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Abstract

Freshwater dinoflagellates are typically considered non-toxic, and their
polyketides and toxin biosynthesis genes are largely unexplored. Here, we
generated and analyzed the transcriptome of freshwater dinoflagellate
Palatinus apiculatus and compared it with the transcriptome data from
Peridinium bipes and Ceratium furcoides to investigate the presence and
diversity of polyketide synthases (PKS), fatty acid synthases (FAS), and
saxitoxin (STX) biosynthesis genes (sx?). We identified 95, 117, and 39 PKS-
related transcripts in P. apiculatus, P. bipes, and C. furcoides, respectively,
which include single-domain PKS, multi-domain PKS, and hybrid NRPS/PKS.
Phylogenetic analysis revealed a novel clade of ketosynthase (KS) domains
unique to freshwater dinoflagellates, suggesting species-specific
diversification. Conserved catalytic residues were found in type II FAS genes
across both freshwater and marine taxa. Although core STX biosynthesis
genes were absent in all analyzed species, several STX-associated transcripts,
including sxtA4, sxtU, sxtS, sxtD, sxtH/T, and sxtl, were identified.
Phylogenetic analysis of the sxtA4 domain revealed that freshwater
dinoflagellate sequences form a distinct clade from those of toxic marine
dinoflagellates and cvanobacteria while retaining conserved active sites,
suggesting potential functional variation. These findings reveal unique PKS
and STX gene features in freshwater dinoflagellates, highlighting their
previously unrecognized biosynthetic diversity, ecological roles, and

biotechnological potential.
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Introduction

Dinoflagellates are a diverse group of microeukaryotic protists, renowned for
their ecological significance in aquatic environments!. They are widely
distributed in marine and freshwater ecosystems, with approximately 2,000
marines and 350 freshwater dinoflagellates identified morphologically to
date?. Dinoflagellates are notable for producing bioactive secondary
metabolites, some of which exhibit therapeutic potential3->. However, many
of these compounds are potent toxins, such as saxitoxins, karlotoxins,
amphidinolides, okadaic acid, and brevetoxins, posing risks to aquatic
organisms and human healthS.

Among these secondary metabolites, polyketides represent a major and
chemically diverse class of compounds that contribute to both toxic and non-
toxic bioactivities in dinoflagellates. To date, at least 25 dinoflagellate species
have been reported to produce polyketides, marny of which function as marine
biotoxins®8. For example, Prorocentrum /ima produces okadaic acid (OA),
responsible for diarrhetic shellfish poisoning (DSP); Karenia brevis
synthesizes brevetoxins (BTXs), causing neurotoxic shellfish poisoning (NSP);
and Gambierdiscus polynesiensis produces ciguatoxins (CTXs) associated
with ciguatera fish poisoning%!2. In addition, polyketides have also been
commonly identified in saxitoxin (STX)-producing dinoflagellates, including
Alexandrium spp., Gymnodinium catenatum, and Pyrodinium bahamense,
which are responsible for paralytic shellfish poisoning (PSP)13-15, Most of
these toxins are produced via polyketide synthesis pathways, with STXs being
the most widely distributed, making them one of the most ecologically and
economically significant marine biotoxins.

The biosynthesis of STXs involves several saxitoxin genes (sxt), with the
unique initial key gene sxtA having a polyketide synthase (PKS)-like
structurel®.17, This highlights the fundamental role of PKSs in toxin
biosynthesis, as they facilitate the formation of complex chemical structures.
However, PKS-derived compounds are not limited to potent toxins but also

include a wide range of bioactive molecules with therapeutic applications,



like antibiotics, insecticides, and immunosuppressive and anti-tumor
agents!8-21 Thus, PKSs have been detected in non-toxic species422,

Most biotoxins share a polyketide backbone, which is synthesized through
sequential condensations of carboxylic acids, a process catalyzed by
polyketide synthases (PKSs)f. These enzymes share structural and functional
similarities with fatty acid synthases (FASs) across various organisms,
suggesting a common evolutionary originl4.23, Both PKSs and FASs rely on a
core enzymatic framework comprising acyl transferase (AT), ketosynthase
(KS), and acyl carrier protein (ACP) for acyl unit condensation, with
additional modifying domains selectively present depending on the enzyme
type®. PKSs are classified into three main types, while FASs are categorized
into two groups based on their catalytic domain organization?425, Among
dinoflagellates, type I and II PKS/FAS systems have becn identified, alongside
hybrid non-ribosomal peptide synthase (NRPS)/PKS genes, highlighting the
complexity of polyketide biosynthesis in these organisms26.

Research on dinoflagellate PKS/FAS has gained attention only in the last
decade, with most studies focusing on marine species due to their extreme
toxicity and significant ecological impacts3.10.12.27-30 In contrast, freshwater
dinoflagellates have been generally regarded as non-toxic and less
ecologically concerning, leading to their relative neglect in PKS research.
However, various freshwater microorganisms, including fungi, cyanobacteria,
and bacteria, can produce polyketides with diverse ecological functions,
including biotoxins such as STX, which is also synthesized by freshwater
cyanobacterial6.31-34 This suggests that PKS and STX biosynthesis may be
more widespread in freshwater environments than previously recognized.
Notably, some freshwater dinoflagellates form blooms and may produce
compounds linked to polyketide biosynthesis. For instance, Naiadinium
polonicum has caused red tides in freshwater systems and was suspected in
fish mortality events in Japan and Spain3536, In addition, Peridinium
aciculiferum has also been associated with harmful algal blooms in lakes37,

while Peridinium bipes exhibits algicidal activity against Microcystis



aeruginosa’®. A major bloom of Palatinus apiculatus was recently
documented in Verbne Lake, Ukraine3?, and Paldang Reservoir in Korea49,
and Ceratium furcoides has emerged as an invasive species of concern due
to its rapid spread and impact on water quality?!. These cases suggest that
freshwater dinoflagellate blooms may be more widespread than previously
recognized, with potential involvement of PKS pathways, warranting further
investigation.

The identification of PKS genes in dinoflagellates has been challenging due
to their large genomes?2.43, Advancements in RNA sequencing, however, have
facilitated the detection of PKS/FAS genes in marine dinoflagellates, such as
Gambierdiscus spp., Azadinium spinosum, K. brevis, Symbiodinium spp., and
P. lima'2.1444 Transcriptomic surveys have also identified sx¢ genes in both
toxic and non-toxic species, enhancing our understanding of toxin
biosynthesis and its potential applications!®4°46 Despite these advances,
PKS and STX biosynthesis in dinoflagellates remains poorly understood. It is
likely that dinoflagellates produce mariy polyketide compounds that are yet
undetected and uncharacterized!4. While marine dinoflagellates have been
extensively studied, few studies have been conducted on freshwater
dinoflagellates. At present, only three freshwater dinoflagellates (Peridinium
bipes, Peridinium aciculiferum, and Ceratium furcoides) have publicly
available transcriptomes. Given the distinct environmental conditions of
freshwater ecosystems, understanding the PKS, FAS, and STX-related genes
in freshwater dinoflagellates is crucial for a comprehensive view of
dinoflagellate evolution and the potential ecological roles of these organisms
in freshwater ecosystems.

In the present study, we generated and analyzed the transcriptome of the
freshwater dinoflagellate Palatinus apiculatus and compared it with available
transcriptome data from Peridinium bipes and Ceratium furcoides. Our aim
was to unravel the presence of PKS, FAS, and STX biosynthesis genes in the
freshwater dinoflagellates. By identifying gene homologs, analyzing their

structural features, and reconstructing their phylogeny, we tried to uncover



their diversity and evolutionary trajectories. Finally, we discussed the
potential ecological roles of PKS, FAS, and STX proteins in freshwater
ecosystems, shedding light on their possible functions in adaptation,

chemical interactions, and toxin biosynthesis.

Material and methods

Palatinus apiculatus strains and morphology observation

The freshwater dinoflagellate P. apiculatus (FD-02) was isolated at Paldang
Reservoir in Korea on 12 December 2021. The samples collected were placed
in an icebox and transported to a laboratory. The strain was cultured and
maintained in URO medium, without silicates*’48, at a temperature of 16°C,
pH 7.5, and under a cool-white fluorescent illumination (65 pmol photons m-
2.s'l)on a 12 h:12 h light-dark cycle. The strain was identified as P. apiculatus

using morphological and molecular msthods based on4°.

RNA extraction, sequeincing, and library construction
P. apiculatus cells were exposed to different temperature conditions,
including normal (20°C), cold shock (4°C for 6 h and 16°C for 6 and 24 h),
and thermal shock (24°C for 6 and 24 h and 37°C for 30 min). In addition,
cells were exposed to diverse toxic contaminants (CdSO,4 1.0 mg L1, NaAsO:
1.0 mg L1, and triclosan 1.0 mg L1), for 6 and 24 h and at different growth
stages. Cells were harvested at stationary phase and centrifuged at 2000 x g
for 5 min, and the pellets were mixed with RiboEX reagent (Invitrogen,
Carlsbad, CA).

Total RNA was extracted using the GeneAll Hybrid-R RNA Kit (GeneAll
Biotechnology Co., Seoul, Korea) according to the manufacturer’s
instructions, and genomic DNA was removed with DNase I treatment

(TaKaRa, Shiga, Japan). RNA integrity and concentration were further



assesed using a Bioanalyzer RNA Pico 6000 chip (Agilent Technologies, Santa
Clara, CA) to determine the RNA integrity number (RIN) and rRNA ratio. To
generate a comprehensive transcriptome, RNA samples from all
environmental conditions were pooled together for sequencing. cDNA
libraries were prepared with Illumina TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina Inc., San Diego, CA) and sequencing was performed using
150 bp paired-end reads on the I[llumina NovaSeq 6000 platform (Illumina
Inc., San Diego, CA).

Transcriptome assembly and functional annotation

The quality of [llumina paired-end raw reads from the P. apiculatus (FD-02)
transcriptome was assessed using FastQC v0.12.149. To enhance data quality,
raw sequences underwent adaptor removal and trimming of low-quality reads
with Trimmomatic v0.38%9(Bolger et al., 2014). The cleaned reads were then
subjected to de novo assembly using Trinity with default settings®!l. Assembly
statistics were evaluated using the Trinity Stats module®!. To generate a non-
redundant set of transcripts (unigenes), the longest contigs from the
assembled data were clustered using CD-HIT-EST>2. Open reading frames
(ORFs) within the unigenes were identified using TransDecoder»3.

For functional annotation, the Trinotate pipeline®! was employed,
integrating various functional annotation tools. ORF prediction was carried
out with TransDecoder, while SignalP was used for signal peptide detection
and TMHMM for transmembrane domain identification. Protein domain
searches were conducted with HMMER against the Pfam database.
Additionally, homology searches were performed using DIAMOND-based
BlastP and BlastX against the NCBI non-redundant (NR) and
UniProtKB/Swiss-Prot databases. Functional insights were further enriched
by assigning Gene Ontology (GO) terms, mapping pathways to the Kyoto

Encyclopedia of Genes and Genomes (KEGG)°%, and classifying orthologous



groups through EggNOG. An E-value threshold of 1e-5 was applied for these
analyses.

For other freshwater dinoflagellates (Peridinium bipes and Ceratium
furcoides), we retrieved raw transcriptome datasets of P. bipes (DOP) and C.
furcoides (P10K-1) from the NCBI Sequence Read Archive (SRA;
SRR11148504) and National Genomics Data Center (https://ngdc.cncb.ac.cn/;
SAMC2821193), respectively. Specifically, Peridinium bipes was isolated
from a tributary of Three Gorges Reservoir, China and cultured under
dissolved inorganic phosphorus. The C. furcoides dataset was generated by
the Protist 10,000 Genomes (P10K) Project using single-cell whole-
transcriptome sequencing of a field-isolated cell, for which no standardized
culture conditions or growth-phase information are available. The raw
transcriptome datasets of the two species were individually subjected to
transcriptome assembly and functional annotation as described in P.

apiculatus above.

Identification of PKS, FAS, and sxZ genes

PKS genes were identified by the presence of KS domains due to the high
sequence conservation within active sites. Therefore, the PKS candidate
genes in the three freshwater dinoflagellates were identified by searching the
transcriptome databases for characteristics of the KS domain and also by
searching annotations for keywords containing conserved PKS domains.
Free-standing PKS domains, including ketoacyl synthase (KS), ketoreductase
(KR), phosphopantetheine (PP), dehydratase (DH), acyl transferase (AT),
enoyl reductase (ER), and thioesterase (TE), were filtered out and classified
as single-domain PKS. Additionally, multi-domain PKS proteins were
identified and categorized as modular PKS. Furthermore, hybrid non-
ribosomal peptide synthase (NRPS)/PKS genes were also identified, which

were characterized by having additional adenylation (A) and condensation (C)
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domains. For type II fatty acid genes (FASII), identifications were performed
by searching the gene ID names and annotations for keywords containing
conserved FASII genes, for instance, 3-ketoacyl-ACP synthase I, II, and III
enzymes for FabB, FabF, and FabH, respectively. 3-ketoacyl-ACP reductase
for FabG, enoyl-ACP reductase I for Fabl, malonyl-CoA: ACP transacylase for
FabD, and 3-hydroxydecanoyl-ACP dehydratase/isomerase for FabZ. For sxt
genes, we used functional keywords and Pfam IDs associated with each sxt
gene. For example, using PF02274 (amidinotransferase domain) for sx¢G,
using PF08211 (cytidine deaminase domain) for sxzB, and using PF04116
(sterol desaturase domain) for sxtD among others.

In addition, local tblastn was performed using known sequences from
other dinoflagellates and cyanobacteria (in the case of sx¢ genes) against our
transcriptome dataset to identify unannotated conseived domains of PKS,
FAS, and sxt genes, applying an E-value threshold of 1e-5. All the identified
candidate transcripts were validated by functional domain analysis using the
Conserved Domain Database (CDD;
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) in NCBI and the
InterPro online tool (http://www.ebi.ac.uk/interpro/), which also facilitated
the identification of active and binding sites. Furthermore, the full-length
open reading frame (ORF) of the candidate genes was determined using
dinoflagellate spliced leader (dinoSL) sequence (ranging from 40 to 160 bp
upstream of the start codon) and poly(A) tails. The active protein domains
were aligned with Clustal X 1.83°%, and the conserved amino acids were

identified via a sequence logo tool (http://weblogo.berkeley.edu/logo.cgi).

Phylogenetic analysis

To confirm the taxonomic placement of the freshwater dinoflagellate species
analyzed in this study, a ribosomal DNA (rDNA)-based phylogenetic analysis

was conducted. 28S rDNA sequences for Peridinium bipes and Ceratium
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furcoides were retrieved from the NCBI GenBank database, while the
Palatinus apiculatus rDNA sequence was obtained from the previous study4°.
Additional representative dinoflagellate rDNA sequences covering major
orders (Suessiales, Gymnodiniales, Peridiniales, Prorocentrales, and
Gonyaulacales) were included for comparative context. Plasmodium
falciparum was used as an outgroup to root the tree. Sequences were aligned
using MAFFT with default parameters, and poorly aligned or ambiguous
regions were trimmed prior to phylogenetic reconstruction. Maximum
likelihood (ML) analysis was performed using MEGA, applying the Tamura-
Nei 93 with Gamma distribution (TN93+G) model determined by model
selection. Branch support was assessed using 1,000 bootstrap replicates, and
bootstrap values =50% are shown on the tree. The resulting phylogeny was
visualized and annotated to highlight taxonomic groupings and the positions

of the freshwater species examined in this study.

The phylogenetic relationships of predicated KS domains within PKS, type II
FAS, and sxtsequences were inferred. The protein sequences of the identified
candidate genes from P. apiculaius, P. bipes, and C. furkoides were used to
construct phylogenetic trees through comparison with sequences from
dinoflagellates, cvancbacteria, bacteria, haptophytes, chlorophytes, fungi,
metazoans, and apicomplexans available in GenBank and previous studies.
Protein sequences were aligned using MAFFT, trimmed manually°®, and
phylogenetic trees were constructed using the maximum-likelihood (ML)
method. The ML analysis employed the GTR model selected by MEGA and
included 1,000 bootstrap replications to ensure robustness. For each type II
FAS and sxt genes, one representative sequence with the highest identity to
a known homolog from each species was selected and shown in the final tree
to ensure clarity and ease of interpretation. However, for the KS domain
within the PKS, all the identified transcripts were used in the phylogenetic
analysis. The aligned amino acid sequences were further refined in BioEdit®7,

and sequence motifs were analyzed using the WebLogo tool®8. Phylogenetic



trees were visualized using MEGA X Tree Explorer and finalized in Adobe
I[llustrator CS6 (Adobe Systems, San Jose, CA).

Results

Transcriptome sequence libraries of P. apiculatus, P. bipes, and C.
furcoides

RNA sequencing generated 31 million raw reads from Palatinus apiculatus
(Peridiniales, Peridiniaceae; this study). In addition, we obtained 27 and 16
million raw reads from Peridinium bipes (Peridiniales, Peridiniaceae;
SRR11148504) and Ceratium furcoides (Gonyaulacales, Ceratiaceae;
SAMC2821193) RNA libraries in public databases. After trimming and
assembling the raw reads, a total of 111,352, 179,865, and 82,155 transcripts
were obtained from P. apiculatus, P. bipes, and C. furcoides, respectively
(Table 1). In addition, the number of unigenes in each species corresponds
to 75,385, 107,791, and 68,218, respectively. To obtain comprehensive gene
function annotations, the unigenes of the three species were separately
blasted to NR, Swiss-Prot, Pfam, and GO. Functional annotation across these
databases showed varying levels of gene identification. The NR database
identified the highest number of matches for P. bipes (93,901), followed by P.
apiculatus (90,922) and C. furcoides (35,618). Annotation in the Swiss-Prot,
Pfam, and Gene Ontology (GO) databases also revealed higher gene
identification for P. apiculatus and P. bipes compared to C. furcoides, which

had notably fewer annotated genes across all databases.

Ribosomal DNA (rDNA)-based phylogenetic relationships of

freshwater and marine dinoflagellates



The 28S rDNA-based phylogenetic analysis resolved the freshwater
dinoflagellates examined in this study within well-supported and
taxonomically consistent clades (Supplementary Fig. S1). Palatinus
apiculatus and Peridinium bipes clustered within Peridiniales, forming a
distinct freshwater lineage with other Peridinium species and receiving
strong bootstrap support (=100), clearly separated from marine taxa
belonging to Gonyaulacales, Gymnodiniales, Prorocentrales, and Suessiales.
In contrast, Ceratium furcoides grouped within Gonyaulacales alongside
Alexandrium species, including known saxitoxin producers, but remained
distinct from the freshwater Peridiniales clade. This phylogenetic framework
provides the evolutionary context for subsequent comparisons of PKS, FAS,

and sxt gene diversity among freshwater and marine dinoflagellates.

Modular PKSs and single-domain PKSs

The numbers of transcripts identified as modular PKS were 12 in P.
apiculatus, 8 in P. bipes, and 4 in C. furcoides. These modular PKSs encoded
one to three modules in at least one contig, with both cis- and f{rans-AT
architectures present. In the modular PKS chain, all PKS domains were found
in at least one contig of P. apiculatus and P. bipes; however, C. furcoides
contained relatively few domains. No single complete modules were found in
C. furcoides. In addition, transcripts identified as the hybrid NRPS-PKS
proteins were found in all three dinoflagellates: P. apiculatus, P. bipes, and
C. furcoides (Table 2). The sequence characteristics and domain structures
of modular PKS and NRPS/PKS hybrids found in the three species are listed
in Supplementary Table S1.

To identify free-standing PKS domains (singular PKS), transcriptomic
libraries of the three species were analyzed using conserved domain searches
to detect single PKS types, including KS, KR, ACP, AT, DH, ER, and TE

domains. Several PKS domains detected in the modular type were also found



in the single type (Table 2). Among these, the KS domain was the most
abundant, with the highest number of contigs identified across all three
species (30 in P. apiculatus, 58 in P. bipes, and 14 in C. furcoides). The
numbers of contigs identified for the KR domain were 23 in P. apiculatus, 28
in P. bipes, and 2 in C. furcoides, while the ACP domain had 21, 9, and 10
contigs, respectively. The AT domain had the lowest number of contigs, with
4 in P. apiculatus, 2 in P. bipes, and 3 in C. furcoides. On the other hand, DH,
ER, and TE domains could not be confidently identified in any of the species,
suggesting either their low abundance or absence in the transcriptomes
analyzed. Details about the singular PKS genes are provided in

Supplementary Table S2-4.

KS domain of freshwater and marine dinoflagecliaies with other

organisms

The diversity and evolutionary relationships of freshwater KS domains were
explored by constructing phylogenetic trees using singular KS domains and
KS domains extracted from modu!ar PKS sequences. We used 145 sequences,
including sequences from the freshwater dinoflagellates determined in this
study and the sequences from other dinoflagellates and diverse organisms
from previous studies (Supplementary Table S5). The present ML
phylogenetic tree revealed that dinoflagellate KS sequences formed multiple
distinct clades, clearly separating from those of bacteria, fungi, haptophytes,
apicomplexans, and chlorophytes (Fig. 1). Within dinoflagellates, the single
and modular KS domains were further resolved into separate clusters. The
single and modular KS domains were grouped into five clades each. The
single KS clades A and B have all the active sites present in the KS domain
(highlighted in orange in Fig. 1); for example, the conserved active site
cysteine (C) required for decarboxylative condensation, the conserved
histidine (H) within the conserved HGTGT sequence required for

transacylation, and the second H required for KS activity. However, in the



single KS clade C, the KS domains in all the species in this clade do not have
the active sites or the conserved residues (DTACSS, HGTGT, and N (I, H) G
(S, A) H). In the single KS clade D and E, there is no active site cysteine
required for decarboxylative condensation, and rather the active site is
replaced by the consensus presented as DT (E/D) X (A/G) (A/S) S(A). The
conserved H in the expected HGTGT is present in single KS clade E and some
sequences in this clade D, with a consensus sequence of H (D/N) G (G/A) X.
The second conserved H is replaced in most sequences with N. Furthermore,
the modular KS clades A, B, and C contained all the active sites and the
conserved motif residues. However, in the modular KS clade D, the conserved
Hs (underlined) in the expected HGTGT and NIGH are replaced with Q and
G, with consensus sequences of QCNGS and KGHG, respectively. Finally, in
the modular clade E, the sequences were irregular, and no conserved
sequences were found between the species; however, all KS sequences have
a variable active site.

From the phylogenetic analysis of the KS domains, we found that most
sequences identified as single KS domains in the freshwater species were
grouped within single KS clade A (Fig. 2). However, one C. furcoides
sequence clustered in single KS clade B alongside marine dinoflagellates,
such as Azadinivm spinosum, Alexandrium pacificum, Alexandrium
ostenfeldii, Heterocapsa triquetra, Gambierdiscus excentricus, and Karenia
brevis. In addition, single KS clade C contained P. apiculatusand C. furcoides
sequences clustering with A. pacificum, while single KS clade D included only
P. bipes sequences alongside A. pacificum, Symbiodinium spp., and G.
polynesiensis. Similarly, P. apiculatus clustered separately in single KS clade
E with G. polynesiensis, K. brevis, Cocklodinium polykrikoides, Polarella
glacialis, Durusdinium trenchii, and S. natans. For modular PKS, all the
freshwater dinoflagellates were clustered together with other marine
dinoflagellates in modular clades B, C, and D. However, clade A was only

comprised of P. bipes.



Modular PKS architecture

Analysis of the modular PKS architecture revealed that clade A of the modular
PKS comprises exclusively P. bipes sequences and is characterized by a cis-
AT architecture, with a unique fatty acid desaturase (FADS) and p-
hydroxybenzoic acid (pHBA) domain embedded within the PKS modules (Fig.
3A). Modular Clade B includes both freshwater (colored green) and marine
dinoflagellate species and consists of both cis- and {rans-AT architectures
(Fig. 3B). Notably, all three freshwater dinoflagellates in this clade exhibited
a trans-AT architecture. This clade contains the highest number of modules,
with P. apiculatus and P. bipes each possessing at least three modules. The
largest PKS modular systems were observed in G polynesiensis and P.
glacialis, with 7 modules each. In modular KS Clade C, all species exhibit a
trans-AT architecture, except for P. apiculatus, which is the only species with
cis-AT with a domain organization pattern of AT-DH-KR-PP-KS-KR. Clades D
and E display unique modular arrangements (Fig. 3C). Clade D includes G.
polynesiensis and G. pacificus, featuring a KS-PP domain organization. Clade
E contains P. bipes and G. pacificus and is distinguished by frans-AT modules
(Fig. 3D).

Type II fatty acid synthases (FAS) genes in P. apiculatus, P. bipes, and

C. furcoides

We identified several key genes involved in the type II fatty acid synthase
(FAS) pathway, which plays essential roles in fatty acid biosynthesis. The 3-
ketoacyl-ACP synthase I, II, and IIl enzymes (FabB, FabF, and FabH,
respectively), which catalyze elongation steps, showed varying copy numbers
of candidate genes across species (Table 3). P. apiculatus, for example, has
1 contig for FabF and 20 for FabB, while P. bipes has 25 FabF and 8 FabB
contigs. C. furcoides has the lowest number of contigs, with zero FabBand 5

FabF contigs. The 3-ketoacyl-ACP reductase (FabG) gene, responsible for



reducing ketoacyl intermediates, is found in P. apiculatus (6 contigs) and ~.
bipes (8 contigs) but also absent in C. furcoides. Enoyl-ACP reductase I (Fabl),
which is crucial for double bond reduction, is present in all three species,
with P. apiculatus, P. bipes, and C. furcoides containing 1, 2, and 1 contigs,
respectively. The malonyl-CoA:ACP transacylase (FabD), essential for
initiating fatty acid elongation, is found in P. apiculatus (4 copies), P. bipes
(3 copies), and C. furcoides (4 copies). The 3-hydroxydecanoyl-ACP
dehydratase/isomerase (FabZ), which is involved in dehydration and
isomerization, is present in all three species, with P. bipes having the highest
number (11 contigs), followed by C. furcoides (7) and P. apiculatus (3). FabK
and Fabl, alternative enoyl-ACP reductases, are absent in all three species.
All the FASII candidate genes identified in this study are presented in
Supplementary Table S6-8.

In addition, our phylogenetic results and examination of amino acid
residues revealed that the dinoflagellate type II FAS enzymes are distinct
from those of other organisms, including diatoms, cyanobacteria,
haptophytes, and plants (Fig. 4). Within dinoflagellates, the freshwater
dinoflagellates P. apiculatus and P. bipes were clustered together within the
dinoflagellate clade; however, they formed a distinct lineage separate from
marine species across all the FAS enzymes. In particular, despite this
differentiation, the active sites of these enzymes were highly conserved not
only among freshwater and marine dinoflagellates but also across diverse
taxa, such as diatoms, apicomplexans, chlorophytes, and plants, indicating
strong evolutionary conservation of functional residues. All type II FAS
sequences of C. furcoides were partial and, therefore, excluded from the
analysis. All the sequences used for the phylogenetic analysis of the type II
FAS are presented in Supplementary Table S9.

Saxitoxin (sxf) gene homologs in P. apiculatus, P. bipes, and C.

furcoides



Putative sxt candidate genes were searched and obtained from the P.
apiculatus, P. bipes, and C. furcoides transcriptome library (Supplementary
Table S10-12). Here, we identified 266, 185, and 110 putative homologs of
16 dinoflagellates and cyanobacterial STX genes in P. apiculatus, P. bipes,
and C. furcoides, respectively (Table 4). Based on the STX biosynthetic
pathway (Fig. 5A) and in comparison with toxic cyanobacteria (Fig. 5B) and
toxic (red) and non-toxic (blue) marine dinoflagellates (Fig. 5C), fewer sxt
genes were found in the freshwater dinoflagellates among the eight sxz core
genes (sxtA, sxtB, sxtD, sxtG, sxtH/T, sxtl, sxtS, and sxtU) (Fig. 5D). Only sxt/,
sxtS, and sxtH/T were found in all three freshwater species. sxtA4 domain
and sxtD were only found in P. apiculatus and P. bipes. In addition, sxtU was
found only in P. apiculatus. Moreover, sxtAl, sxtAZ, sxtA3, sxtB, and sxtG
were not found in any of the freshwater species. Other sxt genes proposed to
be involved in STX synthesis, tailoring (sxtC, sxil, sxtO, and sxtX), regulatory
(sxt2), transport (sxtF/M and sxtP), and others (sxtVand sxtW) were found in
one or more species. sxt/NV and sxtQ were not found in any of the species
(Table 4). Detailed information on all the sxthomologs identified in the three
species is provided in Sunplementary Table S10-12.

In addition, phylogenetic relationships of the sxtA4 domain of the
freshwater dinoilagellates were examined alongside sxtA4 of toxic
dinoflagellates and toxic and non-toxic cyanobacteria (Fig. 5E). The
maximume-likelihood (ML) phylogenetic tree revealed four well-supported
clades: toxic dinoflagellates, toxic cyanobacteria, freshwater dinoflagellates
(non-toxic), and non-toxic cyanobacteria. The toxic dinoflagellate clade
comprising A. fundyense, A. catenella, A. affine, and G. catenatum clustered
closely together with the toxic cyanobacteria H. crispum, D. circinale, and C.
raciborskii. However, the freshwater dinoflagellates analyzed here were
obviously differentiated from the toxic dinoflagellates and cyanobacteria. In
addition, the non-toxic cyanobacteria were also differentiated from the three

clades. Moreover, the protein alignment of the sxtA4 revealed significant



variability between freshwater dinoflagellates and other organisms; however,
the active sites (black box) and 3 binding sites (red box) were conserved
between the freshwater dinoflagellates and the toxic species. However, one
binding site residue varied among the species. The protein alignment of the

sxtA4 domain are provided in Supplementary Fig S2.

Discussion

Dinoflagellates are commonly found in marine and freshwater environments
and are capable of producing bioactive compounds, including some biotoxins
by marine dinoflagellates!2. However, unlike marine species, the genetic
characteristics of bioactive compounds in freshwater dinoflagellates remain
poorly understood due to the limited number of known freshwater species
and challenges in culturing them under laboratory conditions. As a result, key
biosynthetic pathways and evolutionary traits in freshwater dinoflagellates
remain largely unexplored. In the present study, we successfully cultured the
freshwater dinoflagellate Falatinus apiculatus, determined its transcriptome
sequences, and compared them with available data from previously reported

freshwater and marine dinoflagellates.

Widespread presence of PKS genes in freshwater dinoflagellates

In the present study, we identified a large number and diversity of genes
putatively involved in polyketide biosynthesis, including single-domain PKS
(KS, ACP, AT, KR), multi-domain PKS, and hybrid NRPS/PKS in P. apiculatus,
P. bipes, and C. furcoides. Conserved domain analysis and phylogenetic
reconstruction consistently supported the dinoflagellate origin of these PKS
genes. Most domains showed the highest BLASTx similarity to sequences
from other protists, including dinoflagellates, further confirming their

taxonomic identity. Although the cultures were non-axenic and associated



bacterial transcripts cannot be completely excluded, multiple lines of
evidence, including dinoflagellate-specific transcript features (e.g., spliced
leader sequences) and phylogenetic clustering of conserved domains within
dinoflagellate rather than bacterial clades, support a predominantly
eukaryotic origin of the PKS sequences analyzed. These findings align with
previous results that reported a diversity of polyketide synthase genes in
several marine dinoflagellates, including both toxin- and non-toxin-producing
species3°9. While a variable number of PKS-related genes and domains were
recovered among the species, with C. furcoides showing fewer detected
sequences, the transcriptomes analyzed here were generated using different
experimental designs, sequencing depths, and assembly strategies.
Accordingly, comparisons are focused on qualitative patterns of gene
presence and domain diversity rather than quantitative differences among
species. The present study reports the presence and diversity of PKS genes
in freshwater dinoflagellates, indicating their potential to synthesize multiple
polyketide compounds, some of whicti may possess unknown bioactivities.
The detection of PKS genes in thnese freshwater taxa highlights the
biochemical potential of underexplored dinoflagellate lineages and provides
a foundation for future studies on their ecological and pharmacological

relevance.

A novel freshwater-specific KS clade

Most studies investigating PKS biosynthesis genes have targeted the KS
domains, as they are the most conserved and essential among the PKS genes.
Commonly, KS domains have very conserved active site residues, Cysteine-
Histidine-Histidine (C-H-H), important for their functionality3.14.12.59 Thus,
KS domains are particularly valuable for identifying divergent homologs,
making them key to understanding the evolutionary history of PKS genes in

dinoflagellates and protists in generall460. In the present study, our



comprehensive phylogenetic analysis revealed the KS domains from both
freshwater and marine dinoflagellates, alongside other organisms, showing
multiple divergent homologs distributed across distinct phylogenetic clades,
including a novel freshwater-specific clade. Previous researchers have
identified three major single KS domain clades in dinoflagellates, two of
which contained conserved C-H-H active sites, while the third exhibited
altered active sites!2.14.29.28 However, in all phylogenetic analyses, there was
no clear clustering based on species lineage or the types of compounds they
produced, suggesting these genes may be involved in synthesizing common
polyketides produced by all species12,14.30,61

Interestingly, this study identified five distinct single KS domain clades,
including previously reported clades and one additional novel clade that was
exclusive to the freshwater dinoflagellates P. apiculatus, P. bipes, and C.
furcoides. The sequences within this freshwater-specific clade retained the
conserved C-H-H active site motifs, suggesting functional conservation.
Additionally, some sequences from f{reshwater dinoflagellates clustered
alongside marine dinoflagellaties in other clades. This highlights the
evolutionary diversity of KS domains in freshwater dinoflagellates, and the
diversity may be driven by the evolution of PKS genes under selective
pressures, as proposed by%2. For instance, multiple gene duplication events
and domain shuffling have been reported in KS domains, with the gain or loss
of domains likely shaped by their functional relevance to the organism®3.
Consistent with this, the rDNA-based phylogeny shows that the freshwater
dinoflagellates nested within marine species but form a well-supported
distinct lineage supporting the interpretation that differences in PKS gene
features may reflect ecological adaptation to freshwater environments rather
than broad phylogenetic divergence. To our knowledge, this is the first report
of a potential species-specific clade within the dinoflagellate KS domain that
is exclusive to freshwater dinoflagellates. This novel clade may indicate a

divergence in polyketide biosynthetic pathways or the production of unique



PKS-derived compounds, potentially shaped by ecological pressures distinct

from those in marine environments®2.

Modular PKS Architecture in freshwater dinoflagellates

With advancements in sequencing technology, modular PKSs (multi-domain)
have been identified in various dinoflagellates3.12.38.59.64 These modular PKSs
are classified into two types: cissAT PKS and frans-AT PKS, distinguished by
the presence or absence of an acyltransferase (AT) domain within the multi-
domain structure, respectively. In the present study, both cis-AT and {rans-
AT PKS transcripts were found in the transcriptome of freshwater
dinoflagellates, with most sequences having frans-AT PKS. The majority of
modular PKS identified are trans-AT1265, which was postulated that during
the evolutionary history of PKS in algae, integrated AT domains were
replaced to yield trans-AT PKS%5. The phylogenetic tree showed the multi-
domain PKSs also constituted varicus subclades that consisted of both
freshwater and marine dinoflageliates. However, a novel clade with ‘unusual’
PKS domains, which consisted ot only P. bipes, was found. Similar ‘unusual’
PKS domains have previously been reported in marine dinoflagellates9.29,
which highlights the complexity of dinoflagellate-derived polyketides and the
involvement of dorains with variable effects on the final product. In modular
PKS systems, the number of modules typically correlates with the structural
complexity and diversity of the synthesized metabolites®?. The largest
modular PKS contig in this study was found in P. bipes (DN5219 c0 g3 i2)
with a 13,796 nt long transcript encoding for a 3-module PKS. P. apiculatus
also has three modules with shorter contigs, while C. furkoides has only one
module. These modular PKS sequences are relatively shorter compared to
those reported in marine dinoflagellates known for producing diverse
bioactive compounds, such as Gambierdiscus spp., which can encode up to
seven PKS modules!?. Therefore, the presence of fewer modules in

freshwater dinoflagellates may indicate a reduced complexity in their



polyketide biosynthetic pathways and could explain the non-toxic nature of
freshwater species. On the other hand, PKS loci are often very large (>10 kb)
and highly modular, whereas transcriptome assemblies are constrained by
read length, sequencing depth, and assembly strategy. Consequently, long
PKS transcripts may be fragmented or incompletely recovered, and the
observed module architectures in the present study likely represent
detectable transcript fragments rather than complete loci. These technical
constraints are intrinsic to short-read transcriptomic approaches and
underscore the need for future studies employing deeper sequencing,
standardized experimental designs, long-read transcriptomics, and genome-
resolved analyses to fully reconstruct PKS loci and validate inferred

biosynthetic potential.

Conserved FAS genes across dinoflagellates

In this study, we identified several type II FAS genes, with the freshwater
dinoflagellates clustered together in the phylogeny within marine species.
Moreover, the active site residues were highly conserved in the freshwater
dinoflagellates and other dinoflagellates and protists, suggesting that the
type II FAS system genes are fully functional in dinoflagellates. No significant
divergence was observed between freshwater and marine dinoflagellates.
Previous studies have reported similar conservation!41> and suggest that
fatty acid synthesis is crucial for survival, leading to the retention of these
genes in the nucleus of protists under strong selective pressure!+5°, Previous
transcriptomic studies in Karenia brevis reported the apparent absence of
Type II FAS, suggesting the presence of a Type I FAS system or the potential
involvement of PKS-like domains in fatty acid biosynthesis®. However,!4 later
demonstrated a clear evolutionary distinction between Type II FAS and PKS
genes, reinforcing that fatty acid biosynthesis in dinoflagellates is likely

driven by Type II FAS enzymes. While fatty acids and PKS share a similar



biosynthetic mechanism, PKS systems are more diverse, modular, and
capable of producing structurally complex molecules, while FAS systems
generate linear fatty acids with a relatively conserved structure. Amongst
dinoflagellates, their evolution broadly follows a similar trend as reported by
ribosomal gene phylogenies!4, highlighting the conserved nature of FAS

domains amongst the species.

Saxitoxin (STX) biosynthesis genes in the freshwater dinoflagellates

Transcriptomic surveys in both toxic and non-toxic marine dinoflagellates
have shown that the absence of key saxitoxin (STX) biosynthesis genes, such
as the fourth domain of sx?4 (sxtA4) and sxt¢G, often correlates with a loss of
toxicityl54546.67  Here, we investigated non-STX-producing freshwater
dinoflagellates and detected several sxt genes, although key sxt genes
essential for complete toxin production, namely sx¢G and sxtB, were absent.
However, we identified the sxtA4 domazin in P. apiculatus and P. bipes, with
conserved catalytic and binding sites despite clear divergence from toxic
marine dinoflagellates and cyanobacteria, suggesting functional roles beyond
STX biosynthesis. While sxtA4 has been consistently linked to STX production
and is absent in confirmed non-toxic species like Amphidinium carterae and
Prorocentrum micans'®, its presence in freshwater species raises intriguing
questions about its evolutionary origin and alternative metabolic functions.
The origin of these genes in marine dinoflagellates remains debated; some
propose horizontal gene transfer (HGT) from cyanobacteria®®, while others
suggest an independent acquisition followed by gene loss in non-toxic
lineages®3.69.70, Nevertheless, our identification of sxt genes in freshwater
dinoflagellates is critical for understanding the evolution and distribution of
toxin biosynthesis pathways beyond well-characterized marine species. The
presence of sxt genes, even in non-toxic freshwater species, particularly

conserved domains such as sxt44, underscores the need for further



investigation integrating standardized culture conditions and direct toxin
measurements to clarify the functional, ecological, and evolutionary
significance of sxt genes in freshwater dinoflagellates. These genes may
reveal insights into biosynthetic capabilities and adaptive strategies in this

diverse and understudied group of organisms.

Potential environmental implications of PKS, FAS and sxZ genes in

the freshwater dinoflagellates

In the present study, we found the widespread presence of PKS, FAS, and sxt
genes in P. apiculatus, P. bipes, and C. furcoides. The presence of PKS, FAS,
and sxt genes in freshwater dinoflagellates may have significant ecological
implications for freshwater ecosystems (Fig. 6). For example, polyketides
synthesized by PKS enzymes are structurally diverse metabolites that play
essential roles in chemical defense, interspecies interactions, and adaptation
to environmental stressors®3+71, Our results show that the freshwater
dinoflagellates have possessed diverse KS domains, most of which are
distinct from marine dinoiflageilates and other organisms. This finding is
particularly intriguing, because substantial PKS gene diversity has been
reported in marine dinoflagellates!4; however, no clear phylogenetic patterns
have been established. This suggests that the freshwater dinoflagellates
might have a divergent PKS and have evolved unique biosynthetic pathways,
possibly to cope with environmental pressures specific to freshwater
ecosystems®2. Indeed, freshwater environments differ significantly from
marine systems in terms of ionic composition, nutrient availability, and
biological interactions’?, which may have driven the divergence of PKS gene
structures and functions in freshwater dinoflagellates®2. However, further
research is needed to include a broader range of species to better understand
this distinction and their environmental implications.

From a broader environmental perspective, PKS enzymes are central to



the biosynthesis of marine biotoxins such as brevetoxins, ciguatoxins,
yessotoxins, and saxitoxins, all of which contribute to harmful algal blooms
(HABs)6.8. Most of these toxins typically possess polyether backbones
synthesized through complex modular PKS pathways!2. Here, we found that
P. bipes exhibited the longest PKS contigs (3 modules) among the freshwater
species, which were still shorter than those typically found in highly toxic
marine dinoflagellates. For instance, toxic strains like Gambierdiscus and
Prymnesium harbor longer modular PKS transcripts (7 and 11 modules,
respectively) than non-toxic strains!®!1l, Thus, the shorter PKS modules in
freshwater species may indicate simpler biosynthetic systems, possibly due
to the absence or loss of key modular PKS genes involved in polyether
synthesis. This loss could stem from relaxed selective pressure in freshwater
environments, where low ionic strength might destabilize polyether toxins
and render their production less beneficial'?52, Therefore, freshwater
dinoflagellates may not have complex PKS systems for synthesizing complex
toxins but may still use polyketides for different ecological and physiological
functions such as antimicrobial activity, structural and metabolic roles, and
stress response and environmerntal adaptation34.35.37, Importantly, because
these conclusions are drawn from transcriptome-based datasets generated
under different experimental conditions, observed differences in PKS, FAS,
and sxt gene architecture are interpreted qualitatively and do not constitute
definitive evidence of biological differences among species. Accordingly,
future studies should examine a broader range of freshwater dinoflagellate
species cultured under standardized conditions to more rigorously assess
gene presence, architecture, and expression patterns and to clarify their
functional and ecological roles.

Overall, the presence of PKS, FAS, and sx¢ genes in freshwater
dinoflagellates expands our understanding of PKS diversity and provide an
initial transcriptome-based perspective in a poorly explored freshwater
dinoflagellates. These suggest their potential to produce bioactive

compounds that influence ecological interactions and may pose



environmental and public health risks. In addition, freshwater dinoflagellates
could represent an untapped source of novel polyketides with unique
structures and biological activities, offering potential applications in
biotechnology’3. Indeed, various novel polyketides, such as Annularins A-H,
Tanzawaic acid Z1, and Asperdichrome, have been identified in other
freshwater organisms, including fungi, cyanobacteria, and bacteria, with
promising pharmaceutical and industrial applications32.347475 Therefore,
there is a need for further research into the biochemical and ecological
functions of PKS and sxZ genes in non-marine species. Investigating these
pathways could provide insights into their evolutionary significance and

potential biotechnological applications.

5. Conclusions

In this study, we provide the first comprehensive investigation of PKS, FAS,
and STX biosynthetic pathways in freshwater dinoflagellates using
transcriptome data from thiree freshwater dinoflagellates; P. apiculatus, P.
bipes, and C. furcoides. We identified 95, 117, and 39 PKS transcripts in P.
apiculatus, P. bipes, and C. furcoides, respectively, encompassing single-
domain PKS, multi-domain PKS, and hybrid NRPS/PKS. Phylogenetic analysis
revealed a novel clade of ketosynthase (KS) domains exclusive to freshwater
dinoflagellates, suggesting potential adaptations to their environment. In
addition, type II FAS genes exhibited conserved residues and active sites
across freshwater and marine dinoflagellates and other protists. Several STX-
related genes, including the sxtA4 domain, were detected; however, key STX
biosynthesis genes such as sx¢G and sx¢B were not observed, which may be
associated with the apparent non-STX producing phenotype of these species.
Overall, our findings demonstrate the widespread presence of PKS, FAS, and
sxt genes in freshwater dinoflagellates, uncovering unique genetic diversity

and structural variations that may reflect evolutionary adaptations to



freshwater-specific environmental pressures.

Data Availability

The datasets generated and/or analyzed during the current study are
available in the NCBI Sequence Read Archive (SRA) under Bio Project,
PRJNA1307768.
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Figures legends

Fig. 1. Maximum likelihood phylogenetic analysis of KS domains extracted
from singular and modular PKS including dinoflagellates, Bacteria, Fungi,
Metazoan, Chlorophytes, Haptophyte, and Apicomplexans. The numbers
above or below the branches are bootstrap values based on 1,000 bootstrap
replications. Bootstrap values =50% were shown. Sequence logos of the
active sites are shown for each major dinoflagellate clade. For modular KS
clade E, the sequences were highly divergent in the catalytic regions,
preventing robust alignment and consensus logo construction; these
sequences were therefore classified based on overall KS domain homology

rather than conserved active-site motifs.

Fig. 2. Detailed phylogenetic analysis of KS demains extracted from singular
and modular PKS including sequences from the freshwater dinoflagellate
analyzed this study (Palatinus apiculatus, Peridinium bipes, and Ceratium
furcoides) and other sequences from marine dinoflagellates, and other
prokaryotic and eukarvotic taxa. This circular phylogenetic analysis included
140 amino acid sequences (Supplementary Table S3). The inner ring color
codes the taxonomic classification, including dinoflagellates, chlorophytes,
bacteria, fungi, metazoa, haptophytes, and apicomplexans. The outer ring
categorizes PKS sequences into different clades of modular and single KS
domains. Black dots highlight freshwater-specific clades. The numbers above
or below the branches are bootstrap values based on 1,000 bootstrap

replications. Bootstrap values =50% were shown.

Fig. 3. Phylogenetic relationships and domain organization of modular PKS
clades (a-e) identified in Fig. 1 and 2 across dinoflagellates and other
eukaryotic and prokaryotic taxa. (a-d) The phylogenetic trees on the left

illustrate the evolutionary relationships among taxa within each modular PKS



clade. On the right, the corresponding domain organizations of each taxon
are displayed, showing the arrangement of catalytic modules. Species
analyzed in this study are highlighted in green. The dashed lines in G.
polynesiensis and P. glacialis indicate omitted PKS modules for clarity. The
domain key (bottom right) provides abbreviations and functional roles for
each module. This figure highlights the diversity and conservation of modular

PKS architectures across different lineages.

Fig. 4. Phylogenetic relationships and conserved active sites in type II fatty
acid synthase enzymes in Palatinus apiculatus (Pa), Peridinium bipes (Pb)
analyzed in this study (in red), and marine dinoflagellates and other species.
(a) 3-ketoacyl ACP reductase (FabG); (b) 3-ketoacyl ACP synthase II (FabF);
(c) malonyl-CoA: ACP transacylase (FabD); (d) 3-ketcacyl ACP synthase III
(FabH); (e) 3-ketoacyl ACP synthase I (FabB); (f) enoyl-ACP reductase I (Fabl).
Active site residues are highlighted in black boxes. Detail information of the

sequences is provided in Supplementary Table S5.

Fig. 5. Structure of the saxitoxin (STX) biosynthesis pathway in (a)
dinoflagellate (Verma et al., 2019a) and (b) cyanobacteria (Kellmann et al.,
2008). (c) sxt gene cluster find in the toxic (green) and non-toxic (blue)
Alexandrium species based on transcriptomic surveys (Bui et al., 2024). (d)
sxt gene cluster identified in the present study in the three freshwater
dinoflagellates (Palatinus apiculatus, Peridinium bipes, and Ceratium
furcoides). (e) The ML phylogenetic tree and the conserved active and
binding sites of sxtA4 domain identified in P. apiculatus and P. bipes,

comparing with toxic dinoflagellates and toxic and non-toxic cyanobacteria.

Fig. 6. Conceptual overview of polyketide synthase (PKS), fatty acid synthase

(FAS), and saxitoxin (sxf) gene diversity and functions in freshwater



dinoflagellates. The diagram illustrates the comparative genomic and
functional landscape of secondary metabolism-related gene clusters in
freshwater dinoflagellates. The figure is divided into four quadrants

representing Modular PKS, Singular PKS, Type II FAS, and Saxitoxins.



Tables

Table 1. Transcriptome assembly statistics and annotations of Palatinus
apiculatus, Peridinium bipes, and Ceratium furcoides library.

Species Palatinus apiculatus Peridinium Ceratium
bipes furcoides

Strain FD-02 DOP P10K-1

Data Source This study NCBI NGDC

Sequencing

Sequencing NovaSeq 6000 HiSeq 2500 HiSeq 4000

Platform

Raw reads 31,358,869 27,008,331 16,717,658

Assembly

Number of 111,352 179,865 82,155

transcripts

Number of 75,385 107,791 68,218

unigenes

No of bases (bp) 110,348,805 191,307,715 57,103,880

N50 1485 1,728 838

GC (%) 67.50 67.44 53.91

Annotation

NCBI NR 90,922 93,901 35,618

Swissprot 19,483 27,832

Pfam 37,220 22,851 8,352

GO 22,324 10,838 4203
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Table 2. The total number of polyketide synthase associated domains found
for the three freshwater dinoflagellates.

PKS Annotation P. P. C.
apiculatu bipes furcoide
S S
Modular PKS Multi domain 12 8 4
NPRS-PKS Multi domain PKS + 5 2 §)
Hybrid NPRS
KS Ketoacyl synthase 30 58 14
KR Ketoreductase 23 38 2
ACP (PP) Acyl Carrier Protein 21 9 10
(Phosphopantetheine-
binding protein)
AT Acyl transferase 4 2 3




Table 3. List of type II FAS encoding transcripts from the three
transcriptomes of freshwater dinoflagellates.

FAS 11 Annotation Palatinus Peridinium Ceratium
genes apiculatus bipes furcoides
FabB 3-ketoacyl-ACP synthase 20 8 0
I
FabD malonyl-CoA:ACP 4 3 25
transacylase
FabF 3-ketoacyl-ACP synthase 1 25 5
11
FabG 3-ketoacyl-ACP 6 8 0
reductase
FabH 3-ketoacyl-ACP synthase 5 5 6
I11
Fabl enoyl-ACP reductase I 1 2 1
FabkK enoyl-ACP reductase II 0 0 0
FabZ 3-hydroxydecanoyl-ACP 3 11 7

dehydratase/isomerase




Table 4. Numbers of candidate sxi genes identified in the freshwater
dinoflagellate Palatinus apiculatus, Peridinium bipes, and Ceratium furcoides

sxt Putative Function Palatinus Peridinium Ceratium
genes apiculatus bipes furcoides
sxtA4  Aspartate aminotransferase 1 1 0
sxtB Cytidine deaminase 0 0 0
sxtG Amidinotransferase 0 0 0
sxtD Sterol desaturase 3 2 0
sxtl Carbomoyltransferase 2 3 2
SxtS Phytanoyl-CoA dioxygenase 98 22 27
sxtU Short-chain alcohol 23 17 4
dehydrogenase/oxidoreductase
sxtH/T Phenylpropionate 38 29 8
dioxygenase/Rieske [2Fe-2S]
sxtO Adenylyl sulfate kinase 3 3 0
sxtX Cephalosporin hydroxylase 0 7 0
sxtF/M Multidrug/MATE 44 56 25
SxtP Binding of PSTs 2 0 0
sxtV Succinate 7 15 25
dehydrogenase/Fumarate
reductase
sxtN  Sulfotransferase 0 0 0
sxtC  Amidohydrolase 8 0 0
SxtL SGNH hydrolase/GDSL-Lipase 18 7 0
sxtW  Ferrodoxin [4Fe-4S] 16 21 19
sxtZ Two-component sensor 3 2 0
histidine kinase
sxtQ Yqcl/YcgG family 0 0 0
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