescine and ammonium (Both). Con., control; NH4, ammonium; Putr., putrescine. Gene
expression was measured as TPM (transcripts per million) and normalized using the TMM (trimmed
mean of M values) method, generated by Salmon (v0.11.2) [53] and embedded in Trinity (v2.8.5)
[54,55]. ChlM, magnesium-protoporphyrin IX methyltransferase; FCP, fucoxanthin-chlorophyll a-c
binding protein; PP264, protein LOW PHOTOSYNTHETIC EFFICIENCY 1; PAPP5, Serine/threonine-
protein phosphatase 5, ChlH, magnesium-chelatase subunit ChlH; DEGP2, protease Do-like 2. SOD,

11y

superoxide dismutase. Asterisk “*” indicates the gene was also identified as a DEG in K. veneficum

treated with putrescine alone. Sequences are listed in Supplementary File S5.

Normalized Gene Expression (TMM)

Transcript ID Gene Description Con. NH, Putr. Both
DN124564_c0_g1_il ChIM 1.85 0.46 2.38 0.00
DN154913_c0_g1_il FCP 1.89 0.80 2.50 0.00
DN133788_c0_gl_i1 Pheophorbide a oxygenase 3.77 4.95 4.52 0.00
DN101633_c0_g1_il PP264 (PP264_1) 7.15 5.02 3.15 0.00
DN152556_c0_g1_il PP264 (PP264_2) 3.71 6.08 3.81 0.00
DN97632_c0_g1_il PP264 (PP264_3) 2.77 6.00 0.57 0.00
DN68599_c0_g1_il PP264 (PP264_4) 14.75 6.70 4.66 1.18
DN99820_c0_g1_il PAPP5 3.41 2.76 2.47 0.00
DN128516_c0_g1_il UVRS8 (UVRS8_1) 2.18 428 8.94 0.00
DN37485_c0_g1_il UVRS (UVRS8_2) 5.31 2.96 1.07 0.45
DN12312_c0_g1_il ChIH (ChlH1) 21.42 21.39 10.34 1.02
DN14809_c0_g1_il ChlH (ChlH2) 19.58 16.31 10.22 1.15
DN12312_c0_g2_il ChIH (ChlH3) 28.43 20.67 15.23 2.58
DN28119_c0_g1_il ChIH (ChlH4) 30.15 30.44 14.03 3.78
DNB8652_c0_g2_il ChIH (ChlHS5) 45.86 56.98 22.30 5.04
DN37694_c0_g1_i2 DEGP2 0.72 0.53 2.89 6.38
DN143715_c0_g1_il SOD 0.00 0.71 *3.53 2.45

3. Discussion

Crosstalk between ammonium and polyamines through their metabolic pathways
has been reported in animals [56], plants [9,12], and bacteria [8]. So far, no research has
explored this relationship in algal species or the molecular mechanism(s) involved. Here,
the synergistic effects of ammonium and putrescine were examined for photosynthetic
dinoflagellate species Karlodinium veneficum, Prorocentrum minimum, and Levanderina fissa.
To further investigate the molecular mechanism(s) behind the observed synergistic effects,
transcriptome analysis was conducted on K. veneficum treated with ammonium, putrescine,
or a combination of putrescine and ammonium (Both).

3.1. Synergistic Effects of Putrescine and Ammonium on Dinoflagellates

Dinoflagellates can utilize a wide range of nitrogen sources, yet their growth responses
to these sources vary depending on the species. For instance, research indicated P. minimum
from natural blooms has a preference for ammonium over nitrate, urea, and amino acids,
and ammonium was the primary supporting nitrogen in these blooms [57]. Laboratory
monoculture experiments demonstrated P. minimum and K. veneficum had higher intracel-
lular urea pools and greater urease activities compared to other algal species evaluated,
suggesting these dinoflagellates may have a competitive advantage in environments with
urea as the major nitrogen source [58]. In contrast, a study on L. fissa exposed to various
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inorganic and organic nitrogen sources indicated a better growth of this organism in media
with nitrate than ammonium, while it could not utilize organic nitrogen, including urea, for
growth [59]. The responses of dinoflagellates to nitrogen sources may also be strain-specific.
For instance, a study on dinoflagellate Gambierdiscus toxicus strains 1651 and 1655 demon-
strated a similar growth rate of strain 1651 cultured with either 50 pM nitrate, ammonium,
or putrescine, while strain 1655 had a better growth rate when cultured with ammonium
compared to other nitrogen sources [60].

In the present study, cultures were maintained in f/2 media with replete nitrogen (882
uM nitrate) [61]. Given these conditions, the non-responsiveness of K. veneficum to an added
50 uM ammonium could be expected (Figure 2). Moreover, the absence of adverse effects
of ammonium at this concentration on K. veneficum suggests that even with the elevated
nitrogen content in the treatments, neither nitrate nor ammonium in the media induced
direct toxicity to the alga. However, when the ammonium concentration was elevated to
100 uM, a slight but significant reduction was observed in the growth of K. veneficum but
not the other algal species tested (Figure 1). This indicated a species-dependent response of
these organisms to ammonium, which is in line with the studies discussed above.

It should be noted that natural seawater, which was used in this research, has low
inherent nutrient levels, typically below 5 pM for ammonium and less than 15 uM for com-
bined nitrate and nitrite. This low baseline is unlikely to have influenced the experimental
results, especially considering the much higher nutrient concentrations employed in this
study. For instance, the f/2 medium used for both the control and treatment groups had
high nitrate concentrations as mentioned above. Additionally, the treatments included an
extra 50 or 100 uM ammonium, with or without putrescine. These substantially higher
nutrient levels in the treatments would overshadow the background levels in natural
seawater, thus ensuring that the effects observed on algal growth and fluorescence can
be attributed to our experimental conditions rather than the ambient nutrient content of
the seawater.

In addition, the results of this research demonstrated species- and dose-dependent
effects of putrescine on dinoflagellates (Figure 1; Table 1). This was consistent with prior
research on the effects of putrescine on both plants [62] and algae [63]. For instance,
putrescine stimulated the growth of chlorophyte Chiorella vulgaris Beijerinck over a range
of 1 to 100 uM, while its growth was inhibited by putrescine at 1 mM [63]. As mentioned
above, dinoflagellate Gambierdiscus toxicus was also able to grow with 50 uM putrescine as
the sole nitrogen source [60]. Nevertheless, no positive effect of putrescine was observed
here, even at concentrations that did not have a negative impact (e.g., 500 uM putrescine on
L. fissa; p > 0.05). Preliminary experiments in which K. veneficum was exposed to putrescine
at low concentrations ranging from 37.5 to 250 uM also showed no significant effect on
growth (p > 0.05; not published), suggesting that the beneficial effect of putrescine may
not be universal or may depend on conditions not examined here. Research on polyamine
content in dinoflagellate Karenia mikimotoi also demonstrated that the cellular contents
of putrescine were not related to the growth rate of this dinoflagellate [16]. This non-
universality of putrescine utilization extends to other organisms, such as archaea. In these
organisms, a variety of polyamines have been identified, and the sequential process for
producing putrescine from arginine and agmatine has been established [64]. However,
certain species, such as the halophile Halobacterium halobium, are unable to utilize or store
external putrescine [64].

While the concentrations of putrescine used in this study (250-750 uM) are higher than
those typically found in natural environments, the dinoflagellates examined here showed
remarkable tolerance to putrescine at elevated levels. For example, L. fissa exhibited no
significant effects at 500 uM putrescine, while P. minimum and K. veneficum demonstrated
only moderate effects at 250 and 500 uM, respectively (Figure 1). This resilience aligns
with findings from other research. A study on the green alga Chlamydomonas reinhardtii,
for instance, revealed that low putrescine levels (<100 uM) did not affect growth, and
higher concentrations (1-10 mM) only slightly reduced their growth rate to 80-90% of the
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control [65]. These observations, coupled with the growth recovery of K. veneficum at 500
uM putrescine (Figure 2), suggest that like other algal species, the dinoflagellates examined
here possess a robust pathway for putrescine utilization and catabolism (Figure 6; also see
discussion below).

Moreover, the results here indicated that the synergistic effects of ammonium and pu-
trescine were species-specific; a combination of 500 pM putrescine and 100 tM ammonium
had the greatest synergistic effect on K. veneficum (SpSg/Sap = 47.08; p < 0.05), followed by
L. fissa (SAS/Sap = 1.78; p < 0.05), while no significant synergistic effect was observed on
P. minimum (p > 0.05; Table 1). The lack of synergistic effects of ammonium and putrescine
on P. minimum was consistent with a previous study by Tilney et al. examining the effects
of bacterial algicide IRI-160AA on dinoflagellates [39]. IRI-160AA had less effects on the
growth of P. minimum compared to K. veneficum and L. fissa. Additionally, IRI-160AA only
had negative effects on the photosynthetic parameters of K. veneficum and L. fissa but not
P. minimum. These were consistent with a previous report demonstrating a resistance of
thecate dinoflagellates (e.g., P. minimum) compared to the athecate species (e.g., K. veneficum
and L. fissa) [42]. Tilney et al. also hypothesized that the thecal plates of P. minimum may
have protected this alga by reducing the plasma membrane accessibility that could be
essential for the algicidal activities [39]. Here, it is possible that a similar mechanism was
involved, where the thecal plates protected P. minimum from the synergistic effects of
ammonium and putrescine. The exact mechanism contributing to this resistance requires
future research.

Further experiments demonstrated significantly greater (p < 0.05) negative effects
on K. veneficum and L. fissa exposed to putrescine plus ammonium vs. putrescine alone
with equivalent concentrations of amino groups [-NH,] (Figure 3). This indicates that the
observed synergistic effects were not due to an additive effect of the introduced ammonium
and ammonium/ammonia produced by putrescine oxidation, suggesting the involvement
of more complex mechanisms contributing to the synergistic negative effects of ammonium
and putrescine. A transcriptomic analysis of K. veneficum was then used to investigate the
cellular mechanisms underlying these effects (Figure 4). Sample collection for this analysis
at one hour after the initial exposure (T1hr) was an appropriate interval due to the rapid
turnover of mRNA in algal species responding to external stimuli [66-68].

3.2. Transcriptome Analysis on K. venerficum

The number of genes assembled for K. veneficum in this research (164,503) was similar
to the number of genes assembled in the same (160,206 genes; [66]) and other dinoflagellates
reported previously, including Cochlodinium polykrikoides (191,212 genes; [69]) and Karenia
mikimotoi (202,600 genes; [70]). The low percentage of all DEGs (15.25%), as well as the DEGs
in each of the treatments compared to the control (3-9%; Table 3; Figure 4), is also consistent
with previous research showing that transcriptional regulation may play a reduced role in
dinoflagellates [71]; the protein expression in dinoflagellates is primarily controlled at the
post-transcriptional and translational levels [71], and dinoflagellate mRNAs were reported
to have substantially longer half-lives than other organisms [72]. However, the wide range
of vital biological processes that these DEGs participated in suggests an essential role of
transcriptional regulations in these species (Figure 5). Results shown here are similar to
previous transcriptomic analyses of K. veneficum exposed to bacterial algicide IRI-160AA;
while only 3% of all assembled genes were differentially expressed in response to the
algicide, they were involved in the regulation of gene expression, protein activity, and
morphology, covering various key cellular processes [66].

The synergistic effects observed for K. veneficurn by ammonium and putrescine shown
here (Figures 1 and 2) were consistent with transcriptomic analyses, showing that most
DEGs were regulated by a combination of these compounds rather than ammonium or
putrescine alone (Table 3). This was particularly the case where the highest number of
DEGs was observed for those that were down-regulated in the Both treatment (11,215)
compared to those up-regulated in the same treatment (3843), or the total DEGs in other
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treatments (6000-7000) compared to the control. In a similar manner, the majority of
biological processes were also down-regulated in the Both treatment compared to treatment
with either putrescine or ammonium alone (Figure 5). Furthermore, the identified DEGs
involved in nitrogen metabolism illustrated the interconnection between ammonium and
putrescine in the Both treatment, suggesting that the crosstalk between these nitrogen
species may be vital for the observed synergistic effect (Table 4; Figure 6). The implications
of this interconnection are discussed below.

3.2.1. Ammonium May Aggravate Putrescine Toxicity on K. veneficum

As an obligate precursor of spermidine and spermine [73], putrescine has a stimu-
latory effect on the biosynthesis of these polyamines in plants [62] and animals [74]. An
increase in polyamines enhances polyamine oxidase (PAO)- and diamine oxidase (DAO)-
catalyzed catabolism [13,75], stimulating the production of HyO,, ammonia, and diverse
aldehydes (e.g., 4-aminobutanal, 3-acetamidopropanal, 3-aminopropanal,
N-[3-Aminopropyl]-4-aminobutanal, and acrolein; Figure 6) [12,56]. Polyamine accumula-
tion results in the generation of these end-products at toxic levels; the involvement of HyO,
and aldehydes in polyamine-induced cell damage is well established [2,13,56]. Acrolein,
a reactive aldehyde intermediate produced during polyamine oxidation, induces ROS
production, membrane damage, and mitochondria dysfunction in animals [76,77]. Elevated
ROS production and impaired photosystems were also observed in algal species [78] and
cyanobacteria [79] treated with acrolein. In this research, high concentrations of exogenous
putrescine likely stimulated the biosynthesis of spermidine and/or spermine, enhancing
the catabolic pathways leading to the production of these toxic metabolites (Figure 6). This
may have contributed to cell death in the putrescine treatment (Figure 2), while the greater
growth inhibition in the Both treatment compared to those treated with putrescine alone
suggested that ammonium makes a significant contribution to putrescine-induced toxicity
and cell damage.

To be noted, although polyamines can induce antioxidant enzymes and increase H,O,
production during their catabolism [80], in this research, the processes related to oxidative
stress response and H,O; catabolism were enriched by DEGs that were down-regulated
in the putrescine and/or Both treatment (Figure 5). This could reflect a disconnect in
timing between the collection of samples at Tlhr and the more rapid response of the
polyamine biosynthesis and catabolism processes and up-regulation of the antioxidant
genes [52,81]. For instance, research on Arabidopsis PAOs illustrated PAO3 could oxidize
over 60% spermidine within 30 min [52], and PAO4 was able to oxidize over 75% of
spermine within 15 min [81].

The involvement of polyamine oxidation in cell death in the putrescine and Both
treatments was also evident by the down-regulated PAO (Figure 6; Table 4). The feedback
inhibition of plant PAOs by the downstream catabolism products and HyO; has been
demonstrated [13,52]. A feedback suppression on plant PAOs by ammonium has also been
proposed [82], which was consistent with the greater suppressive effect on PAO in the Both
treatment compared to those treated with putrescine alone. A feedback suppression of PAO
by the polyamine oxidation products could be a mechanism to alleviate the end-product
toxicity [83]. In fact, a partial recovery was observed in the putrescine treatment here
(Figure 2), supporting a defense system induced by putrescine, while the observation
that there was no recovery in the Both treatment was consistent with the aggravating
effect of ammonium in putrescine toxicity. The PAO gene identified here is a homolog
of the Arabidopsis AtPAO3, which is responsible for a “full back-conversion” pathway
for polyamine catabolism, including the sequential reaction of spermine to spermidine
and spermidine to putrescine, as well as the back-conversion from polyamine N-acetyl-
derivatives [52]. The exact role of this regulated PAO enzyme in K. veneficum remains
unknown. Nevertheless, if this enzyme has a similar function as AtPAQO3, the suppression
of the PAO gene expression in K. veneficum may be particularly important in the Both
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treatment as it can down-regulate diverse downstream processes involved in polyamine
catabolism and largely impact polyamine homeostasis.

Similar to PAO, SpdS encoding a spermidine synthase was also suppressed in the
Both treatment and exhibited a trend toward down-regulation in the putrescine treatment,
further indicating the feedback suppression of polyamine catabolism products (Figure 6;
Table 4). A critical role of SpdS in the homeostatic regulation of polyamines has previously
been demonstrated [84,85], and its function in plant survival [86] and development [87],
as well as algal growth and cell division [18,85], has been reported. For example, SpdS-
silenced Arabidopsis had reduced spermidine levels, accompanied by abnormal growth
and embryo development arrest [84]. Reduced spermidine levels in the green alga Chlamy-
domonas reinhardtii treated with an SpdS inhibitor [85] were accompanied by reduced cell
densities [18,85] and cell cycle arrest [18]. Similar to PAO, the greater suppression of SpdS
in the Both treatment compared to those treated with putrescine alone suggested a further
polyamine homeostasis disruption with ammonium application, which may play a role in
the greater growth inhibition observed in the Both treatment (Figure 2).

3.2.2. Putrescine May Reduce the Ammonium Tolerance in K. veneficum

In addition to the polyamine toxicity and its aggravation by ammonium discussed
above, ammonium toxicity likely also played a role in the cell death of K. veneficum observed
in the Both treatment. Ammonium toxicity occurs when its uptake and cellular production
exceed its assimilation [27]; as a primary ammonium assimilation route in both higher
plants and algae [25,26], the glutamine synthetase/glutamate synthase (GS/GOGAT) path-
way is critical for ammonium detoxification [27,88] (Figure 6). For instance, GS inhibition
in diatom Phaeodactylum tricornutum resulted in growth inhibition, accompanied by ROS
production and chloroplast destruction [89]. It has also been demonstrated that the nitro-
gen flow through the GS/GOGAT pathway to polyamines can serve as a sink for excess
ammonium to reduce its toxicity [9,12]. The disrupted polyamine homeostasis (discussed
above) suggests the potential for reduced ammonium tolerance in K. veneficum in the Both
treatment. This may have been further exacerbated by the reduced ammonium detoxifica-
tion capacity as evident by the down-regulated GS (cytoplasmic) and GOGAT (cytosolic
and chloroplastic) in the Both treatment (Figure 6; Table 4).

Furthermore, the down-regulated NiR and the GS/GOGAT pathway in the chloroplast
may also disrupt the electron flow in this organelle, causing ROS overproduction and cell
damage [90,91]. This was consistent with the up-regulation of the SOD gene in the Both
treatment; SOD encodes the key enzyme superoxide dismutase involved in chloroplast ox-
idative stress reduction and excitation energy dissipation [90] (Table 5). A down-regulation
of the ammonium assimilation and glutamate biosynthesis in this treatment was also
revealed by the GO enrichment analysis (Figure 5). The greater suppression of the GS,
GOGAT, and NiR genes in the Both treatment compared to the putrescine treatment points
to a greater impact on the polyamine homeostasis by a combination of putrescine and
ammonium compared to putrescine alone. The up-regulation of the SOD gene in the
putrescine treatment suggests that a high level of putrescine itself can also represent a
stressor for the chloroplast redox balance, although it may not be destructive without the
addition of ammonium.

A higher intracellular ammonium concentration and/or its toxicity was also supported
by the observation that ammonium transporters were repressed only in the Both treatment
(Figure 6; Table 4; AMT1-4). Transporters of ammonium are sensitive to cellular status
and can be turned off when there is an optimal amount of ammonium in the cells, medi-
ated by transcriptional and/or post-transcriptional regulation [27,92]. Research has also
demonstrated the suppression of ammonium transporters by GS inhibition in green alga
Ostreococcus tauri [93] and by glutamine in Arabidopsis thaliana [94]. Although trafficking
ammonium by transporters normally does not contribute to ammonium toxicity due to the
sensitivity of these transporters [82], other pathways (e.g., transportation through aquapor-
ins, non-selective cation channels, K*-specific channels, or simple osmotic diffusion) can
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play a role in transporting an excessive amount of ammonium into the cells [27,82]. These
pathways have not been fully characterized, and more research is needed to illustrate their
roles in ammonium toxicity in algal species.

Additionally, a previous report identified 68 ammonium transporter domains in
dinoflagellate Symbiodinium microadriaticum, as well as 42 and 46 in S. minutum and S.
kawagutii, respectively [95]. Among the ammonium transporters in S. microadriaticum, only
four were differentially expressed in responding to heat stress [95,96]. These genes did
not respond to other stressors tested, including cold, salt, and dark [96]. Similar results
were revealed in this study, where five DEGs (Table 4) were identified among a total of
56 ammonium transporters, implying the complex nature of ammonium transportation
regulation in dinoflagellates. These results were also consistent with the reduced role of
gene transcriptional regulation in dinoflagellates, as discussed above [71,72]. Furthermore,
the DEGs performing similar roles identified for ammonium transportation and other
functions (Tables 4 and 5) were in line with reports of pervasive gene duplication in
dinoflagellates, including genes in tandem arrays [95]. While the mechanisms behind this
remain unclear, one hypothesis is that gene duplication in these species could be a strategy
to increase transcript abundance and subsequent protein expressions of certain essential
genes [95]. Further research should be directed toward understanding the mechanisms
behind gene duplication in dinoflagellates and their potential role in the survival and
competition of these species in the environment.

3.2.3. A Combination of Putrescine and Ammonium May Damage the Chloroplast and
Impair Photosynthesis in K. veneficum

Furthermore, the greater impacts of a combination of putrescine and ammonium on
the chloroplasts compared to putrescine alone were reflected by the various photosynthesis-
and photorepair-related genes that were differentially regulated only in the Both treat-
ment (Table 5). Among these, the only up-regulated gene was DEGP2 (encoding a protease
Do-like 2) involved in the PSII repair [97]. This could reflect an effort to restore the photosyn-
thesis in K. veneficum in the Both treatment, while the down-regulation of the other genes im-
plied a limited capacity for recovery. The genes that were down-regulated only in the Both
treatment included FCP (fucoxanthin-chlorophyll a-c binding protein) encoding the light
harvesting complex [98], PP264 (encoding protein LOW PHOTOSYNTHETIC EFFICIENCY
1) required for light-regulated PSII biogenesis [99], ChIM (Magnesium-protoporphyrin IX
methyltransferase) [100] and Ch/H (Magnesium-chelatase subunit ChlH) [101] involved in
chlorophyll biosynthesis, as well as a gene encoding pheophorbide a oxygenase involved
in chlorophyll degradation [102]. The down-regulation of these genes could be linked to
impaired light harvesting complex, PSII, and chlorophyll biosynthesis in the Both treat-
ment, and it implied a lack of ability for K. veneficum in the Both treatment to recover from
the damage.

3.2.4. A Combination of Putrescine and Ammonium May Inhibit the Growth of
K. veneficum through the Regulation of Other Essential Processes

In addition to nitrogen metabolism and photosynthesis that may have been affected by
the synergistic effects of putrescine and ammonium discussed above, other key processes
were also altered by this synergy (Figure 5 and Supplementary File S1, Figure S2, Tables
53 and 54), including mitochondrial fission. Mitochondria play a central role in cells
via energy production mediation and by participation in cell cycle regulation and cell
death initiation [103]. It has been demonstrated that mitochondria regulate cell death
in animals via a mitochondrial outer membrane permeabilization (MOMP) event that
triggers the release of soluble proteins, including cytochrome ¢, Omi, and Smac, leading
to caspase activation and apoptosis initiation [104]. The MOMP event can also cause
nonapoptotic cell death involving mitochondrial function loss and/or toxic protein release,
inducing caspase-independent cell death [104]. Mitochondrial fusion/fission machinery
is required for mitochondrial biogenesis, and the fusion/fission balance is essential for
maintaining their function while also playing a role in regulating cell cycle progression
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and cell death [105]. Mitochondrial fission inhibition can cause a hyperfusion in these
organelles, leading to genome instability, DNA damage response, and cell cycle arrest
in mammalian cells [106]. The down-regulated mitochondrial fission process in the Both
treatment suggests mitochondrial dysfunction (Figure 5). Though proteins involved in
mitochondrial fission have been identified in other algal species [107], the involvement of
this process in regulating algal death and stress response remains unknown and requires
future investigation.

It has been well established that both ammonium [108] and putrescine [109] interact
with cation channels and suppress cation transmembrane transport. Here, the diverse down-
regulated processes related to ion and cation transport, especially in the Both treatment,
were consistent with these roles (Figure 5; Supplementary File S1, Tables S3 and S4). The
suppressed ion and cation transport can be especially unfavorable for dinoflagellates, as
dinoflagellate DNA contains high concentrations of divalent cations, including Ca?* and
Mg?*, as well as a large number of transition metals [110], which neutralize the negative
charge of naked DNA and allow for its maximal compaction [111].

Cations such as Ca* also play other essential roles in dinoflagellates. For instance,
it has been demonstrated that Ca?* is involved in mechanical stimulus response in di-
noflagellate Crypthecodinium cohnii, and the depletion of Ca?* is involved in the mechanical
stimulation-induced cell cycle arrest in this species [112]. Research on dinoflagellate Clado-
copium goreaui has suggested that ion transport and Ca?* influx may serve as signals and
participate in the gene regulation in this species [113]. Ca?* and its signaling also play
a role in the flagellar function and cell motility of algal species [114-116]. In line with
these observations, diverse processes, including mechanical stimulus-response, meiotic cell
cycle, flagellar assembly and movement, as well as the majority of the signal transduction
pathways, were enriched by the DEGs that were down-regulated in the Both treatment
(Figure 5; Supplementary File S1, Table S4). These results implied crosstalk between these
essential cellular processes, cation regulation, and the cell growth inhibition induced by the
synergistic effects of putrescine and ammonium observed here.

4. Materials and Methods
4.1. Algal Stock Cultures

Stock cultures of dinoflagellates Karlodinium veneficum (CCMP 2936; National Center
for Marine Algae and Microbiota, https://ncma.bigelow.org/; accessed on 17 January
2024), Prorocentrum minimum (CCMP2233), and Levanderina fissa (CCMP 2935; also known
as Gyrodinium instriatum) were maintained in natural seawater with f/2 nutrients (-5i;
882 uM nitrate as the sole nitrogen source) [61] and a salinity of 20. The cultures were
maintained at 25 °C with a light intensity of approximately 130 umol photons m~2 s~!. The
cultures were kept semi-continuously in the exponential growth phase under a 12 h:12 h
light:dark cycle.

4.2. Synergistic Effects of Putrescine and Ammonium on Algal Species

Cultures of K. veneficum and L. fissa in the f/2 medium (all the f/2 media were made
from natural seawater in this research) were amended with 500 or 750 pM putrescine
(cat# 51799, MilliporeSigma, Burlington, MA, USA), with 100 pM ammonium (cat# 89503,
MilliporeSigma), or with a combination of putrescine and ammonium (N = 3), prepared in
MilliQ) water. Due to the sensitivity of P. minimum to putrescine observed in preliminary
experiments, the concentration of putrescine was reduced to 250 and 500 uM putrescine for
this species (N = 3). Control cultures only received MilliQQ water (N = 3). The bioassay was
conducted for 24 h. In vivo fluorescence was used as a reliable proxy for algal biomass in
other studies [41-44]. Here, in vivo fluorescence was measured to track algal growth at the
end of each experiment using an AquaFluor handheld fluorometer (Turner, San Jose, CA,
USA). The relative in vivo fluorescence was calculated as follows: in vivo fluorescence of
each treatment/average in vivo fluorescence of the control [42].
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In a separate experiment, K. veneficum was also treated with either 500 uM putrescine
or 50 pM ammonium, or with a combination of 500 pM putrescine and 50 uM ammonium
(N = 3; Supplementary File S1, Table S1). Control cultures received MilliQQ water and
f/2 medium to match the respective volumes added in the treatments (N = 3). Cultures
were then incubated for 24 h under the same conditions as the stock cultures. In vivo
fluorescence was measured for the bulk culture at the initial time point (T0), and then for
each of the control and treatment cultures at 1 h (T1hr), 6 h (T6hr), and 24 h (T24hr) after
the initiation of the experiment. Here, the control and treatment were under the light phase
at TO, T1hr, and T24hr, while at the dark phase at T6hr.

Synergistic interactions between putrescine and ammonium were evaluated. The
relative in vivo fluorescence reflected the surviving fraction (SF) of the cells (also known
as proportion of the survived cells) in each of the treatments. Based on Bliss indepen-
dence [117], the SF of cells under the effect of compounds A (denoted Sp) and B (denoted
Sg) alone, as well as the SF under the impact of a combination of compounds A and B
(denoted Sag), would follow the equation SpSp = Sap if compounds A and B impact the or-
ganisms independently [45]. Synergy between compounds A and B would be indicated by
SaSp > Sap (0or SASp/Sap > 1), while SASp < Sap (0or SASp/Sap < 1) indicates an antagonistic
relationship.

Here, Sp was the SF of the ammonium treatment, Sgp was the SF of the putrescine
treatment, and Sag was the SF of the treatment with a combination of ammonium and
putrescine. The significance (p < 0.05; N = 3) of the synergy was evaluated using a statistical
model described previously [45]. If the synergy was significant (p < 0.05), then SySg/Sap
was calculated to reflect how many times more cells would survive in the treatment when
adding ammonium and putrescine if the compounds had independent impacts compared
to the observed synergistic effects [45].

Additionally, to assess if the synergistic effects were due to the combined effects of
-NHj; in putrescine (2:1—NH;:putrescine) and ammonium (1:1), K. veneficum was treated
with either 500 uM putrescine plus 100 puM ammonium or 550 pM putrescine, where the
concentrations of -NH; (1100 uM) were the same in these treatments. A similar experiment
was conducted on L. fissa, which was treated with either 750 uM putrescine plus 100 M
ammonium or with 800 uM putrescine only, where the -NH, concentrations (1600 uM)
were the same between the treatments. All chemicals were dissolved in MilliQ water, and
the same volumes of MilliQ water were added to controls without the compounds. The
bioassays were conducted for 24 h, and in vivo chlorophyll a fluorescence was measured at
the end of each bioassay. The relative in vivo chlorophyll a fluorescence of each treatment
relative to the respective control was calculated as above.

4.3. Transcriptome Analysis of K. veneficum Treated with Ammonium, Putrescine, or a
Combination of Putrescine and Ammonium

4.3.1. Sample Collection

The samples for transcriptome analysis were collected from K. veneficum in the ex-
periment evaluating the synergistic effects of 500 uM putrescine and 50 uM ammonium
described above. The samples were collected at T1hr by filtering 40 mL cultures through
3 um polycarbonate filters (Millipore, Burlington, MA, USA). The filters were immediately
immersed in an RLT buffer from an RNeasy Mini Kit (Qiagen, Chatswort, CA, USA) on ice
and then stored at —80 °C before RNA extraction, as described below.

4.3.2. Sample Preparation and RNA-Seq Sequencing

RNA was extracted from filtered cells using the RNeasy Mini Kit (Qiagen) following
the manufacturer’s procedure. RNA concentration was determined with a UV-Vis spec-
trophotometer (NanoDrop Technologies, Wilmington, DE, USA). The integrity of RNA was
assessed via electrophoresis on 1% agarose gels. Following the manufacturer’s protocol,
contaminating DNA was digested using a DNA-free™ DNA Removal Kit (Thermo Fisher
Scientific, Waltham, MA, USA). An equal amount of RNA from each replicate collected at
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T1hr was combined into one composite sample per treatment or control for sequencing.
Composite RNA samples were sent to Delaware Biotechnology Institute (DBI; Newark,
DE, USA) for library preparation and sequencing. The quantity of the composite RNA was
measured using a Qubit fluorometer (Thermo Fisher Scientific). The quality and integrity of
the RNA in the composite samples were confirmed using a fragment analyzer (Advanced
Analytical Technologies, Inc., Ankeny, 1A, USA).

Messenger RNA (mRNA) was isolated using NEXTflex™ Poly(A) Beads (Perkin-Elmer,
Waltham, MA, USA), which limited both ribosomal RNA (rRNA) and prokaryotic mRNA
contamination in the final sequence library. A pooled library was prepared using the
NEXTFLEX® rapid directional RNA-seq library prep kit (Perkin-Elmer, Waltham, MA,
USA) following the manufacturer’s instructions. The library concentration was measured
using a Qubit fluorometer (Thermo Fisher Scientific), and the library quality was assessed
using a fragment analyzer (Advanced Analytical Technologies, Inc.). Sequencing of 101
base-pair and single-end reads from the pooled library was performed on a single lane
using an Illumina HiSeq 2500 system (Illumina, San Diego, CA, USA).

4.3.3. De Novo Assembly and Gene Differential Expression Analysis

Data of the reference genome of K. veneficum are not available; de novo assembly of
the RNA-seq data was applied here as described previously [66]. Reads from all samples
were first assembled into one single assembly using Trinity (v2.8.5) [54,55] with the flag
of —-trimmomatic to quality trim the reads before the assembly. Bowtie 2 (v2.3.4.3) was
used to examine the RN A-seq read representation by the assembly [118]. The contig Nx
statistic [55] and ExN50 statistic [119] were estimated using the script provided with the
Trinity (v2.8.5) toolkit.

4.3.4. Gene Abundance Estimate and Differential Expression Analysis

Gene abundance in each treatment and control was estimated with Salmon (v0.11.2) [53]
bundled with Trinity (v2.8.5) [54,55]. Similar to a previous study [66], downstream analysis
was then conducted on all sequences assembled without filtering, as suggested by the Trin-
ity manual (RNA-Seq De novo Assembly Using Trinity; https://github.com/trinityrnaseq/
trinityrnaseq/wiki; accessed on 19 October 2023). Differential expression (DE) analysis
was conducted at the gene level using edgeR [120], and differentially expressed genes
(DEGs; fold-change > 4, FDR < 0.001) were clustered according to their expression patterns
using the analyze_diff expr.pl tool; both programs were bundled in Trinity (v2.8.5) [55].
Additionally, to examine the gene expression patterns, the Trinity toolkit [55] was used
to produce Volcano (log(Fold-change) vs. —log10(FDR)) and MA plots (comparing the
log-fold-change between experimental groups (M) against the average gene expression
across all samples (A); log(Gene Expression) vs. log(Fold-change)).

4.3.5. Gene Annotation

Gene annotation was performed following a previously described protocol [66]. Briefly,
TransDecoder (v5.5.0) [55] was used to identify the coding regions by searching against
Uniprot/Swiss-prot [121] and protein family (Pfam) [122] databases using BLASTP program
(v2.9.0) [123] and HMMER program (v3.2.1) [124], respectively. TransDecoder (v5.5.0) was
also used to generate the translated protein sequences [48].

The assembled transcripts from Trinity [54,55] and protein sequences from Trans-
Decoder [55] were then searched against several databases, including the NCBI non-
redundant nucleotide (NT) database [125] using the BLASTN program (v2.9.0) [126], the
NCBI non-redundant protein sequences (NR) [125] using the BLASTP program [123],
and the Uniprot/Swiss-prot database [121] using both BLASTX (v2.9.0) and BLASTP
programs [123]. The BLATX program was also used to search against the Eukaryotic Or-
thologous Groups database (KOG) [127]. All BLAST searches had an e-value cutoff of 0.001.
Additionally, the Pfam database [122] was used to annotate the predicted protein sequences
with the HMMER program [124]. Finally, the annotation results were loaded into a SQLite
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database built by the Trinotate program [128]. Kyoto Encyclopedia of Genes and Genomes
Ortholog database (KEGG), Gene Ontology (GO), and eggNOG (evolutionary genealogy of
genes: Non-supervised Orthologous Groups) [129] terms were assigned via Trinotate [128].
A report was generated using Trinotate with a cut-off p-value < 0.001 for all annotations.

The annotation report was further examined for ribosomal RNA and spliced leader
genes to avoid contamination by these genes for further analysis; no such genes were
found. Genes that were highly differentially expressed between control and the treatments
(fold-change > 4, FDR < 0.001) were further used to construct subsets of annotation reports.
Annotations in these subsets were used for further analyses below.

Gene ontology enrichment analysis was performed using DAVID (Database for An-
notation, Visualization and Integrated Discovery; v6.8) [47,48] for each subset of data
comparing gene regulations between control and the treatments (genes that were up- or
down-regulated by ammonium, putrescine, or a combination of ammonium and putrescine
compared to the control), following a similar protocol as described previously [66]. Non-
repeated Uniprot ID from the above annotation reports was used in this analysis [47,48].
The enriched GO terms were defined as those with a modified Fisher exact p-value < 0.05.
The annotation of the whole transcriptome was used as the background, and the GO en-
richment analysis was conducted using all species in the DAVID database. GO terms in the
biological process category at the direct level (only the GO terms directly associated with
the genes, not including their parent terms) were included in the following analysis. These
GO terms were used to construct a Venn diagram using InteractiVenn [130]. Network anal-
ysis was conducted using EnrichmentMap [46] embedded in the Cytoscape software [49]
(v 3.8.0). To be noted, while the annotations of sub-clusters of DEGs (Section 4.3.4) were
initially examined, GO terms provided a more comprehensive representation of the in-
formation in this research. As a result, only GO terms were utilized to summarize gene
functions here.

In addition, genes involved in nitrogen metabolism, especially ammonium and
polyamine metabolism, as well as genes involved in photosynthesis and photorepair,
were searched in the annotation reports generated above.

4.3.6. Transcriptome Data Validation

The transcriptome data were validated using real-time reverse transcription PCR
(RT-gPCR) on selected genes (Supplementary File S1, Table S2. Figure S1).

4.4. Statistical Analysis

For the bioassays conducted here, one-way ANOVA was used to detect significant
differences (p < 0.05; N = 3) of the relative in vivo chlorophyll 2 fluorescence between the
treatments and the control. If there was a significant difference detected, then the Tukey
HSD test was conducted to test the significant differences in the relative in vivo fluorescence
between all pairs of groups (p < 0.05; N = 3).

5. Conclusions

The results of this research revealed a dose-dependent effect of putrescine on di-
noflagellates K. veneficum, P. minimum, and L. fissa. Synergistic effects of putrescine and
ammonium were observed on K. veneficum and L. fissa but not on P. minimum at the con-
centrations tested. The results of the transcriptomic analysis on K. veneficum suggested the
synergistic effects of putrescine and ammonium disrupted polyamine homeostasis, sup-
ported by the DEGs involved in polyamine biosynthesis and catabolism. Genes involved in
the vital ammonium detoxification route, the GS/GOGAT pathway, were down-regulated
in the Both treatment, implying a reduced ammonium toxicity tolerance triggered by the
synergistic effects. DEGs involved in chloroplast oxidative stress response and photorepair
were also identified in the Both treatment, suggesting damaged chloroplasts and impaired
photosynthesis. Furthermore, the enrichment of DEGs in the Both treatment in other key
processes, including mitochondrial fission, ion and cation transport, mechanical stimulus
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response, meiotic cell cycle, flagellar assembly and movement, as well as diverse signal
transduction pathways, implied crosstalk between these essential processes and the cell
death induced by the synergistic effects. The results of this research illustrate the molecular
mechanisms behind the synergistic effects of putrescine and ammonium on dinoflagellates
and provide directions for future studies on polyamine biology in algal species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25021306/s1. Supplementary File S1: Supplementary Methods:
RT-qPCR validation of transcriptome data. Tables S1-54 and Figures S1 and S2 are also included
in Supplementary File S1. SupplementaryFile S2: Detailed information on DEGs of each treatment
compared to the control. Supplementary File S3: all sequences generated in this work in the fasta
format. Supplementary File S4: sequences of DEGs in Table 4. Supplementary File S5: sequences of
DEGs in Table 5. References [131,132] are cited in the supplementary materials.
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