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Improved Cladocopium goreaui Genome Assembly Reveals
Features of a Facultative Coral Symbiont and the Complex
Evolutionary History of Dinoflagellate Genes
Yibi Chen 1 , Sarah Shah 1 , Katherine E. Dougan 1 , Madeleine J. H. van Oppen 2,3, Debashish Bhattacharya 4

and Cheong Xin Chan 1,*
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Abstract: Dinoflagellates of the family Symbiodiniaceae are crucial photosymbionts in corals and
other marine organisms. Of these, Cladocopium goreaui is one of the most dominant symbiont
species in the Indo-Pacific. Here, we present an improved genome assembly of C. goreaui combining
new long-read sequence data with previously generated short-read data. Incorporating new full-
length transcripts to guide gene prediction, the C. goreaui genome (1.2 Gb) exhibits a high extent of
completeness (82.4% based on BUSCO protein recovery) and better resolution of repetitive sequence
regions; 45,322 gene models were predicted, and 327 putative, topologically associated domains
of the chromosomes were identified. Comparison with other Symbiodiniaceae genomes revealed
a prevalence of repeats and duplicated genes in C. goreaui, and lineage-specific genes indicating
functional innovation. Incorporating 2,841,408 protein sequences from 96 taxonomically diverse
eukaryotes and representative prokaryotes in a phylogenomic approach, we assessed the evolutionary
history of C. goreaui genes. Of the 5246 phylogenetic trees inferred from homologous protein sets
containing two or more phyla, 35–36% have putatively originated via horizontal gene transfer (HGT),
predominantly (19–23%) via an ancestral Archaeplastida lineage implicated in the endosymbiotic
origin of plastids: 10–11% are of green algal origin, including genes encoding photosynthetic functions.
Our results demonstrate the utility of long-read sequence data in resolving structural features of
a dinoflagellate genome, and highlight how genetic transfer has shaped genome evolution of a
facultative symbiont, and more broadly of dinoflagellates.

Keywords: dinoflagellates; genome; Cladocopium goreaui; phylogenomics; horizontal gene transfer

1. Introduction

Dinoflagellates of the family Symbiodiniaceae [1] are diverse microalgae, with many
forming symbiotic relationships that are critical to corals and other coral reef organisms.
Symbiodiniaceae provide carbon fixed via photosynthesis and other essential nutrients to
coral hosts [2,3]. Environmental stress leads to breakdown of this partnership and loss of
the algae, i.e., coral bleaching, putting the corals at risk of starvation, disease, and potential
death [4]. Recent studies of Symbiodiniaceae genomes have revealed extensive sequence
and structural divergence [5–8], and potentially a greater, yet-to-be recognised phylogenetic
diversity among these taxa [9,10]. A recent comparative analysis of genomes from 18
dinoflagellate taxa (of which 16 are Symbiodiniaceae) revealed distinct phylogenetic signals
between genic and non-genic regions [11], indicating differential evolutionary pressures
acting on these genomes. These findings illustrate how the evolutionary complexity of
Symbiodiniaceae genomes may explain their diverse symbioses and ecological niches [12].
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Cladocopium (formerly Clade C) is the most taxonomically diverse genus of family
Symbiodiniaceae and found predominantly in the Indo-Pacific, with Cladocopium goreaui
(formally type C1) being a dominant species in the region [13,14]. The earlier genome
analysis of C. goreaui SCF055 [7] revealed the genetic capacity of the species to establish and
maintain symbiosis with coral hosts, respond to stress, and to undergo meiosis; i.e., many
of the implicated genes show evidence of positive selection. Although these results provide
insights into the adaptive evolution of genes, the assembled genome, generated using only
Illumina short-read data, remains fragmented with 41,289 scaffolds [7]. Additional analysis
of the draft genome also indicated that some scaffolds may be of bacterial origin due to
their anomalous G+C content [15]. For these reasons, the existing data limit our capacity to
reliably assess repetitive genomic elements and evolutionary origins of the predicted genes.

Here, we present an improved, hybrid genome assembly for C. goreaui, combining
novel PacBio long-read sequence data with the existing short-read sequence data from
Liu et al. [7], and incorporating a new full-length transcriptome to guide gene prediction.
Incorporating proteins predicted from the genome with those from 96 taxonomically
broadly sampled eukaryote taxa and representative prokaryotes in a phylogenomic analysis,
we assessed the evolutionary origins of genes in C. goreaui and other dinoflagellates, and
the impact of horizontal genetic transfer (HGT) in shaping the evolution of this lineage. The
earlier investigation based on transcriptome data from the bloom-forming, toxin-producing
dinoflagellate Alexandrium tamarense [16] revealed evidence of HGT, implicating both
prokaryote and eukaryote donors, in 14–17% of investigated protein trees. Few genes and
no genome data were available from other dinoflagellates when that study was conducted.
However, the genomic and genetic resources of dinoflagellates have grown appreciably in
the last decade, enabling a more-balanced representation of taxonomic diversity to support
such an analysis. In this study, we examine how the nuclear genome of C. goreaui, and
broadly that of dinoflagellates, has evolved and benefited from the acquisition of genomic
(and functional) novelties through HGT.

2. Results and Discussion
2.1. Improved C. goreaui Genome Assembly Reveals More Repeats and More Duplicated Genes

We generated PacBio long-read genome data (50.2 Gbp; Table S1) for C. goreaui SCF055
and combined them with existing Illumina short reads in a hybrid approach to generate
a de novo genome assembly (see Methods). The first published genome assembly of the
SCF055 isolate [7] was previously refined to exclude putative contaminant sequences [15].
Compared to the draft assembly reported in Chen et al. [15], our assembly exhibits a
five-fold decrease in the number of scaffolds (6843) and a three-fold increase in scaffold
N50 length (354 Kbp; Table 1). Genome size was estimated at 1.3 Gbp based on k-mers
(Figure S1), and our improved assembly (1.2 Gbp in size) is larger than the earlier draft
(1.0 Gbp; Table 1).

We also generated 65,432 near-full-length transcripts using PacBio Iso-Seq to guide pre-
diction of protein-coding genes. Using the same approach tailored for dinoflagellates [15],
we predicted 45,322 protein-coding genes (mean length 15,745 bp) in the genome, compared
to 39,066 (mean length 8428 bp) reported in Chen et al. [15]. The majority (82.4%) of pre-
dicted genes are supported by transcript evidence, and genome completeness is markedly
improved, evidenced by the 15.1% greater recovery of core conserved genes (BUSCO
alveolate_odb10) [17] at 82.4% (Table 1). Most predicted proteins (40,495; 89.3%) have
UniProt hits based on sequence similarity (BLASTp; E ≤ 10−5); 19,904 (43.9%) have hits
in the curated Swiss-Prot database, 8836 (19.5%) covering > 90% of full-length Swiss-Prot
proteins. The remaining 4827 (10.7%) C. goreaui proteins have no significant hits in UniProt,
indicating the prevalence of “dark” genes that encode functions yet to be discovered.
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Table 1. Metrics of the revised genome assembly and predicted genes of C. goreaui, compared to the
earlier assembled genome.

Metric Earlier
Assembly [15]

Revised Assembly
(This Study)

Assembly size (Gbp) 1.0 1.2
Number of scaffolds 41,235 6843
Genome scaffolds N50 (Kbp) 91 354
Genome GC-content (%) 44.76 44.38
Number of predicted genes 39,006 45,322
Percentage of BUSCO proteins recovered
(alveolata_odb10) 67.3 82.4

Genes with transcript support (%) 76.5 82.5
Average gene length (bp) 8428 15,745
Average CDS length (bp) 1625 2018
Total gene length (Mbp) 328.7 713.6
Total CDS length (Mbp) 63.4 91.5
Average number of exons per gene 12.4 17.2
Average exon length (bp) 130.4 120.4
Genes with introns (%) 95.9 95.9
Number of introns per gene 11.4 16.2
Average intron length (bp) 593.5 838.8

Splice donor motif (%)
GT 35.7 36.6
GC 43.3 43.6
GA 20.8 19.8

Splice acceptor with AGG motif (%) 96.3 96.1
Number of intergenic regions 24,243 39,720
Average length of intergenic regions (bp) 9539 7388

We identified and compared repeat content in the C. goreaui genome with that in the
earlier assembly of Chen et al. [15]. Excluding simple repeats, we found a higher repeat
content (36.5% of total bases in the assembled genome; Figure 1a) in the current assembly
than in the initial data (21.1%), with known repeat types accounting for 17.3% of total
bases, compared to 5.6%. This result indicates a better resolution of repetitive regions
in the revised genome with the incorporation of long reads. Novel, Symbiodiniaceae-
specific repeats would remain as unclassified in this instance due to the lack of identified
dinoflagellate repeats in the current database. Among known repeat types, long terminal
repeats (LTR) and DNA transposons are the most prevalent repeat families (constituting
7.3% and 6.2% of total bases, respectively). These two repeat families exhibit distinct
levels of sequence divergence; those with Kimura substitution values centred between
0 and 10 are more conserved than those with values centred between 15 and 25. Most
LTRs are highly conserved in C. goreaui, a trend also observed in the genomes of other
dinoflagellates [10,18].

Collinear gene blocks within a genome represent duplicated gene blocks, e.g., via
segmental or whole-genome duplication. Based on the recovery of these gene blocks, we
identified a greater proportion of duplicated genes than Chen et al. [15]: 35,119 (77.5%
of 45,322) genes in duplicates, compared to 25,550 (65.5% of 39,006; Table 2). We found
31,827 (70.2%) genes in dispersed duplicates, suggesting a lack of conserved collinearity
of genes in the C. goreaui genome. The lack of collinearity of duplicated genes lends
support to the hypothesized extensive structural rearrangements in genomes of facultative
symbionts in the family Symbiodiniaceae [12]; more genome data from non-facultative or
free-living taxa will allow for a more-robust testing of this hypothesis. With the improved
structural annotation, we recovered a 2.39-fold greater number of tandemly repeated
genes, and 387 genes (in 34 collinear blocks) implicated in segmental duplications (Table 2).
Tandemly repeated genes in dinoflagellates are thought to be a mechanism for improving
transcriptional efficiency, particularly for genes encoding critical functions [18]. Comparing
gene ontology (GO) terms annotated in the 1998 tandemly repeated genes against those
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in all C. goreaui genes, the top three enriched terms for Cellular Component (Table S2) are
“chloroplast thylakoid membrane” (GO:0009535; p = 1.5 × 10−7), “photosystem I reaction
center” (GO:0009538; p = 5.4 × 10−7) and “photosystem II” (GO:0009523; p = 0.00042). This
result indicates that genes encoding photosynthetic functions tend to appear in tandem
repeats in C. goreaui. We applied the same approach to genes in segmental duplications
and found that the most significantly enriched Biological Process term for this set is
“recombinational repair” (GO:0000725, p = 7.2 × 10−5, Table S3). The repair of errors
during genetic recombination is essential for maintaining genome integrity; conservation of
collinear organization of these genes may be key in ensuring their transcription efficiency.

Figure 1. Genome features of C. goreaui. (a) Repeat families identified in the revised genome
assembly; repeat landscape shown for the (b) revised genome assembly of C. goreaui (highlighted in
bold-face) and (c) the earlier assembly of Chen et al. [15]. (d) Frequency of strand-orientation change
in 10-gene windows and (e) cumulative percentage of genes in unidirectionally encoded blocks,
shown for five representative Symbiodiniaceae genomes: Breviolum minutum [15], C. goreaui [15],
C. goreaui (boldfaced, this study), Fugacium kawagutii [19], and Symbiodinium microadriaticum [20];
and (f) number of inter-block regions in each genome assembly indicating putative TAD central
regions and boundaries, shown for representative genomes, based on the minimum number of genes
in a unidirectional block. Bars above the x-axis represent inter-block regions at which orientations
of unidirectional blocks converged, whereas bars below the x-axis represent those at which the
orientations diverged.
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Table 2. Types of gene duplication identified in C. goreaui.

Duplication Type Earlier Assembly [15] Revised Assembly (This Study)

Singleton 13,456 (34.5%) 10,203 (22.5%)
Dispersed 24,441 (62.6%) 31,827 (70.2%)
Proximal 273 (0.7%) 907 (2.0%)
Tandem 836 (2.1%) 1998 (4.4%)

Segmental 0 (0.0%) 387 (0.9%)

2.2. Topologically Associated Domains (TADs) and Unidirectional Gene Blocks

Recent studies have clarified interacting genomic regions via topologically associated
domains (TADs) of dinoflagellate chromosomes [20,21]. Orientations of unidirectionally
encoded gene blocks diverge from a TAD central region, converging at TAD boundaries [20].
Regulatory elements such as promoters and enhancers of gene expression are hypothesised
to be concentrated in these regions to regulate transcription of the upstream or downstream
unidirectional gene blocks [22]. To assess putative TAD regions in the revised C. goreaui
genome, we first identified the unidirectionally encoded gene blocks. We followed the
method of Stephens et al. [18] to enumerate gene-orientation change(s) in a ten-gene
window, moving across the entire genome assembly; the tendency for no change in gene
orientation is an indication for the prevalence of unidirectional encoding. We performed this
analysis in a set of representative Symbiodiniaceae genomes (Figure 1d). Interestingly, we
observed a lower percentage (34.7%) of ten-gene windows with conserved orientation in the
revised C. goreaui genome, when compared to 44.6% in the assembly of Chen et al. [15]. The
equivalent percentages in the more-contiguous, near-chromosomal level genome assemblies
of S. microadriaticum [20] (13.9%) and F. kawagutii [19] (34.5%) are also lower, compared to
46.1% in the more-fragmented assembly of B. minutum [15] (Figure 1d). However, when we
assessed the sizes of unidirectional gene blocks in these genomes, they are clearly larger in
the more-contiguous assemblies (Figure 1e). For instance, 32.6% of genes in C. goreaui are
found in block sizes of 10 or more genes, compared to only 7.6% in the earlier assembly
(Figure 1e). These observations indicate that the lower recovery of ten-gene windows with
conserved orientation is caused by the increased recovery of windows spanning two gene
blocks with opposing orientations, as expected in TAD central or boundary regions, in the
more-contiguous assemblies. In this way, the more-contiguous assembly enables better
recovery of putative TAD regions.

To assess putative TAD regions, we examined genomic regions between any two
unidirectional gene blocks. We identified these regions requiring the gene blocks on either
side to contain at least N number of genes, where N is 4, 6, 8, or 10. Figure 1f shows the
recovery of these regions across threshold N in the representative genomes, with those
with converging gene-block orientations (i.e., putative TAD boundaries) above the x-axis,
and those with diverging orientations (i.e., putative TAD central regions) below the x-
axis. We recovered approximately 6- to 30-fold larger numbers of these regions in the
more-contiguous C. goreaui assembly (e.g., 327 putative TAD boundaries) and in near-
chromosomal level assemblies of S. microadriaticum (340) and F. kawagutii (454), than in
the more-fragmented assemblies of B. minutum (59) and C. goreaui (15). The implicated
unidirectional gene blocks on either side of these regions are also larger, e.g., at N = 10, we
identified 25 putative TAD boundaries in C. goreaui, compared to only two in the earlier
assembly; the assembly of F. kawagutii shows the greatest recovery of TAD-associated
regions, with 129 putative TAD boundaries implicating blocks of 10 or more genes on either
side. TAD boundaries have been reported to exhibit a dip in GC content in the middle of
the sequence [20]. We observed such a dip in GC content in 17/25 putative TAD boundary
regions (at N = 10) in C. goreaui; an example is shown in Figure S2. Interestingly, our recovery
of TAD-associated regions in C. goreaui is very similar to that in the chromosome-level
assembly of S. microadriaticum (Figure 1f), suggesting that our revised assembly, although
not derived specifically using chromosome configuration capture, e.g., in Nand et al. [20],
resolves a comparable number of TAD regions.
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We also identified genes that tend to disrupt the unidirectional coding of gene blocks,
based on their distinct orientation from upstream and downstream genes; such disruptions
have been observed in the chromosome-level genome assembly of S. microadriaticum [20].
We identified 3799 (8.4%) of such genes in C. goreaui. Interestingly, these genes largely
encode functions related to transposon elements. Comparing the annotated GO terms
in these genes versus those in all C. goreaui genes, the two most significantly enriched
terms for Molecular Function are “nucleic acid binding” (GO:0003676; p < 1.0 × 10−30)
and “RNA-DNA hybrid ribonuclease activity” (GO:0004523; p = 1.8 × 10−20; Table S4),
and the most significantly enriched term for Biological Process is “DNA integration”
(GO:0015074; p = 7.6 × 10−7; see Table S4). We found no expression evidence for genes
encoding transposable elements that disrupt the orientation of unidirectional gene blocks.
In contrast, gene encoding transposable elements that occur in the same orientation within
unidirectional blocks were actively expressed. This observation suggests that unidirectional
encoding is essential for gene expression in C. goreaui, and potentially also in dinoflagellates.

2.3. Evolutionary Origin of C. goreaui Genes

The predicted genes from the improved C. goreaui genome assembly provide an excel-
lent analysis platform to assess their evolutionary origins. To assess the overall phylogenetic
signal of C. goreaui genes relative to other dinoflagellates, we inferred a dinoflagellate phy-
logeny (Supplementary Figure S3) using 3411 single-copy, strictly orthologous protein sets
identified using 1,468,870 sequences from 30 dinoflagellate taxa including C. goreaui, plus
22,958 sequences from Perkinsus marinus as an outgroup (Table S5; see Methods). This
phylogeny is congruent with the established phylogeny of dinoflagellates [23,24] with
distinct strongly supported clades (bootstrap support [BS] ≥ 90%). C. goreaui is placed in a
well-supported (BS 100%) clade of family Symbiodiniaceae, and within the order Suessiales
(BS 100%) to which the family belongs. This result confirms the phylogenetic position of
C. goreaui in the Symbiodiniaceae based on putative orthologous proteins, a result that has
been demonstrated recently based on whole-genome sequence data using an alignment-free
phylogenetic approach [11].

We then assessed the evolutionary origin of individual C. goreaui genes using protein
data. Using 2,841,408 predicted protein sequences from 96 taxa of eukaryotes and prokary-
otes (Table S5), we identified 177,346 putative homologous proteins sets based on sequence
similarity (see Methods). Of the 45,322 C. goreaui proteins, 22,026 (48.6%) are specific to
dinoflagellates (i.e., 3021, 8748, and 10,257 are specific to C. goreaui, order Suessiales, and
Dinophyceae, respectively; Figure 2a). Dinophyceae-specific proteins are those found in
one or more Dinophyceae taxa that may also include Suessiales. Although we cannot
dismiss biased taxon sampling due to the scarcely available data from other alveolate taxa,
these results indicate extensive lineage-specific innovation of gene functions following
speciation or divergence of dinoflagellates, supporting the notion of extreme divergence of
dinoflagellate genes [5,9,10,24].

We found 4601 (10.2% of 45,322) proteins to be shared exclusively with another phylum,
in 1544 homologous sets (Figure 2b). Assuming that inadequate sampling is less of a concern
in sets that contain a larger number of genes, we adapted the approach by Chan et al. [16]
to study these putative gene-sharing partners (phylum) with dinoflagellates, based on the
minimum number of genes (x) in each set, at x≥ 2, ≥ 20, ≥ 40, and≥ 60. At x≥ 2, the most
frequent gene-sharing partners for dinoflagellates are Chromerida, Perkinsea, and other
alveolates (534), followed by Stramenopiles (195), Haptophyta (162), and Archaeplastida
(146). This result supports the current phylogeny of dinoflagellates in the supergroup
Alveolata, the Stramenopiles+Alveolata+Rhizaria (SAR) clade [25–27], and their close
association with haptophytes [28] and Archaeplastida via endosymbiosis implicated by
their plastid origin [29,30]. The earlier study based on transcriptome data from the bloom-
forming dinoflagellate Alexandrium tamarense [16] revealed a decrease in the proportion of
dinoflagellate genes shared with alveolates as x increased. This trend is not observed here,
e.g., the percentage of genes showing exclusive sharing with alveolates is 34.6%, 37.9%,
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38.5%, and 37.3% at x ≥ 2, ≥ 20, ≥ 40, and ≥ 60, respectively. This result suggests that the
phylogenetic signal observed here is more consistent than in the earlier study, boosted by
the greater representation of dinoflagellate taxonomic diversity (30 taxa in Table S5).

Figure 2. Evolutionary origins of C. goreaui genes. (a) C. goreaui genes classified based on the number
of recovered protein homologs in other taxa. (b) Distribution of phyla with respect to exclusive
gene-sharing partners for C. goreaui, based on the number of homologous sets that contain only
C. goreaui and the other phylum, across the minimum number of genes in each set (x) at x ≥ 2, ≥ 20,
≥ 40, and ≥ 60. (c) Distribution of phyla that are found to share genes with dinoflagellates, based on
the number of inferred protein trees in which dinoflagellates and one other phylum were recovered in
a monophyletic clade, assessed at bootstrap support (BS) ≥ 90%, ≥ 70%, and ≥ 50%. All taxonomic
classification follows NCBI Taxonomy, including Dinophyceae (Fritsch 1927).

The remaining 18,695 (41.2%) C. goreaui proteins were recovered in 5795 homologous
sets containing two or more phyla. To assess the evolutionary origins of these genes, we
inferred a phylogenetic tree for each of these homologous protein sets; 5246 remained
after passing the initial composition chi-squared test in IQ-TREE to exclude sequences for
which the character composition significantly deviates from the average composition in an
alignment (see Methods). Among the 5246 trees, we adopted a computational approach [31]
to identify those in which Dinophyceae taxa form a strongly supported clade with one
other phylum, based on observed BS at ≥ 90%, ≥ 70%, and ≥ 50% (Figure 2c; see Methods
and Table S6 for detail of our tree-sorting strategy); clades observed at a higher BS threshold
represent higher confidence results. All sorted trees using the three thresholds are available
as Supplementary Data 1. We identified 2080, 2414, and 2605 trees that fit these criteria
at BS ≥ 90%, ≥ 70%, and ≥ 50% (Figure 2c); the classification of evolutionary origin for
each sorting process is shown in Table S6. The proportions of distinct putative origins for
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the protein sets are similar, e.g., those with putative alveolate origin are 24.9%, 24.8%, and
24.0% at BS ≥ 90%, ≥ 70%, and ≥ 50% (Figure 2c), reflecting the consistent phylogenetic
signal we recovered from these data. Remarkably, the evolutionary history of dinoflagellate
proteins in more than one-half of the analysed 5246 trees are too complicated to be classified
using our approach, e.g., 2641 (50.3%) even at our least-stringent threshold of BS ≥ 50%.
Some of these proteins (e.g., acyl-CoA dehydrogenase and GTP-binding protein of YchF
family) are thought to have a shared origin with fungi or pico-prasinophytes [16], which
are likely to be artefacts due to limited dinoflagellate genome data and sampling bias.

2.4. Genes Implicating a History of Horizontal Transfer

Trees containing a strongly supported monophyletic clade of dinoflagellates and
taxonomically remote phyla (Categories F through O in Figure 2c) suggest a history of
HGT; they account for 35.1%, 34.9%, and 36.4% of sorted trees at BS ≥ 90%, ≥ 70%, and
≥ 50%. The proportion of HGT-implicated trees is greater than that (14–17%) in the earlier
study based on the transcriptome of Alexandrium tamarense [16]. In this study, a more
taxonomically balanced set of eukaryote taxa was used, including a larger representation
of dinoflagellates and red algae. Therefore, the biases introduced by poor taxon-sampling
are diminished, as demonstrated by the consistent phylogenetic signal that we captured at
different stringency levels.

Dinoflagellates possess secondary (and some tertiary) plastids independently acquired
from several algal lineages through endosymbioses [30,32]. Genes from the endosymbionts
were postulated to have been transferred to the host nuclear genome during this process.
The implicated endosymbionts include the ancestral Archaeplastida lineages of red and/or
green algae, and potentially other eukaryotic microbes, e.g., haptophytes, allowing genetic
transfer between dinoflagellates and these algal lineages during these events [28]. Sec-
ondary plastids found in dinoflagellates and diatoms (stramenopiles) are thought to have
arisen from an ancestral red alga [33]; both red and green algal derived genes have been
described in these taxa [16,34,35].

Here, we focus on the high-confidence trees (clade recovery at BS ≥ 90%) as strong
evidence for HGT. Of the 2080 trees, 402 (19.3%) putatively derived from Archaeplastida
(groups F through I in Figure 2c): 73 from Rhodophyta (F), 199 from Viridiplantae (G),
and 130 from any combination of Archaeplastida taxa (H and I). At the less-stringent BS
threshold, this number is 589 (22.6% of 2605). As the most plausible explanation, C. goreaui
(and dinoflagellate) genes in these trees likely arose via endosymbiotic genetic transfer due
to one or more plastid endosymbioses, implicating ancestral Archaeplastida phyla, more
evidently with green algae (in Viridiplantae) than with the red algae (Rhodophyta).

Figure 3a shows the phylogenetic tree of beta-glucan synthesis-associated protein ho-
mologs, with a strongly supported (BS 97%) monophyletic clade containing Viridiplantae
(i.e., the green algae Chlamydomonas, Volvox, and Chlorella), haptophytes, Stramenopiles
(including diatoms), and dinoflagellates. The beta-glucans are key components of cellulose
that form the thecate armour of the cell wall of dinoflagellates [36], as well as key carbohy-
drate storage [37]. This tree supports a putative green algal origin of the gene associated
with beta-glucan synthesis in dinoflagellates and other closely related taxa, implicating
an ancient HGT among these lineages. This is a more parsimonious explanation than to
invoke massive gene losses in other alveolates and microbial eukaryotes.
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Figure 3. Maximum likelihood trees of (a) beta-glucan synthesis-associated protein and (b) abscisic
acid 8′-hydroxylase, suggesting ancient gene origins from Viridiplantae. The ultrafast bootstrap
support of IQ-TREE2 is shown at each internal node; only values ≥ 70% are shown. Unit of branch
length is the number of substitutions per site.
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Figure 3b shows the tree for putative abscisic acid 8′-hydroxylase, in which Viridiplan-
tae taxa (largely plants) form a strongly supported (BS 100%) monophyletic clade with
the diatom Fragilariopsis cylindrus and dinoflagellates. This tree supports a Viridiplantae
origin of dinoflagellate genes, and subsequent divergence among the Suessiales (BS 98%)
including C. goreaui. This enzyme is involved in regulating germination and dormancy of
plant seeds via oxidation of the hormone abscisic acid [38]. It is also known as cytochrome
P450 monooxygenase [39]. In dinoflagellates, this enzyme is known to regulate encystment
and maintenance of dormancy [40], and the expression of this gene was found to be upregu-
lated as an initial response to heat stress in a Cladocopium species [41]. The tree in Figure 3b
shows that the protein homologs in dinoflagellates share sequence similarity to sequences
in plants, whereas homologs from other green algae (the more-likely sources of HGT) are
absent; given that plants are derived from green algal lineages, this result suggests that the
green algal derived gene in plants, dinoflagellates, and the diatom F. cylindrus was likely
subjected to differential functional divergence or gene loss among the green algae.

We also found evidence for more-recent genetic exchanges. Figure 4 shows the tree for
a putative sulphate transporter, which has a strongly supported (BS 93%) monophyletic
clade containing dinoflagellates and Viridiplantae (mostly green algae), separate from the
usual sister lineage of Stramenopiles expected in the SAR grouping in the eukaryote tree
of life [25]. This protein is involved in sulphate uptake, which in green algae has a direct
impact on protein biosynthesis in the plastid [42]. This tree suggests a putative green
algal origin of the genes in dinoflagellates, which implicates more-recent HGT than those
observed in Figure 3. In contrast, some green algal derived genes appear to have undergone
duplication upon the diversification of dinoflagellates, e.g., the tree of a hypothetical
protein shown in Figure S4. Although the function of this protein in dinoflagellates remains
unclear, the homolog in Arabidopsis thaliana (UniProt Q94A98; At1g65900) is localised in
the chloroplast and implicated in cytokinesis and meiosis [43,44], lending support to an
endosymbiotic genetic transfer associated with plastid evolution [45]. Our observation of
ancient and recent genetic exchanges between green algae and dinoflagellates suggests
HGT is a dynamic and ongoing process in dinoflagellate genome evolution.

Red algal origin of secondary plastids is well established [33,46]. The stronger signal
of green algal than red algal origin we observed here based on a taxonomically broad and
dinoflagellate-rich dataset (Table S5) lends support to the notion of an additional cryptic
green algal endosymbiosis in the evolution of secondary plastids, instead of the “shopping
bag” hypothesis that postulates equal proportions of acquired red or green algal genes [47].
Although green algal derived plastids in some dinoflagellates are also known [48,49], these
taxa are not included in our analysis here due to a lack of genome data.

We observed a small proportion (7.1%) of trees that suggest putative genetic exchange
between dinoflagellates with distantly related eukaryotes and prokaryotes, e.g., groups
L through O in Figure 2c. We cannot dismiss that some of these may be artefacts due to
sampling bias or even misidentified sequences in the database. For instance, the phylogeny
of phosphatidylinositol 4-phosphate 5-kinase (Figure S5) shows a strongly supported (BS
100%) clade containing 55 dinoflagellate sequences and 1 sequence from the coral Porites
lutea representing Metazoa; this may be a case of misidentification of the sequence from the
dinoflagellate symbiont associated with the coral.
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Figure 4. Maximum likelihood tree of putative sulphate transporter indicating a Viridiplantae origin
in dinoflagellate genes. The ultrafast bootstrap support of IQ-TREE2 is shown at each internal node;
only values ≥ 70% are shown. Unit of branch length is the number of substitutions per site.

2.5. Genes Implicating Vertical Inheritance

Among the high-confidence trees (recovery at BS ≥ 90%), 64.9% (groups A through E
in Figure 2c) provide strong evidence of vertical inheritance; these trees contain a strongly
supported (BS ≥ 90%) monophyletic clade containing dinoflagellates only (373), and
dinoflagellates plus another closely related taxa of Alveolata (517), Stramenopiles (124),
Rhizaria (65), and with the SAR group in the presence of Haptophyta and Cryptophyta (270),
as expected based on our current understanding of eukaryote tree of life [25]. Figure S6
shows an example of these trees, specifically, ubiquitin carboxyl-terminal hydrolase. In
this tree, all the major phyla are mostly well-resolved in strongly supported clades, e.g.,
Dinophyceae, Rhizaria, Stramenopiles, and Rhodophyta, each at BS 100%, and the clade
of Alveolata+Rhizaria (BS 90%). Figure 5 shows another tree that contains a strongly
supported (BS 100%) monophyletic clade of the SAR group, within which three clades
(two supported at BS 99%, one at BS 100%), each containing similar dinoflagellate taxa,
are recovered, highlighting gene-family expansion. Proteins within the three subclades
putatively code for distinct functions: (a) an autophagy-related protein 18a (as with other
non-dinoflagellate proteins positioned elsewhere in the tree), (b) a transmembrane protein
43, and (c) the pentatricopeptide repeat-containing protein GUN1. These distinct functions
were identified, for each sub-clade, based on the annotated function of the top UniProt
hit for the sequences within, and their distinct domain configurations (Figure S7). This
observation indicates vertical inheritance of the gene encoding transmembrane protein in
dinoflagellates, which was then duplicated and underwent neo- or sub-functionalization
to generate functional diversity. This result aligns with known features of gene-family
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evolution that generates functional novelty in dinoflagellates, including tandemly repeated
genes that encode adaptive functions [18,50].

Figure 5. Maximum likelihood protein tree showing vertical inheritance and gene expansion among
dinoflagellates, with distinct clades containing the autophagy-related protein 18a, the transmembrane
protein 43, and the pentatricopeptide repeat-containing protein GUN1. The ultrafast bootstrap
support of IQ-TREE2 is shown at each internal node; only values ≥ 70% are shown. Unit of branch
length is the number of substitutions per site.

3. Conclusions

Our results demonstrate the power of long-read sequence data in elucidating key
genome features in C. goreaui, at a comparable capacity to chromosome-level genome as-
semblies of other Symbiodiniaceae, including the resolution of duplicated genes, repetitive
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genomic elements, and TADs. These results support the expected high sequence and struc-
tural divergence of dinoflagellate genomes [9,10]. Comparative analysis of genes revealed
clear evidence of lineage-specific innovation in C. goreaui and in dinoflagellates generally,
implicating about one-half of C. goreaui genes; many (52.9%) C. goreaui genes remain dark,
for which the encoded functions are unknown [24]. Our gene-by-gene phylogenetic analy-
sis revealed the intricate evolutionary histories of genes in C. goreaui and dinoflagellates,
with many too complex to be unambiguously interpreted.

Our results highlight how genetic transfer and gene duplication generated functional
diversity and innovation in C. goreaui, and in combination with the conserved LTRs and
DNA transposons, shaped the genome of this facultative symbiont [12]. The data generated
from this study provide a useful reference for future studies of coral symbionts, and
more broadly of dinoflagellates and microbial eukaryotes. The identified TAD regions,
for instance, provide an excellent analysis platform to assess the presence of conserved
gene-regulatory elements, e.g., promoters or enhancers of gene expression, as hypothesised
in Lin et al. [22] to facilitate transcription of the unidirectional gene blocks. Our analytic
workflow can be adapted and applied to study TADs in other assembled genomes of
dinoflagellates.

4. Materials and Methods
4.1. Generation of Long-Read Genome and Transcriptome Data

Cladocopium goreaui SCF055-01 is a single-cell monoclonal culture first isolated from
the coral Acropora tenuis at Magnetic Island, Queensland, Australia [51]. The cultures were
maintained at the Australian Centre of Marine Science (AIMS) in Daigo’s IMK medium at
26 ◦C, 90 µE/cm2/s−1. High molecular weight genomic DNA was extracted following the
SDS method described in Wilson et al. [52]. The sample was sent to the Ramaciotti Centre
for Genomics (University of New South Wales, Sydney) for sequencing using the PacBio,
first using RS II, then the Sequel platform (Table S1). DNA fragments of lengths 10–20 Kb
were selected for the preparation of sequencing libraries. In total, 6.2 million subreads were
produced (50.2 Gbp).

Total RNA was extracted from cultured SCF055 cells in the exponential growth phase
(~106 cells), combining the standard Trizol method with the Qiagen RNeasy protocol,
following the method of Rosic and Hoegh-Guldberg [53]. Quality and quantity of RNA
were assessed using a Bioanalyzer and Qubit. The RNA sample was sent to the sequencing
facility at the University of Queensland’s Institute for Molecular Bioscience for generation
of Iso-Seq data using the PacBio Sequel II platform. The Iso-Seq library was prepared using
the NEBNext Single Cell/Low Input cDNA Synthesis and Amplification Module and the
SMRTbell Express Template Prep Kit 2.0, following standard protocol. Sequencing was
conducted using half of a Sequel II SMRT cell. From these raw data, we generated 3,534,837
circular consensus sequencing (CCS) reads (7.3 Gb; average 36 passes) using CCS v4.2.0.
The CCS reads were then fed into the Iso-Seq pipeline v3.3.0 pipeline for standard Iso-Seq
processing, which includes key steps of read refinement, isoform clustering, and polishing,
resulting in 55,505 high-quality, non-redundant, polished Iso-Seq transcripts (total 79 Mb;
N50 length 1493 bases).

4.2. De Novo Genome Assembly Combining Short- and Long-Read Sequence Data

We combined the long-read sequence data with all short-read sequence data from
Liu et al. [7] in a hybrid genome assembly using MaSuRCA v3.4.2 [54]. Because the SCF055
culture is xenic, we adapted the approach in Iha et al. [55] to identify and remove putative
contaminant sequences from bacterial, archaeal, and viral sources. Bowtie2 [56] was first
used to map the genome sequencing data (Illumina paired-end reads) using the –very-fast
algorithm to the assembled genome scaffolds to obtain information of sequencing depth.
BlobTools v1.1 [57] was then used to identify anomalies of GC content and sequencing
depth among the scaffolds, and to assign a taxon to each scaffold (using the default bestsum
algorithm) based on hits in a BLASTn (E ≤ 10−20) search against the NCBI nucleotide (nt)
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database (released 2020-01-08). We also mapped available transcriptome data onto the
assembled genome to further assess gene structure to aid identification of intron-containing
genes on the scaffolds as indication of eukaryote origin. To do this, we used our Iso-
Seq transcripts (above) and the RNA-Seq data from Levin et al. [58] that we assembled
using Trinity v2.9.1 [59] in de novo mode. Mapping was conducted using minimap2
v2.17-r975-dirty [60] (–secondary=no -ax splice:hq -uf –splice-flank=no), for which the code
has been modified to recognise alternative splice-sites in dinoflagellate genes. Using the
taxon assignment, genome coverage, and transcript support information, we identified and
removed putative contaminant sequences from the genome assembly following a decision
tree based on these results (Figure S8). Chloroplast and mitochondrial genome sequences
were identified and subsequently removed from the final genome assembly, following the
method of Stephens et al. [18].

4.3. Estimation of Genome Size Based on Sequencing Data

To estimate the genome size, we adapted the k-mer-based approach used by González-
Pech et al. [10]. We first enumerated k-mers of size k = 21 from the sequencing reads using
Jellyfish v2.3.0 [61] with the command jellyfish histo –high=1,000,000. The resulting histogram
of k-mer count was used as input for GenomeScope2 [62] to estimate a haploid genome
size. Genomes of C. goreaui (and other Symbiodiniaceae) are thought to be haploid [7], and
we did not observe bimodal distribution of k-mer coverage expected in a diploid genome
(Figure S1).

4.4. Annotation of Repeat Content

De novo repeat families were predicted from the genome assembly using RepeatMod-
eler v1.0.11 (http://www.repeatmasker.org/RepeatModeler/ (accessed on 20 January 2021)).
All repeats (including known repeats in RepeatMasker database release 26 October 2018)
were identified and masked using RepeatMasker v4.0.7 (http://www.repeatmasker.org/
(accessed on 20 January 2021)); the masked sequences were used for ab initio gene predic-
tion (below). The repeat landscape plot was generated with Perl script createRepeatLandscape.pl
(available from RepeatMasker).

4.5. Ab Initio Prediction of Protein-Coding Genes

To predict protein-coding genes from the assembled genome sequences, we adopted
the approach in Chen et al. [15], using the workflow tailored for dinoflagellate genomes
(https://github.com/TimothyStephens/Dinoflagellate_Annotation_Workflow (accessed on
20 January 2021)), which was also applied in earlier studies of Symbiodiniaceae genomes [7,10].

Briefly, the transcriptome data (combining our 55,505 high-quality Iso-Seq transcripts
and data from Levin et al. [58]; above) were mapped onto the assembled genome with
Minimap2 [60]. All transcripts were combined into gene assemblies using PASA v2.3.3 [63],
for which the code was modified to recognise alternative splice sites (available at https:
//github.com/chancx/dinoflag-alt-splice (accessed on 20 January 2021)). TransDecoder
v5.2.0 [63] was used to predict open reading frames on the PASA-assembled transcripts;
these represent the transcript-based predicted genes. The predicted proteins were searched
(BLASTP, E≤ 10−20, > 80% query cover) against a protein database consisting of RefSeq pro-
teins (release 88) and predicted proteins of available Symbiodiniaceae genomes (Table S7).
The gene models were checked for transposable elements using HHblits v2.0.16 [64] and
TransposonPSI (http://transposonpsi.sourceforge.net/ (accessed on 20 January 2021)),
searching against the JAMg transposon database (https://github.com/genomecuration/
JAMg (accessed on 20 January 2021)); those containing these elements were removed
from subsequent steps. After removal of redundant sequences based on similarity using
CD-HIT v4.6.8 [65] (-c 0.75 -n 5), the final curated gene models were used to identify
high-quality “golden genes” using the script Prepare_golden_genes_for_predictors.pl from the
JAMg pipeline (http://jamg.sourceforge.net/ (accessed on 20 January 2021)), altered to
recognise alternative splice sites.
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We used four other programs for predicting protein-coding genes. The “golden genes”
above were used as a training set for SNAP [66] and AUGUSTUS v3.3.1 [67] to predict
genes from the repeat-masked genome; the code for AUGUSTUS was altered to recognise
alternative splice sites of dinoflagellates (available at https://github.com/chancx/dinoflag-
alt-splice (accessed on 20 January 2021)). We also used GeneMark-ES [68] and MAKER
v2.31.10 [69], for which the code was modified to recognise alternative splice sites, in
protein2genome mode guided by the SwissProt database (retrieved 27 June 2018) and other
predicted proteins from Symbiodiniaceae (Table S7). Finally, gene predictions from all
five methods, i.e., the ab initio predictions (from GeneMark-ES, AUGUSTUS, and SNAP),
MAKER protein-based predictions, and PASA transcript-based predictions, were integrated
using EvidenceModeler v1.1.1 [70] to yield the gene models (see Chen et al. [15] for detail).
The gene models were further polished with PASA [63] for three rounds to incorporate
isoforms and UTRs, yielding the final gene models.

4.6. Functional Annotation of C. goreaui Genes

For functional annotation, all predicted proteins were searched against all protein
sequences on Uniport (release 2021_03). Only hits with E ≤ 10−5 were retained. Gene
Ontology (GO) terms associated with top hits were first retrieved from the UniProt website
using the Retrieve/ID mapping tool, then mapped to the corresponding queries.

4.7. Analysis of Duplicated Genes

To identify and classify duplicated genes in C. goreaui, we follow González-Pech et al. [10]
to perform all-versus-all BLASTp (E ≤ 10−5) on corresponding proteins of all predicted
genes. The top five hits (excluding the query itself) were used as input for MCScanX [71] in
duplicate_gene_classifier mode to classify genes into five categories: singleton (single-copy
genes), dispersed (paralogs away from each other; i.e., at least 20 genes apart), proxi-
mal (paralogs near each other), tandem (paralogs in tandem gene block), and segmental
(duplicates of collinear blocks).

4.8. GO Enrichment Analysis

R package topGO [72] was used for enrichment analysis of GO terms. In total,
21,356 genes were annotated with one or more GO terms; these were used as the back-
ground set. Genes in tandem repeats and segmental duplication were used as the test set to
search for enriched GO terms, in independent analyses. Fisher’s exact test was applied to
assess statistical significance, and instances with p ≤ 0.01 were considered significant.

4.9. Analysis of Unidirectional Gene Blocks and TADs

For this part of analysis, we focused on five representative assembled genomes of
dinoflagellates: C. goreaui from this study, C. goreaui from Chen et al. [15], Fugacium
kawagutii [19], Breviolum minutum [15], and Symbiodinium microadriaticum [20]. Unidirec-
tional gene blocks were identified based on a block of genes within which their orientations
are the same. A putative TAD boundary is the region at which the orientations of two
blocks converged. A putative TAD central region is the region at which the orientations
diverged. We analysed putative TAD regions and unidirectional gene blocks based on the
minimum number of genes within a block, N, at N = 4, 6, 8, and 10.

To validate the putative TADs, we searched for GC dip in the TAD boundaries, fol-
lowing Nand et al. [20]. On each scaffold, for each sliding 4Kb-window, we calculated the
localised G+C content. A putative region of GC dip is identified based on three criteria:
(1) the G+C in a 4Kb region is lower than average GC content of the entire scaffold (i.e.,
the background); (2) the largest difference between the localised G+C and the background
G+C is larger than 0.05%; and that (3) the implicated region is longer than 5000 bp.
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4.10. Phylogenomic Analysis of C. goreaui Genes

To investigate the putative origins of C. goreaui genes, we compiled a comprehensive
protein database (2,841,408 sequences) of 96 broadly sampled taxa from diverse lineages,
encompassing eukaryotic, bacterial, and archaeal taxa, of which 30 are dinoflagellates
(Table S5). For species where there were multiple datasets for the same isolate, the protein
sequences were clustered at 90% sequence identity using CD-HIT-v4.8.1 [65] to reduce
redundancy. Isoforms are reduced to retain one representative protein (longest) per gene.

Using all 2,841,408 protein sequences from the database (Table S5), homologous protein
sets were inferred using OrthoFinder v2.3.8 [73] at the default setting. For this analysis,
we restricted our analysis to 177,346 putative homologous sets of C. goreaui proteins (i.e.,
sets in which one or more C. goreaui sequence is represented). For homologous sets that
contain only Dinophyceae and one other phylum (an exclusive gene-sharing partner), the
putative gene-sharing partner was assessed based on the number of implicated homologous
sets, requiring at least x number of genes in each set (for x = 2, 20, 40, and 60). For the
other protein sets, multiple sequence alignment was performed using MAFFT-v7.453 [74]
with parameters –maxiterate 1000 –localpair. Following the methods of Stephens et al. [24],
ambiguous and non-phylogenetically informative sites in each alignment were trimmed
using trimAl-v1.4.1 [75] in two steps: trimming directly with -automated1, then with -
resoverlap 0.5 -seqoverlap 50. A maximum likelihood tree for each protein set was inferred
from these trimmed alignments, using IQ-TREE2 [76], with an edge-unlinked partition
model and 2000 ultrafast bootstraps. The initial step of IQ-TREE2 by default is to perform a
composition chi-squared test for every sequence in an alignment, the sequence for which the
character composition significantly deviates from the average composition in the alignment
is removed. Alignments filtered this way were further removed if the target C. goreaui
sequence was removed, and if the alignment contained no more than four sequences. In
total, 5246 trees were used in subsequent analysis.

4.11. Inference of the Dinoflagellate Species Tree

To infer the dinoflagellate species tree, we first inferred homologous protein sets
with OrthoFinder v2.3.8 for the 30 dinoflagellate taxa and Perkinsus marinus (outgroup) in
Table S5. The 3411 strictly orthologous, single-copy protein sets (i.e., sets in which each
dinoflagellate taxon is represented no more than once) were used for inferring the species
tree. For each set, multiple sequence alignment was performed, and the alignment was
trimmed, per our approach described above. A consensus maximum likelihood reference
species tree was then inferred using IQ-TREE2, with an edge-unlinked partition model and
2000 ultrafast bootstraps.

4.12. Inference of C. goreaui Gene Origins

Putative origins of C. goreaui genes were determined based on the presence of strongly
supported clades (determined at a bootstrap support threshold) that include C. goreaui
(and/or other dinoflagellates) and one other taxon group (e.g., a phylum). We used
PhySortR [31] to quickly sort through thousands of protein trees (i.e., we assume these
as gene trees) for the specific target clades, independently at bootstrap thresholds of
≥ 90% (more stringent, higher confidence), ≥ 70%, and ≥ 50% (less stringent, lower
confidence); default values were used for other parameters. Our 176-step tree-sorting
strategy is detailed in Table S6. Briefly, we sorted the trees based on recovery of a strongly
supported monophyletic clade containing both the subject group (dinoflagellates) and the
target group in three stages: first (a) with target groups implicated in endosymbiosis in
the evolution of plastid (e.g., Archaeplastida); then (b) with closely related target group
expected under vertical inheritance; and finally (c) with other remotely related eukaryote
or prokaryote target group as further indication of horizontal genetic transfer. At each
stage, the subject group would proceed from the most inclusive (i.e., dinoflagellates plus
other closely related taxa in the SAR supergroup, Cryptophyta, and Haptophyta), and
progressively the most distant lineage was removed in each iterative sorting, leaving only

16



Microorganisms 2022, 10, 1662

dinoflagellates. For each subject group, the target group would proceed similarly from
the most inclusive, e.g., in stage one, all three phyla of Archaeplastida, to subsequent
individual phylum.
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from short-read sequence data, shown for exact (top) and log-transformed (below) values; Figure S2:
An example of G+C dip observed in the C. goreaui genome of a putative boundary of topologically
associated domain (TAD), shown for 4000-bp sliding windows on scaffold scf7180000355754. The
x-axis shows the centre position of each sliding window along the scaffold. Of the dashed lines,
the red line indicates the mean %G+C of the scaffold (as background), the green lines signify the
G+C dip region, and the black lines signify a putative TAD boundary; Figure S3: Species tree of 30
dinoflagellate taxa and Perkinsus as outgroup, inferred from 3411 strictly orthologous (single-copy)
protein sets; Figure S4: Maximum likelihood tree showing gene expansion of a green algal derived
protein family that contain a remote homolog in Arabidopsis thaliana with function implicated in
cytokinesis and meiosis; Figure S5: Maximum likelihood tree of phosphatidylinositol 4-phosphate 5-
kinase showing possible misidentification of the sequence from the dinoflagellate symbiont associated
with the coral; Figure S6: Maximum likelihood tree of ubiquitin carboxyl-terminal hydrolase showing
strong evidence of vertical inheritance; Figure S7: Domain configuration for a representative sequence
from each of the three sub-clades in the tree of Figure 5, shown for the autophagy-related protein
18a, the transmembrane protein 43, and the pentatricopeptide repeat-containing protein GUN1;
Figure S8: Decision tree for identification and removal of putative contaminant sequences; Table S1:
PacBio long-read genome sequencing data from C. goreaui generated in this study; Table S2: Enriched
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Abstract: Biomonitoring of dinoflagellate communities in marine ecosystems is essential for efficient
water quality management and limiting ecosystem disturbances. Current identification and monitor-
ing of toxic dinoflagellates, which cause harmful algal blooms, primarily involves light or scanning
electron microscopy; however, these techniques are limited in their ability to monitor dinoflagellates
and plankton, leaving an incomplete analysis. In this study, we analyzed the species composition
and seasonal distribution of the dinoflagellate communities in four Korean coastal regions using 18S
rRNA amplicon sequencing. The results showed significantly high diversity in the dinoflagellate
communities in all regions and seasons. Furthermore, we found seasonally dominant species and
causative species of harmful algal blooms (Cochlodinium sp., Alexandrium sp., Dinophysis sp., and
Gymnodinium sp.). Moreover, dominant species were classified by region and season according to the
difference in geographical and environmental parameters. The molecular analysis of the dinoflag-
ellate community based on metagenomics revealed more diverse species compositions that could
not be identified by microscopy and revealed potentially harmful or recently introduced dinoflagel-
late species. In conclusion, metagenomic analysis of dinoflagellate communities was more precise
and obtained results faster than microscopic analysis, and could improve the existing monitoring
techniques for community analysis.

Keywords: dinoflagellates; metagenomics; next-generation sequencing; monitoring

1. Introduction

Marine dinoflagellates are ubiquitous and play diverse roles in marine ecosystems [1,2].
Some dinoflagellate species can grow out of control due to various environmental factors,
such as excessive inorganic nutrients (nitrogen (N) and phosphorus (P)) introduced from
the land, forming a bloom [3,4]. Blooms from dinoflagellates have detrimental effects on a
variety of aquatic animals, including fish and aquatic mammals, and can even be harmful to
humans through toxin production [5,6]. Therefore, continuous monitoring of dinoflagellate
communities is essential, as they can affect the diversity of surrounding aquatic life and
cause ecosystem disturbance.

To date, monitoring of dinoflagellates in the aquatic environment has generally in-
volved morphological identification using light microscopy observations. Recent advances
in microscopy, including scanning electron microscopy (SEM), have enabled more precise
identification [7,8]. However, the morphological classification of plankton via microscopy
is still challenging, as plankton are difficult to observe with SEM due to the lack of an outer
shell in dinoflagellates or the extremely small size of plankton. Recently, many types of
species identification technology to distinguish dinoflagellates and molecular technology
targeting species-specific genes have been developed [9,10]. In particular, next-generation
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sequencing (NGS) has greatly expanded our understanding of the diversity and function of
dinoflagellates in the aquatic environment. This technique allows for rapid, high-resolution
analysis of microbial and dinoflagellate communities [11,12]. In addition, it is possible to
accurately identify nano- and pico-sized plankton, which are difficult to distinguish with
a conventional microscope, facilitating the identification of various plankton that have
been overlooked because they do not appear or are difficult to distinguish in local environ-
mental conditions [13]. Although the QIIME or USEARCH pipeline has been widely used
to analyze 16S rRNA gene sequencing reads from microbial communities [14–16], many
metagenomics studies examining the profile of marine dinoflagellates have been carried
out using the CLC Genomics Workbench [17–20]. In this study, we analyzed taxonomic
profiling and seasonal distribution of the dinoflagellate communities in four Korean coastal
regions based on the reading of 18S rRNA sequences using the CLC Workbench. To verify
the results calculated using the CLC tool, those results were compared with abundance
measured by direct counting of cells using microscopy.

Outbreaks of harmful dinoflagellates have traditionally occurred in tropical or temper-
ate regions which have the potential for enhancing the growth rate of phytoplankton cells
under the appropriate environmental conditions. Jeju Island, located along the southern
coast of Korea, is a temperate region, and the occurrence of benthic dinoflagellates pro-
ducing phytotoxins has been frequently reported in Jeju [21]. Understanding the spatial
and seasonal dynamics of the toxic dinoflagellates in this region is essential, and many
researchers have continuously monitored the cell abundance around Jeju Island using
microscopic identification [22–24]. In this study, we investigated the spatial and seasonal
variation of dinoflagellate communities in four different sites in Korean coastal waters,
including Jeju Island, using NGS-based (18S rRNA amplicon) metagenomics. For precise
bioinformatics analyses, we established a reference database of dinoflagellates and ana-
lyzed the precision of NGS compared to conventional microscopic observation. Thus, the
reference data for the dinoflagellate community classified based on the NGS findings in
this study will provide a better understanding of the occurrence of toxic dinoflagellates
in Korea.

2. Materials and Methods
2.1. Study Areas and Seawater Sample Collecting

Seawater samples for metagenomic analysis were collected from four coastal waters
(Gunsan, Pohang, Tongyeong, and Seongsan) in March, June, September, and December
2019. The four selected sampling sites have different geological and environmental char-
acteristics, representing the eastern coast (Pohang), southern coast (Tongyeong), western
coast (Gunsan), and Jeju island (Seongsan), and all four locations are near a port with con-
siderable human activity (Figure 1a). To remove large zooplankton and foreign substances
in the sample, surface seawater at each region was sieved using meshes with pore sizes of
80 µm. Four liters of seawater samples for metagenomics analysis were filtered through a
polycarbonate filter membrane (0.8 µm Millipore; MilliporeSigma, Burlington, MA, USA)
to obtain environmental DNA samples, then transferred to the laboratory on dry ice. For
microscopic analysis, 500 mL of seawater samples was fixed with Lugol’s solution, and
phytoplankton cells were identified to at least the genus level using an optical microscope
(Axioskop; Zeiss, Oberkochen, Germany). The dinoflagellate cells were counted directly
using a Sedgwick-Rafter counting chamber by light microscopy (BX53; Olympus, Tokyo,
Japan). Environmental data, such as water temperature, pH, dissolved oxygen, and con-
ductivity, were measured at each location using a YSI 566 Multi Probe System (YSI Inc.,
Yellow Springs, OH, USA).
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2.2. DNA Extraction, Library Preparation, and NGS

DNA was extracted from the filtered membranes containing dinoflagellates and micro-
bial cells using a DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) following the manufac-
turer’s instructions. The amount of double-stranded DNA and the purity in the extracted
DNA samples was measured by PicoGreen (Promega, Madison, WI, USA) using VICTOR
Nivo (PerkinElmer, Waltham, MA, USA). Per the Illumina 16S Metagenomic Sequencing
Library protocols, the V3-V4 region of 18S ribosomal DNA (rDNA) gene in each sample
was amplified by PCR using the following primers: 18S amplicon PCR forward primer,
5′–TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGCASCYGC GGTAATTCC-
3′, reverse primer, 5′–GTCTCGTGGGCTCGGAGATGTGTATAAG -AGACAGACTTTCG-
TTCTTGATYRA-3′ [25]. A subsequent amplification step with limited-cycle reaction was
performed to add multiplexing indices and Illumina sequencing adapters. The PCR prod-
ucts were pooled, cleaned, and normalized using the PicoGreen, and the size of libraries
was measured using a TapeStation DNA screen tape D1000 (Agilent Technologies, Santa
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Clara, CA, USA). Sequence libraries in the sample were verified using the MiSeq™ platform
(Illumina, San Diego, CA, USA).

2.3. Customized Dinoflagellate Reference Databases for CLC Workflows

For the DNA reference databases of dinoflagellates, a list of 1555 species of dinoflag-
ellates named in a previous study [26] was prepared in the form of Excel data, and the
reference database deposited in the NCBI was additionally downloaded. A total of approxi-
mately 5000 dinoflagellate reference databases were retrieved. The files were imported into
CLC and customized for use as databases specified for analyzing dinoflagellate species.
The analysis program used in this study was CLC Genomics Workbench 21.0.4 with CLC
Microbial Genomics Module 21.0 (CLC Bio, Qiagen Company, Aarhus, Denmark) and was
used for future species identification (Figure S1).

2.4. Data Quality Control and Taxonomic Profiling

Data quality control and taxonomic profiling were performed using the CLC Microbial
Genomics Module (MGM). First, Reads were trimmed using the Trim Reads tool. The
percentage of trimmed from approximately 300,000 reads per sample was 71% (n = 16). We
trimmed the 5′ and 3′ terminal nucleotides of the reads, and discarded unqualified reads
showing that the quality limit was less than 0.001 or ambiguous nucleotides were more than
two. The average length of reads after trimming was between 217–234 bp. Samples with
less than 100 reads (minimum percent from the median = 50.0) were removed. Second, the
remaining qualified reads were used for operational taxonomic unit (OTU) clustering based
on SILVA 18s v132 Database including 1555 dinoflagellates at a 97% sequence similarity.
The detected chimeric sequences and singletons (Chimera crossover cost = 3, K-mer size = 6)
were discarded. A phylogenetic tree using the neighbor-joining method with 100 replicates
was constructed based on the aligned OTU sequences by the MUSCLE tool v3.8.425. The
phylogeny was applied for alpha and beta diversity measures. The beta diversity was
measured using the Euclidean distance, and principal coordinate analysis (PCoA) based on
a Bray–Curtis dissimilarity matrix was performed to illustrate a hierarchical clustering heat
map showing the correlation between the examined samples.

3. Results
3.1. Environmental Characteristics of Sampling Sites

The four selected sampling sites had different geological and environmental char-
acteristics. All the regions showed four distinct seasons; however, there was a regional
difference in water temperature. The month of March showed the lowest water tempera-
ture (6.4–14.3 ◦C) throughout the region, and September (20.1–26.3 ◦C) showed the highest
water temperature. On average, the water temperature at Jeju Island (Seongsan) was
higher than that of the land. The salinity did not show a significant difference by region
(31.4–33.7‰), and the pH and dissolved oxygen amount also did not show significant
regional changes (Figure 1b).

3.2. Metagenome Comparisons

A pipeline for metagenomics analysis of environmental DNA samples was developed
to address the identification of dinoflagellates species. On average, over 300,000 reads were
acquired from each region using the MiSeq™ platform (Illumina, San Diego, CA, USA),
with a read length of 301 bp. After quality trimming and filtering of reads, 70.3% of the raw
reads remained (Figure 2a), with an overall higher G+C content for reads obtained from
the library.
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The nucleotide sequence similarity of the dinoflagellate genes was expressed by
region using PCoA to illustrate the overall regional similarity according to the season.
The December samples for Gunsan, Tongyeong, and Seongsan showed similarities, and
the March samples of Pohang, Tongyeong, and Seongsan were also similar. The June and
September samples of Tongyeong, in which a single species bloomed and became dominant,
showed no similarity with the other samples. Furthermore, low similarity was found at
Gunsan in June compared with the other samples (Figure 2b).

3.3. Metagenomic Analysis of the Dinoflagellate Species Composition

To identify marine dinoflagellates, we used the CLC genomics workbench program
(CLC Microbial Genomics Module) on the assembled read sequences, followed by BLAST
searches on the NCBI database and the newly created database of 1555 dinoflagellate
species. Following the metagenomic analysis, 64 species of dinoflagellate were found in all
regions on average. The top 10 dinoflagellates were selected based on the analyzed reads
(Table 1).
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Table 1. Seasonal variations and distribution of dinoflagellates in four coastal waters (Gunsan,
Pohang, Tongyeong, and Seongsan) by metagenomic analysis. Total dinoflagellate reads and uniden-
tified reads (a), and proportion(%) of the 10 most common dinoflagellate species (b).

(a)

Location
March June September December

Dinoflagellate
Reads Unidentified Dinoflagellate

Reads Unidentified Dinoflagellate
Reads Unidentified Dinoflagellate

Reads Unidentified

Gunsan 47,588 16,263 36,787 3084 39,780 14,265 87,273 11,245

Pohang 34,641 16,445 76,439 12,304 7222 4621 75,121 14,332

Tongyeong 12,397 3606 22,549 2855 69,468 1425 69,819 14,224

Seongsan 8924 2060 60,769 8994 30,197 4962 42,927 8644

(b)

Location
March June September December

Proportion (%) Species Proportion (%) Species Proportion (%) Species Proportion (%) Species

Gunsan

32.1 Karlodinium
veneficum 45.2 Gonyaulax sp. 24.1 Karlodinium sp. 34.2 Gyrodinium sp.

24.2 Gyrodinium sp. 15.3 Symbiodinium sp. 17.6 Akashiwo sp. 24.8 Amphidiniella sp.

7.9 Gymnodinium sp. 7.9 Karlodinium
veneficum 5.5 Sinophysis sp. 10.5 Ceratium sp.

0.4 Noctiluca scintillans 6.3 Ceratium sp. 4.2 Peridinium sp. 4.5 Heterocapsa triquetra
0.3 Symbiodinium sp. 3.1 Pelagodinium sp. 2.9 Scrippsiella trochoidea 2.5 Karlodinium sp.

0.3 Protoperidinium sp. 2.4 Dissodinium
pseudolunula 2.5 Katodinium sp. 2.4 Peridinium sp.

0.3 Pelagodinium sp. 2.4 Alexandrium sp. 1.7 Pelagodinium sp. 2.1 Noctiluca scintillans
0.2 Scrippsiella sp. 1.7 Gyrodinium sp. 1.3 Gyrodinium sp. 1.3 Katodinium sp.
0.2 Dinophysis sp. 1.2 Azadinium sp. 0.8 Cochlodinium sp. 0.9 Akashiwo sp.
0.2 Ceratium sp. 1.1 Amphidiniopsis sp. 0.5 Ceratium sp. 0.7 Gonyaulax sp.

Pohang

19.0 Katodinium sp. 52.1 Gyrodinium sp. 16.0 Karlodinium sp. 27.2 Gyrodinium sp.
10.1 Gyrodinium sp. 4.9 Heterocapsa triquetra 6.8 Sinophysis sp. 16.2 Bysmatrum arenicola

6.9 Gymnodinium sp. 4.0 Ceratium sp. 4.1 Akashiwo sp. 7.7 Karlodinium
veneficum

5.4 Azadinium sp. 3.7 Karlodinium sp. 1.5 Paragymnodinium sp. 7.4 Akashiwo sp.

3.3 Dinophysis sp. 2.8 Heterocapsa
circularisquama 1.5 Peridinium sp. 7.3 Ceratium sp.

1.5 Pelagodinium sp. 2.1 Gonyaulax sp. 1.0 Amphidiniella sp. 4.6 Cochlodinium sp.
1.4 Ceratium sp. 1.9 Pelagodinium sp. 1.0 Ceratium sp. 2.9 Azadinium sp.
0.9 Gonyaulax spinifera 1.1 Prorocentrum sp. 0.5 Bysmatrum arenicola 1.5 Katodinium sp.
0.9 Gonyaulax sp. 0.9 Peridinium sp. 0.4 Pelagodinium sp. 0.6 Alexandrium sp.
0.8 Erythropsidinium sp. 0.6 Cochlodinium sp. 0.4 Scrippsiella trochoidea 0.6 Peridinium sp.

Tong-
yeong

23.9 Gyrodinium sp. 50.2 Prorocentrum sp. 77.3 Cochlodinium sp. 62.3 Gyrodinium sp.
23.6 Gymnodinium sp. 5.9 Gyrodinium sp. 7.9 Gyrodinium sp. 7.5 Symbiodinium sp.

19.7 Karlodinium
veneficum 5.6 Scrippsiella sp. 5.0 Noctiluca scintillans 1.5 Noctiluca scintillans

0.9 Cochlodinium sp. 5.3 Karlodinium sp. 3.7 Bysmatrum arenicola 0.6 Karlodinium sp.
0.9 Pelagodinium sp. 3.8 Noctiluca sp. 1.7 Protoperidinium sp. 0.6 Alexandrium sp.
0.6 Noctiluca scintillans 3.5 Neoceratium sp. 0.9 Karlodinium sp. 0.6 Peridinium sp.
0.3 Akashiwo sp. 1.3 Heterocapsa sp. 0.5 Ceratium sp. 0.6 Amphidiniopsis sp.
0.2 Paragymnodinium sp. 1.1 Blastodinium sp. 0.4 Erythropsidinium sp. 0.5 Heterocapsa triquetra
0.2 Pfiesteria piscicida 1.1 Protodinium sp. 0.4 Akashiwo sp. 0.4 Cochlodinium sp.

1.0 Chytriodinium sp. 0.3 Heterocapsa triquetra 0.2 Scrippsiella
trochoidea

Seong-san

29.1 Gyrodinium sp. 56.1 Bysmatrum arenicola 19.2 Karlodinium
veneficum 22.4 Gyrodinium sp.

16.6 Gymnodinium sp. 13.2 Gyrodinium sp. 11.1 Bysmatrum arenicola 19.3 Karlodinium sp.
8.4 Erythropsidinium sp. 7.4 Erythropsidinium sp. 11.0 Gyrodinium sp. 13.9 Bysmatrum arenicola
3.9 Karlodinium sp. 5.6 Karlodinium sp. 10.4 Ceratium sp. 6.8 Ceratium sp.
1.7 Heterocapsa sp. 1.6 Ceratium sp. 8.2 Peridinium sp. 5.5 Akashiwo sp.
0.7 Paragymnodinium sp. 1.3 Pelagodinium sp. 1217 Akashiwo sp. 2.3 Heterocapsa sp.
0.3 Azadinium sp. 1.2 Heterocapsa triquetra 4.9 Peridiniopsis sp. 1.7 Peridinium sp.

0.3 Akashiwo sp. 0.9 Azadinium sp. 4.0 Gymnodinium
catenatum 1.5 Azadinium sp.

0.2 Cochlodinium sp. 0.4 Akashiwo sp. 3.7 Azadinium sp. 1.1 Noctiluca scintillans

0.2 Pelagodinium sp. 0.4 Symbiodinium sp. 2.6 Heterocapsa
circularisquama 1.0 Peridiniopsis sp.

In Gunsan, the western coast, the highest number of reads detected by metagenomics
data was seen in December (Table 1a). In March, two species (Karlodinium veneficum and
Gyrodinium sp.) were dominant. When the ratio (%) of the top 10 species was calculated
based on the total reads matched with dinoflagellate sequence, Karlodinium veneficum
was the most dominant species, approximately 32%. Next, Gyrodinium sp. (24%) and
Gymnodinium sp. (8%). In June, the composition of Gonyaulax sp. showed approximately
45%, followed by that of Symbiodinium sp. (15%) and Karlodinium veneficum (8%). Similar to
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March, the dominant species in September was Karlodinium sp., which accounted for 24%.
In December, Gyrodinium sp. (34%) and Amphidiniella sp. (25%) were dominant as well as
Ceratium sp. which accounted for 11% (Table 1b, Figure 3a).
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In Pohang, the eastern coast, Gyrodinium sp. was dominant in June and December,
Katodinium sp. was dominant in March, and Karlodinium sp. was dominant in September.
(Table 1, Figure 3b). In Tongyeong, the southern coast, the appearance of Gyrodinium sp.
was high in March and December, and was dominant at 24% and 62%, respectively. In
particular, Cochlodinium sp. formed a red tide and dominated over 77%, and in June, the
dominance of Prorocentrum sp. was more than 50%. The diversity was the highest in
December, when 28 species of dinoflagellate reads were detected (Table 1, Figure 3c). In
Seongsan, Gyrodinium sp. appeared at a high rate in all seasons, while Bysmatrum arenicola
and Karlodinium veneficum dominated in June (56%) and September (19%), respectively.
The sand-dwelling dinoflagellate Bysmatrum arenicola was dominant at Seongsan, except in
March (Table 1, Figure 3d).

Figure 4 illustrates the most common species in the four coastal waters. In March,
there were three common species at all sampling sites: Cochlodinium sp., Gyrodinium sp.
Gymnodinium sp., and Pelagodinium sp. The most common species in June were Akashiwo
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sp., Karlodinium sp., Peridinium sp., Pelagodinium sp., and Prorocentrum sp. In September,
Akashiwo sp., Bysmatrum sp., Ceratium sp., Katodinium sp., Sinophysis sp., and Peridinium
sp. were common. The common species in December were Akashiwo sp., Alexandrium sp.,
Bysmatrum sp., Gyrodinium sp., Hetrocapsa sp., Peridiniopsis sp., Prorocentrum sp., Scrippsiella
sp., and Symbiodinium sp.
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3.4. Comparison of Metagenomic Analysis and Microscopic Observation

When the abundance of dinoflagellates was analyzed by microscopic observation, the
number of species composition was mostly lower than from metagenomic analysis (Table 2).
Overall, the number of species in December was lower than in other seasons, as the biomass
was considerably low and mainly dominated by diatoms. At Gunsan, the abundance of
Gyrodinium sp. species was 0.8–2.9 cells mL−1 in March, September, and December, which
showed similar patterns to the metagenomic analysis. In Pohang, the species composition
in June was more diverse than in the other seasons, and two species of Heterocapsa rotundata
(77.8 cells mL−1) and Heterocapsa triquetra (12.1 cells mL−1) were dominant. Similarly, the
number of reads of Heterocapsa triquetra detected by the metagenomic analysis in the same
sample were high. In Tongyeong, cell abundance of Prorocentrum triestinum (June) and
Cochlodinium polykrikoides (September) was 341.1 and 2034 cells mL−1, respectively, which
was similar to the metagenome result that the number of reads of Prorocentrum sp. and
Cochlodinium sp. was 11,335, and 53,412, respectively. Small thecated dinoflagellate species,
such as Azadinium sp. and Bysmatrum sp., occurred in the Seongsan region, located at
Jeju Island. Some small nano-planktonic dinoflagellates, which are difficult to identify by
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microscopy, were easily found at Seongsan and Tongyeong using the metagenomic analysis
(Table 2).

Table 2. Species composition and cell number of dinoflagellates analyzed by microscopic observation.
Seasonal (March, June, September, December) species composition in four coastal regions (Gunsan,
Pohang, Tongyeong, Seongsan).

Location
March June September December

Cell/mL Species Cell/mL Species Cell/mL Species Cell/mL Species

Gunsan

2.7 Heterocapsa triquetra 2.7 Scrippsiella sp. 0.8 Gyrodinium sp. 2.9 Gymnodinium sp.
0.9 Gyrodinium sp. 2.5 Ceratium fusus 0.1 Peridiniopsis sp. 2.9 Gyrodinium sp.
0.9 Prorocentrum micans 2.5 Heterocapsa rotundata 0.1 Protoperidinium divergence
0.9 Pyrocystis lunula 1.8 Gonyaulax sp.

1.2 Prorocentrum sp.
0.9 Dissodinium pseudolunula
0.6 Ceratium sp.
0.6 Ceratium tripos
0.6 Karlodinium sp.
0.6 Prorocentrum micans

Pohang

3.6 Gymnodinium sp. 77.8 Heterocapsa rotundata 1.7 Heterocapsa rotundata 0.4 Gymnodinium sp.
1.8 Gyrodinium sp. 12.1 Heterocapsa triquetra 1.7 Scrippsiella sp.
1.4 Ceratium kofoidii 7.8 Gymnodinium sp. 0.8 Prorocentrum triestinum
1.2 Alexandrium sp. 4.3 Protopeidinium pyriforme 0.8 Gymnodinium sp.
0.5 Heterocapsa rotundata 2.6 Gyrodinium sp. 0.8 Gyrodinium sp.

2.6 Ceratium kofoidii
1.7 Alexandrium sp.
0.9 Amphidinium operculatum

Tongyeong

1.6 *Small thecated dinoflagellate 341.1 Prorocentrum triestinum 2034 Cochlodinium polykrikoides 1.6 Gymnodinium sp.
0.7 *Small naked dinoflagellate 18.0 *Small naked dinoflagellate 28.8 Karlodinium sp.
0.1 Alexandrium sp. 17.0 *Small thecated dinoflagellate 18.0 Gyrodinium sp.
0.1 Gymnodinium sp. 14.9 Scrippsiella sp. 5.4 Prorocentrum sp.
0.1 Karlodinium sp. 11.7 Peridinium sp. 3.6 Bysmatrum sp.

10.6 Alexandrium sp. 3.6 Ceratium sp.
3.2 Heterocapsa sp. 1.8 Alexandrium sp.
3.2 Scrippsiella trochoidea 1.8 Heterocapsa sp.
2.1 Protoperidinium sp.
1.1 Gonyaulax sp.
1.1 Gymnodinium sp.

Seongsan

0.6 *Small naked dinoflagellate 5.8 Azadinium sp. 0.6 *Small naked
dinoflagellate 1.3 Bysmatrum sp.

0.2 Bysmatrum sp. 5.8 Bysmatrum sp. 0.5 Peridiniopsis sp. 1.0 Gymnodinium sp.
0.2 Katodinium sp. 5.4 *Small naked dinoflagellate 0.3 Gymnodinium sp. 0.3 Gyrodinium sp.
0.2 Prorocentrum sp. 2.4 *Small thecated dinoflagellate 0.3 Prorocentrum minimum

1.4 Gymnodinium sp.
1.0 Protoperidinium pellucidum
0.3 Heterocapsa sp.
0.3 Peridiniopsis sp.
0.3 Prorocentrum sp.
0.3 Protoperidinium sp.
0.3 Woloszynskia sp.

*Small thecated dinoflagellates: Apicoporus, Azadinium, Crypthecodinium, Durinskia, Heterocapsa, Pfiesteria. *Small
naked dinoflagellates: Amphidiniopsis, Biecheleria, Karlodinium, Gymnodinium, Gyrodiniellum, Paragymnodinium,
Pelagodinium, Symbidinium.

Although not all species of dinoflagellates identified by microscopic observation were
included in the metagenomic analysis, the appearance of dominant species was found to
be quite similar (Table 2).

3.5. Seasonal Distribution of Harmful Species Based on Metagenomic Analysis

Four species of dinoflagellates (Cochlodinium sp., Alexandrium spp., Dinophysis spp.,
and Gymnodinium sp.) were selected as the causative species of red tide formation or toxin
production in Korean waters (Figure 5a), and their seasonal distribution characteristics
based on the number of reads through metagenomic analysis was confirmed by region.
In Gunsan, the reads of Gymnodinium sp. were considerable in March, and Dinophysis
spp. appeared in June and September. In Pohang, Gymnodinium sp. was relatively high
in March, and Cochlodinium sp. was also detected at a high distribution in December. In
Tongyeong, the abundance of Cochlodinium sp. was especially high in September, when
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a red tide from this species was occurring. In Seongsan, the appearance of Gymnodinium
sp. in March and September was revealed by microscopic observation (Figure 5b). Based
on these findings, the seasonal distribution of red tide-causing species, which was not
confirmed by microscopic observation, was confirmed using metagenomic analysis.
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4. Discussion

Approximately 300 dinoflagellate species are known to cause red tides and produce
toxins worldwide, and these harmful events are increasing with changes in human activities
and the environment [4]. Toxic dinoflagellate blooms frequently occur in the southern
coastal waters of Korea, where many cage fish farms are located. As shown in Table 1,
Cochlodinium sp. were dominant at Tongyeong in September according to NGS, which
corresponds to the cell abundance counted by microscopic observation. In June, the
NGS result that Prorocentrum sp. were mainly observed at Tongyeong was similar to the
occurrence detected by microscopy analysis at this location. In addition, Karlodinium sp.,
which produces Karlotoxin and induces hemolytic and cytotoxic activity associated with
fish mortality, appeared in our NGS results [27].
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In a situation where the morphological analysis method is the dominant method for
diagnosing harmful dinoflagellates off Korean coasts, diagnosis using molecular biology is
considered to be a more objective number, and the development of technology through this
method can lead to the development of new monitoring techniques [28]. Moreover, if NGS
technology has been developed and applied to the monitoring of marine organisms, it is
possible to simultaneously analyze a large amount of mixed samples and save the effort
and time of long-term monitoring and research analysis [29–31].

Monitoring of marine microalgae using NGS has been used by many researchers
because of its various advantages [11]. Metagenomic analysis using NGS has revealed a
significant number of phytoplankton taxa previously missed by microscopy in recent efforts
to sequence marine microorganisms [32]. Our study also revealed a significant number of
dinoflagellate communities that could not be distinguished microscopically. The genetic
analysis method used in this study, especially high-throughput sequencing, has shown
effectiveness in the study of phytoplankton diversity and ecology, and it is considered
that it can potentially replace the microscopic identification and population quantification
methods currently used.

Light microscopy, which has been used for morphological classification and pop-
ulation evaluation, requires an extensive amount of consideration. Underestimation of
phytoplankton, including dinoflagellates, in microscopic samples results in cell loss of
taxa during preservation, storage, and handling, preferentially after treatment of samples
with fixing fluid. Further, when counting cells, a sedimentation chamber is commonly
used, which means that smaller cells that do not sink sufficiently are less counted or
missed [33]. Moreover, identification of small dinoflagellates using microscopy is not easy
when their cell size is under 20 µm with similar morphologies when fixed with Lugol’s
solution [34]. We found that a significant number of dinoflagellate species were confirmed
by metagenomic analysis compared to that by microscopic analysis. The small dinoflagel-
late cells which were classified as ‘small naked dinoflagellate’ were positively identified
as species belonging to the genera Amphidiniopsis, Biecheleria, Gymnodinium, Gyrodiniellum,
Paragymnodinium, Pelagodinium, and Symbidinium, while ‘small thecated dinoflagellate’
included Apicoporus, Azadinium, Crypthecodinium, Durinskia, Heterocapsa, and Pfiesteria. In
particular, the sand-dwelling dinoflagellate Bysmatrum arenicola, which is easily confused
with Scrippsiella [35] in microscopic analysis, was found in the metagenomic analysis in June
at Seongsan (Figure 3d). This suggests that the metagenomic analysis was more extensive.

Although the NGS technique showed a high resolution for species identification
compared to that with conventional microscopic analysis, further studies are required for
development of an understanding of the spatial and seasonal dynamics of the dinoflagel-
late community using NGS-based metagenomics. Thus far, molecular markers based on
ribosomal DNA have usually been used to identify the species, even among relatives [36].
However, this approach is limited by interspecific divergence, while it is difficult to dis-
tinguish intraspecific variation. As the reference database of dinoflagellates via the NGS
method in this study was established based on 18S rDNA sequences, the relative propor-
tions of some dinoflagellates in field samples could be misidentified in the presence of other
dinoflagellates which were similar. Large subunit (LSU) rDNA sequences of Prorocentrum
species containing P. rhathymum, P. mexicanum, and P. cf. rhathymum, which are toxic, were
closer to the relatives, showing 0.1–0.9% dissimilarity, and small subunit rDNA (SSU)
sequences of most of these are nearly identical [37]. Edvardsen et al. [38] reported that SSU
rDNA sequences among Dinophysis acuminata, Dinophysis acuta, and Dinophysis norvegica
show approximately 0.3% distance, and differences of LSU rDNA sequences among these
species show 0.4–1.6% distance. Moreover, species whose sequences are not available in
the GenBank are hardly detected despite their potential presence in the sample analyzed by
the NGS technique because of the absence of deposited sequences. To distinguish intraspe-
cific similarity of the above-mentioned species, establishment of a reference database via
the NGS technique based on biomarkers such as cytochrome c oxidase I (COX1) and the

31



Microorganisms 2022, 10, 1459

cytochrome b (COB) gene which allows for the unambiguous identification of the species
should be developed.

Metagenomic analysis of marine biodiversity and abundance based on NGS will
provide precise indicators for understanding biological patterns and characteristics of
species in different habitats. Given the lack of molecular reference library databases, it
is necessary to collect vast amounts of sequence information targeting biomarkers such
as SSU, LSU, COX1, and COB genes. However, in this study, we established a reference
database of dinoflagellates that occur in the coastal waters of Korea based on SSU rDNA
sequences using the NGS technique and analyzed field samples in the presence of this NGS
reference database library. We expect that the newly established reference database via the
NGS will provide a better understanding of the seasonal dynamics of toxic dinoflagellates,
as well as a complementary approach to conventional microscopic analysis for monitoring
dinoflagellate community compositions.

5. Conclusions

This study integrated analyses of high-resolution dinoflagellate community composi-
tion and distribution in South Korea. Altogether, the results presented here reveal a complex
dinoflagellate community pattern. The NGS-based (18S rRNA amplicon) metagenomics
were able to detect dinoflagellates with low abundance, and allow continuous monitoring
of the phytoplankton community in environmental samples even though numerous DNA
samples were simultaneously collected compared to the conventional microscopic analysis.
Our analysis suggested that NGS-based characterization of the 18S rRNA gene holds great
promise as a tool for phytoplankton monitoring, as it allows for simultaneous regional
cluster analysis monitoring in a high-throughput, reproducible, and cost-effective manner.

In today’s world, which requires advances in environmental monitoring due to large-
scale blooming of toxic algae and international regulations regarding their toxic substances,
this study provides a technique for the rapid evaluation of environmental samples for
existing taxa of major dinoflagellates and potentially harmful/invasive species. In addition,
the extension of the reference database presented in this study and addition of the species
list can further expand the taxonomic scope so it can be applied to real-time monitoring
of temporal dynamics and species diversity problems of harmful algal blooms in a wide
range of waters.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms10071459/s1, Figure S1: Workflow chart for metagenome
analysis, Using CLC Genomics Workbench program. Supplementary Table S1.
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Abstract: Dinoflagellates are unicellular protists that display unusual nuclear features such as large
genomes, condensed chromosomes and multiple gene copies organized as tandem gene arrays.
Genetic regulation is believed to be controlled at the translational rather than transcriptional level.
An important player in this process is initiation factor eIF4E which binds the 7-methylguanosine cap
structure (m7G) at the 5′-end of mRNA. Transcriptome analysis of eleven dinoflagellate species has
established that each species encodes between eight to fifteen eIF4E family members. Determining
the role of eIF4E family members in gene expression requires a method of knocking down their
expression. In other eukaryotes this can be accomplished using translational blocking morpholinos
that bind to complementary strands of RNA, therefore inhibiting the mRNA processing. Previously,
unmodified morpholinos lacked the ability to pass through cell membranes, however peptide-based
reagents have been used to deliver substances into the cytosol of cells by an endocytosis-mediated
process without damaging the cell membrane. We have successfully delivered fluorescently-tagged
morpholinos to the cytosol of Amphidinium carterae by using a specific cell penetrating peptide with
the goal to target an eIF4e-1a sequence to inhibit translation. Specific eIF4e knockdown success
(up to 42%) has been characterized via microscopy and western blot analysis.

Keywords: dinoflagellate; knockdown; morpholino; translation

1. Introduction

Dinoflagellates are single-celled eukaryotes and members of the Alveolate lineage [1].
Dinoflagellates exhibit extremely diverse trophic strategies, including predation, photo-
autotrophy, mixotrophy, and intracellular parasitism [2,3]. Most cultured dinoflagellate
species are photosynthetic, making them key marine primary producers. They are well-
known for bloom formation in coastal waters, making toxins that bioaccumulate in the
food chain, producing bioluminescence, and as coral symbionts [4–6].

Climate-change has caused a warming of the Earth’s oceans, benefitting the formation
of harmful algal blooms [7]. Of the algal species that have been reported as producing
marine harmful blooms, 75% are dinoflagellates [8–11]. Accumulation of dinoflagellates in
coastal waters has begun to increase the presence of red tides, bringing with it fish mass
mortality and marine toxin-derived disease in humans [12]. Increasing water temperatures
provide optimum growth conditions for many dinoflagellates, allowing for increased
toxic effects on their environment [13,14]. Globally, previous research has confirmed the
mechanism and structure of some of these toxins [15–20].

A hallmark of these toxic blooms can be traced to the production of complex secondary
metabolites. Some of these toxins are thought to assist in prey capture through the formation
of a nonspecific pore upon complexation with prey’s sterol membrane components [16,21].
Unfortunately, research into the biosynthesis of these dinoflagellate toxins is sorely lacking.
This is in large part due to dinoflagellates having unusual cell biology [22]. Their genomes
are larger than typical protists, with about 1.2–112 × 109 base pairs of DNA per haploid
genome [10], whereas other protist genomes range in the millibases [23,24]. Dinoflagellate
chromosomes are condensed into liquid crystalline states throughout the cell cycle and lack

35



Microorganisms 2022, 10, 1131

nucleosomes, instead using histone-like proteins (HLPs) that are more similar to bacterial
DNA binding proteins. Many dinoflagellate genes are organized in multiple copies as
tandem repeats, some of which may be present in up to ~105 copies. Increasingly transcrip-
tomic data has shown that dinoflagellates express numerous genes, yet about 50% have no
match to known sequences [25]. The function of these sequences, as well as the effects of
identified sequences, still need to be established through functional genomic studies.

Control of post-transcriptional regulation in dinoflagellates is currently enigmatic, with
mRNA levels showing no correlation to protein production. Because dinoflagellates are
believed to regulate at the translational level, rather than during transcription, translation
factors are of great interest when understanding dinoflagellate metabolism. In most known
eukaryotic translation systems, eIF4Es function as a rate-limiting step toward protein
synthesis [26,27]. eIF4E is part of an extended gene family found exclusively in eukaryotes.
This translation factor binds to the mRNA cap to recruit the ribosome for translation
initiation. In most studied eukaryotic systems (excluding plants), the eIF4E-1 family
member is expressed ubiquitously in all cell types from a single copy, such as in Homo
sapiens or Saccharomyces cerevisiae [28–32]. Early studies speculated that eukaryotic systems
contain a single gene that encodes eIF4E [33], but since then sequencing projects have
revealed that many organisms contain multiple genes encoding proteins that have sequence
similarity to the recognized eIF4E [31,34–36]. In the case of dinoflagellates, genes regularly
appear in multiple copies, with eIF4E being no exception [37,38]. These gene copies
commonly appear as slightly different variants with distinctive degrees of diversity. Prior
transcriptome analysis of eleven dinoflagellate species has established that each species
encodes between eight to fifteen eIF4E family members, a number surpassing that found in
any other eukaryotes, including other alveolates [22].

Core dinoflagellate eIF4E translation factors are divided into 3 clades (1, 2, and 3),
along with 3 subclades within each (a, b, c); with a total of 9 members. Our previous work
has shown that these eIF4E family members display divergences at critical amino acids,
suggesting the family members are functionally distinct [22,39]. Of these 3 major clades,
eIF4E-1 stands out as the most duplicated, and with the lowest number of substitutions.
Based on the expression levels of the subclades, our lab has theorized that eIF4E-1a is likely
the primary translation initiation factor.

Although expression of subclade eIF4E-1a is highest of all the family members, di-
noflagellates still generate a greater diversity and degree of eIF4E duplications than seen
in other eukaryotes [22]. Understanding their various roles will bring us closer to un-
derstanding how dinoflagellates adapt to their environment, giving insight into harmful
algal bloom formations, as well as their production of complex secondary metabolites and
toxin biosynthesis. Generally, eIF4E family members are known to have different roles in
metazoan gene expression [40]. Similarly, we predict that dinoflagellate eIF4Es will have
distinct functions, allowing for an increased dependence on the translational control of
gene expression [22]. Determining the role of the eIF4E family members requires a method
of knocking down their expression. The unusual cell biology of dinoflagellates makes
common gene knockout strategies impractical, limiting the amount of genetic research
that can be applied. This is because gene knockouts require a “deletion” of all operable
gene-copies, which can be difficult to obtain when many copies with slight variations
exist [38]. In this case, gene knockdown strategies are the most feasible, as they target
the functional transcripts produced by the gene copies, which in many cases remain less
diverse [39,41].

In particular, we are pursuing the use of an antisense-based knockdown approach in
order to study how a decrease in target gene expression effects dinoflagellate metabolism.
In prior research, the introduction of antisense-oligomers to dinoflagellate cells has been
hampered by their thick, cellulosic cell wall [42,43]. Other studies have bypassed this
obstacle by preparing spheroplasts, cells with a completely or partially removed cell-
wall, beforehand [42–44]. Spheroplast production is done by incubating cells on plates
in a polyethylene glycol (PEG) solution, which promotes fusion of the vesicles and cell
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membrane, and ultimately a decrease in total cellulose. So far only two studies have
been successful in achieving gene knockdown with this spheroplast procedure; targeting
a condensin subunit and targeting a cellulose synthase [42–44]. Once introduced, the
antisense-oligo was able to bind to cytoplasmic mRNA and knockdown expression of the
target gene. Although gene expression could be quantified in this way, it appears that some
physiological effects were hidden by the effects of PEG on the cell wall, which causes the
cells to lose rigidity. Also, the need for cell plating, rather than cell culturing, immensely
limits the species of dinoflagellates that can be studied since many will not grow outside of
a liquid medium.

There has also been evidence of RNA interference (RNAi) machinery within dinoflag-
ellates, a naturally occurring mechanism for gene silencing through various methods such
as RNA degradation, transcriptional repression and translation inhibition [25,45,46]. One
study observed the effects of RNAi silencing tool on the proton-pump rhodopsin and CO2-
fixing enzyme Rubisco encoding genes in dinoflagellates by introducing small interfering
RNAs (siRNAs) to dinoflagellate cultures via immersion. Results showed success in gene
suppression within the two dinoflagellate species studied, Prorocentrum donghaiense and
Karlodinium veneficum [25]. This decrease in gene expression was observed with a decrease
on overall growth rate for both species as well, compared to the control green fluorescent
protein (GFP) labelled siRNA. This knockdown method in dinoflagellates was initially
challenging due to the large copy number of target DNA and permanently-condensed
chromatin, but recent research has shown that there is a strong possibility that knockdown
procedures can be successful.

Recently our team has begun to develop a system for introducing antisense mor-
pholinos into dinoflagellate cells without the use of PEG to warp the cell wall, or the
use of RNAi. Instead, we are using a novel delivery peptide that delivers substances
via an endocytosis-mediated process that avoids damaging the plasma membrane of the
cell [47]. Not only this, but the knockdown process can be done completely by immer-
sion. The peptide and antisense morpholino are added directly to the culture to stimulate
endocytosis and morpholino uptake. To test this system on dinoflagellates, we used the
manufacturer recommended concentrations of delivery-peptide and antisense-morpholino
on a dense culture of Amphidinium carterae, a known algal bloom species. The antisense
morpholino is targeted to what we believed to be the main dinoflagellate translation factor,
eIF4E-1a [22,27,40,48]. Our preliminary data has shown that unlike with PEG addition, the
delivery peptide does not cause the cell population to drastically decrease.

2. Materials and Methods
2.1. Cell Culturing

Amphidinium carterae (Hulbert) strain CCMP1314 was grown in ESAW artificial marine
media with a salinity of 32 ppt supplemented with f/2 nutrients without silicates at
25 ◦C [49]. The medium was buffered with 1mM HEPES (pH 8.0). Since bacterized cultures
have shown to affect analyses of translation rate in A. carterae, the cultures were maintained
axenically with an antibiotic solution of kanamycin (50 µg/mL), carbenicillin (100 µg/mL),
and spectinomycin (50 µg/mL) [50]. The cultures were grown under 100 µmol/m2 s−

light. Delivery of the morpholinos (described below) requires constant swirling to keep
the reagents in solution, therefore the cultures were also placed on an orbital shaker at
60 rpm [47]. The cultures were allowed to acclimate to the swirling for a week before
knockdown reagents were added.

2.2. Morpholino Customization and Delivery

The sequence of the initiation factor eIF4E-1a was found by our lab previously [22].
Morpholino antisense oligonucleotides (MOs) are nucleic acid analogues in which DNA
bases are bound to a non-charged backbone (morpholine rings linked by phosphorodiami-
date bonds) [51]. For our purposes, a translation-blocking MO was created that covered the
eIF4E-1a translational start site (5′-TCATTGAAGCTCAAACAAGCCATTG-3′). Specificity
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for the intended target sites was verified by BLAST analysis against the Amphidinium carterae
transcriptome. MOs were purchased from GeneTools (Philomath, OR, USA) and modified
with a red-emitting fluorescent 3′ Lissamine addition and then used at a concentration of
1 µM and 10 µM. Standard control MOs with the Lissamine addition were ordered as well
(5’-CCTCTTACCTCAGTTACAATTTATA-3’).

MOs were delivered using Endo-Porter reagent (GeneTools, Philomath, OR, USA)
at a concentration of 4 µM. Cultures of A. carterae seeded in 12-well plates were treated
with either Endo-Porter, MO, or both. Three biological replicates of each treatment were
performed.

2.3. Cell Counts and Fluorescence Quantification

Following the addition of 4 µM Endo-Porter and 1 µM or 10 µM MO, the viability of
cultures of A. carterae were observed over a 96-h period by measuring their autofluorescence
via flow cytometry. Measurements of the cultures within the first hour of treatment were
labelled as Hour 0. Cell counts for each condition were determined on a BD C6 Accuri Flow
Cytometer (BD Biosciences, San Jose, CA, USA), equipped with laser excitation at 488 and
640 nm and emission at 533/30, 585/40, and >670 nm. The FSC-A and fluorescence channels
were used to select for live cells; from this selection, cells with Lissamine emission signals
were detected (585 nm). Cells were grouped into low and high Lissamine fluorescence,
with high fluorescence showing an intensity minimum of 104 relative fluorescence units
(RFUs).

2.4. Cell Imaging

Images of A. carterae cells with and without MO treatment were taken on a STELLARIS
confocal microscope (Leica Microsystems, South San Francisco, CA, USA), equipped with
405, 552 and 638 nm lasers, and PMT and HyD detectors collecting emission within
590–600 nm and 680–720 nm, respectively.

2.5. Quantification of Protein Expression

Protein expression was quantified by Western blotting. For the initial Western blot
analyses done for the 1 µM concentration of morpholinos, the cell density of the cultures
were quantified via flow-cytometry to create equal volume pellets containing ~75,000 cells
for each condition 48 h post-treatment. A NuPAGE 4 to 12% Bis-Tris 1.5 mm Mini Protein
Gels was used. Cell pellets were prepared for electrophoresis in 3× sample buffer (Blue
Loading Buffer Pack, New England Biolabs, Ipswich, MA, USA), heated to 96 ◦C for 10 min
and centrifuged for 2 min at 10,000× g; from the 15 µL total, 10 µL of each extract was
electrophoresed at 165 V until the dye front reached the bottom of the gel. The gel was
transferred to a membrane with the Trans Blot Turbo Transfer system. Protein loading
and relative expression levels were verified by probing the same blot with anti-eIF4E-1a
mouse monoclonal and HRP-conjugated anti-mouse IgG. The labeled bands, as well as
band intensities, were detected with ImageLab software.

For the subsequent experiment testing the higher 10 µM concentration of morpholinos,
equal quantities of whole-cell lysates containing 100,000 cells were prepared from each of
the triplicate sample cultures at 48 and 96 h. Samples were once again split equally over
two NuPAGE 4–12% Bis-Tris Gels and run for 50 min at 165 V. Both gels were transferred
to a membrane with the Trans Blot Turbo Transfer system. To control for cell loading error,
total protein was detected on one membrane using No-Stain Protein labelling Reagent
(Invitrogen, Waltham, MA, USA). Summation of total protein in each lane was found using
ImageJ. Protein loading and relative expression levels were again verified by probing the
second blot with anti-eIF4E-1a mouse monoclonal and HRP-conjugated anti-mouse IgG.
The labeled bands were detected with ImageLab software, as well as band intensities. The
relative production of eIF4E-1a was analyzed by dividing the eIF4E-1a volume by the
summation of total protein.

38



Microorganisms 2022, 10, 1131

2.6. Statistical Considerations

All conditions were performed in triplicate. Pairwise sample comparisons within
timepoints were analyzed in R-Studio with t-tests using pooled standard deviations [52].
A p-value of <0.05 was considered statistically significant.

3. Results
3.1. Cell Viability

Immediately post-treatment, the cultures displayed a suspension of growth, but
recovery was observed at 24 h (Figure 1). The cultures containing the antisense morpholino
also showed significant differences in growth compared to the control immediately after
treatment addition and at both 24 and 48 h.
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Figure 1. Flow cytometer population counts from Amphidinium carterae cultures (N = 3). Conditions
included the control, Endo-Porter only, antisense morpholino only, and the Endo-Porter and antisense
morpholino combined. Statistical analysis was done using t-tests with pooled standard deviations.
* Significantly different from ‘Control’ based on a p-value of < 0.05.

3.2. Uptake of the Morpholino

The intensity of the Lissamine signal within cells was measured by flow cytometry
(Figure 2). Peak Lissamine fluorescence was observed at 48 h, with about 13% of the
population uptaking a high amount of fluorescently-tagged morpholinos [47], and waned
after this timepoint. The mean Lissamine fluorescence per cell with the Endo-Porter delivery
system plus the MO was over 50X greater than that of the control, and the median was
over 1.5X greater, showing significant uptake of the MO in A. carterae, as well as a large
positively-skewed distribution of uptake efficiency (Supplementary Table S1). Cells were
also able to uptake morpholino without Endo Porter, but to a significantly lower degree,
with no correlation to experimental duration.
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Figure 2. Percent of A.carterae populations with high Lissamine uptake after 48 h (cutoff 104 RFUs).
Conditions included the control, Endo Porter only, antisense morpholino only, and the Endo Porter
and antisense morpholino combined (N = 3). Statistical analysis was done using t-tests with pooled
standard deviations. * Significantly different from ‘Control’ based on a p-value of < 0.05. † Significant
difference between “Antisense Morpholino Only” and “Endo Porter & Anti-sense Morpholino” based
on a p-value of < 0.05.

Images of cells were also captured by confocal microscopy (Figure 3). Lissamine
fluorescence was detected within the range of 590–600 nm (peak 593 nm), and autofluores-
cence was measured between 700–720 nm. Confocal images display a diffuse pseudo-blue
coloring within the cytoplasm of the dinoflagellate cells, as well as in a large area near the
nucleus, indicating both diffuse and localized morpholino presence (Figure 3).
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Figure 3. Confocal images of Amphidinium carterae. A control cell with no antisense morpholino
introduced is on the far left. Red boxes encompass images of cells from a culture with Endo Porter
and antisense-morpholino, fluorescently tagged with Lissamine (593 nm, pseudo-blue) at 24-, 48- and
96-h post-treatment. The grey areas are the auto-fluorescence emitted within 720–759 nm.
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3.3. Initial Western Blot Analysis

From the initial Western Blot analysis, we found a statistically significant decrease in
the expression of eIF4E-1a of about 30% compared to the control in cultures containing
both the 1 µM morpholino and Endo Porter (Figure 4). Cultures with Endo Porter showed
a decrease of 11% in eIF4E-1a expression over cultures without Endo Porter, although the
difference was not statistically significant.
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Figure 4. Western blot analyses for eIF4E-1a concentrations within control and treated cells at 48 h
post-MO [1 µM] addition (N = 3). Protein loading and relative expression levels was verified by
probing with anti-eIF4E-1a mouse monoclonal and HRP-conjugated an-ti-mouse IgG. eIF4E-1a Protein
area volumes were reduced by 30% after introduction of custom translation blocking morpholino and
Endo Porter after 48 h. Statistical analy-sis was done using t-tests with pooled standard deviations.
* Significantly different from “Control” based on a p-value of < 0.05. No significant difference found
between “Antisense Morpholino Only” and “Antisense Morpholino + Endo Porter” based on a
p-value of < 0.05.

3.4. Increase in MO Concentration

Once the concentration of morpholinos was increased from 1 µM to 10 µM, we found
that with the custom eIF4E-1a target morpholino and Endo Porter there was a decrease in
population eIF4E-1a expression at 48 h compared to the control of about 42% (Figure 5).
This was an increase from the 30% found when using only 1 µM of MO, constituting a total
11.8% decrease with the increased MO concentration (Table 1). The cultures containing
eIF4E-1a-target morpholino only also showed reduced target-protein production compared
to the control of 21%. When compared to the culture containing only the standard non-
target morpholino and Endo Porter, both of the cultures containing the eIF4E-1a-target
morpholino with and without the Endo Porter appeared to exhibit a significant decrease
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of 47% and 29%, respectively (Figure 5). No significant difference was found between the
cultures containing eIF4E-1a-target morpholino with or without the Endo Porter, although
the cultures with the Endo Porter showed an average decrease of 25% compared to the
cultures without.

Microorganisms 2022, 10, x FOR PEER REVIEW 8 of 12 
 

 

Table 1. Volume of eIF4E-1a produced compared to the control. Volumes of eIF4E-1a were quanti-
fied via western blot and compared to the density of a whole protein stain per sample (N = 3). Per-
cent of eIF4E-1a for each sample were compared to the control sample to describe relative eIF4E-1a 
production. Statistical analysis was done using t-tests with pooled standard deviations. 

Morpholino Concentration 1 μM 10 μM  
 Relative eIF4E-1a Production  Percent Change 

Antisense Morpholino Only 78.8% * 78.3% 0.5% 
Antisense Morpholino + 

Endo Porter 
70.1% * 58.3% * 11.8% 

* Significant difference when compared to the control based on a p-value of < 0.05. 

 
Figure 5. Western blot analyses for eIF4E-1a concentrations within control and treated cells at 48 
post-MO [10 μM] addition (N = 3). Protein loading and relative expression levels was veri-fied by 
probing with anti-eIF4E-1a mouse monoclonal and HRP-conjugated anti-mouse IgG and com-
pared to total protein volumes. Relative eIF4E-1a levels are lower in Am-phidinium population 
after 48 h of being subjected to custom translation-blocking morpholinos. Statistical analysis was 
done using t-tests with pooled standard deviations. * Significantly different from ‘Control’ based 
on a p-value of < 0.05. † Significantly different from “Standard Morpholino + Endo Porter” based 
on a p-value of < 0.05. No significant difference found between “Antisense Morpholino Only” and 
“Antisense Morpholino + Endo Porter” based on a p-value of < 0.05. 

Interestingly, we also found that expression levels became relatively similar after 96 
h, showing the temporary effects of the morpholino (Supplemental Figure S1). 

4. Discussion 
Here we have shown that novel delivery peptide technology has allowed for success-

ful introduction of custom antisense morpholinos into A. carterae cells without signifi-
cantly decreasing viability. This method delivers substances into the cytosol of cells by an 
endocytosis-mediated process that avoids damaging the plasma membrane of the cell 
[47,53]. With this new system, exploration into the key players of different metabolic path-
ways may be closer than expected for dinoflagellates. 

The above data was collected using the manufacturer recommended concentrations 
of reagents, but as we look further into these systems, we hope to optimize the outcome 
by adjusting protocol values. Currently, with 1 μM of MO added, we have been able to 
successfully introduce a high concentration of the MO into approximately 13% of the 

Figure 5. Western blot analyses for eIF4E-1a concentrations within control and treated cells at 48 post-
MO [10 µM] addition (N = 3). Protein loading and relative expression levels was veri-fied by probing
with anti-eIF4E-1a mouse monoclonal and HRP-conjugated anti-mouse IgG and compared to total
protein volumes. Relative eIF4E-1a levels are lower in Am-phidinium population after 48 h of being
subjected to custom translation-blocking morpholinos. Statistical analysis was done using t-tests
with pooled standard deviations. * Significantly different from ‘Control’ based on a p-value of < 0.05.
† Significantly different from “Standard Morpholino + Endo Porter” based on a p-value of < 0.05. No
significant difference found between “Antisense Morpholino Only” and “Antisense Morpholino +
Endo Porter” based on a p-value of < 0.05.

Table 1. Volume of eIF4E-1a produced compared to the control. Volumes of eIF4E-1a were quantified
via western blot and compared to the density of a whole protein stain per sample (N = 3). Percent
of eIF4E-1a for each sample were compared to the control sample to describe relative eIF4E-1a
production. Statistical analysis was done using t-tests with pooled standard deviations.

Morpholino Concentration 1 µM 10 µM

Relative eIF4E-1a Production Percent Change

Antisense Morpholino Only 78.8% * 78.3% 0.5%
Antisense Morpholino + Endo Porter 70.1% * 58.3% * 11.8%

* Significant difference when compared to the control based on a p-value of < 0.05.

Interestingly, we also found that expression levels became relatively similar after 96 h,
showing the temporary effects of the morpholino (Supplemental Figure S1).
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4. Discussion

Here we have shown that novel delivery peptide technology has allowed for suc-
cessful introduction of custom antisense morpholinos into A. carterae cells without sig-
nificantly decreasing viability. This method delivers substances into the cytosol of cells
by an endocytosis-mediated process that avoids damaging the plasma membrane of the
cell [47,53]. With this new system, exploration into the key players of different metabolic
pathways may be closer than expected for dinoflagellates.

The above data was collected using the manufacturer recommended concentrations of
reagents, but as we look further into these systems, we hope to optimize the outcome by
adjusting protocol values. Currently, with 1 µM of MO added, we have been able to success-
fully introduce a high concentration of the MO into approximately 13% of the population
(Figure 2), with a significant decrease in eIF4E-1a protein production. Dose-dependent
effects of the MOs have also been observed, with an increase in MO concentration from
1 µM to 10 µM resulting in a decrease in eIF4E-1a from 30% to 42%; an 11.83% decrease in
total (Table 1). Optimistically we would like to increase this percentage to a level where pro-
tein production is functionally suspended, or be able to separate cells from the population
based on their MO uptake.

Interestingly. western blot analyses for both the initial 1 µM and subsequent 10 µM
MO experiment showed no statistically significant difference between the cultures with
and without Endo-Porter, although the cultures with the Endo-Porter showed consistently
lower average eIF4E-1a protein produced (Figures 4 and 5). This would indicate that
even without a delivery peptide, A. carterae cells are able to uptake the MO. Reasons for
MO uptake without a delivery peptide are still unclear. Over a million identified peptide
sequences within various dinoflagellates are still of unknown function and origin, making
their evolutionary history ambiguous [54]. Dinoflagellates are thought to have undergone
multiple organellogensis events, where the genome of endosymbiotic algae becomes a
plastid and/or genes from the endosymbiont are transferred to the nucleus [55]. The
evolutionary nature of dinoflagellates to accept foreign genes appears to be high [56]. One
theory for why the A. carterae cells took up the unaided MO could be the possibility that
dinoflagellate systems are more open to horizontal gene transfer (HGT) than previously
imagined [57]. Recent studies have shown that genomes within dinoflagellates may be
more open to foreign contributions from both bacteria and eukaryotes compared to other
organisms [57,58]. Further research needs to be conducted to follow how foreign genetic
material is received by dinoflagellates, as well as how transcripts are processed.

A wide distribution of MO uptake may account for the discrepancy of measured
eIF4E-1a protein production compared to the cellular MO uptake (Supplemental Table S1).
Although we suggest about 13% of the cells have a high uptake after addition of 1 µM of
MO, the eIF4E-1a production was decreased by about 30% according to the western results
(Figure 4). We assume that there is a range of efficiency uptake within the population, so
some cells may be producing little or no eIF4E-1a, while others may be producing their
average amounts. Once again, changes to the concentrations used or the use of a cell-sorter
may be necessary to observe higher gene knockdown efficiency.

MO localization does occur within the A. carterae cells, usually in a large area by the
nucleus (Figure 3). In previous studies, Endo-Porter sometimes results in unsuccessful
endosomal acidification, and therefore no release of the MO into the cytoplasm from their
vesicle, but these localization points are usually known to appear as punctate fluorescence
throughout the cell [47]. The singular, large area of localization may signify MO aggregation
in the nucleolus or an RNA-granule [55,59–62]. Dinoflagellates are known to have very
unusual nuclei, specially named the “dinokarya.” Among other peculiar features are
recently discovered “nuclear tunnels” which extend from the nuclear envelope of Polykrikos
kofoidii, specifically during mitosis [59]. These nuclear envelope tunnels are also connected
with a membranous structure throughout the nucleus known as the “nuclear net”. The
discovery of these structures adds a new level of complexity to the dinoflagellate nuclear
membrane, and may allude to more complex processing for transcription and translation.
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The unusual nuclear envelope tunnels along with our MO localization could very well be
connected. Since dinoflagellates are known to regulate gene expression at the translational
level, this cellular organization of mRNA may be a crucial step for gene expression, which
needs to be analyzed further.

In theory, this method of gene knockdown is progress towards expanding research into
the biosynthetic pathways within dinoflagellate. Currently, this research is sorely lacking,
largely due to their complex genomes and unusual cell biology. Translation regulation is
now understood as a crucial step in gene expression, far beyond that of transcriptional
control [22,48]. In addition, further understanding of the components of the translation
machinery is required to understand the expression of specific genes, which make up
the dinoflagellate “translational toolkit”. As we work to optimize this procedure, other
pathways could be targeted as well in other species of dinoflagellates.

One interesting area would be to target the transcript responsible for toxin production.
The function of toxins produced by dinoflagellates has been theorized but is still unknown.
Theories include allelopathy, prey-capture, and as a defense [18]. One way to discern the
function of the toxins would be to knockdown their expression to see how this affects
feeding and swimming behavior. Mixotrophic characteristics of dinoflagellate species
known to produce toxins could be monitored through photosynthesis and respiration rates,
as well as swimming behavior via digital holographic microscopy [63]. This data could
produce more evidence to the intended functionality of dinoflagellate toxins.

5. Conclusions

This primary study provides proof-of-principle for the possibility to specifically down-
regulate gene expression in dinoflagellates using antisense morpholinos and a novel de-
livery system. Additional work is necessary to validate and optimize these findings, and
to extend them to other biosynthetic pathways. Further work will also be required to
investigate the effects of gene knockdown on the various eIF4E family members in order
to possibly unveil a translation toolkit used by dinoflagellates to regulate gene expres-
sion. Studies involving toxin biosynthesis pathways would also benefit from successful
knockdowns in order to identify functionality and key synthesis steps.
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Abstract: Photosynthetic dinoflagellates synthesize many toxic but also potential therapeutic com-
pounds therapeutics via polyketide/non-ribosomal peptide synthesis, a common means of producing
natural products in bacteria and fungi. Although canonical genes are identifiable in dinoflagellate
transcriptomes, the biosynthetic pathways are obfuscated by high copy numbers and fractured
synteny. This study focuses on the carrier domains that scaffold natural product synthesis (thiolation
domains) and the phosphopantetheinyl transferases (PPTases) that thiolate these carriers. We replaced
the thiolation domain of the indigoidine producing BpsA gene from Streptomyces lavendulae with
those of three multidomain dinoflagellate transcripts and coexpressed these constructs with each
of three dinoflagellate PPTases looking for specific pairings that would identify distinct pathways.
Surprisingly, all three PPTases were able to activate all the thiolation domains from one transcript,
although with differing levels of indigoidine produced, demonstrating an unusual lack of specificity.
Unfortunately, constructs with the remaining thiolation domains produced almost no indigoidine
and the thiolation domain for lipid synthesis could not be expressed in E. coli. These results combined
with inconsistent protein expression for different PPTase/thiolation domain pairings present technical
hurdles for future work. Despite these challenges, expression of catalytically active dinoflagellate
proteins in E. coli is a novel and useful tool going forward.

Keywords: dinoflagellate; PKS; phosphopantetheinyl transferase; toxin; BpsA; indigoidine; natu-
ral product

1. Introduction

Dinoflagellates make a variety of natural products that have largely been identified
based on their impact to human and animal health [1–4]. The actual biological and/or
ecological roles are largely unknown and require further study. The exceptions include
karlotoxin, the only toxin known to be actively released from the cell for prey capture
and predator avoidance [5,6], and brevetoxin that likely functions as an indicator of redox
state in the chloroplast [7,8]. This functional knowledge gap is exacerbated by a lack of
a biosynthetic framework that would allow a more thorough cataloging of the natural
products produced by dinoflagellates as well as insights into their evolution.

Natural product synthesis has been extensively studied in bacteria and fungi, yielding
a mechanistic framework that operates as a series of modules with repeated chemistries
followed by some modifications resulting in the final molecule. Essentially, small carboxylic
acids are added to the thiol end of a phosphopantetheinate group attached to the serine
of a carrier protein [9] via a condensation reaction that releases either carbon dioxide
or water with prior activation by ATP [10–12]. These building blocks are then modified
by subsequent reduction, methylation, carbon deletion, and other rarer reactions before
the next carboxylic acid is added. In general, these are added by genetic modules com-
prised of single proteins with multiple functional domains or multiple cis-acting proteins
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brought together to form an enzymatic complex, although trans-acting elements are not
uncommon [13–15] and substrates from multiple pathways can be combined [16,17].

Research into the biosynthesis of many natural products has relied heavily on the fact
that gene arrangement is strongly predictive of a given natural products’ final structure.
Unfortunately, dinoflagellate genomes are large and heavily duplicated [18], although mass
spectrometry and NMR have been able to readily identify that dinoflagellate toxins have
the hallmarks of classic natural product synthesis [19–29], with some exceptions [30]. Inves-
tigations into genes potentially involved in toxin synthesis have had some success [31–33],
most notably in the separation of genes involved in natural product synthesis from the
analogous synthesis of lipids [34–37] and the identification of multi-domain genes [38–40].
These multi-domain genes can then be used to further bin single domain genes into func-
tional groups, although from here the waters become quite muddy with uneven gene copy
numbers and the unprecedented duplication of genes related to lipid synthesis [41]. Thus,
in many ways, sequence analysis has reached its limits in its ability to shed light on the
synthesis of dinoflagellate natural products.

The aim of our project is to extend the current sequence-based knowledge into a
biochemical based understanding of natural product synthesis by expressing dinoflagellate
proteins in a heterologous system. An attractive target is the carrier protein called the
thiolation domain that is activated by the attachment of the phosphopantetheinate group
of coenzyme A by a phosphopantetheinyl transferase creating a free thiol moiety. This is
the first rate limiting step in natural product synthesis and provides the substrate upon
which the actual anabolism is performed by all of the catalytic enzymes. Generally, the
activation of a thiolation domain by any phosphopantetheinyl transferase is highly specific
and separates specific biosynthetic pathways, although the actual transfer of a phosphopan-
tetheinyl group is not required for recognition of the transferase to a thiolation domain [42].
The thiolation domains of dinoflagellates can be readily separated into two main groups
indicative of lipids and natural products [41]. Although the number of thiolation domains
can total above one-hundred, the number of phosphopantetheinyl transferase activators
is no more than three [43]. In addition, these activators have been expressed in E. coli [43]
along with the indigoidine synthesis gene BpsA from Streptomyces lavendulae [44] that has
been placed into an expression vector and characterized previously [45]. The rationale is
that, if a given phosphopantetheinyl transferase can activate the thiolation domain of the
BpsA reporter, then indigoidine will be produced. This pairing of activator and thiolation
domain is a common method for determining specificity [46,47] and has been performed in
some protists with a surprising promiscuity not found in bacteria and fungi [48,49]. This
study advances previous work by replacing the thiolation domain of the BpsA reporter
with several different dinoflagellate sequences to allow for the pairing of each activator
with a multitude of potential phosphopantetheination sites. Although the integration of
dinoflagellate sequence into the bacterially derived reporter was largely successful, there
were several observations that led to the conclusion that this is qualitative only and that
several artifacts of heterologous expression need to be overcome in future studies.

2. Materials and Methods
2.1. Reporter Modification

The BpsA reporter described in Owen et al. [45] was kindly obtained from the Ackerley
lab at the University of Victoria in Wellington, New Zealand. The region encompassing
the thiolation domain was amplified with the primers “BpsA_outF2” and “BpsA_outR2”
listed in Table 1 at 500 nm final concentration and 10 µg of vector template using the
Phusion high fidelity polymerase (New England Biolabs, Cambridge, MA, USA) as follows:
Initial denaturation at 98 ◦C for 2′; followed by 40 cycles of denaturation at 95 ◦C for 15 s,
annealing at 58 ◦C for 20”, and extension at 72 ◦C for 1′ 30”; and polishing at 72 ◦C for
5′. The amplified product, termed “BpsA_insert0”, was purified and sequenced at the
BioAnalytical Services Laboratory (BASlab) at the Institute for Marine and Environmental
Science in Baltimore MD on an Applied Biosystems 3130 XL. This sequence was used to
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design the remaining primers in Table 1 to insert a HindIII site in the 3′ end of the thiolation
domain and an AflII site in the 5′ end as described in the primer name. The insertions result
in the shift of arginine to a lysine at the HindIII site.

Table 1. Synthetic primers and inserts used in reporter modification.

Primers

Primer Name Sequence 5′:3′ Length Annealing ◦C
BpsA_outF2 TCCAGCACCTGATGATGAAC 20 58.4
BpsA_outR2 CTGGATGCCGTAGAACGAG 19 59.5

BpsAhindiiiR1 GACGCCAAGCTTCGCGTTGAGCTCGCGGACGAGGCCGACGGCGATCAGCGA 51 91.1
BpsAhindiiiF1 CAACGCGAAGCTTGGCGTCTCCCTGCCGCTGCAGAGCGTCCTGGAGTCC 49 89.6

BpsAafliiR1 CTCGCGCTTAAGGGCCTTCTCCCAGACCGCCGCGATCTCCTTCTCCGT 48 88.5
BpsAafliiF1 AGAAGGCCCTTAAGCGCGAGAACGCCTCCGTCCAGGACGACTTCTTCG 48 86.4

Inserts
Insert Name Sequence 5′:3′ Binding Site Amino Acid
3KS_1 GAATCGGGCATGGACTCAAAAGCAGCCCTTGTTCTG ESGMDSKAALVL
3KS_2 GAATTGGGCTTAGATTCTTTGTCCGGCGTTGAATTT ELGLDSLSGVEF
3KS_3 GAAAGCGGAATTGATTCCTTGTCTGCAGTAGAGTTT ESGIDSLSAVEF
3KS_4 GAGAGTGGCATGGACTCATTATCTGCCGTCGAGTTT ESGMDSLSAVEF
BurA_1 GCT TCA GGT GCA GAA TCT ATC GCT GTC GTG GGC GTG ASGAESIAVVGV
BurA_2 CAA TTA GGA TTA GAC AGC TTG GAA ACC GTT CAA CTG QLGLDSLETVQL
ZmaK_1 GAA ATC GGT GGG CAC TCG CTG TTA GCA ATG AAA CTT EIGGHSLLAMKL
ZmaK_2 GAT GCC GGG TTA GAT AGC TTA TCC TTA ATT AGC TTA DAGLDSLSLISL
5′ Linker † AGAAGGCCCTTAAGCGCGAGAACGCCTCCGTCCAGGACGACTTCTTC
3′ Linker † GTCCGCGAGCTCAACGCGAAGCTTGGCGTCTCCCTGCCGCTG

“†” denotes common linkers to all other inserts and were placed at the 5′ and 3′ ends during synthesis as indicated.
The “3KS_1” sequence shown in bold is the wild type sequence included to ensure consistent insert size.

The HindIII and AflII sites were incorporated into the vector in a two-stage pro-
cess. First, the HindIII site was created via two amplifications using “BpsA_outF2” with
“BpsA_hindiiiR1” and “BpsA_outR2” with “BpsA_hindiiiF1” with the same reaction condi-
tions as the thiolation domain amplification. The resultant products were purified using
a DNA Clean and Concentrate-5 kit from Zymo research (Irvine, CA, USA) and eluted
into 10 uL of distilled deionized water. Approximately 2.5 µg of product was digested
with the HindIII-HF restriction enzyme from New England Biolabs for four hours at 37 ◦C,
separated on an ethidium bromide impregnated 1% agarose gel in 0.5× TBE at 15 V/cm
for 50 min, excised under ultraviolet illumination, and purified using a Monarch DNA Gel
Extraction kit from New England Biolabs (Cambridge, MA, USA) as directed. The two
digested fragments were then combined and ligated using a T4 ligase from Promega (Her-
cules, CA, USA) overnight at 18 ◦C. This product was then used as template for the second
stage amplification using primers “BpsA_outF2” with “BpsA_afliiR1” and “BpsA_outR2”
with “BspA_afliiF1” using the same conditions as the HindIII site amplification. This was
purified, digested with AflII restriction enzyme from New England Biolabs, agarose gel
purified, and combined and ligated in the same manner as the HindIII products resulting
in “BpsA_insert1” (Figure 1).

Shown above is the BpsA gene from Streptomyces lavendulae originally published in
Takahashi et al. [44] showing each of the domains with the thiolation domain marked with a
“T”. The region surrounded by a blue box is expanded in the bottom showing the thiolation
domain and the phosphopantetheinate transferase binding site as red boxes. The existing
NotI and FspI restriction as well as the introduced AflII and HindIII sites are shown in red
text. The primers used to isolate this region and attach the novel restriction sites are shown
as green arrows above with the primer direction indicated by the arrow direction.
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Figure 1. A modification of the BpsA to allow the insertion of dinoflagellate thiolation domain sequences.

BpsA_insert1 was amplified using the same conditions as the original thiolation
domain and purified using the DNA Clean and Concentrate-5 kit. This product as well
as the original BpsA vector were double digested with the NotI-HF and FspI restriction
enzymes from New England Biolabs at 37 ◦C overnight in cutsmart buffer followed by
agarose gel purification and ligation as with the HindIII and AflII amplicons resulting in the
BpsA2.1 vector. This was amplified using the Templiphi 100 kit from Cytiva (Marlborough,
MA, USA) and cloned into E. coli JM109 from Promega (Hercules, CA, USA) according
to the manufacturer’s directions. A selection of the resultant colonies was grown and the
plasmid extracted for co-expression with each of the PPTases from Amphidinium carterae as
in [43] to confirm activity.

2.2. Thiolation Domain Insertion and Co-Expression

The natural product associated thiolation domains [41] in three multi-domain tran-
scripts (Figure 2) [37,38,41] from A. carterae were chosen for complementation in E. coli with
the three A. carterae phosphopantetheinyl transferases (PPTases) that could activate them
(Figure 3). These were termed “3KS” for the three ketosynthase domains present, “BurA”
for its similarity in sequence and domain arrangement to the BurA gene in Burkholderia
species [16], and “ZmaK” for the sequence similarity of the dinoflagellate adenylation do-
main in this transcript to the Bacillus cereus adenylation domain in the ZmaK cluster [17].
Each individual thiolation domain was named according to the transcript it was derived
from the followed by a numeral indicating the order from 5′ to 3′ in the transcript, e.g.,
“3KS3” would be the third thiolation domain in the three ketosynthase domain containing
transcript. The PPTase binding site amino acid sequence (Table 1) of each thiolation domain
was codon optimized for expression in E. coli and ordered as an oligonucleotide from
Integrated DNA Technologies (Coralville, IA, USA).
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Figure 2. Domain arrangement of A. carterae transcripts containing thiolation domains used in
this study.

Individual modular synthase domains are shown at the top with example products
for their reaction. In addition, Adenylation (A) and FSH1 serine hydrolases (FSH1) are
shown for the multi-domain transcripts with examples of potential products included. The
phosphopantetheinate group is shown as “P~P” with a single bind to a sulfur. “SL” refers
to the dinoflagellate spliced leader sequence and is present if a spliced leader sequence has
been verified.

Each oligonucleotide was synthesized with common linker sequences containing the
AflII and HindIII restriction sites in the BpsA2.1 plasmid, one for the 5′ end, and one for
the 3′ end (Table 1). Thus, each oligonucleotide consisted of the 5′ linker followed by the
unique thiolation domain sequence and then the 3′ linker.

For each thiolation domain, the synthetic oligonucleotide as well as the BpsA2.1
plasmid were double digested with HindIII and AflII overnight at 37 ◦C in cutsmart
buffer followed by agarose gel purification using a Monarch DNA Gel Extraction kit from
New England Biolabs. The cut insert and plasmid were combined and ligated with a
T4 ligase (Promega) at 18 ◦C overnight. Each ligated plasmid was amplified with the
Templiphi 100 kit from Cytiva and cloned into E. coli JM109 from Promega according to
the manufacturer’s directions. JM109 clones were sequenced to verify the presence of
the dinoflagellate insert in the plasmid followed by alkaline extraction [51]. Plasmids
were then cloned into chemically competent BL21(DE3) E. coli (Thermo Fisher, Waltham,
MA, USA) along with one of the three PPTase activators (Figure 3) from A. carterae in a
separate pet-20b plasmid [43] according to the directions for the competent cells and plated
onto LB agar containing 100 µg/mL carbenicillin and 50 µg/mL spectinomycin (Sigma
Aldrich, St. Louis, MO, USA) at 37 ◦C. Additionally, each PPTase vector and the thiolation
domain vectors were individually cloned into BL21(DE3) to assess protein expression.
The vectors for the PPTases were chosen to have a different replication sequence than the
reporter to avoid conflicts during growth. Colonies were picked, grown in liquid media
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containing antibiotics overnight at 37 ◦C and stored at −80 ◦C with glycerol added to a
final concentration of 12% v/v. For assessment of protein expression, glycerol stocks were
used to inoculate 10 mL of LB in a 250 mL Erlenmeyer with appropriate antibiotics and
grown overnight at 37 ◦C with shaking at 250 rpm. This was then diluted into 500 mL of
LB media with antibiotics in a 2000 mL Erlenmeyer followed by a reduction of temperature
to 30 ◦C and growth for 3 h with shaking. Protein expression was induced by the addition
of 500 µL of 0.1 M IPTG followed by incubation at 25 ◦C for 3 h with shaking. Cells were
spun at 10,000× g for 10 min at 4 ◦C, and the media was decanted. Cells were suspended
in 20 mL of PBS at 4 ◦C with a bacterial protease inhibitor (Sigma Aldrich, St. Louis,
MO, USA), and proteins were extracted in a French press at 20,000 local PSI followed by
centrifugation at 10,000× g for 10 min at 4 ◦C to separate soluble and insoluble material.
Insoluble proteins were recovered from the pellet by the addition of 6 M urea in equal
volume to the supernatant. Heterologous proteins were purified with a 1 mL HiTrap Talon
crude column (Cytiva, Marlborough, MA, USA) on an AKTA chromatography system with
elution into 50 mM Tris with 250 mM imidazole. Proteins were separated by SDS-PAGE
electrophoresis with 4–12% bis-tris gels (ThermoFisher, Waltham, MA, USA) and imaged
with Imperial Coomassie stain (ThermoFisher, Waltham, MA, USA).

Figure 3. A mechanism of phosphopantetheination and the dinoflagellate thiolation domains used
in this study; (A) a diagram of the phosphopantetheination reaction from Finking et al. 2002 [50]
showing the phosphopantetheinate arm of coenzyme A attachment to the serine of a carrier protein
or domain resulting in a free thiol group (red circle); (B) the amino acid sequences of the thiolation
domains from A. carterae used in this study except those marked with a “*” that are from the S.
lavendulae isolated BpsA gene and the acyl carrier protein (ACP) from E. coli. Sequences above the
line are theorized to be involved in natural product synthesis while those below the line are for lipid
synthesis; (C) the predicted folding for the three phosphopantetheinate transferases from A. carterae.
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The E. coli clones containing one of the three A. carterae PPTases and one of the eight
BpsA reporters with dinoflagellate thiolation domain sequence were each grown onto
agar plates containing “autoinduction” media [52]. Colonies were grown at 25 ◦C for
48 h to allow for growth, protein expression, and indigoidine production. The plates
were photographed, and each colony was assessed for dye production by measurement of
grayscale density using image J (https://imagej.net/, accessed on 1 December 2018) with
the space in between colonies as a baseline for background subtraction.

3. Results
3.1. Construct Generation and Domain Insertion

Following the generation of the BpsA2.1 vector with restriction sites flanking the
phosphopantetheinyl transferase (PPTase) binding site of the thiolation domain, each of
the eight dinoflagellate thiolation domain oligonucleotides were successfully inserted and
verified by Sanger sequencing in both directions (not shown). Although each of the PPTases
from Amphidinium carterae have previously been shown to interact with the wild type BpsA
vector when co-expressed in E. coli [43], independent verification of protein production
showed very different expression patterns for each of the three PPTases when expressed
individually without the BpsA protein (Figure 4). In general, PPTase 3 showed high
expression with protein in both the soluble fraction and the insoluble fraction recovered
with 6 M urea following lysis of the E. coli host by French press. PPTase 2, however, was
only visible in the insoluble fraction, and PPTase 1 had low expression in general.

Figure 4. Soluble and insoluble lysates from E. coli following induction of phosphopantetheinyl
transferase expression.

An SDS-PAGE gel is shown for three E. coli clones containing the three Amphidinium
carterae phosphopantetheinyl transferases following induction of protein expression with
IPTG. Both the soluble (supernatant following French press isolation) and insoluble (Pro-
teins retrieved from the pellet with 6 M urea) fractions are shown with arrows indicating
the expected size of each protein based on the molecular weight marker designated as
“Ladder” with kiloDaltons indicated.

Each of the constructs produced visible protein following his-tag purification (Figure 5)
—in contrast to PPTase, the activators where PPTase 2 was not present in the soluble fraction
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in appreciable amounts. In order to explain how PPTase 2, which was previously shown
to activate the wild type BpsA reporter [43], can function despite low apparent soluble
production in E. coli, co-expression of PPTase 2 with both the BpsA2.1 vector without a
heterologous insert as well as with the ZmaK1 insert was his-tag purified (Figure 6). The
recoverable amount of the PPTase 2 activator as well as its substrate BpsA protein were
higher in the original vector compared to the ZmaK1 insert containing vectors where both
the reporter and the PPTase 2 activator were abundant in low amounts.

Figure 5. His-tag purified BpsA reporter.

An SDS-PAGE gel is shown for the BpsA2.1 reporter with the standard sequence as
well as one each of the triple-KS, ZmaK, and BurA inserts loaded with equivalent total
protein. The size marker is shown on the left designated “Ladder” and an arrow shows the
expected reporter size. The BurA1 protein was concentrated prior to imaging and shows
several breakdown products.
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Figure 6. PPtase2 expression with BpsA reporter standard insert and ZmaK insert. An SDS-PAGE
gel is shown for a co-expression of PPTase 2 with either the standard BpsA2.1 sequence or with the
ZmaK1 insert following French press lysis and removable of insoluble material by centrifugation. The
expected sizes for the reporter BpsA protein as well as the PPTase protein are highlighted with black
boxes according to the expected size shown on the left with the size standard marked as “Ladder”.
The load volumes are shown at the top of each well in microliters from equivalent E. coli cultures.

3.2. Indigoidine Production

Following growth on autoinduction plates, co-expression of each of the PPTase activa-
tors with one of the BpsA2.1 vectors containing either the modified wild-type sequence or
a dinoflagellate sequence insert resulted in similar growth for all colonies but indigoidine
production in only some colonies (Figure 7). Background subtracted values show higher
indigoidine production for the BpsA2.1 vector without inserts as well as with the triple
KS inserts but not the ZmaK or BurA inserts with the exception of the combination of
BurA2 and PPTase 3. In addition, the PPTase 2 activator pairings yielded consistently lower
indigoidine production than PPTase 1 or 3 with the exception of the ZmaK2 insert that
had low indigoidine production in all cases but was highest with PPTase 2. Other than the
ZmaK2 insert, all BpsA pairings with the PPTase 3 activator resulted in higher indigoidine
production relative to the PPTase 1 or 2 activators. Indigoidine production was also per-
formed with each insert along with the PcpS gene, a bacterial PPTase from Pseudomonas
aeruginosa, and a common control gene for phosphopantetheination, but indigoidine was
only produced in appreciable amounts with the reporter without dinoflagellate inserts com-
pared to low or almost no production with the dinoflagellate sequences (Supplementary
Figure S1).

57



Microorganisms 2022, 10, 687

Figure 7. Indigoidine synthesis in E. coli from the co-expression of dinoflagellate phosphopantetheinyl
transferases and the BpsA gene with a dinoflagellate thiolation domain.

The graph shows the relative darkness of each colony to a black pixel on the y-axis
resulting from the production of indigoidine in E. coli upon the co-expression of the BpsA
gene containing a dinoflagellate thiolation domain and a dinoflagellate phosphopanteth-
einyl transferase (PPTase) on separate vectors. The thiolation domain is indicated on the
x-axis including wild type sequence (BpsA), as well as the Amphidinium carterae triple
KS (KS), ZmaK-like (ZmaK), and BurA-like (BurA) transcript sequences with a numeral
indicating the particular thiolation domain from the N to C terminus. The z-axis indicates
which clade of PPTase sequence was co-expressed from Williams et al. [43]. The actual
plates with induced expression are shown in the upper right in the same orientation as the
graph x and z-axes for reference.

4. Discussion

Genetic tools such as knockdowns, knockouts, and knockins can be powerful means
to determine gene function by looking for phenotype changes following a change in the
expression of that gene. While these techniques are well established in many bacteria, fungi,
and vertebrates, there are many branches of the tree of life where genetic techniques are
not well developed for a variety of reasons. Protists, in particular, representing a huge
amount of eukaryotic evolutionary diversity, have lagged behind, although new sequencing
technologies have provided a much-needed boost in investigative power [53], resulting
in several partial genomes for dinoflagellates in particular [54–58]. Some genetic modifi-
cations of dinoflagellates have been successful for the purpose of harnessing the unique
lipids of marine protists [59] focusing on knockdowns and knockouts [60,61] but also to
investigate the unique biology of dinoflagellates [62]. Success using these techniques is
generally limited due to the high copy number of many dinoflagellate genes [18], especially
for precision techniques such as CRISPR/Cas9. A gene knock in has been successful for a
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dinoflagellate chloroplast [63], but gene addition to the nucleus has remained elusive due
to the post-transcriptional nature of dinoflagellate gene expression [64–66], making tradi-
tional promoter driven approaches unusable. Heterologous expression of dinoflagellate
genes in more tractable systems is one way of getting around the biological difficulties of
dinoflagellate genetics. This would allow for more direct biochemical analysis of dinoflag-
ellate proteins and has been surprisingly successful with the documented expression of
dinoflagellate proteins in mammalian cells [67].

In many ways, this study is a bridge between dinoflagellate biology, focusing on
ecology and species diversity, and natural product research, a biochemical approach to
discovering and harnessing useful compounds. This marriage seems a foregone conclusion
given that dinoflagellates make compounds that affect human health negatively [4] but
potentially positively as therapeutic agents, with neosaxitoxin being the first phycotoxin to
be used clinically [68]. The difficult biology of dinoflagellates has made this area of research
slow-moving although with the production of the polyunsaturated fatty acid DHA from
Crypthecodinium cohnii [69] and the subsequent efforts for genetic engineering [60] being
a notable exception. On the other hand, the natural product world has a great wealth of
experience to draw from. Domain replacement has been a common technique to identify
substrate specificity or produce novel compounds [70–76] and the BpsA gene itself has also
been used extensively [77–80]. In the future, techniques such as NMR and MS based omics
approaches can further inform biochemical validation.

Elucidating the function of genes involved in the synthesis of dinoflagellate toxins is
especially tricky, since, like most natural products, the synthesis is inherently modular in
nature [11], resulting in a large copy number of nearly identical genes. The availability of
transcriptomes has helped greatly in cataloging and identifying the genes most likely to be
involved in toxin synthesis [31,35,37,39]. While the catalytic genes for toxin synthesis are
numerous and similar in sequence, the thiolation domains are less numerous and easily
split into those likely to make lipids versus natural products by sequence alone [41]. When
considering the phosphopantetheinyl transferases (PPTases) that activate these thiolation
domains, which have fewer than three types and a low copy number [43], the number
of combinations becomes tractable for biochemical analysis. Thus, this study aims to
begin a bottom-up approach, where the specificity of a PPTase for a particular pathway,
vis-à-vis that pathway’s thiolation domains, can be exploited to isolate toxin synthesis
pathways once that specificity has been identified, although there appears to be some
unusual promiscuity in protists [49].

Technically, this study represents a step forward as the first example of a catalytically
active reporter containing dinoflagellate genes. Natural product synthesis can be quite com-
plicated and dinoflagellate toxins are much larger than most natural products [30]. It is also
unclear how many natural products dinoflagellates make since efforts have been so heavily
focused towards toxins. In bacteria and fungi, the canon that each biosynthetic pathway
for a natural product or lipid has a specific PPTase has been a useful tool in identifying
and characterizing each pathway. In dinoflagellates, pathways are very difficult to identify
because of the lack of gene synteny and a mathematical problem of copy number, e.g.,
the number of dehydratase domains is frequently lower than the number of enoyl reduc-
tases, even though the dehydratase reaction must occur before the reductase reaction [41].
Thus, biochemical methods like those presented here are necessary to proceed further in
identifying natural product biosynthetic pathways in dinoflagellates. While not every
combination of an insert containing reporter with a PPTase activator produced indigoidine,
each insert was able to produce indigoidine with at least one of the PPTases (Figure 7).
Some assumptions necessary for semi-quantitative measurements of indigoidine synthetic
potential are that each transformed E. coli strain has the same plasmid copy number and
expresses each protein equivalently. While the former is likely true, given that equivalent
amounts of plasmid were used in the transformation, the latter is certainly false given
the differential expression based on PPTase type and reporter pairing (Figures 5 and 6).
The E. coli colonies were allowed to induce expression and produce indigoidine for 48 h,
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and, not shown here due to a loss of quantitation, would eventually become dark in color
for most insert/activator combinations. This immediately leads to the conclusion that all
forms of the reporter are capable of producing indigoidine and that there is some possible
phosphopantethienation by each dinoflagellate PPTase for any given thiolation domain,
another example of promiscuous PPTase binding in protists [49]. This also verifies the
prediction that these enzymes transfer the phosphopantetheinate group and not other
moieties, as has been shown in rare cases [50]. In terms of efficiency, PPTase 2 generally
produced the lowest amount of indigoidine for all inserts in 48 h, with the exception of
ZmaK2, although the variability in the production of soluble protein (Figure 6) makes
this result almost certainly spurious. However, if the poor performance of PPTase 2 when
combined with these natural product associated thiolation domains is accurate, this leaves
open the possibility that PPTase 2 may have more favorable interactions with the acyl
carrier protein, the thiolation domain responsible for lipid synthesis. One of the biggest
issues with this study is that the dinoflagellate acyl carrier protein is nearly identical to the
E. coli sequence at the insert site (Figure 3). This construct was not able to be expressed in E.
coli likely due to toxicity. Thus, comparisons between the thiolation domains presented in
this study and the acyl carrier protein would be more appropriate for in-vitro based studies
or co-expression studies in another host assuming that the issue of toxicity does not still
exist. In contrast to the previous study of dinoflagellate PPTases [43], PPTase 1 generally
had similar indigoidine production when compared to PPTase 3 instead of the much lower
production previously shown. This is likely due to the much longer autoinduction based
protein expression in this study compared to the short term IPTG based expression in the
2020 study.

There were some obvious differences observed between the triple-KS inserts and the
ZmaK or BurA inserts in terms of the indigoidine produced (Figure 7). The triple-KS
inserts had consistently high indigoidine production, and the triple-KS transcript can also
be found in the more basal syndinian dinoflagellate Hematodinium sp. [81], a parasite of
crustaceans. The BurA-like and ZmaK-like genes on the other hand are not found in any
syndinian transcriptomes to date and are very similar in sequence to bacterial genes, making
horizontal transfer a likely origin. The results presented here may indicate that, at least
for the Amphidinium carterae PPTases, the ability to activate the BurA and ZmaK inserts is
sub-optimal. This was suggested in the Williams et al. 2021 study on the thiolation domains
of dinoflagellate domains based on the observation that many of the ZmaK sequences lie
outside the cluster of natural product associated domains with the more basal sequence the
furthest away, indicating that convergent evolution may be an active force. Thus, PPTases
from more distal species of dinoflagellates may be better at activating the BurA and ZmaK
insert containing reporters than the A. carterae based PPTases used here. It could also be
that the BurA and ZmaK based sequences themselves are interfering with the reporter’s
ability to produce indigoidine given that the thiolation domain acts as an intermediary for
all other domains. The BurA and ZmaK sequences may be sterically interfering with the
other domains of the BpsA protein, reducing its overall efficiency.

5. Conclusions

The modification and deployment of this indigoidine synthesizing reporter for di-
noflagellate genes allows for new approaches to studying genes that may be involved
in toxin synthesis. Specifically, methods that can validate suspected interactions during
natural product synthesis are crucial in overcoming the limitations of sequence-based
annotations. Here, domain substitution has been used to demonstrate the broad substrate
recognition of dinoflagellate PPTases that can help explain gene losses and gains through-
out dinoflagellate evolution that do not correlate with a loss or gain in toxin synthesis.
There are also several not unexpected lessons to be learned from these results. First and
foremost is that, despite the huge evolutionary distance between dinoflagellates and the E.
coli heterologous host, some dinoflagellate genes simply cannot be expressed in this system,
likely due to host interactions and resultant toxicity. This is both intriguing and frustrating
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that genes involved in lipid synthesis can be so conserved in such a dynamic group of
organisms like dinoflagellates. Perhaps some comparisons to syndinian dinoflagellates
that parasitize and absorb lipids from dinoflagellate hosts can shed light on how these
genes function and have been modified over time. A second consideration is the dynamic
nature of expression of the PPTases depending on the thiolation domain it is paired with.
This renders these results qualitative at best and implies that in vitro methods, while more
challenging, are likely more accurate comparisons of PPTase activity. Finally, the lack
of indigoidine synthesis for the BpsA vectors containing the ZmaK and BurA inserts is
suspicious and may be the result of steric hindrance rather than a lack of PPTase activation.
A general conclusion from the activation of all the thiolation domain sequences used here
by all three PPTases is that the substrate specificity observed in bacteria and fungi may
be the exception in protists rather than the rule. The mechanism that dinoflagellates use
to regulate the initiation of lipid and natural product synthesis is an important topic for
future study. Targeted knockdowns are another avenue going forward to validate these
results since broad substrate recognition shown here does not mean that specific natural
product pathways are not physically separated in situ. In addition, knockdowns of acyl
transferases and thioesterases that join and terminate major portions of natural product
synthesis as proposed in Van Wagoner et al. 2014 [30] can help to isolate specific pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10040687/s1, Figure S1: Indigoidine Production
by PcpS.
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Abstract: To detect the change during coral–dinoflagellate endosymbiosis establishment, we com-
pared transcriptome data derived from free-living and symbiotic Durusdinium, a coral symbiont
genus. We detected differentially expressed genes (DEGs) using two statistical methods (edgeR
using raw read data and the Student’s t-test using bootstrap resampling read data) and detected
1214 DEGs between the symbiotic and free-living states, which we subjected to gene ontology (GO)
analysis. Based on the representative GO terms and 50 DEGs with low false discovery rates, changes
in Durusdinium during endosymbiosis were predicted. The expression of genes related to heat-shock
proteins and microtubule-related proteins tended to decrease, and those of photosynthesis genes
tended to increase. In addition, a phylogenetic analysis of dapdiamide A (antibiotics) synthase,
which was upregulated among the 50 DEGs, confirmed that two genera in the Symbiodiniaceae
family, Durusdinium and Symbiodinium, retain dapdiamide A synthase. This antibiotic synthase-
related gene may contribute to the high stress tolerance documented in Durusdinium species, and
its increased expression during endosymbiosis suggests increased antibacterial activity within the
symbiotic complex.

Keywords: RNA-seq; scleractinian coral; Symbiodiniaceae; endosymbiosis

1. Introduction

The dinoflagellate of the Symbiodiniaceae family live symbiotically with a variety
of marine invertebrates, including clams, sea slugs, sea anemones, foraminifera, and
corals [1–3]. Among these, the symbiotic relationships between symbiodiniacean algae and
cnidarians have been studied extensively. Symbiotic algae provide photosynthetic products
to corals and receive nitrogen in exchange [4–6]. Published evidence indicates that the
activity of symbiotic Symbiodiniaceae is under the control of the host corals [7–9]. In coral
cells, algae are present in host-derived acidified vesicles that have carbon-concentrating
mechanisms and activate photosynthetic capacity [7]. A recent transcriptome analysis
found that dinoflagellate genes involved in molecular chaperoning as well as sugar and
ammonia transportation were suppressed during the establishment of endosymbiosis
with Aiptasia and coral planula larvae [10,11]. Gene expression analyses of actin, Ca2+

ATPase, and H+ APTase in Symbiodiniaceae also revealed that their expression patterns
differed considerably between the non-symbiotic and symbiotic states [12,13]. However,
despite these recent advances, many aspects of the changes dinoflagellate undergo during
coral endosymbiosis establishment remain unclear. Previous studies have established
a model endosymbiosis system consisting of monoclonal alga and juvenile corals, and
transcriptome data for these coral–alga complexes have been published, with a focus on
coral gene expression [11,14–16]. By contrast, the gene expression levels of dinoflagellate
during coral endosymbiosis have not been investigated due to a lack of transcriptome data
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for the non-symbiotic state. Since the coral–alga model system facilitates the investigation
of dinoflagellate gene expression and proliferation processes over time, it is well suited for
examining changes in dinoflagellate during endosymbiosis.

In this study, we obtained transcriptome data for cultured Durusdinium that were
previously used in an infection experiment with juvenile corals [14]. Therefore, in order to
comprehensively investigate the changes in Symbiodiniaceae associated with the transition
to the symbiotic state, we attempted to detect differentially expressed genes between
the free-living and endosymbiotic states. Following the inoculation of juvenile corals
with Durusdinium, its rate of increase was greater than that of Cladocopium, with about
300 Durusdinium cells per polyp detected by the 10th day of endosymbiosis, and about
600 cells per polyp detected by the 20th [14]. Here, we identified and functionally annotated
differentially expressed genes (DEGs) between the non-symbiotic and symbiotic states, and
performed phylogenetic analyses for a part of the DEGs to confirm that the DEGs were
derived from Durusdinium.

2. Materials and Methods

Symbiodiniaceae strains CCMP 2556 (genus Durusdinium) were purchased from the
Bigelow Laboratory for Ocean Sciences (West Boothbay Harbor, ME, USA; https://ccmp.
bigelow.org/ (accessed on 20 Octorber 2011)). Cultures were grown at 24 ◦C under a
12 h/12 h light/dark cycle at 80 µmol m−2 s−1, in 100 mL of filtered seawater. Further
details on RNA isolation and sequencing are provided in supplementary data.

Illumina HiSeq2000 transcriptome data for the symbiotic state of Durusdinium trenchii
were obtained from the DDBJ Sequence Read Archive (accession nos. DRR119964-119967).
Data obtained 10 and 20 days after coral incubation with D. trenchii [14], and those obtained
in the present study, were used for DEG analysis. The quality checking of filtered reads,
mapping, and the detection of DEGs between the non-symbiotic and symbiotic states
were performed as described by Yuyama et al., 2018, and the supplementary materials.
To confirm the calculated RNA-seq results, we performed bootstrap resampling of the
raw read data, with 100 replicates per sample using the isoDE2 package [17], and with
100 replicates (n = 10) for each free-living or symbiotic sample (duplicate) in order to exam-
ine the expression changes between these states. Since the ANOVA using 100 bootstrap
resampling results showed considerable variation among replicates for the data collected
at day 10 of endosymbiosis, we eliminated these data from our analysis in order to detect
changes related to endosymbiosis. Student’s t-test using 100 resampling results generated
undetectably low p-values for most genes, so 10 items of data were randomly selected
from the 100 replicates (100 bootstrap resampling replicates) and a t-test was performed.
Differences in the mean (among the 100 replicates) expression of each gene between the
two states were detected using the t-test (p < 0.025). The p-value was set to correspond
to the number of DEGs detected in edgeR analysis (q = 0.01). These obtained DEGs were
compared with those detected via the TCC analysis, and those in common were selected.
We also selected genes with an expression change of log2 (fold change) > 1 between states.
The functional annotations of the DEGs are described in the supplementary materials.

Among the DEGs, we focused on dapdiamide A synthetase genes characteristic of
Dursdinium. A phylogenetic analysis of dapdiamide A synthase was performed using the
homologous gene sequences derived from diverse organisms in order to confirm that the
genes were derived from Durusdinium rather than from bacteria. Further details on the
phylogenetic analysis are given in the supplementary materials.

3. Results and Discussion

In this study, we attempted to clarify the gene expression changes taking place in di-
noflagellate during coral–alga endosymbiosis establishment. We prepared and sequenced a
cDNA library derived from the symbiont culture, which isolated 25,068 contigs containing
ORFs. Low reads derived from algae engaged in endosymbiosis with corals and free-living
cultured algae were mapped against these contigs, and DEGs between these states were
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identified. The edgeR analysis identified 8543 DEGs, representing 34% of the candidate
alga-derived transcripts. To validate these results, we used bootstrap replicates of RNA-
seq data to detect DEGs between the non-symbiotic (n = 2) and symbiotic states (n = 2).
Differences in the mean (among 100 × 2 replicates) expression of each gene between the
two states were detected using the Student’s t-test (p < 0.025). The p value was set to
correspond to the number (8642) of DEGs detected in the edgeR analysis (q = 0.01). A total
of 4587 DEGs were common between both groups. Finally, we selected 1214 genes with
log2 (fold change) > 1 between the free-living and symbiotic states in the edgeR analysis
(Figure S1). The top 50 genes showing expression changes due to endosymbiosis with the
lowest FDR included ribosomal proteins, heat-shock proteins, and chlorophyll-binding
proteins (Figure S1). We also searched for GO molecular function terms that were enriched
in these 1214 genes (Figure S2). The most enriched GO terms for these upregulated genes
included protein–chromophore linkage and photosynthesis. The upregulated DEGs indi-
cated that algae have enhanced photosynthetic activity during endosymbiosis with corals,
which is consistent with previous reports of endosymbiosis in Symbiodiniaceae [7]. Seven
processes were related to downregulated DEGs, including microtubule-based processes,
mRNA splicing via spliceosome, and protein folding. Genes with decreased expression
in microtubule-based processes include genes encoding tubulin, which is a component
of flagella. This result may reflect the fact that algae lose their flagella inside corals [18].
Furthermore, a large number of ribosomal and chaperone proteins were detected among
the downregulated DEGs, suggesting that some translational and protein-folding functions
were inactivated following endosymbiosis establishment. Decreased expression of the
chaperone gene has also been reported in the genera Symbiodinium and Cladocopium [11],
and may represent a typical response to coral endosymbiosis establishment. It should be
noted, however, that some of the DEGs detected include genes that were altered due to
environmental differences between the two states. The time of year when the symbiotic and
non-symbiotic states were cultured, as well as changes in the light environment, salinity,
and CO2 in the coral cells, may have affected the genes whose expressions were altered. In
order to investigate more specific changes in a symbiotic organism, we must more closely
replicate the exact conditions of the culture strain and the symbiotic state.

Among the top 100 DEGs, two genes encoding dapdiamide A synthase (TRIN-
ITY_DN38519_c0_g1_i5.p1 (Figure 1) and TRINITY_DN38519_c0_g1_i1.p1) were found to
be upregulated. Dapdiamide A synthase adds valine to the carboxylate of fumaramoyl-
DAP to form dapdiamide A, an antibiotic, in Pantoea agglomerans [19]. Few studies have
reported on the antibiotic synthase in Symbiodiniaceae; however, a recent large-scale
transcriptome analysis identified dapdiamide A synthase in Symbiodinium [20]. Therefore,
we performed a phylogenetic analysis to investigate whether the gene encoding dapdi-
amide A synthase is derived from Symbiodiniacea or from bacteria (Figure 2). One of
the genes (TRINITY_DN38519_c0_g1_i5.p1) encoding dapdiamide A synthase was used
for a BLASTp query against the NCBI database, and 117 sequences were selected for
phylogenetic inference. The distribution of eukaryotic dapdiamide A synthase was re-
stricted to large phylogenetic groups including stramenopiles, haptophytes, and alveolates
(Symbiodiniaceae). In the ML tree (Figure 2), most of the eukaryotic sequences formed
two separate clades, A and B. Clade A comprises sequences derived from bacillariophytes
(stramenopiles), haptophytes, and Symbiodiniaceae. Nine Symbiodiniaceae sequences
were monophyletic, with 86% support, and its sister group was shared by Emiliania huxleyi
(haptophyte) sequences. These branching patterns suggest that the eukaryote–eukaryote
lateral gene transfer of dapdiamide A synthase occurred between Emiliania and Symbio-
diniaceae. In addition, close relationships between two Symbiodinium sequences as well
as archaean (100%) and Aureococcus (pelagophyte) (no support) sequences on the lower
part of the tree suggest other types of lateral gene transfer involving Symbiodiniaceae.
However, these genes were detected only in the genera Symbiodinium and Durusdinium of
Symbiodiniaceae in this study. Durusdinium species exhibit high stress resistance, and have
been reported to confer this property to their host corals [21]. Our results show that both
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dapdiamide A synthase genes from Durusdinium were upregulated during endosymbiosis
establishment, which may enhance antibacterial action and confer stress tolerance to the
host coral.
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Figure 1. Heat map of RNA-seq analysis for 50 selected genes showing different gene expression
pattern in free-living and symbiotic Durusdinium at 10 and 20 days post-inoculation (n = 2). Among
the 1214 DEGs shown in Figure S1, the 50 genes with the lowest false discovery rate are summarized
in the heatmap.
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Figure 2. Maximum likelihood phylogenetic tree describing the relationships among dapdiamide A synthase proteins from
representative eukaryotes and prokaryotes. All bacterial and one archaean sequence were separated from the remaining
eukaryotic/archaeal sequences (78%). Most of the eukaryotic sequences formed two separate clades, A and B. In clade
A, bacillariophyte sequences were monophyletic (99%), excluding haptophyte and Symbiodiniaceae sequences. Nine
Symbiodinium sequences were monophyletic, with 86% support, and its sister group was shared by Emiliania huxleyi
(haptophyte) sequences. Numbers in red near the nodes are ultrafast bootstrap support values; values < 50% are not
included. Blue indicates genes derived from Symbiodiniaceae.

In this study, Durusdinium genes that exhibited expression changes during coral
endosymbiosis establishment were selected using two analysis methods for functional
analysis. The weakness of this study is the small number of replicas and the different
timings of the fixation of symbiotic and non-symbiotic dinoflagellate. In future gene
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expression research, it will be necessary to improve these areas. In addition, transcriptome
data do not necessarily correlate with protein expression data, thus requiring proteome
analysis to elucidate the entire internal symbiotic process. The roles of these genes in
dinoflagellate adaptation to the host coral environment need to be further investigated; such
data could be useful in clarifying the evolutionary process of symbiont trait acquisition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9081560/s1, Additional information on methods, Figure S1: Number of
differentially expressed genes (DEGs) identified by comparing non-symbiotic and symbiotic Durus-
dinium using edgeR method and Student’s t-test with bootstrap resampling data, Figure S2: The
results of GO (gene ontology) analysis using downregulated 1025 DEG and upregulated 189 DEG
against all Durusdinium mRNA sequence isolated our studies.
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Abstract: Saxitoxin (STX) is a secondary metabolite and potent neurotoxin produced by several
genera of harmful algal bloom (HAB) marine dinoflagellates. The basis for variability in STX
production within natural bloom populations is undefined as both toxic and non-toxic strains (of
the same species) have been isolated from the same geographic locations. Pyrodinium bahamense is a
STX-producing bioluminescent dinoflagellate that blooms along the east coast of Florida as well as
the bioluminescent bays in Puerto Rico (PR), though no toxicity reports exist for PR populations. The
core genes in the dinoflagellate STX biosynthetic pathway have been identified, and the sxtA4 gene
is essential for toxin production. Using sxtA4 as a molecular proxy for the genetic capacity of STX
production, we examined sxtA4+ and sxtA4- genotype frequency at the single cell level in P. bahamense
populations from different locations in the Indian River Lagoon (IRL), FL, and Mosquito Bay (MB), a
bioluminescent bay in PR. Multiplex PCR was performed on individual cells with Pyrodinium-specific
primers targeting the 18S rRNA gene and sxtA4. The results reveal that within discrete natural
populations of P. bahamense, both sxtA4+ and sxtA4- genotypes occur, and the sxtA4+ genotype
dominates. In the IRL, the frequency of the sxtA4+ genotype ranged from ca. 80–100%. In MB, sxtA4+
genotype frequency ranged from ca 40–66%. To assess the extent of sxtA4 variation within individual
cells, sxtA4 amplicons from single cells representative of the different sampling sites were cloned and
sequenced. Overall, two variants were consistently obtained, one of which is likely a pseudogene
based on alignment with cDNA sequences. These are the first data demonstrating the existence of
both genotypes in natural P. bahamense sub-populations, as well as sxtA4 presence in P. bahamense
from PR. These results provide insights on underlying genetic factors influencing the potential for
toxin variability among natural sub-populations of HAB species and highlight the need to study
the genetic diversity within HAB sub-populations at a fine level in order to identify the molecular
mechanisms driving HAB evolution.

Keywords: bioluminescence; dinoflagellate; Pyrodinium bahamense; harmful algal blooms; saxitoxin;
sxtA4

1. Introduction

Saxitoxin is a secondary metabolite produced by several genera of dinoflagellates and
cyanobacteria that is better known as a potent neurotoxin due to its detrimental effects
on human health. It is the parent molecule in a class of compounds collectively referred
to as paralytic shellfish toxins (PSTs), which target voltage-gated ion channels (sodium,
potassium, calcium) in humans and can lead to death via respiratory paralysis (as reviewed
in [1]). It causes the human illnesses paralytic shellfish poisoning (PSP) and saxitoxin
pufferfish poisoning (SPFP) [2], in which shellfish and pufferfish, respectively, ingest the
toxic cells and bioaccumulate the toxins within their organs and tissues. STX is produced
by microbes from two kingdoms of life inhabiting different aquatic habitats: dinoflag-
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ellates (Eukaryota) in marine systems [3–6], and cyanobacteria (Bacteria) in freshwater
systems [7,8], though the biosynthetic pathway is similar between the two groups [9,10].

The gene cluster for STX biosynthesis was first identified in the toxic cyanobacterium
Cylindrospermopsis raciborskii T3 [11] followed by identification of homologous gene clusters
in other cyanobacteria [12,13]. The core genes in STX biosynthesis have more recently been
identified in the three marine dinoflagellate genera capable of STX production-multiple
Alexandrium spp., Pyrodinium bahamense, and Gymnodinium catenatum–albeit with vary-
ing degrees of coverage [14,15]. The first gene in the pathway, sxtA, [14], codes for a
novel polyketide synthase comprised of four catalytic domains (SxtA1, SxtA2, SxtA3, and
SxtA4) [16]. Two different forms of SxtA occur in dinoflagellates: a long transcript yield-
ing all four domains (coded for by the genes sxtA1, 2, 3, and 4), and a short transcript
lacking sxtA4 [14]. The gene located at the N-terminal portion of sxtA (sxtA1), coding
for the acyltransferase and phosphopantetheinyl-attachment site domain, is widespread,
occurring in both toxic and non-toxic strains of toxic species as well as non-toxic species
from other genera [15,17,18]. SxtA4, which codes for an amidotransferase [11] appears to
be relatively specific for toxin synthesis, as demonstrated by its presence and sequence
conservation among numerous toxic strains encompassing all three STX-producing genera
and its absence in non-STX-producing species [14,19–21].

Multiple examples exist as to both the phenotypic and genetic diversity occurring
within monospecific HAB populations and/or blooms. Broad intra-specific variability
in multiple traits including toxin production, growth rate, and motility, have been docu-
mented among strains (of the same species) isolated from the same water sample or geo-
graphic area for various HAB species [22–25]. In general, a dinoflagellate strain is obtained
by establishing a clonal culture, which is derived from the isolation of a single cell from an
environmental water sample [24]. Clonal diversity has been shown to be linked to differ-
ences in genome size [26], morphology [27], and growth rate [28]. An increase in the use of
molecular tools in dinoflagellate population ecology studies have revealed that dinoflag-
ellates are not monoclonal, even in a monospecific bloom [24,29]. High levels of genetic
diversity are well-documented among toxic Alexandrium dinoflagellate species from the
same geographic area, primarily through assessment with microsatellite markers [25,29].

Numerous studies have documented toxin variability in strains isolated from the same
geographic area for all three STX-producing genera [22,30,31]. For example, analysis of
multiple A. minutum strains from the coast of Ireland found strains from southern areas
to be toxic but not those from the west coast [22]. Natural populations of A. tamarense
have been shown to be comprised of a mix of strains, differing in both toxin content and
profiles [23]. Studies with a large range of Gymnodinium strains demonstrated a high
level of intra-population and regional variation in both the presence and amounts of STX
congeners and profiles [30]. Additionally, while P. bahamense toxic outbreaks are common
in Mexico, screening numerous strains from the same area found only one isolate to be a
confirmed toxin-producer [31].

The collective findings with microsatellite markers that monospecific dinoflagellate
blooms are not monoclonal events coupled with the isolation of both toxic and non-toxic
strains of the same species from similar geographic regions underscores the need to examine
the genetic capacity for toxin production as a contributor to toxin variability within bloom
sub-populations. In the case of the A. minutum strains from the south (toxic) and west (non-
toxic) coasts of Ireland, the strain differentiation–and by extension toxin potential—was
not possible based on common phylogenetic markers, with toxin confirmation achieved
only via HPLC analysis [22]. Population genetic studies with Alexandrium showed that ge-
netically similar populations (defined via microsatellite markers) differ in toxin production
both within and across populations, with natural populations comprised of a mix of strains
that differ in both toxin content and profiles [23,25]. Variation in the sxtA4 genotype in
natural populations of dinoflagellate species capable of STX production remains unknown.

P. bahamense is a bioluminescent dinoflagellate found in both the Atlantic-Caribbean
and the Indo-Pacific [32,33]; toxic outbreaks are well-documented from P. bahamense in the
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Indo-Pacific [5,34–38]. In contrast, P. bahamense bloomed in the Indian River Lagoon (IRL),
along the east coast of Florida, for years with no known record of STX production. Blooms of
P. bahamense are the source of the bioluminescence found along both the Florida coast and in
the bioluminescent bays in Puerto Rico. However, in the mid-2000s, contaminated seafood
outbreaks from multiple states in the US were traced back to Florida, and P. bahamense
was identified as the source [2,39], marking the first occurrence of toxin production in
the Western Atlantic. No genetic data were collected for these sub-populations, and so
the molecular mechanisms (sxt gene presence and/or regulation) underlying this toxin
production remain unknown.

A large gap in our understanding is the factors influencing toxin variability among
natural dinoflagellate bloom populations, as both toxic and non-toxic strains of the same
species have been isolated from the same geographic locations [31,40]. SxtA4 is essential
for STX biosynthesis [11,14,17,41,42]. Other dinoflagellate genes have been shown to
undergo independent gene duplication and shuffling processes [43,44], and in recent years
horizontal gene transfer has been demonstrated to be a significant driver in dinoflagellate
genome evolution [45,46]. Analysis based primarily on Alexandrium isolates indicates that
sxtA4 is lost rather than gained, and that widespread horizontal gene transfer does not
occur for this gene [17].

While the core genes in the dinoflagellate STX biosynthetic pathway are known [14,15],
how this relates to variability in STX production within natural populations from the same
geographic area remains unknown. Recent studies found sxtA4 gene presence but not
transcription in several non-toxic strains of toxic Alexandrium spp. [14,17,19,42]. Thus,
while “non-toxic” strains may or may not possess the sxtA4 gene, lack of sxtA4 is a strong
indication of lack of toxicity. In this study, we used sxtA4 presence within the genome
of individual cells as a molecular proxy as to the genetic potential for toxin production
among P. bahamense cells in a natural population. We use the term “sxtA4+ genotype” to
indicate cells in which the sxtA4 gene was detected in the genome; conversely, “sxtA4-
genotype” indicates sxtA4 was not found. We examined sxtA4+ genotype frequency
(the proportion of the sxtA4+ genotype within a population) and sxtA4 gene variation
among single cells within natural P. bahamense sub-populations from multiple locations
in Florida and Puerto Rico. Our data reveal that both sxtA4+ and sxtA4- genotypes occur
within the same sub-population and that frequency of the sxtA4+ genotype dominates in
Florida populations.

2. Materials and Methods
2.1. sxtA4 Genomic Characterization from P. bahamense Lab Isolate

Genomic DNA and total RNA were extracted from 15 mL (1.5 × 105 cells) of a toxin-
producing P. bahamense isolate from the IRL using the TRI Reagent kit (Invitrogen, Carlsbad,
CA, USA) following manufacturer’s protocol. DNA was diluted 1:10 for subsequent PCRs.
RNA was reverse transcribed using the High Capacity RNA-to-cDNA kit (ABI, Waltham,
MA, USA), using 1 ug of total RNA. Reactions were performed in a Veriti thermocycler
(ThermoFisher, Waltham, MA, USA) under the following conditions: 37 ◦C for 60 min,
followed by 95 ◦C for 5 min. CDNA was then diluted 1:10 for subsequent PCRs. SxtA4 DNA
was initially amplified using the primers sxt007 and sxt008 (Table 1) with the conditions
described by Stuken [14], which yielded a 750 bp product. Additionally, primers were
designed based on all publicly-available P. bahamense sxtA4 sequences in GenBank as of
13 August 2019 to target as nearly a full-length Pyrodinium-specific sxtA4 as possible. This
yielded the primer pair sxtA4F1/sxtA4680R (Table 1), which amplified an ca. 680 bp region.
PCRs were performed with the ThermoFisher Taq polymerase PCR kit (Waltham, MA,
USA) as follows (as final concentrations): 1× KCl (-Mg) buffer, 1.5 mM MgCl2, 200 nM each
dNTP, 400 nM each forward and reverse primer, 0.625 U Taq DNA polymerase, 2 µL DNA
diluted 1:10, and brought to a final volume of 25 µL with nuclease-free water. A touchdown
PCR was used that consisted of an initial denaturation at 95 ◦C for 2 min followed by 2
cycles of 95 ◦C, 30 s, 58 ◦C, 15 s, 72 ◦C, 45 s, and subsequent two cycles with annealing
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temperatures of 54 ◦C, 52 ◦C, 50 ◦C, 50 ◦C, 46 ◦C, and 35 cycles at 44 ◦C, with a final
extension at 72 ◦C for 7 min. The primer pair sxt007/sxtA4680R was then used to amplify
an 815 bp region from both genomic DNA and cDNA. PCRs and thermocycling conditions
were as described for the sxtA4F1/680R PCRs. For all PCRs, the resulting amplicons were
cloned into the pCR4 vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA,
USA) and transformed into TOP10 chemically competent Escherichia coli cells following
the manufacturer’s instructions. Transformed cells were plated onto Miller’s Luria Broth
(LB) plates containing 50 mg mL−1 kanamycin (LBkan50) and incubated overnight at 37 ◦C.
The resulting transformants were screened via colony PCR using the M13 forward (F) and
M13 reverse (R) primers followed by gel electrophoresis to identify those with inserts of
the expected size. Colony PCRs were conducted with the ThermoFisher Taq polymerase
PCR kit as follows (final concentrations): 1× KCl (-Mg) buffer, 1.5 mM MgCl2, 200 nM
each dNTP, 200 nM each M13F and M13R primers, 1 U Taq DNA polymerase, and brought
to a final volume of 20 uL with nuclease-free water. Thermocycling conditions consisted
of an initial denaturation/cell lysis of 95 ◦C, 3 min, followed by 35 cycles of 95 ◦C, 15 s,
50 ◦C, 15 s, 72 ◦C, 1 min, and a final extension of 72 ◦C for 7 min. Colonies producing a
band of the expected size were inoculated into 2 mL LBkan50 broth and grown overnight at
37 ◦C. The plasmids were isolated using the QIAprep Spin Miniprep kit (Qiagen, Hilden,
Germany) and sequenced in both directions using the M13 F and R primers by GeneWiz, Inc.
(Germantown, MD, USA). Sequence data were trimmed of primer and vector sequences
and evaluated using the BLAST program [47] with comparison against published sequences
in GenBank. Sequences from multiple clones were aligned in MEGA7 using ClustalW and
manually adjusted.

Table 1. List of primers.

Primer Sequence Source

PyrosxtA4F1 AACGACATGAAGCAGCTCGA this study

PyrosxtA4R680 CTAGATGGGGTACCACATAG this study

SxtA4166F CATGGCTGCGGCGTTCTTG this study

Pcomp370F AAATTACCCAATCCTGACACT 48

Pcomp1530R CTGATGACTCAGGCTTACT 48

sxt007 ATGCTCAACATGGGAGTCATCC 14

sxt008 GGGTCCAGTAGATGTTGACGATG 14

The 815 bp stxA4 DNA sequence was aligned with existing sxtA4 sequences for
Alexandrium and Gymnodinium and used to design additional forward and reverse primers
within sxtA4. The primer pair sxtA4F1/680R yielded the longest Pyrodinium-specific sxtA4
sequence and so was then optimized for use in a single-cell multiplex PCR assay with P.
bahamense-specific 18S rRNA gene primers. The sxtA4166F primer targeted a conserved
region within sxtA4 and so was used in subsequent nested PCRs and sequencing reactions
(described below).

2.2. sxtA4 Genotype Analysis from Single Cells
2.2.1. Sample Collection

Whole water samples were collected from multiple locations in the IRL and Mosquito
Bay, PR, from July–September 2019 and 2020 from the surface to a depth of 0.5 m (Figure 1).
Samples from the IRL were collected onto 30-micron mesh and the biomass collected on the
mesh rinsed into a sterile 1 L bottle using filtered water. In Mosquito Bay, whole-water grab
samples were collected without size fractionation. Samples were transported at ambient
temperature back to the laboratory for processing.
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Figure 1. Map depicting sampling sites in (A) Indian River Lagoon, FL and (B) Mosquito Bay in
Vieques, Puerto Rico. Florida sampling sites: TBM = Telemar Bay Marina, DB = Diamond Bay, LW =
Lee Wenner Park, 520 = 520 Bridge. MB (Vieques map) = Mosquito Bay.

2.2.2. Cell Isolation and Lysis

Single cells were isolated for lysis and subsequent multiplex PCR using a slight mod-
ification of a protocol described previously [48]. Briefly, an aliquot (ca. 1–3 mL) of the
environmental sample water was placed in a petri dish and viewed with an inverted light
microscope. P. bahamense cells were identified under 400× magnification based on mor-
phology [49]. At all sampling sites, P. bahamense was the dominant dinoflagellate species.
Individual cells were isolated with a sterile glass micropipette under 100× magnification,
washed twice in sterile HPLC water, and placed in sterile 200 µL PCR tubes. Samples were
stored at −20 ◦C until DNA extraction. Prior to DNA extraction, the final volume of water
in each tube was brought to 20 uL with nuclease-free water. DNA extraction consisted of
five consecutive freeze-thaw cycles alternating between baths of a dry ice/ethanol slurry
and heating to 100 ◦C. Tubes were centrifuged briefly prior to PCR.

2.2.3. Multiplex PCR

Multiplex PCR was performed on single cells using Pyrodinium-specific primers tar-
geting the 18S rRNA gene developed previously [48] and the sxtA4F1/stxA4680R primers.
The single-cell multiplex PCR was first optimized on single cells from lab cultures of the
toxin-producing P. bahamense isolate from the IRL using the same methods for cell isolation
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and washing, lysis, and PCR as for environmental samples. While all reagents of the PCR
were optimized, those which significantly improved the reaction included an increase
in final magnesium (2.5 mM) and dNTP (0.3 mM) concentrations as well as a decreased
concentration of the 18S rRNA gene primers (200 nM final concentration) in comparison to
the sxtA4 F1/680R primers (400 nM final concentration). All single cells from the toxic lab
isolate that yielded an 18s rRNA gene amplicon also yielded the 680 bp sxtA4 amplicon
(data not shown), indicating the ability of both primer sets to bind to and amplify their
respective targets when used in the same PCR. Following the optimization, PCRs were
performed on single cells from environmental samples. Single cell multiplex PCRs uti-
lized the GoTaq PCR Core System I kit (Promega, Madison, WI, USA) and consisted of
the following (as final concentrations): 1× Colorless GoTaq Flexi buffer, 2.5 mM MgCl2,
0.3 mM dNTP mix, 200 nM each Pcomp370F and Pcomp1530R, 400 nM each sxtA4F1 and
sxtA4680R, 3.7 U GoTaq DNA polymerase, and brought to a final volume of 50 µL with
30 µL nuclease-free water. Thermocycling conditions consisted of an initial denaturation at
95 ◦C for 3 min followed by 45 cycles of 95 ◦C for 30 s; 57 ◦C for 15 s; 72 ◦C for 1 min; and
a final extension at 72 ◦C for 7 min. Multiplex PCRs were also performed on a subset of
samples (ca. 40 single cells) with the sxtA4 primer pair sxt007/sxt008, as this primer pair
has been used in all sxtA4 analyses to date for Alexandrium, Gymnodinium, and Pyrodinium,
and thus appears to be conserved across species. Products were visualized on 1% E-Gel
EX agarose gels with the E-Gel Power Snap Electrophoresis System (Invitrogen). The 18S
rRNA gene served as a positive control to confirm the presence of the cell in the tube and
that reactions were not inhibited by potential contaminants. Only samples yielding the 18S
rRNA gene amplicon were included in sxtA4 genotype frequency analysis.

Samples yielding products indicative of both the 18S rRNA gene (1200 bp) and sxtA4
(680 bp) were further screened by one (or more) additional means to confirm sxtA4 amplicon
specificity. These included: (1) the multiplex PCRs were PCR purified using the Wizard
S/V Gel and PCR Clean-Up System (Promega, Madison, WI) and sequenced (as two
separate samples) with the internal primer sxtA4166F and the Pcomp350F primer. The
sequencing protocol was modified so that the amount required for each product was
doubled; (2) bands corresponding to the 18S rRNA gene and sxtA4 amplicons were gel-
purified using the Wizard S/V Gel and PCR Clean-Up System and sequenced with the
Pcomp350 F and sxtA4166F primers, respectively; (3) a nested PCR was performed in
which the original multiplex PCR product was diluted 1:5 and 2 uL used as the template for
a PCR using the sxtA4166F internal primer and 680R. These PCRs utilized the GoTaq PCR
Core System I and consisted of the following (as final concentrations): 1× Colorless GoTaq
Flexi buffer, 1.5 mM MgCl2, 0.1 mM dNTP mix, 400 nM each sxtA166F and sxtA4680R,
0.625 U GoTaq DNA polymerase, and brought to a final volume of 25 µL with nuclease-free
water. Thermocycling conditions consisted of 95 ◦C for 3 min, followed by 35 cycles of
95 ◦C, 30 s, 57 ◦C, 15 sec, 72 ◦C, 40 s, and a final extension at 72 ◦C for 7 min. The resulting
product was visualized with gel electrophoresis; with this primer set, an amplicon of ca.
500 bp was indicative of sxtA4. These samples were then PCR purified and sequenced with
166F to confirm sxtA4 specificity.

Samples in which only a band indicative of the 18S rRNA gene was amplified were
PCR purified and sequenced with Pcomp350F to confirm P. bahamense specificity. For this,
20 uL of the initial multiplex was cleaned using the Wizard PCR Clean-Up kit. Subsequent
PCRs were then performed on the initial multiplex with the primer sets 166F/680R and
F1/680R to explore whether variants were missed using the Pyrodinium-specific sxtA4F1
(see details in Supplementary Materials). As the initial multiplex PCR was performed in
the same tube that contained the single cell, the genomic DNA, and thus template, was still
present in the tube for these PCRs.

To confirm their identity, the obtained partial sequences of sxtA4 and the 18S rRNA
gene were queried against the GenBank nr database using standard BLASTN 2.2.26+ [50].

To examine the extent of sxtA4 gene variation within individual cells from different
populations, the sxtA4 amplicon (yielded with the 166F/680R primer pair for an amplicon
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length of ca. 500 bp) from a small subset of individual cells (one representative of each
site in the IRL plus MB) was cloned, and a minimum of 10 clones from each sequenced.
Amplicons were cloned into the pCR-4 vector using the TOPO TA cloning kit (Invitrogen),
transformed into chemically competent TOP10 E. coli cells following the manufacturer’s
instructions for kanamycin selection, and sequenced using the M13 forward and reverse
primers by GeneWiz (Germantown, MD, USA).

Sequence data were trimmed of primer and vector sequences and initially queried
against the GenBank nr database using standard BLASTN 2.2.26+ [50]. All subsequent
analysis was performed using MEGA (Molecular Evolutionary Genetics Analysis) v7. The
phylogenetic relationship among sequences in relation to geographic location (as defined
by the four sampling sites) was examined to assess whether sequences were specific for a
location. SxtA4 clone sequences obtained from individual cells representative of the four
sampling sites as well as Alexandrium spp. sxtA4 sequences retrieved from GenBank were
used in the analysis. The model that best fit the data was the Tamura 3-parameter (T92)
and so was used to generate Neighbor Joining and minimal evolution trees. Both trees
produced identical results. The sequence data were also compared to existing Pyrodinium
sxtA4 sequences in GenBank (MN431957.1, a 358bp fragment, designated as var. compressum
from Sepanggar Bay, Malaysia; and a 681 bp sequence, from TSA GBXF01000001.1, also
designated as var. compressum).

Sequences obtained in this study have been have been deposited into GenBank with
the following accession numbers: MZ234664-MZ234695.

3. Results and Discussion
3.1. SxtA4 Genomic Characterization

The ca 815 bp sxtA4 sequence amplified here is the longest to date for P. bahamense.
Genomic DNA sequences were highly similar among clones, ranging from 96–100%. This
was also the case for the cDNA clones, albeit with even greater similarity (99–100%) and
overall, the two types of sequences showed a high degree of similarity (Table 2). Alignment
of sequences amplified from genomic DNA demonstrated minimal sequence diversity,
with 29 base substitutions. Alignment of sequences derived from cDNA showed even less
diversity, with only seven base substitutions. This is in keeping with the trend recorded
for Alexandrium, in that the overall percent similarity was higher for cDNA copies than
gDNA copies, indicating that only certain copies are transcribed [14,19]. Phylogenetic
analysis demonstrated sxtA4 for P. bahamense from the IRL clustered with sxtA4 from a toxic
Indo-Pacific strain, and these sequences grouped with Alexandrium, with Gymnodinium
forming a separate cluster (Figure 2).

Table 2. Percent similarity between genomic and cDNA sxtA4 sequences for P. bahamense.

Species No. cDNA
Sequences % Similarity No. DNA

Sequences % Similarity

P. bahamense IRL 8 99.1–100 14 96.0–100
A. fundyense 1

CCMP1719
12 96.2–99.4 10 91.7–100

A. fundyense A8 1 7 93.5–100 19 77.5–100
A. fundyense E4 1 19 97.0–100 40 76.8–100

A. pacificum
ACCC01 1 4 96.0–100 5 91.0–100

1 Alexandrium data [14,17] are provided for comparison.
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Figure 2. Neighbor Joining tree of sxtA4 sequences. Representative Alexandrium, Pyrodinium, and
Gymnodinium sxtA4 sequences were downloaded from GenBank and aligned and trimmed in MEGA
7. Percentages from the bootstrap test (500 replicates) are displayed next to the branches. The
rate variation among sites was modeled with a gamma distribution (shape parameter = 0.32). The
analysis encompassed 8 nucleotide sequences. All positions containing gaps and missing data were
eliminated. There were a total of 575 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7. * indicates P. bahamense sxtA4 sequence from this study.

In comparing the gDNA sequences of the P. bahamense lab isolate, two main variants
occurred, as defined by consistent base substitutions at 29 sites (i.e., base 182, 4 clones
possess “G”, the other 12 clones a “C”; base 234, the same 4 clones possess “T”, the other
12 a “C”). This was in addition to 27 sites in which the base of an individual clone differed
from the others. It has been suggested that harboring multiple, slightly different genomic
copies of sxtA4 may be the underlying basis for the diversity in STX congener profiles and
toxicity within Alexandrium. The P. bahamense lab isolate consistently yields a STX profile of
two congeners: STX and GTX-5 (Table S1), even when grown under various conditions.

3.2. sxtA4+/sxtA4- Genotypes in Natural P. bahamense Sub-Populations

Multiplex PCR screening of individual cells revealed that both sxtA4+ and sxtA4-
genotypes exist among natural P. bahamense populations, with the sxtA4+ genotype defined
by the amplification of sxtA4 in individual cells. The data to date show that among all sites,
the sxtA4+ genotype dominates, regardless of sample size (Table 3). However, it is worth
noting that sequence data were derived from summer (June–September) samplings. In the
IRL, P. bahamense blooms during this period. P. bahamense is present as both bloom and
non-bloom events in the IRL. The northern region has particularly long water residence
times, and is prone to intense blooms [51–53]. Major blooms of P. bahamense in the IRL
are defined as > 100 cells/mL; a several-year study on P. bahamense distribution in the IRL
recorded densities up to 776 cells/mL [54]. However, since that time, greater cell densities,
as well as their locations within the northern IRL, have been observed (Cusick pers. observ.)
Microscopic observations of water samples collected at the various sites in the IRL showed
P. bahamense to be the dominant cell type at all. In the bioluminescent bay in Puerto Rico, P.
bahamense was also the dominant cell type. While not as well-studied as the IRL, a recent
one-year study in Mosquito Bay recorded an overall average of ca. 27 cells mL−1, with
abundance ranging from 0–244 cells mL−1 [55]. A primary difference among sites is that P.
bahamense is present in Mosquito Bay year-round, while it (typically) disappears over the
fall and winter months in the IRL.

80



Microorganisms 2021, 9, 1128

Table 3. sxtA4+ genotype frequencies from sites in Florida (IRL) and Puerto Rico. 1 indicates number
of isolated cells yielding an 18S rRNA gene amplicon. 2 Number of isolated cells yielding the 18S
rRNA gene amplicon in which sxtA4 was detected.

Sampling Site Date 18S 1 sxtA4 2 sxtA4+
Frequency

Diamond Bay (IRL) 7/15/2019 10 8 80%
TBM (IRL) 6/15/2020 64 54 84%
TBM (IRL) 7/20/2020 44 36 82%

Lee Wenner (IRL) 7/20/2020 30 30 100%
520 Bridge (IRL) 7/20/2020 37 37 100%

Mosquito Bay (PR) 7/8/2020 9 6 67%
Mosquito Bay (PR) 9/15/2020 7 3 43%

In the IRL, the frequency of the sxtA4+ genotype ranged from ca. 80–100% (Table 3,
Figure 3). Sampling at Diamond Bay (July 2019) showed the sxtA4+ genotype to occur at
80% frequency. Comparable numbers were obtained for samplings at Telemar Bay Marina
in 2020 in both June and July, with the sxtA4+ genotype occurring at frequencies of 81% and
84%, respectively. The sxtA4+ genotype occurred at a frequency of 100% in populations
from sites LW and 520. The sxtA4+ genotype occurred at a much lower frequency in
Mosquito Bay (Puerto Rico) populations, at ca 67% in July and decreasing to ca 40% in Sept
(Figure 3). While these data must be interpreted with caution due to the low sample size,
these are the first data demonstrating the presence of sxtA4 in P. bahamense populations in
bioluminescent bays in Puerto Rico.
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Figure 3. Percent sxtA4 genotype frequency among sites. Multiplex PCR was performed on individual
P. bahamense cells collected from multiple sites in the Indian River Lagoon (IRL, Florida) and Mosquito
Bay, a bioluminescent bay in Puerto Rico. Cells yielding the sxtA4 amplicon were defined as “sxtA4+”;
cells in which sxtA4 was not detected were defined as “sxtA4-“. Text and numbers in each bar
represent sampling site and date: DB = Diamond Bay (IRL); TBM = Telemar Bay Marina (IRL); LW
= Lee Wenner Park (IRL); 520 = 520 Bridge (IRL). Vertical red line in graph separates Florida and
Puerto Rico (PR) sampling sites.

The correlation between sxtA4 genomic presence and active toxin production within
both Florida and Puerto Rico sub-populations is not known. P. bahamense is part of a routine
state HAB monitoring program (Florida Fish and Wildlife Conservation Commission) in
Florida. Following the initial determination (2002–2004) of P. bahamense as the source of
saxitoxin in pufferfish and shellfish harvested from the IRL, state agencies established
the PSP Biotoxin Contingency Program to monitor saxitoxin in shellfish. Since that time,
39 closures of shellfish harvesting areas have occurred based on STX levels exceeding the
international standard action level. However, natural P. bahamense populations are not
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routinely measured for STX production. P. bahamense populations in Puerto Rico have not
been measured for toxicity and are presumed to be non-toxic (pers. comm., VCHT staff).
Overall, this study consisted of a small sample size, and more widespread sampling would
be needed to draw conclusions about the relative proportions of sxtA4 genotypes in the
areas sampled and the relationships of these results to the STX levels in the regions.

3.3. Gene Variants

Direct sequencing of sxtA4 amplicons from single cells indicated multiple variants,
evidenced by base substitutions that consistently occurred in an ca. 200 bp region (data not
shown). Additionally, two distinct variants were consistently obtained from most cells, one
of which displayed a 15 bp deletion.

Further testament as to sxtA4 diversity within P. bahamense was evidenced by samples
in which sxtA4 was not initially detected. Single cells which yielded only an 18S rRNA
gene amplicon in the initial multiplex were then screened with two additional PCRs: (1) the
nested PCR using the 166F/680R primer set that targeted a conserved region of the sxtA4
gene and (2) a PCR with only the sxtA4 F1/680R primers. A small subset of these samples
yielded an amplicon indicative of sxtA4 with the 166F/680R primers. Sequencing of these
500 bp amplicons confirmed sxtA4. Amplification with the conserved primer (166F) but not
the Pyrodinium-specific (F1) suggests sequence variation in this region (F1 is located 165 bp
upstream of 166F) of P. bahamense. In comparing sxtA4 sequences available in GenBank
that encompassed this region (all Alexandrium spp. and a single Pyrodinium) and gDNA
and cDNA sequences of the toxic lab isolate, the F1 primer displayed sequence variation in
Alexandrium, while the 166F primer was conserved across Pyrodinium and Alexandrium spp
(see sequence alignments in Supplementary Materials).

To assess the extent of sxtA4 variation within individual cells, the sxtA4 amplicons
from a small subset of single cells representative of the different sampling sites were cloned
and sequenced. As with the direct sequencing of sxtA4 PCR amplicons, two variants were
consistently obtained from clones of all samples, with one of the variants displaying the
15 bp deletion (Figure 4). The sxtA4 DNA sequences amplified and cloned from single cells
were aligned with the cDNA sequences from the lab isolate. The 15 bp region was present
in the cDNA copies of the lab isolate, indicating that this variant is likely a pseudogene.
This was found to be the case with A. fundyense strains, in which a 63 bp deletion was
found in some gDNA sequences but not the corresponding cDNA sequences [17].
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Figure 4. Two distinct variants were recovered from individual cells at all sampling sites, defined by a 15 bp deletion in one
of the variants.

SxtA4 clone sequences from Puerto Rico showed two general variants, defined by the
presence or absence of the 15 bp stretch. Overall, the percent identity among sequences
ranged from 96–100%; minimal (2–5) base substitutions occurred among clones from the
same general variant. SxtA4 clones from the TBM site also showed the two variants. A
greater diversity of sequences were obtained, with the percent identity spanning 91–98%.
Both sequence variants were also obtained from site LW, and percent identity ranged from
95–99%. The two sxtA4 variants were also recovered from clones from 520, with percent
identity ranging from 95–99%.

A neighbor-joining tree constructed with the cloned sxtA4 amplicons from individual
cells showed sequences formed two clusters; however, these clusters were not defined by
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sampling site/population but rather by the presence/absence of the 15 bp region (Figure 5).
Comparison of the two representative sequences from the single cell clones with existing
Pyrodinium sxtA4 sequences showed the sequence variant not lacking the 15 bp segment
was 99% identical to existing P. bahamense sxtA4 sequences, and the variant with the 15
bp deletion was 95–96% identical (Table S2). This indicates the gene is conserved across
populations, though this must be interpreted with caution due to the limited number of
sequences and the length of the sequences.
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Figure 5. Neighbor Joining tree of sxtA4 sequences obtained from clones of single cells of P. bahamense
from the representative sampling sites. Percentages from the bootstrap test (500 replicates) are shown
next to the branches. The Tamura 3-parameter method best fit the data and so was used to compute
the evolutionary distances. Twenty-five nucleotide sequences were included in the analysis. All
ambiguous positions were removed for each sequence pair. There were a total of 517 positions in
the final dataset. Evolutionary analyses were conducted in MEGA7. Nomenclature is as follows:
Sampling site_cell_clone number. Note that for each site, the “cell” number is the same, as all
sequences from that site were derived from the same cell. DB = Diamond Bay (IRL); TBM = Telemar
Bay Marina (IRL); LW = Lee Wenner Park (IRL); 520 = 520 Bridge (IRL); PR = Mosquito Bay in Puerto
Rico. Sequences with the 15 bp deletion are boxed.

4. Conclusions

P. bahamense was previously classified as a single species with two varieties based on
biochemical and morphological differences [56]. The Indo-Pacific variety was designated
‘compressum’, and the Atlantic-Caribbean variety ‘bahamense’. However, both “varieties”
have since been found in the same geographic locations, and one of the key distinguishing
differences, the lack of toxin production by var. bahamense, has since been disproven. The
varietal designation has been removed based on a recent reinvestigation of morphological
attributes, and the suggestion that the presence of both varieties within the same plankton
sample is likely the occurrence of different life stages [57]. Large subunit rRNA gene
sequence analysis indicated the existence of Indo-Pacific and Atlantic-Caribbean ribotypes,
leading to the suggestions that P. bahamense is a species complex. A previous study showed
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18S rRNA gene sequences of P. bahamense from multiple locations in the IRL, Puerto Rico,
and the Indo- Pacific to be nearly identical and forming a single cluster [48]. Comparison
of 18S rRNA gene sequences from sxtA4+ and sxtA4- genotype cells in this study were com-
pared to existing 18S rRNA gene sequences from the Indo-Pacific and Atlantic-Caribbean.
Not surprising, all sequences were 99.6–100% identical (SI).

A previous study by our group showed, at the single cell level, that two different
luciferase (lcf, responsible for bioluminescence) variants were consistently recovered from
P. bahamense populations in both Florida and Puerto Rico [48]. Lcf codes for a single
polypeptide comprised of three homologous domains (“D1”, “D2”, “D3”) [58,59]. The
individual domains among species (i.e., D1 A. tamarense, D1 A. affine) are more similar than
among the three different domains of the same species. The sequences amplified from
individual cells from Florida and Puerto Rico formed two distinct clusters defined by a
set of non-synonymous substitutions. Only one of the two types of lcf sequence, but not
both, was recovered from each individual cell. Both types of lcf sequences were obtained
from all sampling sites. Primers selectively amplified domain 3 (D3), indicating the two P.
bahamense lcf sequences represented gene variants rather than amplification of the different
domains. The two P. bahamense sequences are 87% similar. The variation between the
two P. bahamense lcf sequences is much greater than that of bioluminescent species with
known gene variants (i.e., Pyrocystis lunula possesses LcfA and LcfB, with 97% amino acid
similarity). The significance underlying this variation remains unknown.

The results obtained here demonstrate that within small discrete natural populations
(i.e., 3 L of surface water) of P. bahamense there exist both sxtA4+ and sxtA4- genotypes.
Correlation of lcf variant with sxtA4 genotype may provide insights as to a potential Pyro-
dinium species complex. The next step will be determining how and if sxtA4+/- frequencies
change over time, and the environmental factors driving these fluctuations. Understanding
the factors driving bloom diversity and evolution is essential to understanding bloom
dynamics and success over both space and time. This is the first study, to our knowledge,
to examine the genetic potential for toxin production within natural dinoflagellate bloom
sub-populations, which is critical for understanding bloom ecology and evolution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9061128/s1, Detailed methods on additional screenings of P. bahamense cells
following the initial multiplex PCR; sequence comparisons of Pyrodinium and Alexandrium illustrating
sequence variability in sxtA4F1 and 166F primer binding sites; Table S1 and Methods for Detection of
STX congeners in P. bahamense toxic lab isolate; Table S2: Percent Identity among sxtA4 Pyrodinium
bahamense clones; representative 18S rRNA gene sequences used in P. bahamense analysis.
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Abstract: The dinoflagellate Symbiodiniaceae family plays a central role in the health of the coral
reef ecosystem via the symbiosis that establishes with its inhabiting cnidarians and supports the host
metabolism. In the last few decades, coral reefs have been threatened by pollution and rising temper-
atures which have led to coral loss. These events have raised interest in studying Symbiodiniaceae
and their hosts; however, progress in understanding their metabolism, signal transduction pathways,
and physiology in general, has been slow because dinoflagellates present peculiar characteristics.
We took advantage of one of these peculiarities; namely, the post-transcriptional addition of a Dino
Spliced Leader (Dino-SL) to the 5′ end of the nuclear mRNAs, and used it to generate cDNA libraries
from Symbiodinium microadriaticum. We compared sequences from two Yeast-Two Hybrid System
cDNA Libraries, one based on the Dino-SL sequence, and the other based on the SMART technology
(Switching Mechanism at 5′ end of RNA Transcript) which exploits the template switching function
of the reverse transcriptase. Upon comparison of the performance of both libraries, we obtained
a significantly higher yield, number and length of sequences, number of transcripts, and better
5′ representation from the Dino-SL based library than from the SMART library. In addition, we
confirmed that the cDNAs from the Dino-SL library were adequately expressed in the yeast cells used
for the Yeast-Two Hybrid System which resulted in successful screening for putative SmicRACK1
ligands, which yielded a putative hemerythrin-like protein.

Keywords: cDNA library; coral reefs; Hemerythrin-like protein; RACK1; spliced leader; Symbio-
dinium; yeast two-hybrid

1. Introduction

Symbiodiniaceae are highly diverse dinoflagellate algae that establish symbiosis
with cnidarians and marine organisms of diverse phyla including corals. Coral reefs
shelter a highly biodiverse ecosystem, which depends on the functional symbiosis with
dinoflagellate members of such a family [1,2]. The dinoflagellates reside in symbiosomal
membranes in the host gastrodermal cells, where they carry out the photosynthetic process
that fuels the productivity and diversity of the coral reef ecosystems. In the past decades,
coral reefs have suffered large areal losses due to coral death caused by diseases and coral
bleaching, the latter being a cause of the symbiosis breakdown; however, the mechanisms
underlying the metabolism, symbiont selection and establishment, maintenance, and
disruption of the symbiosis, are still poorly understood. The slow progress in the study of
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cnidarian–dinoflagellate symbiosis is a consequence of the scarcely available molecular
and functional genomic tools applied to corals and Symbiodiniaceae. To date, it has not
been possible to obtain silenced, mutated, or knockout stable lines of Symbiodiniaceae to
carry out integral functional genomic studies that may shed light on these pathways [3,4].

Symbiodiniaceae present genomic features that make them particularly interesting:
(a) they possess some of the largest nuclear genomes among eukaryotes; and (b) their
DNA is arranged on permanently condensed liquid-crystalline chromosomes. This way
of organization has been proposed as a third state of chromosomal folding besides the
nucleosomal and the supercoiled circular arrangements in eukaryotes and bacteria [5,6].
A third and significant genomic feature is that their transcripts contain a 22-nt conserved
sequence called Dino Spliced Leader (Dino-SL), DCCGUAGCCAUUUUGGCUCAAG
(D = U, A or G), which is post-transcriptionally added to the 5′ end of all their nuclear
mRNAs [7]. The spliced leader gene has an intronic region with unknown function,
and an exonic region which is transferred (trans-spliced) to the 5′ pre-mRNAs [8]. The
trans-splicing of the SL sequence is part of an mRNA processing mechanism, in which a
small fragment of a non-coding RNA is transferred to a splice acceptor at the 5′-UTR of
pre mRNAs [9]. The Dino-SL sequence has proved to be useful as a molecular tag that
allows us to: a) specifically select dinoflagellate mRNA from mixed microbial samples [10];
(b) construct cDNA libraries from environmental samples using a Dino-SL based approach
with high specificity [10,11]; and (c) identify any dinoflagellate gene [12]. These approaches
have been useful to obtain specific cDNA libraries from dinoflagellates; however, it has not
been explored whether they can be used for accomplishing high-quality cDNA libraries that
would allow to collect full-length cDNA clones efficiently [13]. The actual methodology
to construct a cDNA library involves the synthesis of second-strand cDNA, which can
produce artifacts, including the loss of information at the 5′ and 3′ ends of mRNAs where
gene regulation information is encoded [14]; however, this step is necessary to avoid the
loss of less-abundant transcripts.

The Dino-SL is a convenient tag that allows to prime the 5′ end of the dinoflagellate
mRNA, in addition to the dT at the 3′ end. Therefore, it is expected that, when using the
Dino-SL tag, cDNA libraries representing a higher number of complete transcripts as well
as a higher representation of less-abundant transcripts, will be obtained. The result would
be a molecular tool allowing to analyze the sequencing data obtained from them, with
more reliability than from conventionally constructed libraries. Furthermore, it opens the
opportunity to generate cDNA libraries for applications like the Yeast-Two Hybrid System
(Y2HS) that can be used to identify ligands of proteins of interest.

The Y2HS is one of the most widely used methods for in vivo identification of inter-
acting proteins, confirming interactions between two known proteins, and/or mapping
interacting domains; in addition, it has been used to successfully map interaction networks
on a large scale [15]. In this technique, the interaction between two proteins of interest
is detected via the reconstitution of a transcription factor and the subsequent activation
of reporter genes under the control of a transcription factor [16]. It exploits the fact that
the DNA-binding domain (BD) of GAL4 is incapable of activating transcription unless
physically associated with an activating domain (AD) [17]. In a two-hybrid assay, a protein
of interest is fused to a DNA binding domain (BD), then transfected to a yeast strain; this
construct is called the “bait”. In order to be useful, the “bait” must not be able to activate
the transcription of the reporter(s) on its own, so that a cDNA library that is fused to the
activation domain (AD) called the “prey” can be screened. Thus, when “prey” library
clones express proteins capable of interacting with the “bait”, they can be identified by their
ability to activate the reporter(s). Although this system presents an opportunity to identify
or confirm protein–protein interactions, it is not a failsafe approach [17]. Success in the
identification of ligands by the Y2HS depends on several factors that can negatively affect
the detection of protein–protein interactions. For example, the use of chimeras is a concern
because it can change the protein (“bait” and/or “prey”) conformations and thus disrupt
their interaction sites; another drawback is the use of yeast as a host to express the cDNA
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library of heterologous systems, which implies that some required post-translational modi-
fications for protein–protein interactions could be incorrectly carried out or not occurring
at all. Finally, cDNA libraries with underestimated or incomplete transcripts could lead,
in turn, to incomplete, untranslated (incorrect frame), or low amount of “prey” proteins.
The Dino-SL based cDNA library approach could overcome all those problems. In this
work, in an attempt to obtain a library with higher complexity than the conventionally
generated SMART (Switching Mechanism at 5′ end of RNA Transcript) libraries, we sought
to generate a cDNA library of Symbiodinium microadriaticum ssp. microadriaticum using
the Dino-SL strategy (DINO library) to amplify the dinoflagellate cDNA and clone it into
the pGADT7-rec plasmid. Then, to confirm that with this approach we could indeed
obtain a longer and higher number of transcripts, we compared it to a conventionally
generated cDNA library (SMART library). The DINO library allowed us to obtain 54%
more transcripts with a ≥5000 bp length, than with the SMART library. In order to validate
the DINO library as a tool for the Y2HS, we used the Receptor for Activated C Kinase
1 from S. microadriaticum (SmicRACK1) as bait to screen the library for prey transcripts
and obtained a sequence that upon BLAST [18] matched a hemerythrin-like protein as a
putative SmicRACK1 ligand. This was further confirmed by direct activation of the reporter
gene by both sequences in a second Y2H assay. Thus, the Dino-SL strategy provides a
molecular tool to obtain high throughput cDNA libraries that can be used as expression
libraries for molecular approaches.

2. Materials and Methods
2.1. Cell Lines and Cultures

Aseptic cultures of the photosynthetic dinoflagellate Symbiodinium microadriaticum ssp.
microadriaticum (MAC-CassKB8), originally isolated from the jellyfish Cassiopea xamachana,
and kindly donated by Dr. Mary Alice Coffroth (State University of New York at Buffalo),
were routinely maintained as in vitro culture in ASP-8A medium [19] under standard
photoperiod cycles of 12 h light/dark with a light regime of 80 µmoles quanta/m2 s, at
25 ◦C. The yeast strain Y187 was used as host for both “prey” cDNA libraries. This strain is
stored in our laboratory as glycerol stocks at −80 ◦C, and also maintained on PDA medium
at 4 ◦C.

2.2. Total RNA Isolation, cDNA Synthesis and cDNA Amplification

Total RNA from exponentially growing S. microadriaticum cultures (1 × 105 cells/mL)
was extracted as follows. Cultures were harvested by centrifugation at 1400× g for 5 min,
then the pellet was suspended with TRI REAGENT (Sigma, St. Louis, MO, USA) and vig-
orously shaken at 48 rpm with glass beads (425–600 µm; Sigma) in a bead beater (Biospec,
Bartlesville, OK, USA) for 2–3 min at 4 ◦C; total RNA was extracted according to the
manufacturer’s instructions. The RNA was further purified with the RNA CLEANUP Kit
(Qiagen, Valencia, CA, USA), and mRNA was purified with the OLIGOTEX kit (Qiagen,
Valencia, CA, USA) according to the protocol in the accompanying user manual. All the
RNA samples were treated with RNase-free DNase I (Thermo Fisher Scientific, Waltham,
MA, USA) to eliminate DNA. The integrity of total RNA was analyzed by 1.2% denatur-
ing agarose gel electrophoresis, followed by GELRED staining (Biotium, Fremont, CA,
USA). The concentration and purity of the total RNA were determined with a SmartSpec
3000 spectrophotometer (BioRad, Hercules, CA, USA) at 260 and 280 nm, respectively.
The cDNA synthesis was made with the Matchmaker Library Construction kit (Clontech
Laboratories Inc., Mountain View, CA, USA), according to the manufacturer’s instruc-
tions. Two tubes with 0.5–1 µg of mRNA were mixed with 1 µL 10 µM CDSIII oligo
(5′ ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30VN 3′) and 2 µL of nuclease-free
water. The tubes were incubated at 72 ◦C for 5 min and then quickly cooled on ice before
their content was added to two tubes containing 2 µL of 5X first strand buffer, 1 µL 0.1 M
DTT, 1 µL 10 mM dNTP’s mix, and 1 µL of the SMART Moloney murine leukemia virus
reverse transcriptase (M-MLV RT). Then, the mixtures were incubated as follows: 42 ◦C for
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10 min, followed by 1 µL of SMARTIII oligo (5′ AAGCAGTGGTATCAACGCAGAGTGGC-
CATTATGGCCGGG 3′) to only one tube; the incubation continued for 1 h at 42 ◦C; 75 ◦C
for 10 min; and 23 ◦C for 5 min. At this point, 1 µL of RNAse H was added to both tubes;
finally, the tubes were incubated at 37 ◦C for 20 min.

Long distance-polymerase chain reaction (LD-PCR) was carried out with the ADVAN-
TAGE 2 POLYMERASE MIX (Clontech) following the manufacturer’s instructions. For
each cDNA (synthesized with or without the SMARTIII oligo), two 100 µL reactions were
carried out. The reactions consisted of a mixture of 10 µL 10X Advantage 2 PCR Buffer,
2 µL 50X dNTPs mix, 2 µL 10 µM 3′ PCR oligo (5′ GTATCGATGCCCACCCTCTAGAGGC-
CGAGGCGGCCGACA 3′), 10 µL 10X fusion solution, 2 µL 50X Advantage 2 polymerase
mix, and 70 µL nuclease-free water along with: (a) 2 µL first strand cDNA synthesized
with SMARTIII oligo and 2 µL 10 µM 5′ PCR oligo (5′ TTCCACCCAAGCAGTGGTAT-
CAACGCAGAGTGG 3′); or (b) 2 µL first strand cDNA synthesized without SMARTIII
oligo and 2 µL 10 µM DINO-SL oligo (5′ TTCCACCCAAGCAGTGGTATCAACGCA-
GAGTGGCCATTATGGCCCCGTAGCCATTTTGGCTCAAG 3′). Then, the reactions were
subjected to the following program: step 1, 94 ◦C, 30 s; step 2, 94 ◦C, 10 s; step 3, 68 ◦C,
6 min; 25 cycles from step 2–3. To confirm that the amplification took place (which should
be seen as a smear on the gel), 7 µL of each reaction were analyzed on a 1.2% agarose gel
subsequently stained with GelRed (Biotium, Fremont, CA, USA). The PCR products were
purified with CHROMA SPINTM +TE-400 columns to discard DNA molecules of <200 pb.

2.3. Generation of cDNA Libraries

Two to five µg from each ds cDNA pool were mixed with 3 µg of SmaI linearized
pGADT7-rec vector, and Y187 competent cells were transformed at library scale using the
Yeastmaker Yeast Transformation System 2 (Clontech) according to the protocol in the
accompanying user manual. The SMART and Dino-SL (DINO) libraries had 7.2 × 108 and
2.43 × 109 independent clones, respectively, which was an indication of the library com-
plexity (which should be no less than 1 × 106 independent clones).

2.4. Sequencing of Libraries

To determine that the Dino-SL based approach improves the cDNA library with respect
to the use of the regular methodology, we decided to sequence both Y2HS (DINO and
SMART) libraries. A 1 mL aliquot from each library was thawed in a water bath at 25 ◦C.
The plasmids from the libraries were purified with the ZYMOPREP YEAST PLASMID
MINIPREP II kit (Zymo Research, Irvine, CA, USA). The libraries were amplified by LD-
PCR with the ADVANTAGE 2 POLYMERASE MIX (Clontech) using the AD-Screen Fwd
oligo (5′ CTATTCGATGATGAAGATACCCCACCAAACCCA 3′), and the AD-Screen Rv
oligo (5′ GTGAACTTGCGGGGTTTTTCAGTATCTACGATT 3′) under the same conditions
of cDNA amplification. The PCR products were sent for sequencing to the Mass Sequencing
and Bioinformatics facility of the Institute of Biotechnology at UNAM. Sequencing was
carried out by Illumina (2 × 75 cycles, 10 million reads).

2.5. Bioinformatic Analysis

Read quality control and cleaning were carried out using Fastp (v0.19.5), which can
perform quality control, adapter trimming, quality filtering, per-read quality pruning and
many other operations with a single scan of the FASTQ data. Default parameters were
used [20]. The de novo assembly was carried out using Trinity (v2.8.4) [21], from the
sequences free of: adapters, overrepresented sequences, low quality and low complexity.
Then, TransDecoder was used to identify candidate coding regions from the assembled
transcripts (v5.5.0). The candidate coding regions were used for BLAST analysis [18]
against the draft of S. microadriaticum genome [22,23], and homologs were accepted if they
had an e-value < 1 × 10−5, sequence identity > 90%, and alignment length > 90% of the
individual proteins. The presence of conserved domains in the assembled transcripts was
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identified and annotated using HMMER [24]. KEGG pathway analysis of the candidate
coding regions were performed using GhostKOALA [25].

Finally, the Kozak sequence for Symbiodinium (RCCATGGCN) was mapped using the
DNA-pattern program which allows to search all occurrences of a pattern within DNA
sequence [26]. The searches were done only in the direct strands, machining positions can
be calculated either relative to the sequence start and 1 substitution were allowed.

2.6. Yeast-Two Hybrid System (Y2HS) Screening

In order to probe whether the DINO library was suitable to screen for protein inter-
actions, we made a screen using the AH109 yeast strain harboring the bait construction
pGBKT7-SmicRACK1 as bait, and the DINO library as the prey in the Y187 yeast strain.
The screening was carried out with the MATCHMAKER GAL4 Two-Hybrid System 3 kit
following the instructions of the manufacturer (Clontech).

3. Results
3.1. The DINO Library Has Increased Yields and Higher Representation

The yield of the library is an important indicator of the transcript representation.
Because the cDNA content quality could affect the performance of the libraries, we deter-
mined and compared the yield of each library to confirm differences in their complexity.
Two S. microadriaticum full-length cDNA libraries were generated, one based on the SMAR-
TIII oligo and the other one based on the Dino-SL tag. Both libraries had similar yield; the
DINO library had 1.8 × 108 ufc/mL while the SMART library 1.6 × 108 ufc/mL. However,
the number of independent clones was higher in the DINO (2.43 × 109) than in the SMART
library (7.2 × 108) (Table 1). This indicates a favorable representation of transcripts in both
libraries albeit with a better representation in the Dino-SL based library.

Table 1. Obtained yields from the DINO (Dino Spliced Leader) and SMART (Switching Mechanism
at 5′ end of RNA Transcript) libraries.

Recommended Minimum DINO SMART

Density cells/mL >2 × 107 6 × 108 5.9 × 108

UFC/mL >1 × 107 1.8 × 108 1.6 × 108

Independent clones n: >1 × 106 2.43 × 109 7.2 × 108

3.2. The Dino Spliced Leader (DINO) Library Presents Higher Transcript Identification

Because the Dino-SL sequence and a dT-based oligo were used as forward and reverse
primers, respectively, to amplify the cDNA for the DINO library, it was expected that
it was represented by a higher number of complete transcripts than the SMART library.
The highest number of reads filtered with Fastp (v0.19.5) was obtained from the DINO
library (35,311,534) compared with the number of reads obtained from the SMART library
(17,715,026; Table 2); the sequenced reads had a mean length of 70 and 69 bp for the DINO
and SMART libraries, respectively. After the de novo assembly, the sequences >1000 bp
for the DINO library were 1.39-fold higher in the DINO library (1,168,986) than those in
the SMART library (840,010) (Figure 1). Similarly, the sequences harboring >5000 bp were
~2.2-fold higher in the DINO library (89,797) than those in the SMART library (40,817)
(Figure 1). The calculated N50 scaffold for the DINO library was 5671, while that for the
SMART library was 3611 (Table 2). The de novo assembly produced 4760 transcripts from
the DINO library, and 3611 transcripts from the SMART library, respectively (Table 2).
The transcripts were used for the detection of coding sequences (CDS) and prediction of
proteins resulting in the identification of 3117 CDS and 3117 proteins in the DINO library,
and 2025 CDS and 2025 proteins in the SMART library (Table 2). These data indicated that
the cDNA libraries based on Dino-SL allowed us to obtain a significant information gain.
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Table 2. Read and assembly statistics for DINO and SMART libraries. Overview of the sequencing
data, assembly, clustering, and annotation.

DINO Library SMART Library

Total reads (FastP v0.19.5) 35.311534 M 1 17.715026 M
Total bases 2.479454 Gb 2 1.236204 Gb

Transcripts (Trinity) 4760 3611
Total length contigs after TransDecoder

N50 3 5671 4840
N75 4 4270 3534

GC content (%) 40.93 35.78
CDS 5 3117 2025

Proteins 3117 2025
Orthologs 1422 1070

1 M: millions; 2 Gb: gigabases; 3 N50: sequence length of the shortest contig at 50% of total genome length; 4 N75:
same as N50 but length of shortest contig at 75%; 5 CDS: coding sequence.
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Figure 1. Number of sequences from the de novo assembly. The raw sequences were de novo assembled using Trinity
(v2.8.4). The total number of sequences for the DINO (Dino Spliced Leader) library was 4,282,698; of these, 3,023,915
sequences were <1000 bp; 1,168,986 were from 1000 to 5000 bp; and 89,797 were >5000 bp. The total number of sequences
for the SMART (Switching Mechanism at 5′ end of RNA Transcript) library was 3,051,437, distributed as follows: 2,170,610
were <1000 bp; 840,010 sequences between 1000 to 5000 bp; and 40,817 sequences >5000 bp.

3.3. Higher 5′ Representation in the DINO Library

In most known cDNA library databases, several sequences are truncated towards
the 5′ end either partly or completely. This results in sequences lacking the initiation site
and, therefore, upon further processing, they result in incorrect ORFs. Thus, in order to
identify the translation initiation in unique sequences for each library, we analyzed the
Kozak sequence for Symbiodinium RCCATGGCN described in Zhang et al. [11].

Among the 1422 unique genes in the DINO library, 1128 contained the Kozak sequence
which represents 78.22% of the total. On the other hand, from the 1070 unique genes of the
SMART library, 776 contained the Kozak sequence which represents 72.52% (Figure 2a).

94



Microorganisms 2021, 9, 791

Microorganisms 2021, 9, x FOR PEER REVIEW 7 of 14 
 

 

the translation initiation in unique sequences for each library, we analyzed the Kozak se-

quence for Symbiodinium RCCATGGCN described in Zhang et al. [11].  

Among the 1422 unique genes in the DINO library, 1128 contained the Kozak se-

quence which represents 78.22% of the total. On the other hand, from the 1070 unique 

genes of the SMART library, 776 contained the Kozak sequence which represents 72.52% 

(Figure 2a). 

. 

Figure 2. Total number of genes present in the libraries. (a) Percentage of sequences showing the Kozak sequence; (b) 

Venn diagram of the genes shared between both libraries. 

3.4. Identification of Unique and Shared Orthologs in Assemblies 

To identify the unique proteins in the libraries, the orthologous proteins between 

them, and those from the draft of the S. microadriaticum genome [22,23] were identified. A 

number of 1422 unique proteins was identified from the DINO library and 1070 unique 

proteins from the SMART library, respectively, including 446 proteins shared between the 

two libraries (Figure 2b). Upon functional annotation using KEGG for each of the libraries, 

the highest proportion of the proteins in the DINO library was found to be related to ge-

netic information processing (256 genes), carbohydrate metabolism (65), signaling and cel-

lular processes (37), and environmental information processing (35). In parallel, these pro-

teins were found to be related to different metabolic pathways which included those in-

volved in carbohydrate metabolism such as glycolysis/gluconeogenesis (13), glyoxylate 

and dicarboxylate metabolism (8), butanoate metabolism (7), the citric acid cycle, (6), pen-

tose phosphate pathways (6) and those involved in energy metabolism such as photosyn-

thesis (16), methane metabolism (10), and oxidative phosphorylation (8). Others were re-

lated to carbon fixation in photosynthetic organisms (8); lipid metabolism as fatty acid 

degradation (9), amino acid metabolism such as glycine, serine, and threonine metabolism 

(7), and cysteine and methionine metabolism (6), among others. On the other hand, the 

proteins in the SMART library were related to genetic information processing (179 genes), 

carbohydrate metabolism (72), signaling and cellular processes (37), and energy metabo-

lism (30). Furthermore, these proteins were associated to different metabolic pathways 

which included carbohydrate metabolism as glycolysis/gluconeogenesis (12), starch and 

sucrose metabolism (9), the citrate cycle, (5), and pentose phosphate pathways (6); others 

were related to energy metabolism such as photosynthesis (14), carbon fixation in photo-

synthetic organisms (8), methane metabolism (6); and lipid metabolism such as fatty acid 

degradation (7); and finally, others related to amino acid metabolism such as valine, leu-

cine and isoleucine degradation (8), and alanine, aspartate and glutamate metabolism (6), 

among others (Figure 3, Supplementary Table S1). 

Figure 2. Total number of genes present in the libraries. (a) Percentage of sequences showing the Kozak sequence; (b) Venn
diagram of the genes shared between both libraries.

3.4. Identification of Unique and Shared Orthologs in Assemblies

To identify the unique proteins in the libraries, the orthologous proteins between
them, and those from the draft of the S. microadriaticum genome [22,23] were identified. A
number of 1422 unique proteins was identified from the DINO library and 1070 unique
proteins from the SMART library, respectively, including 446 proteins shared between the
two libraries (Figure 2b). Upon functional annotation using KEGG for each of the libraries,
the highest proportion of the proteins in the DINO library was found to be related to genetic
information processing (256 genes), carbohydrate metabolism (65), signaling and cellular
processes (37), and environmental information processing (35). In parallel, these proteins
were found to be related to different metabolic pathways which included those involved
in carbohydrate metabolism such as glycolysis/gluconeogenesis (13), glyoxylate and di-
carboxylate metabolism (8), butanoate metabolism (7), the citric acid cycle, (6), pentose
phosphate pathways (6) and those involved in energy metabolism such as photosynthesis
(16), methane metabolism (10), and oxidative phosphorylation (8). Others were related to
carbon fixation in photosynthetic organisms (8); lipid metabolism as fatty acid degradation
(9), amino acid metabolism such as glycine, serine, and threonine metabolism (7), and
cysteine and methionine metabolism (6), among others. On the other hand, the proteins
in the SMART library were related to genetic information processing (179 genes), carbo-
hydrate metabolism (72), signaling and cellular processes (37), and energy metabolism
(30). Furthermore, these proteins were associated to different metabolic pathways which
included carbohydrate metabolism as glycolysis/gluconeogenesis (12), starch and sucrose
metabolism (9), the citrate cycle, (5), and pentose phosphate pathways (6); others were
related to energy metabolism such as photosynthesis (14), carbon fixation in photosynthetic
organisms (8), methane metabolism (6); and lipid metabolism such as fatty acid degrada-
tion (7); and finally, others related to amino acid metabolism such as valine, leucine and
isoleucine degradation (8), and alanine, aspartate and glutamate metabolism (6), among
others (Figure 3, Supplementary Table S1).
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3.5. Identification of the Receptor for Activated C Kinase 1 from S. microadriaticum (SmicRACK1)
Ligands by Y2HS Using the DINO Library

One of the main concerns for using the Y2HS to identify protein-protein interac-
tions is that with the use of heterologous systems like this one, the correct expression of
heterologous proteins can be affected. Due to this, we made a Y2HS screen of putative
SmicRACK1 ligands to prove that the DINO library can be suitable to identify protein-
protein interactions. We sought to identify ligands of the Receptor for Activated C Kinase 1
from S. microadriaticum (SmicRACK1) [27]. Our Y2HS screen identified several putative
SmicRACK1 ligands (Supplementary Figure S1) whose sequences, in general, contained the
Dino-SL sequence, a short 5′ UTR and a 3′ UTR. One of these was identified as belonging
to the hemerythrin-like superfamily (Figure 4) and presented again the Dino-SL sequence
followed by a 5′ UTR (44 bp), a CDS with start and stop codons, and a 3′ UTR (Figure 4). A
second Y2H assay using each sequence as bait and prey, correspondingly, resulted in the
activation of the reporter gene and confirmed the interaction between these two proteins
(Supplementary Figure S1). This indicated that the Dino-SL tag in dinoflagellates is a
useful tool to generate cDNA libraries not only for sequencing, but also to identify ligands
by Y2HS.
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4. Discussion

The mechanisms underlying Symbiodiniaceae–cnidarian mutualistic symbiosis are
still poorly understood even though it is a fundamental association for the survival and
biodiversity of coral reefs. This association is also sensitive to environmental stress [28],
particularly to the rise of temperature and light which causes its breakdown. Analogous to
the former, there has been slow progress in the study of the molecular mechanisms involved
in this disruption, mainly due to an absence of appropriate techniques to study the proteins,
functions, and signaling pathways that work to maintain the symbiotic association. In
order to develop a tool that could aid in the identification of molecular mechanisms that
govern the life cycle and the Symbiodiniaceae–cnidarian symbiosis, we took advantage of
the Dino-SL sequence found in the Symbiodiniaceae transcripts to generate a cDNA library
from S. microadriaticum and analyze its performance and suitability in the Y2HS, compared
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to a SMART-generated library. In dinoflagellates, the spliced leader trans-splicing process
transfers a Dino-SL sequence to the 5′ end of independent immature transcripts [7,8]. On
the other hand, the SMART technology takes advantage of the reverse transcriptase ability
to switch templates, reducing the occurrence of incomplete cDNA synthesis. However,
the latter does not discriminate between full length and truncated transcripts [29], which
results in a decrease of full-length cDNAs. The Y2HS is one of the molecular tools used
to find in vivo novel protein–protein interactions by the reconstitution of a transcription
factor that activates reporter genes. This approach has been used in assays with several
cDNA libraries from different organisms, but not Symbiodiniaceae. Thus, we sought to
explore the possible advantages and application of a DINO library from S. microadriaticum
to identify putative SmicRACK1 ligands by Y2HS.

Our comparative analysis indicated that a cDNA library generated with the Dino-
SL sequence was most suitable to obtain a higher recovery of transcript ORFs which, in
addition, included more sequence of the 5′ end UTRs compared to that from the SMART
library. In addition, the DINO library presented a higher number of independent clones
(2.43 × 109) with respect to the SMART library (7.2 × 108) (Table 1). The number of
independent clones is indicative of the library complexity, which implies that the DINO
library had better representation of transcripts. Furthermore, the complexity of the libraries
was confirmed by the total reads obtained after sequencing. Up to double total reads
were obtained for the DINO library (35,311,434 M), compared with the SMART library
(17,715,026 M) (Table 2). This improvement in the library yield results in an enrichment
of transcripts without the use of expensive kits or complicated procedures and only an
oligonucleotide with the Dino-SL sequence to replace the SMART technology is required.
In practical terms for the Y2HS assay, this also results in sequences of the “prey” library
without incorrect ORFs and capable of expressing complete proteins, thus elevating the
probability of obtaining reporter-activated colonies through interacting ligands during the
screening process.

It is important to point out that the sequences <1000 bp retrieved after the de novo
assembly were present in more abundance in both libraries (70.6% and 71.13% for the DINO
and SMART libraries, respectively) (Figure 1). This indicates the presence of truncated
cDNAs in the two libraries. Likewise, the percent of sequences between 1000 and 5000
bp, and >5000 bp remained consistent in both libraries (Figure 1), which indicates that
both methodologies have similar performance. Nevertheless, the libraries differ in the
yield of recovered sequences because of the use of the Dino-SL instead of the SMART
technology; the latter supposed to select for complete transcripts. The identified unique
coding sequences were also higher for the DINO library (1422) than for the SMART library
(1070); and the libraries shared only 446 of the coding sequences (Figure 2b). This low
number of shared sequences is very likely the result of the SMART library harboring more
incomplete CDS, therefore, escaping detection in the analyses. The number of coding
sequences identified for the DINO library was lower than expected considering the high
number of assembled sequences obtained; however, it is also a result of the multicopy
genome of Symbiodiniaceae, whose genome presents multiple gene copies from gene
duplication; i.e., the genome of S. goreaui displayed a genome-fragment duplication of
15.31% (5498 of 35,913) of the predicted genes [30]. This is also evident from their reported
genomes, which have revealed a significant portion of genes arranged in tandem [31].

These data suggest that the increased number of sequences of the Dino-SL based
library is likely due to a diminished loss of transcripts and 5′ ends, thus resulting in a
better representation than in the SMART library. As the Dino-SL oligo selectively amplifies
dT oligo-synthesized cDNA harboring the Dino-SL sequence, the DINO library should
be enriched for sequences that contain the translation start site and upstream. It is well
known that dinoflagellates such as S. kawagutii, use strong Kozak motifs as consensus
sequences of the translation initiation site [11,32]. Thus, we examined the presence of
the AUG start codon flanked by the Kozak sequence in the unique gene sequences of
both libraries. There was a prevalence of a higher number of genes that presented this

98



Microorganisms 2021, 9, 791

translation start site in the DINO library (78.22%, 1128 from 1422 genes) than those in the
SMART library (72.52%, 776 from 1070 genes (Figure 2a). This indicates that by using the
Dino-SL strategy, a greater coverage of the 5′ end, including the translation start site, which
is an indispensable requirement for an expression library, is obtained.

The functional annotation of the libraries shows a high coincidence between both
libraries; however, there were no proteins related to the categories metabolism of ter-
penoids and polyketides in the DINO library. On the other hand, there were no proteins
related to the category biosynthesis of other secondary metabolites in the SMART library
(Supplementary Table S1). In addition, the heatmap of metabolic pathways indicates a
similar pattern in both libraries (Figure 3), but whose differences are the result of the
difference in the methodologies (from generation of the libraries to sequencing). Thus, the
differences in the methodologies did not have an important effect on the pool of transcripts
or their abundance.

The spliced leader trans-splicing phenomenon is not particular for dinoflagellates. It
was first described in trypanosomes [33–35], and later it was also identified in Euglena [36],
nematodes [37], platyhelminthes [38], chordates [39–42], cnidarians [43], rotifers [44],
dinoflagellates [7,45,46], porifers [47], ctenophors [47,48], and chaetognaths [49]. However,
although there are several spliced leader consensus sequences in most of these organisms
and the trans-splicing process does not occur in all the mRNAs, this feature is only useful
in cases of a unique consensus sequence occurring in the whole mRNA population, i.e.,
rotifers, chordates and dinoflagellates [8].

SmicRACK1 belongs to the RACK1 and WD-40 protein families [27], it is expressed
ubiquitously in eukaryotes, and is related to multiple cellular processes due to its scaffold-
ing properties that enable it to interact with multiple ligands at the same time [50]. We
conducted a Y2HS screen to identify SmicRACK1 ligands and to confirm the functionality
of the DINO library. We identified several putative SmicRACK1 ligand sequences that
contained the recognizable Dino-SL sequence, 5′ UTR, CDS and 3′ UTR. One of the ligand
CDS encoded a Hemerythrin-like superfamily protein (Figure 4). Hemerythrin proteins
belong to four family members of oxygen-carrier non-heme di-iron bonding proteins
(hemoglobin, hemerythrin and two non-homologous families of arthropodan and mol-
luscan hemocyanins) [51,52]. Hemerythrin proteins have been identified in invertebrates
(sipunculans, polychaetes, priapulids and brachiopods) [53], and in 367 bacterial, 21 ar-
chaeal and 4 eukaryotic genomes [51]. Their functions are involved in signal transduction,
phosphorelay regulation, abiotic resistance, and protein binding [51,52]. The function of
this protein in S. microadriaticum is yet to be determined, but its characteristics point to an
involvement in oxygen and iron storage and transport. Confirmation of its function will
allow the physiological processes of S. microadriaticum in which SmicRACK1 participates
to be identified.

5. Conclusions

Our comparative analysis clearly indicates that using the Dino-SL sequence found in
the transcripts of S. microadriaticum to generate cDNA libraries allows a higher transcript
recovery to be obtained when compared to a SMART technology-generated library. Fur-
thermore, a combined strategy using both types of library will increase the probability of
obtaining a more comprehensive coverage of transcripts to enhance the corresponding
application to which the libraries are to be used. This molecular tool will enable progress
in understanding the molecular events underlying the biology, metabolism and symbiosis
of Symbiodiniaceae.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-260
7/9/4/791/s1, Figure S1: Y2HS positive clones indicating SmicRACK1 interacting ligands. Table S1:
Functional annotation of libraries using GhostKOALA.
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Abstract: Plastic products contribute heavily to anthropogenic pollution of the oceans. Small plastic
particles in the microscale and nanoscale ranges have been found in all marine ecosystems, but
little is known about their effects upon marine organisms. In this study, we examine changes
in cell growth, aggregation, and gene expression of two symbiotic dinoflagellates of the family
Symbiodiniaceae, Symbiodinium tridacnidorum (clade A3), and Cladocopium sp. (clade C) under
exposure to 42-nm polystyrene beads. In laboratory experiments, the cell number and aggregation
were reduced after 10 days of nanoplastic exposure at 0.01, 0.1, and 10 mg/L concentrations, but no
clear correlation with plastic concentration was observed. Genes involved in dynein motor function
were upregulated when compared to control conditions, while genes related to photosynthesis,
mitosis, and intracellular degradation were downregulated. Overall, nanoplastic exposure led to
more genes being downregulated than upregulated and the number of genes with altered expression
was larger in Cladocopium sp. than in S. tridacnidorum, suggesting different sensitivity to nano-plastics
between species. Our data show that nano-plastic inhibits growth and alters aggregation properties
of microalgae, which may negatively affect the uptake of these indispensable symbionts by coral
reef organisms.

Keywords: nanoplastics; dinoflagellate; coral reef; Symbiodinium; Cladocopium; gene expression

1. Introduction

Coral reefs provide a habitat for marine invertebrate and vertebrate species alike, sustaining
the highest biodiversity among marine ecosystems [1]. Formed primarily by scleractinian corals
and coralline algae, coral reefs are complex and vulnerable ecosystems. Structural complexity of
coral reefs, and, by extension, the capability to sustain biodiversity often declines due to natural and
human-related stressors [2,3].

One important stressor for coral reef ecosystems is plastic pollution. Small plastic particles
(>1 mm) have been reported from coral islands at more than 1000 items/m2 [4]. Further fragmentation
of these particles leads to nano-plastics (<1 µm) [5]. Microplastic particles induce stress responses in
scleractinian corals, and suppress their immune systems and capacity to cope with environmental
toxins [6]. When ingested by corals [7–9], microplastics disrupt the anthozoan-algal symbiotic
relationship [10]. They are also linked to potential adverse effects on calcification [11] with exposure
resulting in attachment of microplastic particles to tentacles or mesenterial filaments, ingestion
of microplastic particles, and increased mucus production [12]. Su et al. [13] exposed the coral
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symbiont, Cladocopium goreaui, to 1-µm polystyrene spheres, leading to diminished detoxification
activity, nutrient uptake, and photosynthesis as well as increased oxidative stress, apoptosis levels,
and ion transport. Plastic particles seem to negatively impact symbiotic relationships between corals
and their microalgae, thereby degrading the entire coral reef ecosystem. However, this has not been
systematically investigated.

Nano-plastics can originate by fragmentation of larger plastic objects through photochemical
and mechanical degradation. There are also primary sources of nano-plastics. Medical and cosmetic
products, nanofibers from clothes and carpets, 3D printing, and Styrofoam byproducts find their way
into coral reef ecosystems via river drainages, sewage outfalls, and runoff after heavy rainfall, as well
as via atmospheric input and ocean currents. Nano-plastics have recently been reported in ocean
surface water samples [14]. Since the nanoplastic research is still in its infancy, many unanswered
questions remain, starting with the environmental concentrations in various ecosystems [15,16].
Since detecting nano-plastics’ concentrations directly is still not possible [17], a better understanding of
the potential impacts is necessary to encompass a range of different concentrations. The miniature
size of these particles leads to higher surface area to volume ratios and enhanced reactivity of smaller
particles coupled with the ability to pass across biological barries and enter cells [18] when compared
to micro-plastics.

In this study, we focused on the microalgal symbionts of mollusks that inhabit fringing coral
reefs of Okinawa. Knowledge of the effects of nano-plastics on the symbionts of Tridacninae
(giant clams) and Fraginae (heart cockles) will benefit conservation and restocking efforts,
since both are obligatory photo-symbionts and important contributors to coral reef ecosystems.
Approximately 30 Symbiodiniaceae phylotypes are economically important for fisheries [19]. This study
specifically investigated effects of nano-plastics (42-nm polystyrene spheres) on the growth rates,
aggregations, and gene expression changes in Symbiodinium tridacnidorum (symbionts of the Tridacninae)
and Cladocopium sp. (symbionts of the Fraginae).

2. Materials and Methods

2.1. Exposure to Nano-Plastics Using Roller Tanks

The majority of host animals obtain their indispensable symbiotic dinoflagellates from coral
reef sand and the water column [20,21]. Roller tanks and tables were used to simulate the natural
environment of the dinoflagellate vegetative cells in their free-living state [22,23]. Roller tanks have
commonly been used to promote aggregation since Shanks and Edmondson [23,24]. Fifteen roller
tanks of 13.4 cm in diameter and 7.5 cm in height with a capacity of 1057 mL were employed. In tanks,
aggregation can occur [23], ensuring that microalgae are exposed to the polystyrene nano-plastics
(nanoPS) in a way that mimics their natural habitat. Once rotation commenced, continuous aggregate
formation and suspension were ensured [24] as well as continuous exposure to nanoPS. Roller tanks are
closed for the entire duration of the experiment, so that exposure levels of the nanoPS remain constant
throughout. Tanks were closed without bubbles so as not to disturb the aggregation process with
turbulence. To compare differences between species, two dinoflagellates, Symbiodinium tridacnidorum
(clade A3 strain, ID: NIES-4076) and Cladocopium sp. (clade C strain, ID: NIES-4077) were cultured in
artificial seawater containing 0.2× Guillard’s (F/2) marine-water enrichment solution (Sigma-Aldrich)
in roller tanks [25,26]. S. tridacnidorum and Cladocopium sp. were isolated from Tridacna crocea and
Fragum sp. in Okinawa, Japan [25]. Using glass flasks, precultures for the stress experiment were
established, as previously described [26].

Microplastics (>1 mm) from a coral reef and the ingestion (53 to 500 µm) by coral reef clams
have been reported and microplastic removal by giant clams has been proposed [4,27]. To simulate
nano-plastic accumulation in coral reefs and in the host organisms, three different concentrations
(0.01 mg/L, 0.1 mg/L, and 10 mg/L) of nano-plastic (42-nm pristine polystyrene beads, nanoPS42,
from Bangs Laboratories Inc., catalog number FSDG001, polystyrene density 1.05 g/cm3, nanoPS)
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were added to the treatment tanks (Table S1). Preliminary tests were run to confirm no leaching
of the fluorescent dye (data not shown). Concentrations were chosen to span a range of possible
environmental concentrations, starting at 0.01 mg/L with a surface area of 1.36 × 106 µm2/L and
2.46 × 108 particles per L. The next highest concentration is just one magnitude higher (0.1 mg/L, surface
area 1.36 × 107 µm2/L and 2.46 × 109 particles per L). This middle range concentration corresponds to
actually observed lower concentrations of microplastic particles [28]. Just as microplastic concentrations
are highly variable, nanoplastic concentrations are assumed to change depending on the proximity
to human activity. To account for these variables, but not at the highest measured microplastic
concertation, we placed our highest concentration at 10 mg/L with a surface area of 1.36 × 109 µm2/L
and 2.46 × 1011 particles per L (Table S1). Treatment tanks as well as control tanks (no nanoPS) were
established in triplicate. Three tanks without algae were prepared as negative controls (at 10 mg/L,
0.01 mg/L, and 0 mg/L nano-plastic). In each culture tank, the final cell density of the two strains was
adjusted to ~7 × 105 cells/mL. Tanks were harvested after 9–11 days for logistical reasons, making
replicates a day apart (Table S2).

2.2. Measurements of Cell Density and Aggregation

Cells for growth rates were counted using hemocytometers (C-Chip DHC-N01) under a Zeiss
Axio Imager Z1 microscope (Jena, Germany). At least two subsamples and 200 cells were counted
per sample.

Aggregates were imaged and counted in each tank and for five size classes, as follows: 0.2–0.5 mm,
0.5–1 mm, 1–2.5 mm, 2.5–3.5 mm, and >3.5 mm in the longest dimension. Tanks of the same
concentration were sampled at the same time of day. Controls were sampled first and then in order
of increasing nanoPS42 concentration to avoid nano-plastic carry over from higher concentrations
to lower. In order to examine how nanoPS42 affects aggregate formation, aggregates were collected
for different measurements after the approximate total number of aggregates in each tank had been
determined. Aggregation of algae and plastic was confirmed with 3D imaging using a Zeiss Lightsheet
Z.1 and Imaris software. NanoPS42 was observed with a band-pass filter (excitation: 405 nm, emission:
505–545 nm) and chloroplasts were visualized using a long-pass red filter (excitation: 488 nm, emission:
660 nm).

One fourth of all aggregates were collected for RNA analysis (2 min spin down at 12,000 rpm and
discarding the supernatant, freezing in liquid nitrogen, and storage at −80 ◦C). For all other measured
factors, harvest included separate sampling of the aggregate fraction (aggregates >0.5 mm, Agg) and
the surrounding sea water fraction (aggregates <0.5 mm and un-aggregated cells) [29]. Aggregates for
sinking velocity (three aggregates per size class for 11.5 cm in a 100-mL glass graduated glassware
cylinder) was collected in artificial seawater at the same temperature as experiments were conducted.

2.3. RNA Extraction, Library Construction, and Sequencing

Frozen cells were broken mechanically using a polytron (KINEMATICA Inc., Luzern, Switzerland)
in tubes chilled with liquid nitrogen. RNAs were extracted using Trizol reagent (Invitrogen) according
to the manufacturer’s protocol. The quantity and quality of total RNA were checked using a Qubit
fluorometer (ThermoFisher, Waltham, MA) and a TapeStation (Agilent, Santa Clara, CA), respectively.
Libraries for RNA-seq were constructed using the NEBNext Ultra II Directional RNA Library Prep Kit for
Illumina (#E7760, NEB). Sequencing was performed on a NovaSeq6000 SP platform. Nine mRNA-seq
libraries from nanoPS-exposed photosymbiotic algae were sequenced (3 concentrations × 3 exposure
times) plus three controls (Table S2).

2.4. RNA-Seq Data Mapping and Clustering Analysis

Raw sequencing data obtained from the NovaSeq6000 were quality trimmed with Trimmomatic
(v. 0.32) in order to remove adapter sequences and low-quality reads. Paired reads that survived
the trimming step (on average 92%) were mapped against reference transcripts of Symbiodinium
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and Cladocopium sp. For each gene in the genomes of Symbiodinium and Cladocopium sp. a *.t1
transcript form was used as a reference sequence. Mapping was performed using RSEM (RNA-Seq
by Expectation-Maximization) [30] with the bowtie (v. 1.1.2) as an alignment tool. Expression values
across all samples were normalized by the TMM (Trimmed Mean of M-values) method [31]. Genes with
differential expression (two-fold difference and p < 0.001) were identified with edgeR Bioconductor,
based on the matrix of TMM normalized TPM Transcripts Per Kilobase) values. Experimental samples
were clustered according to their gene expression characteristics using edgeR. Annotations were
performed using BLAST2GO and Pfam databases [25] and are available at the genome browser site
(https://marinegenomics.oist.jp).

3. Results and Discussion

3.1. Suppression of Algal Growth by Nano-Plastic Exposure

Exposure to nanoPS42 decreased the mean growth rate of photosymbiotic algae (Figures 1 and S1).
The greatest reduction in growth rate was seen at the lowest nanoPS42 treatment (0.01 mg/L) with cell
densities reduced from starting values by −0.062 ± 0.02 (Holm-Sidak, p = 0.002), which was followed by
the highest nanoPS42 treatment (10 mg/L) with −0.013 ± 0.05 (Holm-Sidak, p = 0.026). In the 0.1 mg/L
treatment, cell densities increased slightly by 0.028 ± 0.04. Thus, nanoPS42 either inhibited algal growth
in a non-linear manner or had a limited effect [32]. Reductions in growth rates have also been reported
in the micro-plastic study of Reference [13] in Cladocopium goreaui and in other microalgae exposed to
micro-plastics (Chlamydomonas reinhardtii [33] and Skeletonema costatum [34]).

Figure 1. Treatment and control tanks were sampled after 9, 10, and 11 days. Experiments started
with ~680,000 cells/mL in all tanks. There are differences between the growth rate in the different
treatments, but the ratio stays the same over all three sampling days. The cell density in the control
was 9.83 ± 0.39 × 105 cells per mL, while treatment tanks were significantly lower: 0.01 mg/mL:
5.69± 0.12× 105 cells per mL, 0.1 mg/mL: 7.51± 0.34× 105 cells per mL, and 10 mg/mL: 6.96± 0.40× 105 cells
per mL. Bars display a confidence interval.

In addition, Su et al. [13] reported a reduction in cell size in Cladocopium goreaui.
Further investigations are needed to see if this is the case under nano-plastic exposure. The biggest
growth rate reduction observed was at 0.01 mg/L nanoPS42, which is far below the 5 mg/L used
by Su et al. [13]. The nutrient deficiency is also a reason discussed in Reference [23], which could
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explain the larger effects on growth rates at lower concentrations. The reason for nutrient limitation
induced by plastic is proposed to be interactions of the nutrients with the surface of the plastics [35].
NanoPS42 self-aggregation could account for the higher nanoPS42 treatments having less of an effect
on the growth rates.

3.2. Nano-Plastic Exposure Influences the Number and Sinking Velocity of Cell Aggregates

To understand the impact of nanoPS42 on aggregation in these two Symbiodiniaceae cultures,
the total number of algal aggregates per tank and in five aggregate class sizes was recorded
(Figures 2 and S2). All tanks showed aggregation, which was expected, as self-aggregation of
Symbiodiniaceae has been observed previously [13].

Figure 2. NanoPS exposure leads to a change in aggregation. Aggregates sorted by class size show
a significant change in the distribution pattern under nanoPS42 exposure (Holm-Sidak, p = 0.05).
No differences are observed when exposure length is compared.

The majority of aggregates exhibited an ovoid form. A significant difference can be observed
when aggregate numbers are compared over all class sizes and all treatments, showing that the nanoPS
has an influence on the aggregation process. The lowest nanoPS42 treatments (0.01 mg/L) shows
significant reduction in the total aggregates count by 10% (Holm-Sidak, p = 0.003), but aggregation
was enhanced overall in that treatment to have a higher percentage of huge aggregates than in the
control treatment (Holm-Sidak, p = 0.001). While there is also a reduction of 3% in the intermediate
nanoPS42 treatment (0.1 mg/L), this is not significant (Holm-Sidak, p = 0.319). In the highest plastic
treatment at 10 mg/L, this is reversed, leading to more aggregates overall, and more of those being
of smaller sizes. The different aggregate class sizes show significantly different distributions in all
three treatments and the control (ANOVA, p < 0.001) (Figure S2). In the control, the self-aggregation
led to a specific distribution pattern of aggregate sizes, which was not repeated in the treatments.
Self-aggregation was also observed in the microplastic experiments of Su et al. [13]. The fact that the
presence of nanoPS changes the aggregation between the cells and leads to more aggregates in the
bigger size classes is possible due to higher production of extracellular polymeric substances (EPS)
with sticky properties, trapping more cells in one aggregate and keeping aggregates closer together.

107



Microorganisms 2020, 8, 1759

Nutrient depletion, which has been linked to the presence of micro-plastics in algae cultures [35],
is associated with increased stickiness of the EPS [36,37]. Differences in the EPS production due to
the presence of nanoPS is a likely factor contributing to the differences in aggregation seen in the
study. EPS production was not measured, so further studies are needed to confirm this hypothesis
linking the aggregation process and EPS production in Symbiodiniaceae under nanoPS influence.
Lagarde et al. [33] notices different aggregate formation under different plastic treatment and sizes,
which matches with our results. In addition, in Symbiodinium tridacnidorum, genes encoding a protein
with a TIG (Transcription factor immunoglobulin) domain were upregulated. Since this protein is
found in surface cell receptors, it may influence changes in hetero aggregation.

Significant differences are evident when aggregate numbers are compared over size classes and
treatments, showing that nanoPS influences aggregation. Aggregate size classes show significantly
different distributions in all three treatments vs. controls (ANOVA, p < 0.001) (see Figure 2).
These differences in aggregation could be due to changes of the cell surface receptors, as nanoPS
increases genes related to those two-fold (see Section 3.3. NanoPS effects on gene expression).

Due to nanoPS exposure, aggregation and sinking velocities are impacted, which, in turn, leads to
change in sedimentation. Since the majority of the host animals obtain their symbiotic dinoflagellates
from the sand and water column [20], these changes in dinoflagellate sedimentation might lead to
problems in acquisition of symbionts for the host animals. The lowest plastic treatment used, which is
environmentally possible, already induces changes to the sedimentation. This lowest treatment led to
bigger aggregates, which, at the same time, sank faster, possibly removing the symbionts from the water
column faster than required from the host animals and reducing chances of encountering symbionts.

Changes in aggregation and resulting sedimentation were observed under nanoPS exposure
(Figure 3). The biggest changes in sinking velocity correspond to increases in aggregation and are
observed in the lowest plastic treatment at 0.01 mg/L. On the other hand, the 10 mg/L treatment did
not have any significant effect on the sinking rates but did affect sedimentation indirectly through
changes in the aggregate size distribution (Figure 3). These changes, including both sinking velocities
and aggregate size distribution, are most likely due to hetero-aggregation between algae and nanoPS.
Under different treatments, the size distribution of aggregates was significantly different (Figure 2).
In combination, it is likely that the same effect that led to that difference in aggregation is also responsible
for the difference in sinking velocities. Changes in EPS production and stickiness will lead to different
cell packaging within the aggregates, possibly creating tighter packed aggregates in the lowest and
intermediate treatment. This effect might be counteracted under the highest nanoPS exposure by the
sheer volume of EPS, which is lighter than seawater. The nano-plastic itself trapped in these could also
add to the sinking velocity returning back to control levels in the high plastic treatments. Since these
symbionts are paired with the mobile larvae of the host animals, a higher sinking velocity would
remove the potential symbiont from the pelagic area and reduce the chance of a match.
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Figure 3. Sinking velocity change with nanoPS exposure. Sinking velocities decrease with aggregate
size from more than 7 mm/s (>3.5 mm) to less than 2 mm/s (<0.5 mm). In all class sizes, the control
was similar in sinking velocity to the highest nanoPS treatment (10 mg/L). The low nanoPS treatment
(0.01 mg/L) differed significantly from both controls (t-test, two-tailed p = 5.56 × 10−4) and the highest
nanoPS treatment (t-test, two-tailed p = 9.03 × 10−4). This was also true for the intermediate nanoPS
treatment (darker blue, 0.1 mg/L). Error bars are 95% confidence intervals. Only one huge aggregate
was measured in the highest nanoPS treatment. No differences in sinking velocity were observed in
relation to exposure length.

3.3. NanoPS Effects on Gene Expression

Analysis of differential gene expression showed that, in Symbiodinium, 14 genes were upregulated
after nanoPS42 exposure, and 34 were downregulated relative to controls (Figure 4a). In Cladocopium,
75 genes were upregulated, and 169 genes were downregulated (Figure 4b). Cladocopium seems more
sensitive to nanoPS42 exposure, as overall more genes responded than in Symbiodinium. Since Pfam
analysis had more annotations than BLAST2GO in differentially expressed genes (DEGs) of Cladocopium,
we list the major domains encoded by the DEGs of Cladocopium (Tables S3–S6).

The largest group of upregulated genes was a subfamily of dynein-related proteins having
an AAA_5 domain (Table 1). Dynein is a microtubule-associated motor protein. Ten genes for
dynein-related proteins with AAA and/or DHC (Dynein heavy chain) were upregulated in Cladocopium
sp. by nanoPS42 (Table 1 and Table S4). It has been shown that microplastic exposure induces
production of reactive oxygen species (ROS) in microalgae [13,33] and dynein upregulation. Therefore,
it might be needed to balance cytoskeletal dynamics as microtubule polymerization is impaired by
oxidative stress [38]. Dynein light chain genes were also shown to be upregulated in gill cells of zebra
mussels exposed to polystyrene micro-plastic [39].
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Figure 4. Heatmap and clustering of differentially expressed genes (2-fold changes, p < 0.001) between
dinoflagellates exposed to nano-plastics and controls. (a) DEGs in Symbiodinium tridacnidorum. (b) DEGs
in Cladocopium sp. Values indicate the relative gene expression level with purple and yellow showing
downregulation and upregulation, respectively. The yellow bar shows a cluster of upregulated genes.
Annotations by Blast2GO show the presence of microtubule-related or photosynthesis-related genes
among DEGs.

Table 1. Domains encoded by more than three up-regulated genes in Cladocopium sp.

Domain Name Summary from Pfam Database Gene Number

AAA_5 AAA domain (dynein-related subfamily) 6
DHC_N2 Dynein heavy chain, N-terminal region 2 5
AAA ATPase family associated with various cellular activities 4
AAA_6 Hydrolytic ATP binding site of dynein motor region 4
TIG IPT/TIG domain 4
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Four upregulated genes in Cladocopium (Table 1) encoded proteins with TIG domains that have
an immunoglobulin-like fold and are found in cell surface receptors that control cell dissociation [40,41].
This might contribute to adhesion between neighboring cells and to the extracellular matrix composition
and explain some of the changes observed in cell aggregations.

There were more downregulated genes than upregulated genes in both Symbiodinium and
Cladocopium (Figure 4). PPR (pentatricopeptide repeat) protein (Table 2) is involved in RNA editing [42]
and extensive RNA editing has been reported in organelles of Symbiodiniaceae [43,44]. Five genes for
photosynthesis were downregulated (Figure 4). These changes may explain observed reductions in
photosystem efficiency in C. goreaui [13].

Table 2. Domains encoded by more than three down-regulated genes in Cladocopium sp.

Domain Name Summary from Pfam Database Gene Number

Ank Ankyrin repeat 10
Ank_2 Ankyrin repeats (3 copies) 10
Ank_3 Ankyrin repeat 10
Ank_4 Ankyrin repeats (many copies) 10
Ank_5 Ankyrin repeats (many copies) 10
PPR_2 PPR repeat family 6
RCC1_2 Regulator of chromosome condensation (RCC1) repeat 6
ANAPC3 (Apc3) Anaphase-promoting complex, cyclosome, subunit 3 5
Pkinase Protein kinase domain 5
PPR PPR repeat 5
PPR_3 Pentatricopeptide repeat domain 5
Abhydrolase_5 Alpha/beta hydrolase family 4
Abhydrolase_6 Alpha/beta hydrolase family 4
Lipase_3 Lipase (class 3) 4
PPR_1 PPR repeat 4
TPR_14 Tetratricopeptide repeat 4
YukD WXG100 protein secretion system (Wss), protein YukD 4

Other downregulated gene groups were related to intracellular degradation processes, including
hydrolase and lipase, and to subunit 3 of the anaphase-promoting complex/cyclosome [45].
The downregulated gene (s3282_g2) with abhydrolase and chlorophyllase domains is likely related
to chlorophyll degradation [46]. The gene, s576_g21, for cell division control (CDC) protein 2 is
downregulated in Cladocopium. Downregulation of six genes with RCC1 (regulator of chromosome
condensation) and three genes with CDC domains suggest some effect on cell division. Thus, several
negative consequences of nanoPS42 exposure are suggested by DEGs (summarized in Figure 5).
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Figure 5. Exposure to nanoPS42 changes gene expression levels in symbiotic dinoflagellates. Yellow and
purple arrows show up-regulation and down-regulation of gene expression, respectively.

4. Conclusions

Previous studies have shown that nano-plastics have adverse effects on different algae
groups [32,34,35,47,48], and a recent study shows that micro-plastics have similarly negative effects on
an endosymbiotic dinoflagellate Cladocopium goreaui [13]. No previous studies have been conducted
on nanoPS42 effects on Symbiodiniaceae. We found significant changes in aggregation, photosystem
efficiency, and aggregate sinking velocity of symbiotic dinoflagellates, which is coupled with variations
in gene expression patterns after exposure to nanoPS42. The reduction in photosystem efficiency
and photosystem gene expression patterns could have led to the observed reduced growth rates
and are especially problematic given the obligate photosymbiotic nature of the host animals of
the dinoflagellates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/11/1759/s1.
Figure S1: Cell abundance in treatment tanks, control tanks, and outside controls. Figure S2: NanoPS exposure
changes aggregation behaviour, reduces cell numbers, and alters size class distributions. Table S1: Relationship
between nanoPS42 concentration and particles per tank. Table S2: Sampling days of each tank. Table S3: Genes
that responded to nano-plastic exposure in Symbiodinium tridacnidorum. Table S4: Genes that responded to
nano-plastic exposure in Cladocopium sp. Table S5: Differentially expressed genes with a two-fold difference
between the controls and nano-plastic exposure (Symbiodinium tridacnidorum cladeA, TMM FPKM values, p < 0.001).
Table S6: Differentially expressed genes with a two-fold difference between the controls and nano-plastic exposure
(Cladocopium sp. cladeC, TMM FPKM values, p < 0.001).
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Abstract: Prorocentrum minimum is a species of marine dinoflagellate that occurs worldwide and
can be responsible for harmful algal blooms (HABs). Some studies have reported it to produce
tetrodotoxin; however, results have been inconsistent. qPCR and molecular barcoding (amplicon
sequencing) using high-throughput sequencing have been increasingly applied to quantify HAB
species for ecological analyses and monitoring. Here, we isolated a strain of P. minimum from eastern
Australian waters, where it commonly occurs, and developed and validated a qPCR assay for this
species based on a region of ITS rRNA in relation to abundance estimates from the cultured strain as
determined using light microscopy. We used this tool to quantify and examine ecological drivers of P.
minimum in Botany Bay, an estuary in southeast Australia, for over ~14 months in 2016–2017. We
compared abundance estimates using qPCR with those obtained using molecular barcoding based
on an 18S rRNA amplicon. There was a significant correlation between the abundance estimates
from amplicon sequencing and qPCR, but the estimates from light microscopy were not significantly
correlated, likely due to the counting method applied. Using amplicon sequencing, ~600 unique
actual sequence variants (ASVs) were found, much larger than the known phytoplankton diversity
from this region. P. minimum abundance in Botany Bay was found to be significantly associated with
lower salinities and higher dissolved CO2 levels.

Keywords: Prorocentrum minimum; harmful algae; next-generation sequencing

1. Introduction

In recent decades, there has been an apparent global increase in the range, intensity,
and frequency of harmful algal blooms (HABs) linked to a variety of factors, including range
expansions, increases in anthropogenic nutrients into coastal water bodies, and increased
aquaculture [1–6]. Prorocentrum minimum is a planktonic marine dinoflagellate that forms
HABs and is found commonly in temperate estuarine and coastal waters [7]. P. minimum
blooms are most common in eutrophic coastal waters of the northern hemisphere; however,
they have also been reported in tropical and subtropical regions globally [1,7–10]. Although
few studies have been conducted on P. minimum in Australia, it is known to occur in high
abundances in some regions, with frequent blooms in the Hawkesbury River in New South
Wales (NSW) [11]. In line with the global increase of HABs, P. minimum appears to have
expanded its geographical range over the last 40 years [1,10,12]. P. minimum usually blooms
in warm brackish waters that are heavily impacted by excess nutrients, which has led to
its presence being used as an indicator of eutrophication in water bodies in the northern
hemisphere [1,11,13].

The abundance and even dominance of P. minimum in dynamic estuarine and coastal
systems may be due to its broad salinity tolerance range of 5–17 PSU [9,14] and broad
temperature tolerance range of 3–30 ◦C [1,15,16]. P. minimum typically blooms in low-
turbulence environments during periods of high irradiance levels [1]; however, it has been
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demonstrated that the species can survive complete darkness for extended periods [17],
which may allow it to survive in ship ballast waters. P. minimum is considered to be a
mixotroph, able to supplement its nutrient intake due to feeding on smaller microbes, such
as Cryptomonas spp., in response to depleted nutrients in the water [7,11,18]. Despite the
ability to survive with low nutrients, P. minimum preferentially grows in water bodies with
high nutrient loadings, typical of eutrophic water bodies [1,9]. P. minimum growth has
been found to be associated with high inorganic nitrogen (N) and phosphorus (P), strongly
linked to anthropogenic sources, such as fertilisers [7].

P. minimum blooms have been associated with several different marine biotoxins [19–22];
however, the identities of the compounds and their modes of toxicity are debated. P. minimum
blooms have shown toxic effects on shellfish, including mortality, poor development, and
altered behaviours [1,23–25]. Recently, a P. minimum bloom has been associated with the
neurotoxin tetrodotoxin (TTX) [19,26,27], possibly due to bacterial species associated with
P. minimum [26,28]. It has been suggested that P. minimum toxicity is variable depending on
the strain of the species and the environmental conditions under which it is grown [1,26].
Due to incidences of toxin accumulation in shellfish and the impacts on shellfish growth
of P. minimum toxins, it is an important HAB species to monitor in shellfish-harvesting
regions [1,11,23,24,26].

Until recently, light microscopy has been the only routine method available to iden-
tify and manually count HAB species [29–32]. However, this method is relatively time-
consuming, requires a very high level of taxonomic expertise, and is not able to identify
cryptic species, which may appear morphologically indistinguishable from one another de-
spite toxicological differences. For these reasons, alternative methods of monitoring HABs
have been developed. Molecular genetic techniques can provide rapid and sensitive HAB
monitoring [29,30,33,34]. Two molecular genetic methods used are quantitative polymerase
chain reaction (qPCR) and molecular barcoding. Molecular barcoding, also referred to as
amplicon sequencing, is becoming invaluable in studying marine ecological assemblages,
as it allows for uncultured cells in samples to be identified [29,35,36]. However, due to the
existence of variability in the copy numbers of genes among microalgal species, particularly
in dinoflagellates [37–39], the number of gene copies amplified may not reflect the relative
abundance of species in the sample. There is also a bias introduced with the use of broad-
range primers, which can lead to certain sequences being preferentially amplified, giving a
skewed proportional abundance of target species [29,40]. For this reason, the quantification
of dinoflagellate species using amplicon sequencing is uncertain and not accurate when
compared with other methods, including qPCR and light microscopy [29,41]. The use of
molecular barcoding, which provides an overview of the genetic composition of microbial
communities, in conjunction with qPCR, may improve the quantitative assessment of
the impact of HAB species in the context of, for example, seasonal changes in the wider
microbial community.

The aim of the study was to develop and assess new molecular genetic approaches
to investigate the dynamics, community, and environmental drivers of P. minimum in an
Australian estuary. To do this, a local isolate of P. minimum from Australia was established,
and qPCR approaches were designed and tested for the detection and quantification of
P. minimum. In addition, 18S rRNA amplicon sequences from estuarine water samples
were examined to compare the specificity, detection limits, and quantification accuracy of
the methods. Environmental samples, including physico-chemical data, were collected
monthly for 14 months from 2016 to 2017 from two sites in Botany Bay, an estuary in
southeast Australia. Data of the entire microbial community, the abundance of P. minimum,
and the corresponding physico-chemical variables were examined to assess the factors
impacting the presence and abundance of P. minimum in an Australian estuary.
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2. Materials and Methods
2.1. Sampling Sites

Fortnightly, phytoplankton samples were collected from two sites, Towra Point
(−34.007, 151.19) and Bare Island (−33.992, 151.23), which are both located in Botany
Bay, a heavily modified estuary in southeast Australia (Figure 1), as part of the coastal and
benthic sampling for the Marine Microbes project, conducted by Bioplatforms Australia
(BPA) [42]. Water samples were also collected from Towra Point as part of the NSW Food
Authority’s Shellfish Safety program for the purpose of identification and enumeration of
phytoplankton. A phytoplankton net was towed to collect a dense sample to verify species
identity by microscopy. Lugol’s iodine (elemental iodine (5%) and potassium iodide (KI,
10%) and distilled water used at 1 mL/50 mL sample) was added immediately after collec-
tion to preserve cells [43]. In the laboratory, gravity-assisted membrane filtration was used
to concentrate samples, and cell counts were completed using a Sedgewick Rafter counting
chamber following a previously published protocol [43–45]. Highly toxic species were
counted to a minimum level of detection of 50 cells−L, while others, including P. minimum,
were counted to a minimum level of detection of 500 cells−L. All counts were completed
using Zeiss Axiolab or Zeiss Standard microscopes with a maximum magnification of
1000×. All cells were identified to the nearest taxon able to be accurately identified, and if
separation of species was not possible, the cells were assigned to a species group.
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2.2. Sampling, DNA Extraction for Amplicon Sequencing, Metabarcoding, and Physico-Chemical Data

All samples followed standard operating procedures (SOPs) outlined in Sections
1.5.1 and 1.7 of the Australian Microbiome Scientific Manual (version 2020) [46]. Briefly,
2 L samples were filtered in triplicate through 0.22 µm dia. pore-size polyethersulfone
filters (Sterivex™, Merck KGaA, Darmstadt, Germany) to concentrate algal and bacterial
cells. DNA was extracted using the QIAGEN DNeasy PowerSoil Kit according to the
manufacturer’s instructions (QIAGEN, Hilden, Germany). Amplicon sequencing was
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completed using the HTS Illumina MiSeq technology at the Ramaciotti Centre for Genomics,
University of New South Wales (UNSW). Samples were collected fortnightly at Towra
Point and monthly at Bare Island. A series of 4× samples were collected during and after a
rainfall event at both sites from 3 to 14 June 2016.

2.3. Cell Culture and Culturing Conditions

Several 600 mL water samples were collected from Berowra Creek (−33.5342, 151.1459),
a tributary of the Hawkesbury River in NSW, about 50 km north of Botany Bay, on 12 April
2019 following reports of a bloom of this species on 8 April 2019. The bloom was reported
by Ana Rubio from Hornsby Shire Council, who regularly monitors and samples Berowra
Creek. Clonal cultures of cells with the morphological features typical of P. minimum were
isolated under a light microscope using a micropipette and cultured in a 96-well plate
format. The Berowra Creek sample was successful for the isolation of P. minimum, and one
isolate survived and was successively inoculated into 50 mL of media. The clonal isolate
was grown in K media [47] in an incubator at 18 ◦C at a salinity of 35 PSU under a 12/12 h
light cycle (±100 µmol photon m−2 s−1). A salinity of 35 PSU closely matches the salinity
found at Berowra Creek where the strain was isolated from. A cultured strain of a closely
related species, Prorocentrum cf. balticum (obtained from the Cawthron Institute Culture
Collection, Nelson, New Zealand, CICCM, CAWD38), was used as a negative control
in the qPCR assay. P. cf. balticum was maintained in culture in identical conditions to P.
minimum in K media [47]. Prorocentrum lima (SM43), Prorocentrum concavum (SM46), and
Prorocentrum cassubicum (CS881, from the Australian National Algal Culture Collection)
cultures were grown in F/10 media [48] under a 12/12 h light cycle. P. concavum and P. lima
were incubated at 28 ◦C, and P. cassubicum at 25 ◦C.

2.4. Toxin Analysis

To prepare samples for toxin analysis using liquid chromatography–mass spectrometry
(LC–MS, ThermoFisher Scientific Q Exactive, Waltham, MA, USA), 20 mL of a dense
(28,000 cells mL−1) culture was centrifuged at 4000× g for 10 min to form a pellet, and
the supernatant was discarded. The sample was then freeze-dried and stored at −20 ◦C.
Analysis of TTX presence in the culture was completed by Dr. Chowdhury Sarowar at the
Sydney Institute of Marine Science (SIMS) following an adapted method from [49].

Briefly, 5 mL of 1 mM acetic acid was added to the sample and vortexed for 90 s,
after which the samples were placed in a boiling water bath for 5 min and then cooled to
room temperature. The cooled sample was placed in an ultrasonic bath for 1 min and then
centrifuged to pellet the cellular debris, and the supernatant was used with or without
dilution for LC–MS analysis. A Thermo Scientific™ Q EXACTIVE™ MS (Waltham, MA,
USA) was used for the detection of TTX. The source parameters for detection were as
follows: sheath gas and auxiliary gas flow rates of 50 and 13, respectively (arbitrary units);
a spray voltage of 3.5 kV; a capillary temperature of 263 ◦C; and an auxiliary gas heater
temperature of 425 ◦C.

Chromatographic separation was performed on a Thermo Scientific™ ACCELA™
UPLC system (Waltham, MA, USA). Analysis was performed using an Acquity UPLC
BEH Phenyl 1.7µm 100× 2.1 mm column with an injection volume of 5µL. The mobile
phases used were A (water/formic acid/NH4OH at 500:0.075:0.3 v/v/v) and B (acetoni-
trile/water/formic acid at 700:300:0.1 v/v/v). Initial condition starts at A/B 2:98 at a flow
rate of 400µL/min and held for 5 min. The condition was then linearly changed for over
3.5 min from A/B (2:98) to A/B (50:50). The flow rate was then changed from 400µL/min
to 500µL/min for over 2 min. The chromatographic condition was then rapidly changed
to initial buffer conditions A/B (2:98) for over 0.5 min, while the flow rate was kept at
500 µL/min. The flow rate was then increased to 800µL/min for over 0.5 min and held
for 0.6 min. The flow rate was then decreased back to the initial flow rate of 400µl/min,
and the condition changed to A/B 100:0. A certified standard solution of TTX was sourced
from Enzo Life Sciences (Exeter, UK).
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2.5. DNA Extraction and PCR for Strain Identification

Cell density was determined by enumeration with Lugol’s iodine-stained cells using a
Sedgewick Rafter counting chamber [44,45]. Following microscopic counts, samples of the
Prorocentrum spp. cultures were harvested by centrifugation at 4000× g for 10 min to be
used for DNA extraction. DNA was extracted from the P. minimum (and other Prorocentrum
spp. to be used for negative controls) cell pellets using the QIAGEN DNeasy PowerSoil Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. The samples were
eluted in 100 µL of buffer and stored at −20 ◦C until analysis. The quantity and quality of
the extracted DNA were measured with a NanoDrop spectrophotometer (ThermoFisher Sci-
entific, Waltham, MA, USA). Following DNA extraction, PCR amplification was completed
using appropriate primers for the LSU rRNA and ITS rRNA regions. PCR amplification
was conducted using the Bio-Rad T100 Thermal Cycler [50] (Bio-Rad Laboratories Inc.,
Hercules, CA, USA), targeting two rRNA regions. The LSU rRNA region was run using
d1F (F) and d3B (R) primers, and the ITS rRNA region was run with ITSfwd (F) and ITSrev
(R) primers (Table 1). PCR was run in 25 µL reactions with 12.5 µL of ImmoMix (Bioline,
Sydney, NSW, Australia), 1 µL of BSA (bovine serum albumin), 7.5 µL of sterile water,
1.5 µL of forward primer (10 µM), and 1.5 µL of reverse primer (10 µM). The protocol used
for PCR was 10 min at 95 ◦C, followed by 35 cycles of 95 ◦C for 20 s, 57 ◦C for 30 s, and
72 ◦C for 1 min, then held at 72 ◦C for 7 min. DNA fragments were cleaned using the
DNA Clean and Concentrator (Zymo Research, Irvine, CA, USA) according to the manu-
facturer’s protocol and sequenced at Macrogen (Seoul, Korea). Contigs were formed using
the sequences in Geneious Prime (v2019.2.1, Biomatters, Ltd., Auckland, NZ). Following
the assembly of the contigs for each gene region, each sequence was uploaded to NCBI
BLAST nucleotide sequence search to identify the strain and confirm that it was P. minimum
(Tables 2 and 3).

Table 1. Names and sequences of all the primers used in this project. Primers 200F and 525R are taken from [51]. The other
primers were designed using the online Primer-BLAST software (NCBI). All reverse primers are in reverse complement.

Name Sequence (Forward) Name Sequence (Reverse)

Primer Sequences for qPCR

Pm 200F TGTGTTTATTAGTTACAGAACCAGC Pm 525R AATTCTACTCATTCCAATTACAAGACAAT

1F Pmin CGCAGCGAAGTGTGATAAGC 1R Pmin TCTGGAAAGGCCAGAAGCTG

2F Pmin TCGGCTCGAACAACGATGAA 2R Pmin AAGCGTTCTGGAAAGGCCAG

3F Pmin TTCTGGCCTTTCCAGAACGC 3R Pmin CATGCCCAACAACAAGGCAA

4F Pmin CGTATACTGCGCTTTCGGGA 4R Pmin CACACAGAAACACACAAGCGT

5F Pmin CCTTTCCAGAACGCTTGTGTG 5R Pmin CTGGGCACTAGACAGCAAGG

6F Pmin CAGGCTCAGACCGTCTTCTG 6R Pmin AGCGTTCTGGAAAGGCCAG

7F Pmin CAACAGTTGGTGAGGCTCT 7R Pmin ATTCAAAAACACAGAAGATCAGGAA

8F Pmin AACAACAGTTGGTGAGGCTCTG 8R Pmin CAAAAACACAGAAGATCAGGAAGAC

9F Pmin GTGAGGCTCTGGGTGGG 9R Pmin CAAAAACACAGAAGATCAGGAAGAC

10F Pmin TCATTCGCACGCATCCATTC 10R Pmin AAGGACAGGCACAGAAGACG

11F Pmin TTCAGTGCACAGGGTCTTCC 11R Pmin GTCTTGGTAGGAGTGCGCTG

12F Pmin GCCTTTCCAGAACGCTTGTGT 12R Pmin GCTGACCTAACTTCATGTCTTGG

13F Pmin CGCTTGTGTGTTTCTGTGTG 13R Pmin CCATGCCCAACAACAAGGC

14F Pmin TCTTCCCACGCAAGCAACT 14R Pmin CGGGTTTGCTGACCTAAACT

15F Pmin ACATTCGCACGCATCCATTC 15R Pmin TTGCTGCCCTTGAGTCTCTG

16F Pmin AACAGTTGGTGAGGCTCTGG 16R Pmin AAGGACAGGCACAGAAGACG

17F Pmin ACAACAGTTGGTGAGGCTCT 17R Pmin TTGCTGCCCTTGAGTCTCTG

18F Pmin CAGTTGGTGAGGCTCTGGG 18R Pmin CAGAAGACGGTCTGAGCCTG
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Table 1. Cont.

Name Sequence (Forward) Name Sequence (Reverse)

Primer Sequences for qPCR

19F Pmin TTCAGTGCACAGGGTCTTCC 19R Pmin CATGCCCAACAACAAGGCAA

20F Pmin ATTCCAGCTTCTGGCCTGTC 20R Pmin TAGTTGCTTGCGTGGGAAGA

21F Pmin CTGTCCAGAACGCTTGTGTG 21R Pmin CTTCTAGTTGCTTGCGTGGG

22F Pmin TTCCCACGCAAGCAACTAGA 22R Pmin GCACTAGACAGCAAGGCCA

Primer Sequences for Amplicon Sequencing

Modified
TAReuk454FWD1 CCAGCASCYGCGGTAATTCC Modified

TAReukREV3 ACTTTCGTTCTTGATYRATGA

Primer Sequences for PCR and Sanger Sequencing

d1f ACCCGCTGAATTTAAGCATA d3b TCGGAGGGAACCAGCTACTA

ITSfwd TTCCGTAGGTGAACCTGCGG ITSrev ATATGCTTAAATTCAGCGGGT

Table 2. Top 5 BLAST nucleotide sequence hits of the LSU rRNA sequence of Prorocentrum minimum
from Berowra Creek, CAWD359, as compared with sequences of P. minimum strains on the NCBI
database, including linked accession numbers.

Strain Description Percent Identity Accession

Prorocentrum minimum strain DAB02 28S 99.66% KU999985.1

Prorocentrum minimum strain D-127 99.66% JX402086.1

Prorocentrum minimum isolate PIPV-1 99.54% JQ616823.1

Prorocentrum minimum isolate SERC 99.54% EU780639.1

Prorocentrum minimum strain Pmin1 99.54% AY863004.1

Table 3. Top 5 BLAST nucleotide sequence hits of the ITS rRNA sequence of P. minimum from Berowra
Creek, CAWD359, as compared with sequences of P. minimum strains on the NCBI database.

Strain Description Percent Identity Accession

Prorocentrum minimum strain D-127 99.67% JX402086.1

Prorocentrum minimum strain AND3V 100.00% EU244473.1

Prorocentrum minimum isolate PIPV-1 99.35% JQ616823.1

Prorocentrum minimum strain PMDH01 99.35% DQ054538.1

Prorocentrum minimum strain NMBjah049 99.67% KY290717.1

2.6. qPCR Assay Development
2.6.1. Primer Design

A published set of primers designed for a P. minimum-specific qPCR assay was
tested [51]. Forward (F) and reverse (R) primers were designed to amplify a 325 bp region
from the partial 18S rDNA sequence of P. minimum accessed from GenBank (AY421791.1)
(Table 1). Twenty-two new sets of primers were designed after the above primer did not
pass testing using the NCBI Primer-BLAST tool, targeting ITS regions 1 and 2 of partial
sequence of the P. minimum strain CCMP698 (EU927537.1). The sizes of the qPCR products
were from 70 to 130 bp in length, with the primers 20 to 25 bp in length, with the optimal
Tm (melting temperature) set at 60 ◦C (Table 1). All sets were expected to be specific to
the target sequence of P. minimum, as they were compared with all available sequences in
the NCBI database and were unique to P. minimum. All 22 primer sets were run using an
identical protocol (see qPCR Assays) with P. minimum DNA to determine the most sensitive
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and efficient assay. All valid primer sets were then subjected to specificity testing with
other Prorocentrum spp. DNA. Primer sets that amplified other Prorocentrum spp. were
disregarded, and then standard curve testing followed.

2.6.2. qPCR Assays

qPCR was conducted using a 20 µL mix with 1 µL of DNA, 10 µL of Bio-Rad iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA), 1 µL (at
10 µM concentration) of each of the forward and reverse primers, and 7 µL of sterile water.
qPCR was performed with the following thermal cycling program of 95 ◦C for 10 min,
followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. A melt curve was performed
on all runs, from 55 ◦C to 95 ◦C in 5 ◦C increments for 0.05 s each. All qPCR analyses and
testing were run on the Bio-Rad CFX96 Touch Real-Time PCR Detection System in 96-well
plates with a clear seal or clear plastic strips [52] (Bio-Rad Laboratories Inc., Hercules,
CA, USA),). The previously published primers [51] and primer sets 1–12 followed the
original qPCR protocol. Primers 13–22 were run with a modified protocol of 95 ◦C for 2 min,
followed by 35–40 cycles of 95 ◦C for 15 s and 60 ◦C for 30 s. All assays were run using a
generic thermal profile, as per above. The assays were tested for sensitivity using DNA
extracted from the P. minimum cultures in duplicate and two negative controls containing
no DNA (no template control (NTC)). Cross-reactivity of the primers was tested by running
each assay on four other Prorocentrum spp. as negative controls. This step is crucial to
ensure that the primers would only bind to P. minimum specifically. For other species, see
Table 4. Unique primer sets developed using the NCBI Primer-BLAST tool were subjected
to identical testing used for the published primer set [51]. Primer sets that were unable
to amplify P. minimum were not sensitive (amplified past 35 cycles); those that amplified
other Prorocentrum spp. at similar Cq values to P. minimum and those that had efficiencies
outside 90–110% were disregarded. Those primer sets that passed specificity tests were
then tested for their efficiency using a dilution series of gBlocks® gene fragments (IDT,
USA) of the ITS region and P. minimum DNA, both with known concentrations. Standard
curves were created using a 10-fold dilution series over five different concentrations and
plotted with the threshold cycle (Cq) (x-axis) and natural log of concentration (cells/µL).

The curves were used to calculate the efficiency (E) of the assay using E = −1 + 10(−
1

slope ).
Efficiency of qPCR assays should fall between 90% and 110% [53]. This standard curve will
also be used to quantify the amount of P. minimum cells in unknown concentrations from
environmental samples [54,55]. The assay that had acceptable efficiency and specificity
was used for analysing BPA samples. After the development of the assay, qPCR was run
on all extracted DNA samples from Towra Point and Bare Island collected during the
BPA project from 2016 to 2017 using only one of the primer sets that passed efficiency
and specificity testing. If amplification was found in the no template control (NTC), a
conservative cutoff value of 3.3 Cq points or more below the Cq of the NTC was set to
accept the amplification of P. minimum in the samples. These data on the distribution and
abundance of P. minimum were then compared with results obtained using light microscope
identification and amplicon sequencing.
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Table 4. All species used as negative controls for specificity testing of the P. minimum qPCR assay.
Species names and which culture collection they can be found are listed, as well as the strain ID.

Species Name Culture Collection Strain ID #

Prorocentrum cf. balticum Cawthron Culture Collection (CICCM) CAWD38

Prorocentrum cassubicum Australian National Culture Collection
(ANAAC) CS-881

Prorocentrum concavum Seafood Safety Team, University of Technology
Sydney (UTS) Pmona (SM46)

Prorocentrum lima Seafood Safety Team, University of Technology,
Sydney (UTS) SM43

2.7. Bioinformatic Analysis

Samples collected as part of the Marine Microbes project were subjected to amplicon
sequencing using primer sets to target different organisms: eukaryotes, bacteria, archaea,
and fungi (Table 1). The primer sets used targeted the V4 region of 18S rRNA (Table 1) found
in all eukaryotes [56]. After sequencing, the reads were trimmed, merged, concatenated,
and taxonomically classified using the Earth Microbiome Project (EMP) protocol [57,58].
Following this, the resulting actual sequence variants (ASUs) were assigned to taxonomic
lineages and species using the PR2 taxonomic database (version 4.12) [59] with the DADA2
(version 1.16.0) [60] assignTaxonomy and assignSpecies functions in R. The resulting data
were used to extract the occurrence and relative abundance of P. minimum in the sequence
samples; these data were used to compare with the qPCR results. The classified data were
also used to discover phytoplankton species that co-occur with P. minimum. The relative
abundance of P. minimum was multiplied by 100 (1 µL was used for amplicon sequencing)
to give the approximate abundance in the 2 L original sample and then divided by 2 to give
cells L−1 to be able to compare with microscope count and qPCR abundance data. Data
are submitted as Supplementary Material, Table S2: Towra Point ASVs and Table S3: Bare
Island ASVs.

2.8. Environmental Parameters

Physico-chemical data were collected during each sampling point according to the
SOPs laid out in Australian Microbiome Scientific Manual Section 1.5. [46]. The physical
parameters collected were temperature (◦C), salinity (PSU), dissolved oxygen (% and
mg/L), conductivity (s/m), total alkalinity (µmol/kg), and pH. The nutrients measured in
the samples were nitrite, nitrate, oxidised nitrogen, phosphate, ammonium (all in µg/L),
and total carbon dioxide (in µmol/kg). These data were statistically analysed with the
qPCR P. minimum abundance data.

2.9. Statistical Analysis

To test for relationships between P. minimum and environmental variables, the data
were first checked for normality using the Shapiro–Wilks test due to the small dataset.
After failing normality (p < 0.05), all variables were log-transformed and tested again for
normality. Several variables remained non-normally distributed (p < 0.05), so a nonpara-
metric testing approach was applied. The two sites were not found to show any significant
differences (p > 0.05), so data were pooled for both sites for further analysis. Due to the
disparate nature of the dataset, multiple regression was deemed inappropriate. Instead,
Kendall’s tau-b correlation was used as it is more suitable for nonparametric small datasets
and is more robust to error [61]. It was found to be a suitable analysis to determine pre-
liminary relationships that could be investigated with further higher temporal data. A
two-tailed correlation was run between all variables to assess the correlation between P.
minimum abundance and environmental variables. Analyses were run in SPSS (v.26, IBM
Corp, Armonk, NY, USA).
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To determine whether there were any significant correlations between P. minimum and
other phytoplankton species, co-occurrence analysis was run using the probabilistic model
developed by Veech (2013), which is included in the R package “cooccur” [62,63]. This
method tests all possible pairwise associations between species across samples/sites, and
the output is the probability that two species co-occur at a level that is more or less frequent
than the observed frequency of co-occurrence [64]. The output provides information
specific to P. minimum and its associations, as well as the number of random and significant
associations between all species in the dataset. The amplicon sequencing output was used
to create a presence/absence matrix with all phytoplankton species across all the BPA
sampling dates to use in the analysis.

3. Results
3.1. Strain Isolation, Identification, and Toxin Testing

A strain of P. minimum was successfully isolated from a water sample from Berowra
Creek, NSW, in April 2019. It was initially identified as P. minimum based on light mi-
croscopy. The strain was also identified as P. minimum based on sequencing of rRNA
barcoding regions, as sequencing of the LSU (GenBank accession number MT856373)
and ITS rRNA regions (GenBank accession number MT895109) matched eight different P.
minimum strains (>99.5%) when queried against the NCBI nonredundant database using
blastn (Tables 3 and 4). The strain has been submitted to the Cawthron Institute Culture
Collection (http://cultures.cawthron.org.nz/ (accessed on 12 February 2021)) as strain
number CAWD359. The strain was tested for the presence of tetrodotoxin using a TTX
standard. No TTX was detected, while TTX was detected in the spiked positive control.

3.2. qPCR Assay Development and Testing

A previously published assay with specific primers for P. minimum [51] was tested. This
assay did not pass initial testing due to the amplification of other Prorocentrum species tested:
P. cf. balticum, P. lima, P. cassubicum, and P. concavum. The assay was also not able to distinguish
between products in the melt curve analysis (Table 5). The assay had a low efficiency of 70%.
Following this, 22 new primer sets were tested (Table 5) to find one that was specific to P.
minimum, sensitive, and efficient (90% < E < 110%). Only one primer set (20, Pmin 20F and
Pmin 20R) displayed acceptable specificity and efficiency: E = 101% for P. minimum standard
curve using DNA extracted from our strain (from 1.91 × 104 to 1.91 × 100 cells, Figure 2) and
E = 99.3% for the standard curve using the gBlock synthetic gene fragment of the ITS region
of P. minimum (from 1.64 × 107 to 1.64 × 103 copies, Figure 2) at an annealing temperature
of 60 ◦C. Although this primer set was found to amplify other Prorocentrum species, this
amplification occurred at similar or higher Cq values than that of the lowest P. minimum
dilution point, which was the DNA equivalent of ~1.9 cells of P. minimum. This was even
though all samples contained the DNA equivalent of >104 cells of that Prorocentrum species.
We considered this to be an acceptable level of cross-reactivity. The assay had a reliable
detection limit of ~13 cells L−1 when only values of at least 3.3 Cq points or less than the
NTC were taken into consideration [65,66]. Primer set 20 was then used to analyse the
abundance of P. minimum in environmental samples collected from Botany Bay.
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Table 5. Specificity and efficiency testing of each primer set including the previously published one [51]. (+) and (−) mean
amplification or no amplification, respectively, and (/) denotes amplification at a high Cq and/or was at or below the lowest
dilution point on the P. minimum standard curves and/or was amplified but had a different melt peak. N/A means the
primer set was not subjected to that test.

Specificity Efficiency

Primer Set P. minimum P. cf. balticum P. cassubicum P. concavum P. lima gBlock (%) P. min DNA
(%)

Pm
200F/525R + + − / / 70 −

3 + / − − − 65 −
4 + + − − − 64 −
5 + + + + − 62 −
6 + + + + + 65 −
7 + / − − − 57 −
8 + + − − − 56 −
9 + + − − − 58 −
10 + + N/A / / 60 −
11 + − N/A − − 76 −
12 + / N/A / − 85 −
13 + − + N/A + 43 −
15 + + N/A + + 328 335

19 + + N/A + + 220 383

20 + / − / / 99 101

21 + + + + + N/A N/A

22 + + + + + 115 147
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3.3. Comparison of qPCR, Light Microscope Count, and Amplicon Sequencing Abundance Results

During 2016–2017, P. minimum was recorded using the qPCR assay on 21 out of
27 sampling dates for Towra Point and 7 out of 17 dates for Bare Island, the two sites in
Botany Bay (Figures 3 and 4). Abundances varied from 0 cells L−1 to 8100 cells L−1 at
Towra Point and from 0 cells L−1 to 14,800 L−1 at Bare Island. The highest peaks were
recorded in early June for Towra Point and Bare Island (Figures 3 and 4). No P. minimum
was found on the 9 sampling dates between July 2016 and October 2016 at Bare Island
(Figure 4).
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The estimates of the cell abundances of P. minimum using all three methods showed results
that were of the same order of magnitude and often relatively similar (Figures 3 and 4). The
estimates of the abundance of P. minimum based on amplicon sequencing appeared to be
consistently higher when compared with the qPCR and microscope count data (Figure 3). The
highest abundances of P. minimum were found in June 2016; however, no microscope counts
were completed for this month, so these data points were excluded in the following comparisons
(Figures 3 and 4).

127



Microorganisms 2021, 9, 510

A highly significant relationship (p = 1.61 × 10−14/p = 0.00, Table 6) was found
between the P. minimum abundance estimates derived from amplicon sequencing data
and the P. minimum-specific qPCR, while the relationships between microscope counts
and qPCR and microscope counts and amplicon sequencing were not significant (p > 0.05,
Table 6). It is likely that the higher standard deviation in the method used for the light
microscope cell count (Figure 3) may have led to the apparent differences in the cell counts
of P. minimum using this method compared with that of the two molecular genetic methods.

Table 6. Linear regression between qPCR, metabarcoding, and light microscopy.

qPCR vs. Amplicon
Sequencing qPCR vs. Count Amplicon Sequencing

vs. Count

Multiple R 0.90 0.18 0.23

R2 0.82 0.03 0.05

Adjusted R2 0.81 −0.02 0.00

Standard Error 1172.31 670.05 662.94

df 35 20 20

p (Significance) 0.00 0.43 0.31

3.4. Amplicon Sequencing Results

Using the amplicon sequencing method, 644 different phytoplankton ASVs in 428
genera were identified from the 27 samples from Towra Point, and 623 ASVs in 419 genera
were identified from the 17 samples from Bare Island (Figure 5).
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assignments to the genus level were omitted.
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3.5. Factors Influencing the Growth of P. minimum in Botany Bay

The abundance of P. minimum in Botany Bay was found to be significantly correlated
to the environmental variables, total dissolved CO2 (R = 0.34, p = 0.008), and salinity
(R = −0.28, p = 0.035). All other variables were not found to be significantly correlated to
P. minimum abundance. Data are submitted as Supplementary Material, S1: Physicochemi-
cal Data.

Co-occurrence Analysis

At Bare Island, P. minimum was found to have positive significant co-occurrence
(p < 0.05) with four other phytoplankton species, Pyramimonas gelidicola, Alexandrium pacifi-
cum, Euglyphida sp., and Goniomondales sp. At Towra Point, P. minimum was found to have
significant negative co-occurrence (p < 0.05) with two other phytoplankton species, Prymne-
siophyceae Clade F sp. and Blidingia dawsonii, and positive significant associations (p < 0.05)
with Psammodictyon sp., Surirella sp., Tryblionella apiculata, Vampyrellida sp., Actinocyclus
curvatulus, Cryothecomonas sp., Dino-Group-II-Clade-26 sp., Massiteriidae sp., Navicula crypto-
cephala, and Navicula gregaria.

4. Discussion

Prorocentrum minimum is a marine dinoflagellate that commonly occurs throughout the
world and can form HABs [1,7,10]. HABs due to this species often occur in estuarine and
coastal waters where aquaculture takes place, and in relation to that, death of shellfish has
been reported [1,10]. P. minimum has been reported to show physiological flexibility with a
global distribution across a range of conditions from temperate to subtropical [1,7,67]. It
has been reported to produce TTX, a harmful neurotoxin [19,68–70]. Due to the potential
harmful impacts of P. minimum on shellfish aquaculture, in this study, we aimed to develop
new methods of investigating this species and apply them to environmental samples. In
this study, a new culture of P. minimum was successfully isolated from Berowra Creek,
Hawkesbury River, Australia. P. minimum has been linked to the production of TTX after
a bloom in Vistonikos Bay, Greece, was positively correlated with TTX [27]. TTX was not
detected in our strain. Genetic variability among strains may influence the toxicity of P.
minimum, as well as the environmental conditions under which it is grown [1,24,26]. Due to
the reported variability in toxicity in this species, future studies will be required to evaluate
the toxicity of strains of P. minimum. As the alga is now successfully in culture with the
Cawthron Institute Culture Collection, it allows future studies to look at more in depth
toxin profiles, including how different environmental stressors and relationships with other
known toxic algae or bacteria influence its toxicity.

qPCR assays have been developed over the past ~15 years for the detection and moni-
toring of HAB species [51,71,72]. qPCR has advantages over traditional light microscopy
methods in that it is sensitive and rapid and allows for possible future automation. In
the development of qPCR assays for the detection and quantification of specific taxa in
environmental DNA, the most important considerations are the specificity of the assay
in that it amplifies only the species of interest, and the amplification efficiency of assays
with an efficiency of less than 90% will not give quantitative results across its full detec-
tion range [53,73]. Assays with an efficiency greater than 110% are considered to show
significant inhibition to PCR amplification [74]. Amplification greater than 100% can
be due to contamination in the sample, pipetting errors, inaccurate dilution series, and
primer dimers [29]. For this study, a previously published qPCR assay developed for
P. minimum was originally tested [51], which targeted a fragment of the small subunit
ribosomal (SSU/18S) RNA gene. However, it was found to amplify several other nontarget
Prorocentrum spp. and have a low efficiency (Table 5, 70%). Therefore, new primer sets
were designed to develop a new qPCR assay for P. minimum with the aim of being spe-
cific, sensitive, and efficient. Twenty-two unique primer sets were designed and tested
with variable results (Table 5). Only one of the primer sets was found to be sufficiently
specific and efficient and was used to examine environmental samples for the presence
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of P. minimum (primer set 20, Table 5). The newly designed assay was based on the ITS
rDNA gene region, which is more variable and faster evolving than the SSU rDNA gene
among dinoflagellate species [75,76]. The assay did have a low level of cross-reactivity
with the most genetically similar species, P. cf. balticum. However, P. cf. balticum could
be distinguished from P. minimum due to a higher temperature on the melt curve profile.
Several studies have used melt curve differences to discriminate similar species [77,78].
When analysed for efficiency, the new primer set showed E = 101% (P. minimum DNA)
and E = 99% (gBlock synthetic DNA) (Table 5). The new assay amplifies a much shorter
fragment than the previously published assay (71 bp compared with 325 bp), and this
may account for its greater amplification efficiency [79]. The qPCR assay developed for P.
minimum is more sensitive than most light microscopy counting methods, with a reliable
detection limit of 13 cells L−1 [65,66].

Molecular barcoding, or amplicon sequencing, which involves PCR amplification of
environmental DNA (eDNA) and then sequencing of short (~600) [80] “barcoding” gene
regions using high-throughput sequencing (HTS), is another molecular genetic method
that has begun to be used in phytoplankton research [81–83]. Amplicon sequencing uses
broad-range primers designed to amplify conserved regions across whole domains of
life—in this case, eukaryotes [56,84]. A major problem with the use of amplicon sequencing
as a tool for quantifying microbial eukaryotes is that the “barcoding” genes may be present
in multiple copies that can be variable among microalgal populations and species, meaning
that sequenced gene amplicons may not reflect the true abundance of a species in the
sample. qPCR is not immune to this problem; however, the impact is minimised by
designing primers that amplify gene regions only present in a specific species and using a
standard curve with known amounts of target.

However, in this study, the sequencing of amplicons of eukaryotic V4 regions of SSU
rDNA from samples from Botany Bay did not show a significantly different quantity of P.
minimum compared with the quantification based on qPCR (Figures 3 and 4 and Table 6). In
addition, the results of this method have shown a previously unknown level of phytoplank-
ton diversity in Botany Bay, detecting over 600 eukaryotic microbial ASVs between the two
sites in Botany Bay. Previously, phytoplankton identification using light microscopy had
led to the detection of only ~100 species or fewer in 10 years of phytoplankton monitoring
at Botany Bay [85,86]. In this study, only 43% of all phytoplankton ASVs were able to be
classified to species level using the 18S V4 primer set and the PR2 database [59]. Further
development of reference databases of 18S V4 sequences from reference “voucher” speci-
men taxa curated by taxonomists is an important factor in the future of HTS to enable a
more complete and accurate picture of microbiome species composition [87,88]. Another
possible approach that may lead to a more specific identification of taxa is the use of
other primer pairs that amplify other amplicon regions, such as the LSU rDNA region in
dinoflagellates, the SSU (16S) plastid genes, CO1, cytochrome b, or other mitochondrial
gene regions [82,83,89,90]. In previous studies, it was found that some groups of taxa, such
as dinoflagellates, can be identified more readily using LSU rDNA regions, rather than
SSU rDNA [83].

The collection and preservation of water samples for the identification and manual
counting of cells with light microscopy has been the “gold standard” method used to study
phytoplankton abundances [91–93]. The accuracy of light microscope-based microalgal
enumeration is highly variable depending on the particular technique chosen, the counting
effort, and the taxonomic expertise of the technician [81]. Compared with light microscopy
enumeration, amplicon sequencing has been shown to be extremely sensitive and has the
capacity to identify all phytoplankton species in a sample without requiring any taxonomic
expertise. qPCR is an optimal technique for the enumeration of a particular target species,
as the limit of detection is low, and the accuracy of the method is independent of the effort
or taxonomic skills of the operator. It is relatively inexpensive, rapid, sensitive, and specific
and, therefore, is highly suited to adoption for ongoing monitoring programs. qPCR can
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also be completed in situ at the time of sampling to get rapid results and can be used by
trained shellfish producers to get results of HABs on-site.

The light microscopy counting method utilised in this study had a larger-than-
average error rate, a high detection threshold of P. minimum (500 cells L−1 compared
with 13 cells L−1 with qPCR), and comparatively fewer data points when compared with
the molecular methods. Adoption of other light microscope counting methods, like the
Utermöhl counting chamber [94], and the use of a DNA-based stain (i.e., a fluorescence
in situ hybridisation (FISH) probe [95]) may have led to more accurate assessments of
the abundance of P. minimum and the detection of cryptic species. For research into HAB
ecology, a combination of the use of amplicon sequencing, to first determine the diversity
of phytoplankton, particularly cryptic and small species, and then qPCR, to quantify the
exact cell abundance, would appear to give optimal information for ecological inference
and understanding of co-occurrence patterns. This two-step molecular pathway appears to
be the most appropriate method for future development [29,35,71,92,96].

Botany Bay is an estuary in southeast Australia that is extensively modified [43],
containing an international shipping port (Port Botany), an oil fuelling station, recreational
beaches, industrial estates, and urban developments [97]. The bay is a highly populated
area and is impacted by freshwater flows from the Georges and Cooks Rivers, both also
extensively modified and surrounded with urban developments [97]. Despite the mod-
ification, Botany Bay is also home to a Ramsar wetland and one remaining oyster farm,
both at Towra Point [98]. Thus, it is an important site for ongoing monitoring of HAB
species, as they can impact not only the shellfish production but also the quality of the
water for recreational and industrial purposes. Botany Bay and the Georges River have
both previously experienced HABs, including Noctiluca scintillans, Alexandrium pacificum,
other Alexandrium spp., and Heterocapsa spp. [99].

Two sites in Botany Bay were sampled from April 2016 to June 2017: Bare Island
and Towra Point (Figure 1). Due to the extensively modified nature of the bay and its
surroundings, and the nutrient input that can occur in relation to this land runoff, it was
expected that P. minimum may be abundant at these sites. It was also expected that P.
minimum may be particularly high in abundance at Towra Point, which is impacted by
freshwater flows, as this species has been shown to flourish in low salinities with high
nutrient freshwater inputs [1,70]. P. minimum was found to be in low abundance for most
of the sampling period at both sites, detected at ~30 cells L−1 at both sites for most of the
year of sampling (Figures 3 and 4). There was one peak in the abundance of P. minimum
(8000–14,000 cells L−1) at both sites, on 7 June 2016 (Figures 3 and 4). This could still be
considered a low value for P. minimum, which has been detected at “bloom” levels upwards
of 10 million cells−L [11]. The low presence of P. minimum is an important current baseline
for monitoring the health of Botany Bay and other southeast Australian estuaries.

The abundance of P. minimum was found to have a significant positive relationship
with total CO2, contrary to a previous finding that found that increased CO2 had no
relationship with the abundance of P. minimum [100]. P. minimum was also found to have a
weak but significant negative relationship with salinity, which supports previous findings
that P. minimum grows preferentially in decreasing salinities [1,70,101]. P. minimum was not
found to have a significant relationship with any other environmental variables; however,
it is likely that there may be a time lag between an environmental change and increase
or decrease in P. minimum [102,103]. Incorporating a measure of exposure of P. minimum
to environmental variables would require a higher temporal sampling frequency than
what was undertaken in the present study. However, the correlations we found (+ve CO2
and −ve salinity) between P. minimum and the environmental variables measured are
hypothesis forming and should be further investigated in Australian waters.

An analysis of phytoplankton species that significantly co-occurred with P. minimum in
Botany Bay is useful, as in the past, toxicity attributed to blooms of P. minimum may have
been also associated with the presence of Dinophysis spp., which are the main causative
agents of diarrhetic shellfish poisoning (DSP), even when present in low abundances, such
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as ~100 cells L−1 [1,21,22,104]. Due to the potential uncertainties of amplicon sequencing-
based estimates of the absolute abundance of cells in a sample, the data were analysed as a
presence/absence matrix across all sampling dates [29,37]. P. minimum at Towra Point was
found to significantly co-occur with 12 other phytoplankton species and at Bare Island with
4 other phytoplankton species. Of all the co-occurring species, only 1 is a toxin-producing
species, Alexandrium pacificum. A. pacificum is an important HAB species due to the severity
of bloom impacts in Australia, New Zealand, Korea, Japan, and other countries [72,105–107].
A. pacificum produces paralytic shellfish toxins (PSTs). P. minimum blooms have previously
been associated with symptoms characteristic of PSTs [68,69]; however, there is still a
possibility that it can produce other toxins not yet classified [19,20].

5. Conclusions

A sensitive, specific, and efficient P. minimum qPCR assay was successfully developed
and will allow for high-throughput information to be collected on the distribution and
abundance of this species. A new strain of P. minimum was also isolated from Berowra
Creek, NSW, and shown to not produce tetrodotoxin. P. minimum was found to generally
be in a low abundance in Botany Bay across all seasons during the BPA Marine Microbes
sampling period (April 2016–June 2017), with one peak in its abundance at Towra Point and
Bare Island in June. P. minimum was found to be significantly correlated to total CO2 and to
a decrease in salinity at the sites in Botany Bay. Further field and laboratory studies may be
useful to determine more detailed information on the environmental variables associated
with blooms of P. minimum in southeast Australia. P. minimum was found to positively
co-occur with A. pacificum, which produces PSTs. This association may be relevant to the
management of harmful algal blooms in Botany Bay and other oyster-producing estuaries
in southeast Australia. qPCR is a useful method for the monitoring of particular HAB
species as it is rapid, specific, sensitive, and efficient, while the use of amplicon sequencing
based on the V4 region of the 18S rDNA found a level of microbial eukaryotic species
diversity that was approximately six times greater than that previously known from this
site. In the future, these two methods may be combined as a valuable tool for HAB research
in Australian waters.
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Correction: McLennan et al. Assessing the Use of Molecular
Barcoding and qPCR for Investigating the Ecology of
Prorocentrum minimum (Dinophyceae), a Harmful Algal
Species. Microorganisms 2021, 9, 510
Kate McLennan, Rendy Ruvindy, Martin Ostrowski and Shauna Murray *

Faculty of Science, University of Technology Sydney, Ultimo, NSW 2007, Australia
* Correspondence: shauna.murray@uts.edu.au

The authors wish to make the following corrections to this paper [1].
A correction has been made to Table 1:

Table 1. Names and sequences of all the primers used in this project. Primers 200F and 525R are
taken from [51]. The other primers were designed using the online Primer-BLAST software (NCBI).
All reverse primers are in reverse complement.

Name Sequence (Forward) Name Sequence (Reverse)

Primer Sequences for qPCR

Pm 200F TGTGTTTATTAGTTACAGAACCAGC Pm 525R AATTCTACTCATTCCAATTACAAGACAAT

1F Pmin CGCAGCGAAGTGTGATAAGC 1R Pmin TCTGGAAAGGCCAGAAGCTG

2F Pmin TCGGCTCGAACAACGATGAA 2R Pmin AAGCGTTCTGGAAAGGCCAG

3F Pmin TTCTGGCCTTTCCAGAACGC 3R Pmin CATGCCCAACAACAAGGCAA

4F Pmin CGTATACTGCGCTTTCGGGA 4R Pmin CACACAGAAACACACAAGCGT

5F Pmin CCTTTCCAGAACGCTTGTGTG 5R Pmin CTGGGCACTAGACAGCAAGG

6F Pmin CAGGCTCAGACCGTCTTCTG 6R Pmin AGCGTTCTGGAAAGGCCAG

7F Pmin CAACAGTTGGTGAGGCTCT 7R Pmin ATTCAAAAACACAGAAGATCAGGAA

8F Pmin AACAACAGTTGGTGAGGCTCTG 8R Pmin CAAAAACACAGAAGATCAGGAAGAC

9F Pmin GTGAGGCTCTGGGTGGG 9R Pmin CAAAAACACAGAAGATCAGGAAGAC

10F Pmin TCATTCGCACGCATCCATTC 10R Pmin AAGGACAGGCACAGAAGACG

11F Pmin TTCAGTGCACAGGGTCTTCC 11R Pmin GTCTTGGTAGGAGTGCGCTG

12F Pmin GCCTTTCCAGAACGCTTGTGT 12R Pmin GCTGACCTAACTTCATGTCTTGG

13F Pmin CGCTTGTGTGTTTCTGTGTG 13R Pmin CCATGCCCAACAACAAGGC

14F Pmin TCTTCCCACGCAAGCAACT 14R Pmin CGGGTTTGCTGACCTAAACT

15F Pmin ACATTCGCACGCATCCATTC 15R Pmin TTGCTGCCCTTGAGTCTCTG

16F Pmin AACAGTTGGTGAGGCTCTGG 16R Pmin AAGGACAGGCACAGAAGACG

17F Pmin ACAACAGTTGGTGAGGCTCT 17R Pmin TTGCTGCCCTTGAGTCTCTG

18F Pmin CAGTTGGTGAGGCTCTGGG 18R Pmin CAGAAGACGGTCTGAGCCTG

19F Pmin TTCAGTGCACAGGGTCTTCC 19R Pmin CATGCCCAACAACAAGGCAA

20F Pmin ATTCCAGCTTCTGGCCTGTC 20R Pmin TAGTTGCTTGCGTGGGAAGA

21F Pmin CTGTCCAGAACGCTTGTGTG 21R Pmin CTTCTAGTTGCTTGCGTGGG

22F Pmin TTCCCACGCAAGCAACTAGA 22R Pmin GCACTAGACAGCAAGGCCA

Primer Sequences for Amplicon Sequencing

Modified
TAReuk454FWD1 CCAGCASCYGCGGTAATTCC Modified

TAReukREV3 ACTTTCGTTCTTGATYRATGA

Primer Sequences for PCR and Sanger Sequencing

d1f ACCCGCTGAATTTAAGCATA d3b TCGGAGGGAACCAGCTACTA

ITSfwd TTCCGTAGGTGAACCTGCGG ITSrev ATATGCTTAAATTCAGCGGGT
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The authors apologize for any inconvenience caused and state that the scientific
conclusions are unaffected. The original publication has also been updated.
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