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ABSTRACT

The pelagophyte Aureococcus anophagefferens causes harmful brown tide blooms in marine
embayments on three continents. Aureococcus anophagefferens was the first harmful algal
bloom species to have its genome sequenced, an advance that evidenced genes important for
adaptation to environmental conditions that prevail during brown tides. To expand the genomic
tools available for this species, genomes for four strains were assembled, including three newly
sequenced strains and one assembled from publicly available data. These genomes ranged from
57.11 - 73.62 Mb, encoding 13,191 — 17,404 potential proteins. All strains shared ~90% of their
encoded proteins as determined by homology searches and shared most functional orthologues as
determined by KEGG, although each strain also possessed coding sequences with unique
functions. Like the original reference genome, the genomes assembled in this study possessed
genes hypothesized to be important in bloom proliferation, including genes involved in organic
compound metabolism and growth at low light. Cross-strain informatics and culture experiments
suggest that the utilization of purines is a potentially important source of organic nitrogen for
brown tides. Analyses of metatranscriptomes from a brown tide event demonstrated that use of a
single genome yielded a lower read mapping percentage (~30%) as compared to a database
generated from all available genomes (~43%), suggesting novel information about bloom
ecology can be gained from expanding genomic space. This work demonstrates the continued
need to sequence ecologically relevant algae to understand the genomic potential and their

ecology in the environment.

Key Words: HABs, metatranscriptomes, organic nitrogen utilization, pan-genomes, xanthine

Abbreviations: AaV, Aureococcus anophagefferens Virus; CCMP, Culture Collection of

Marine Phytoplankton; KEGG, Kyoto Encyclopedia of Genes and Genomes
INTRODUCTION
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Aureococcus anophagefferens causes harmful brown tide blooms, costing millions of dollars in
losses due to high cell densities causing shading and potentially being toxic to bivalves (Gobler
and Sunda 2012). These blooms were first detected in the northeast United States in the mid
1980’s (Sieburth et al. 1988), but have since spread to distinct locations globally including Africa
and China (Probyn et al. 2001, Zhang et al. 2012). Studies have shown that A. anophagefferens is
physiologically well-adapted to the environmental conditions that are dominant during brown
tides, specifically low light levels and limited availabilities of inorganic nutrients. These
adaptions include an ability to assimilate both organic carbon (Dzurica et al. 1989, Lomas et al.
2001) and organic nitrogen (Lomas et al. 2001, Berg et al. 2002), to grow at low irradiance levels
(Milligan and Cosper 1997), persist in complete darkness for prolonged periods of time (Popels
et al. 2007) and form resting cysts (Ma et al. 2020). Many of these physiological studies have
been conducted on different strains of 4. anophagefferens, and it is known that differences
between strains exist. As an example, some strains are susceptible to infection by the isolated
Aureococcus anophagefferens Virus (AaV), while others are not (Gobler et al. 2007, Brown and
Bidle 2014). Some strains of 4. anophagefferens are harmful to bivalves, while other are not
(Bricelj et al. 2004, Harke et al. 2011).

Despite multiple strains of Aureococcus anophagefferens existing in culture for multiple
decades, and known differences existing physiologically, only a single strain, A. anophagefferens
CCMP1984, has a publicly available genome to date (Gobler et al. 2011), although another
strain, A. anophagefferens CCMP1794, has had its genome sequenced (Huff et al. 2016). The
reference 4. anophagefferens CCMP1984 genome encodes the genetic potential for utilization of
various organic substrates, growth at low light, and other potentially beneficial traits for
competition during the blooms (Gobler et al. 2011), providing genomic support for the many
physiological studies. Sequencing of A. anophagefferens has also provided relevant information
into methylation patterns and transposon distributions within the genomes of the harmful bloom
former (Huff and Zilberman, 2014, Huff et al. 2016). Besides insights into the genomic
architecture, the reference genome provided a way of using sequencing data to understand the
ecology of A. anophagefferens. Multiple studies have used the reference genome to map
metatranscriptomic reads and help to understand differences in gene expression over the course
of a brown tide bloom (Wurch et al. 2019, Gann et al. 2021). Despite the reference genome

improving our understanding of this organism, the succession of different strains of the same
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organism over the course of other harmful blooms has been shown to occur through several
differing methods (Tarutani et al. 2000, Martinez et al. 2012, Park et al. 2014). Strain specificity
may lead to different expression patterns inside and outside of a bloom (Liang et al. 2020). As is
the case for many phytoplankton, the lack of annotated genomes outside of one or two references
leads to an oversimplification of the very complex system that is an algal bloom (Ogura et al.
2018, Chen et al. 2019, Jackrel et al. 2019) . Understanding the genomic diversity of algal strains
holds the promise to reveal the genetic underpinnings of interclonal variation and ecological
succession of strains in an ecosystem setting, as well as create a strong informatic database from
which to study algal bloom:s.

The purpose of this study was to improve our understanding of the genetic potential of
Aureococcus anophagefferens through the generation of new genomic assemblies from multiple
strains. We sequenced and assembled genomes of three strains (4. anophagefferens CCMP1984,
CCMP1707, and CCMP1850), assembled a genome of one strain (4. anophagefferens
CCMP1794) from publicly available sequencing data (Huff et al. 2016), and re-annotated the
original reference A. anophagefferens CCMP1984 genome to better compare differences
between the strains. The genomes of the strains sequenced in this study using both long read and
short read technologies had higher quality assemblies than the strain where public Illumina data
was used. Even though ~90% of the proteins in each strain had a top BLASTp hit to the
reference A. anophagefferens CCMP1984 strain, unique functions did exist in individual
genomes. Finally, we used transcriptomic data from a 2016 brown tide bloom event to assess the
informatic utility of the new pan-genomic data for providing insights into the ecology of A.

anophagefferens.

MATERIALS AND METHODS

Culturing, DNA extractions, sequencing

Non-axenic Aureococcus anophagefferens strains CCMP1707, CCMP1850, and CCMP1984,
were cultured in modified ASP,A (Gann, 2016), at 19°C with a 14:10 h light:dark cycle that
included an irradiance level of 90 umol photons m2 s'!. Cultures (1 L) were pelleted by
centrifugation (5000g, 5 min) in a Sorvall Lynx 4000 Centrifuge (Thermo Fisher Scientific,
Waltham, MA, USA) with a Fiberlite F14-14 x 50cy rotor (Thermo Fisher Scientific, Waltham,
MA, USA). DNA extractions were performed using standard phenol-chloroform methods with
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ethanol precipitation (Sambrook 2001). Long reads were generated using Nanopore sequencing
(Jain et al. 2016). Libraries generated using the ligation sequencing kit (Oxford Nanopore
Technologies, Oxford, UK), were sequenced on a MinlON Mk1B (Oxford Nanopore
Technologies, Oxford, UK) with a R9.4.1 flow cell (Oxford Nanopore Technologies, Oxford,
UK). Library preparation and short-read sequencing was conducted by the Microbial Genome
Sequencing Center (Pittsburgh, PA, USA). Paired-end reads (2 x 150bp) were generated using
the NextSeq 500 system (Illumina, San Diego, CA, USA).

Assembly and gene prediction

For Aureococcus anophagefferens strains CCMP1707, CCMP1850, and CCMP1984, bases were
called from Nanopore sequencing reads with Guppy version 4.0.15+56940742 using the
configuration file dna r9.4.1 450bps_fast.cfg (Wick et al. 2019). Nanopore reads were trimmed
for adaptors using Porechop version 0.2.4 (Wick et al. 2017), and trimmed for quality (9) and
length (500 bp) using NanoFilt version 2.7.1 (De Coster et al. 2018). Nanopore sequencing
statistics were generated and visualized using NanoPlot version 1.33.1 (De Coster et al. 2018).
[llumina reads were trimmed using default settings in CLC Genomics Workbench version 12.0
(Qiagen, Hilden, Germany). Genomes were assembled using Canu version 2.0 (Koren et al.
2017). Nanopore and Illumina reads were mapped to the contigs using Bowtie2 version 2.2.3
(Langmead and Salzberg 2012). Contigs were polished with the read mappings using Pilon
version 1.23 (Walker et al. 2014). As short-read sequencing of A. anophagefferens CCMP1794
was performed previously (Huff et al. 2016), this information was accessed from the NCBI Short
Reads Archive (Accession: SRX2068919). Reads were trimmed using default settings in CLC
Genomics Workbench version 12.0 (Qiagen, Hilden, Germany). All four strains were also
assembled using SPAdes version 3.11.1 (Bankevich et al. 2012) using the Illumina read data. For
the three strains where Nanopore data was present, the assemblies generated by Canu produced
longer contigs and therefore were used for this analysis. The SPAdes assemblies did produce
complete, circular mitochondria and chloroplast chromosomes, while the Canu assemblies did
not, and therefore for the organelle chromosomes, these contigs were used. As A.
anophagefferens is believed to be diploid (Huff et al. 2016), redundant or heterozygous contigs
assembled due to heterogeneity in diploid genomes were removed using Redundans version

0.14a (Pryszcz and Gabaldon 2016) using default settings, with the trimmed Nanopore (if
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153  present) and Illumina reads. This pipeline clusters heterozygous contigs, keeping the longest of
154  those clustered (Pryszcz and Gabaldon 2016). To assess bacterial contamination within the

155  assemblies, contigs were queried against the 4. anophagefferens CCMP1984 reference genome
156  (accession: NZ_ ACJI00000000.1; Gobler et al. 2011) using BLASTn (BLAST version 2.8.1+)
157  (Camacho et al. 2009). Also, contigs were split into 500 bp segments and submitted to the Kaiju
158  web server (Menzel et al. 2016) to predict taxonomic origin. Following previously established
159  protocols (Hackl et al. 2020), contigs were considered bacterial in origin if >50% of the

160  segments within the contig were called bacterial in origin by Kaiju. Mitochondria and chloroplast
161  contigs (see below) were also removed from the assessment of the nuclear genome.

162  Completeness of the non-bacterial contigs were assessed using BUSCO version 4.1.3 (Seppey et
163  al. 2019), using the Stramenopile markers dataset. Coding sequences were called using the online
164  web server for MAKER (Cantarel et al. 2008). To train the pipeline, proteins from the reference
165  A. anophagefferens CCMP1984 genome were used (Gobler et al. 2011), as were assembled

166  transcripts from a control time point from the infection cycle transcriptome performed previously
167  (accession: SRR6627647; Moniruzzaman et al. 2018). Transcripts from the transcriptome were
168  assembled in CLC Genomics Workbench version 12.0 (Qiagen, Hilden, Germany). Any contigs
169 that did not include coding sequences were also not included in the final assemblies. Few contigs
170  (<5) in total of the three hybrid assemblies did not possess any coding sequences but were

171  greater than 10 kb in length. It would be expected that with segments of DNA this length coding
172 sequences would be present, which could indicate that these were other contaminating contigs
173 that the MAKER pipeline could not call coding sequences on. Therefore, to be stringent these
174  contigs were removed. tRNAs were predicted using tRNA-scan-SE version 2.0.6 (Chan and

175  Lowe 2019). To predict function of the coding sequences, the translated amino acid sequences
176  were uploaded to the eggNOG-mapper web server (Huerta-Cepas et al. 2017). All protein

177  sequences from the reference 4. anophagefferens CCMP1984 genome were also reannotated

178  with the eggNOG-mapper web server. KEGG K numbers, COG categories, GO numbers, and

179  names of proteins used in this study were those generated from eggNOG.

180 Chloroplast and mitochondria genomes were generated from the SPAdes assemblies.
181  These were determined based on size and protein complement, as the reference Aureococcus
182  anophagefferens CCMP1984 chloroplast (accession: NC 012898.1) and mitochondria

183  (accession: MK922345) genomes have previously been sequenced and annotated (Ong et al.
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2010, Liu et al. 2019). Translated SPAdes contigs were queried against mitochondria and
chloroplast proteins using BLASTx (BLAST version 2.8.1+; Camacho et al. 2009). For each
strain, complete, circular, contigs of the appropriate size (~42 kb for the mitochondria and ~89
kp for the chloroplast) with all expected proteins were present. Mitochondria and chloroplast
chromosomes were annotated using the PROKKA annotation pipeline in Kbase (Seemann 2014,

Arkin et al. 2018).

Comparing assemblies phylogenetically and their protein complements

To compare phylogeny of the four assemblies from this study and the reference Aureococcus
anophagefferens CCMP1984 genome, the concatenated alignment of 12 shared single-copy
orthologous genes were used. Orthologues were determined using BUSCO version 4.1.3 (Seppey
et al. 2019), with the Stramenopile lineage dataset. Only orthologues shared between the five A.
anophagefferens assemblies and the outgroup Hondaea fermentalgiana (accession:
GCA_014084085.1), with a BUSCO score greater than 150 were used (Table S1 in the
Supporting Information). Concatenated amino acid sequences were aligned using MAFFT
version 7 (Katoh and Standley 2013), and trimmed for no gaps using trimAl version 1.3
(Capella-Gutierrez et al. 2009) in Phylemon 2.0 (Sanchez et al. 2011). A maximum likelihood
phylogenetic tree was generated using PhyML version 3.0 (Guindon et al. 2010). To compare
genomes at the protein level, all predicted proteins were queried against one another in an all vs.
all BLASTp (BLAST version 2.8.1+; Camacho et al. 2009). Only top BLASTDp hits that had a
query coverage >30% and an e-value <1 x 10-'° were considered for each genome. Clustering of
genomes based on the presence/absence of distinct KEGG K numbers was performed using
Bray—Curtis similarity in Primer version 7 (Clarke and Gorley 2015). Fisher’s exact test was
performed to determine enrichment/depletion of KEGG pathways found within only a subset of
the genomes compared to the overall coding potential within all the genomes using R (R Core
Team,2018). Assembled mitochondria and chloroplast chromosomes were aligned using

mVISTA (Frazer et al. 2004).

Read mappings to 2016 brown tide metatranscriptomes
To assess how the new assemblies could improve the understanding of Aureococcus

anophagefferens in the environment, metatranscriptomes from a 10-week sampling during the
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initiation, peak, and collapse of a 2016 brown tide bloom event in Quantuck Bay, New York,
USA (Latitude = 40.81° N; Longitude = 72.62° W) were used (BioProject Number:
PRINA689205; Gann et al. 2021). Reads were trimmed for quality using default parameters in
CLC Genomic Workbench version 12 (Qiagen, Hilden, Germany). All coding sequences from
the five assemblies were clustered at a sequence identity threshold of 0.9 using CD-HIT-EST (Li
and Godzik 2006; Appendix S1 in the Supporting Information). Reads were mapped to the
clustered coding sequences, and coding sequences from individual genomes, using Bowtie2
(Langmead and Salzberg 2012). Using the clustered coding sequence mappings, specific
pathways and genes of interest were searched (Appendix S2 in the Supporting Information). If
multiple coding sequences were present for the same function the library and coding sequence
normalized reads for each coding sequence were summed to provide normalized read mappings
for that function. Pearson correlations between the library normalized read mappings of each

genome pair were performed in GraphPad Prism version 8 (GraphPad, San Diego, CA, USA).

Comparing expression of nitrogen transporters from a culture dataset

A previous study performed RNA sequencing on a cultured Aureococcus anophagefferens strain
isolated in China grown in different conditions to assess nitrogen utilization (Dong et al. 2014).
The reads generated were then mapped back to the reference CCMP1984 genome. To determine
if trends gleaned from the 2016 brown tides metatranscriptomes dataset about various nitrogen
transporters, expression data for the seven transcriptomes was downloaded from the NCBI Gene
Expression Omnibus (GEO) database (Experiment Accession Number: GSE60576; Barrett et al.
2013). RPKM values for various nitrogen transporters from the reference CCMP1984 strain were
pulled from those datasets and if multiple coding sequences were present for the same function
the RPKM values for each coding sequence were summed to provide normalized read mappings

for that transporter type.

Assessing the ability of Aureococcus anophagefferens to grow on xanthine

Finally, given the importance of organic nitrogen for brown tide ecology and the predicted
genetic capacity for Aureococcus anophagefferens to grow using purines (Wurch et al. 2014),
culture experiments were performed to explore the ability of non-axenic strain 4.

anophagefferens CCMP1984 to grow on xanthine. To remove carry over of nitrate from original
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cultures, cultures maintained in modified ASP;,A (Gann 2016) were pelleted by centrifugation
(5000g, 5 min) in a Sorvall Lynx 4000 Centrifuge (Thermo Fisher Scientific, Waltham, MA,
USA) with a Fiberlite F14-14 x 50cy rotor (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were resuspended in modified ASP,A without a nitrogen source. Cells were then added to
modified ASP;A + 10 nM NiCl hexahydrate with either xanthine, urea, or nitrate as the sole
nitrogen source at concentrations of 0.0735 mM, 0.0735 mM, and 0.147 mM, respectively. All
strains were transferred multiple times (>3) on the respective nitrogen source to ensure any
residual nitrate was removed during mid exponential phase. To begin the growth curve, mid
exponential phase cultures in each nitrogen source were transferred to fresh growth medium in
the respective nitrogen source with four biological replicates. Growth was measured for the
entire progression of the growth curve. 4. anophagefferens cell concentrations were determined
via flow cytometry using a FACSCalibur flow cytometer (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Cells were gated on red fluorescence and forward scatter as described
previously (Moniruzzaman et al. 2018). Doubling times were calculated using the following

equation, where days eleven and two were timey and timey,, respectively:

timey — timey,

Doubling ti
oubtng tume (log (cell concentrationy) — log (cell concentrationy,))/log (2)

A one-way ANOVA followed by Tukey’s HSD post hoc testing was used to assess differences in
growth rates performed in GraphPad Prism version 8 (GraphPad, San Diego, CA, USA).

Data availability

Raw sequencing data for the genomes were deposited in the Short Reads Archive under the
BioProject number PRINA692237. This Whole Genome Shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession JAFCAG000000000, JAFCAH000000000,
JAFCAI000000000, and JAFCAJ000000000 for A. anophagefferens CCMP1984, CCMP1850,
CCMP1707, and CCMP1794, respectively. The version described in this paper is version
JAFCAG010000000, JAFCAHO010000000, JAFCAI010000000, and JAFCAJ010000000 for
Aureococcus anophagefferens CCMP1984, CCMP1850, CCMP1707, and CCMP1794,
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respectively. Scripts used for this study were deposited to GitHub
(https://github.com/Wilhelmlab/Gann_2021 Aureococcus_genomes).

RESULTS

Strains and assembly statistics

The four Aureococcus anophagefferens strains (CCMP1707, CCMP1794, CCMP1850,
CCMP1984) used in this study were all isolated from the northeast United States (Fig. 1A, Table
S2 in the Supporting Information), but in different years (Table S2). A. anophagefferens strains
CCMP1707, CCMP1850, and CCMP1984 were sequenced by both Nanopore and [llumina
sequencing technologies (Table 1). We took advantage of previous [llumina sequencing of 4.
anophagefferens strain CCMP1794 that had not been assembled into larger contigs to generate a
publicly available genome, and the reference 4. anophagefferens CCMP1984 genome to
compare the gene complement of multiple strains (Table 1; Gobler et al. 2011, Huff et al. 2016).
The ~56 Mb reference genome of 4. anophagefferens CCMP1984 was sequenced using 454
pyrosequencing, and was assembled into >2000 scaffolds, and >5000 contigs. The hybrid
(Nanopore and Illumina sequencing technologies) assemblies of all three cultured strains in this
study provided better assemblies than the original reference A. anophagefferens CCMP1984
genome, producing genomes assembled into fewer contigs, with higher N50, lower L50, and
producing larger contigs (Table 1). The assembly sizes for 4. anophagefferens CCMP1707,
CCMP1850, and CCMP1984 were 64.43 Mb, 57.11 Mb, and 73.62 Mb, respectively. All had a
high GC content (~70%) like the reference A. anophagefferens CCMP1984 genome (69.44%)
(Table 1). The three hybrid assemblies had 13,191, 15,302, and 17,404 coding sequences for A.
anophagefferens CCMP1707, CCMP1850, and CCMP1984, respectively (Table 1). The number
of tRNAs ranged from 67 to 86 (Table 1). To assess completeness of the genomes, single-copy
maker orthologues for Stramenopiles were searched for within each of the genomes using
BUSCO. The reference genome and the three strains assembled from both Illumina and
Nanopore reads had a similar number of complete and fragmented single-copy orthologues
(Between 64 — 72 out of 100 Stramenopile single-copy marker orthologues), while the 4.
anophagefferens CCMP1794 had fewer (40; Table 1). The number of these single copy
orthologues can provide a relative comparison of completeness, but not a definitive number as

more sequenced Pelagophyceae genomes would be required to define what the total coding
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potential is for the class. Complete chloroplast and mitochondria chromosomes were assembled
for all four strains (Table S3 in the Supporting Information). All chloroplast chromosomes were
>99% identical with one another (Fig. S1 in the Supporting Information), as were the

mitochondria (Fig. S2 in the Supporting Information). Genome similarity is address below.

Comparison of the assemblies

As the five genomes from this study were sequenced and assembled in different ways and have
differing amounts of completeness (Table 1), we decided for this initial analysis to only focus on
the similarities and differences of the encoded proteins. Phylogenetic analysis of shared
concatenated single-copy orthologues revealed the reference Aureococcus anophagefferens
CCMP1984 genome and our re-sequenced 4. anophagefferens CCMP1984 assembly clustered
with one another, as expected, while 4. anophagefferens CCMP1850 and CCMP1707 were most
closely related with one another (Fig. 1B). To compare the protein complement within each
strain, all amino acid sequences were queried against the NCBI non-redundant database as well
as all of the other proteins from the 4. anophagefferens genomes. For all genomes assembled in
the study, ~90% of the proteins had a top BLASTp hit to the reference 4. anophagefferens
CCMP1984 genome, ~5% had a top BLASTp hit to another eukaryote, ~3-5% had no hits in the
non-redundant database (cutoff e-value < 1 x 10-19), and < 1% of the proteins had a top BLASTp
hit to bacteria, archaea, or viruses (Table S4 and Appendix S3 in the Supporting Information).
Comparing the proteins encoded in the genomes to all other assemblies showed the strains had
many similar proteins (Table S5 and Fig. S3 in the Supporting Information). Excluding A.
anophagefferens CCMP1794 due to its low completeness (Table 1), ~50% of the proteins
encoded in the assemblies were similar (e-value < 1 x 10-190), ~75% of the proteins in 4.
anophagefferens CCMP1794 were similar to the other strains (e-value < 1 x 10-1%; Table S5,
Fig. S3). Each strain had proteins that did not have a BLASTp hit to another strain. For 4.
anophagefferens CCMP1850 and CCMP1794, the number was very low: 85 (0.64% of encoded
proteins) and 47 (0.94% of encoded proteins), respectively. For A. anophagefferens CCMP1707,
CCMP1984, and the reference A. anophagefferens CCMP1984 genomes, the number of unique
proteins was greater: 1,055 (6.89% of encoded proteins), 1,524 (8.76% of encoded proteins), and
1,693 (14.70% of encoded proteins), respectively (Appendix S4 in the Supporting Information).
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Annotation of coding sequences and analysis of core v. non-core-genome functions

The encoded proteins from the genomes assembled in this study were annotated using eggNOG
(Huerta-Cepas et al. 2017; Appendix S5, Table S6 in the Supporting Information). To directly
compare the assemblies generated in this study to the reference 4. anophagefferens CCMP1984
genome, the encoded proteins within the reference genome were also reannotated in the same
way (Appendix S5, Table S6). Comparing the genomes based on COG categories (Table S7, Fig.
S4 in the Supporting Information), or by KEGG categories (Table S8, Fig. S5, Appendix S6 in
the Supporting Information) showed the proportions of categories/pathways for each genome
were similar. To further compare similarities and differences, we focused on KEGG K numbers,
which represent functional orthologues (Kanehisa et al. 2017), as ~50% of the coding sequences
annotated could be assigned one (Table S6). We recognize that this biases our comparison to
only known proteins but allows for a more comprehensive understanding of shared functionality.
Specifically, we examined distinct KEGG K numbers found within each genome, generating
4278 KEGG K numbers as part of the pan-genome for this species (Fig. 2). Clustering the
assemblies based on the presence/absence of the 4278 distinct KEGG K numbers (Fig. 2C),
revealed all but 4. anophagefferens CCMP1794 to be > 90% similar (Fig. 2A). It is worth noting
the reference A. anophagefferens CCMP1984 genome and the assembled A. anophagefferens
CCMP1984 genome from this study did not cluster most closely with one another, but those
sequenced and annotated from this study did (Fig. 2A). One potential reason for this, is the
reference CCMP1984 genome had more distinct KEGG K numbers unique to its genome (221)
than the other genomes (CCMP1984 - 88, CCMP1850 - 62, CCMP1794 - 12, CCMP1707 - 57)
(Appendix S6). Roughly half (47.10%) of the distinct KEGG K numbers were found within all
genomes, while another 26.58% were found in all genomes excluding A. anophagefferens
CCMP1794 (Fig. 2, B and C). As the A. anophagefferens CCMP1794 is not as complete as the
other assemblies (Table 1), we considered KEGG K numbers found in all five genomes or the
four more complete genomes to be the core-genome for this study (Fig. 2C). The remaining
26.33% of the distinct KEGG K numbers were considered not a part of the core-genome, with
10.29% (440 KEGG K numbers) only found in one of the five genomes (Fig. 2C). 80.59% to
89.32% of the distinct KEGG K numbers in each genome were those found in the core-genome
(Table S9 in the Supporting Information). Between 0.53 and 5.65% of distinct KEGG K numbers

within a genome were unique to that genome, specifically (Table S9). Although there were
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distinct K numbers and therefore functions found within each genome. The processes these were
found in were similar including: K numbers pertaining to metabolism of various amino acid and
nucleotide sugars and those pertaining to polyketide and macrolide biosynthesis found in all
genomes except 4. anophagefferens CCMP1794. Also, unique K numbers pertaining to
glycotransferases, and lectins were found in the genomes of 4. anophagefferens CCMP1794 and
the reference CCMP1984. To determine whether specific pathways/functions were enriched or
depleted in a subset of genomes (non-core) of the species compared to the overall coding
potential of the genomes, KEGG K numbers were clustered in categories/pathways (Table S8).
Eight categories were significantly (Fisher’s exact test, p value < 0.05) enriched in a subset of
genomes including carbohydrate metabolism, nucleotide metabolism, metabolism of cofactors
and vitamins, and metabolism of terpenoids and polyketides (Table S10 in the Supporting
Information). Five categories were significantly (Fisher’s exact test, p value < 0.05) depleted,

including unclassified metabolism and amino acid metabolism (Table S10).

Comparison of the encoded gene complement with the reference genome

In the initial sequencing of Aureococcus anophagefferens CCMP1984, it was hypothesized that
many of the proteins encoded in the genome allowed 4. anophagefferens to outcompete other
phytoplankton in the water column during the blooms (Gobler et al. 2011). This included
encoding many proteins involved in light harvesting, uptake and utilization of organic nitrogen
and carbon, and numerous transporters. It appears this complement of genes is conserved in these
other A. anophagefferens assemblies. A. anophagefferens CCMP1707, CCMP1850, CCMP1984,
and the reference A. anophagefferens CCMP1984 possessed 77, 60, 88, and 63 light harvesting
complex proteins, respectively (Appendix S7 in the Supporting Information). 4.
anophagefferens CCMP1794 had fewer light harvesting complex proteins (24; Appendix S7),
which is unsurprising with its less complete genome (Table 1). 4. anophagefferens is
hypothesized to not be limited for nitrogen during blooms, unlike the rest of the community
(Gobler et al. 2004), due to its ability to utilize organic nitrogen sources (Berg et al. 2002). The
reference A. anophagefferens CCMP1984 genome was shown to encode proteins allowing the
utilization of a wide range of organic nitrogen compounds (Gobler et al. 2011). This genetic
potential for organic nitrogen utilization was found in all strains assembled in this study

including enzymes (Table S11, Appendix S8 in the Supporting Information) and transporters
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(Table S12, Appendix S9 in the Supporting Information) required for the utilization of organic
sources including urea, nucleotides, asparagine, and nitriles. Organic carbon utilization is also
believed to be a competitive advantage for A. anophagefferens during the peak of blooms due the
low light caused by high cell densities (Gobler and Sunda 2012). The strains assembled in this
study contained a large number of polysaccharide-degrading enzymes (Table S13, Appendix S10
in the Supporting Information), and transporters for the uptake of various polysaccharide (Table
S12, Appendix S9), as was reported for reference A. anophagefferens CCMP1984 genome
(Gobler et al. 2011). These included enzymes for the utilization of simple sugars (i.e., xylose,
glucose) and those that can break down more complex polysaccharides (i.e., pectin, heparan,

cellulose, xylan; Table S13, Appendix S10).

Comparing genomes for assessment of environmental samples

To assess how the ecological understanding of brown tide blooms might be altered with these
new genomes, a metatranscriptomic dataset from a 2016 brown tide bloom event at Quantuck
Bay, NY was used (Fig. 1A). This dataset is composed of 18 metatranscriptomes from ten
weekly samples that followed the entire progression of the bloom (initiation, peak, decline)
(Table S14 in the Supporting Information). Reads were mapped to coding sequences of each
genome assembled in this study, the reference genome, and all coding sequences from all strains
clustered at a percent identity of 0.9 at the nucleotide level (Table S14). This clustered coding
sequence dataset was used as a proxy for the species pan-genome. The reads mapped to each of
the assemblies with similar completeness (4. anophagefferens CCMP1984, CCMP1707,
CCMP1850, and the reference 4. anophagefferens CCMP1984 genome; Table 1) all increased
from ~1.2% of the library reads during bloom initiation to ~30% at the peak of the bloom, and
then declined again (Fig. 3A). The less complete 4. anophagefferens CCMP1794 assembly
followed the same pattern but accounted for a smaller percentage of the library’s reads mapped
(ranged from 0.48 - 13.19%; Fig. 3A). Reads mapped to the pan-genome database began at a
similar percentage of total library reads (1.78%) but increased to ~43% of total library reads
mapped at peak bloom (Fig. 3A). At peak bloom (6/27/2016; Fig. 3A) there were ~12 million
more reads mapped to the pan-genome database than to any of the other near complete genomes
(Table S14). All the different assemblies and clustered coding sequences strongly correlated with
one another (r > 0.99; Table S15 in the Supporting Information).
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As there was an increased Aureococcus anophagefferens signal in the metatranscriptomes
using the pan-genome database, we used those read mappings to assess the importance of
purine/xanthine utilization by 4. anophagefferens during this brown tide bloom. Purine
metabolism has been suggested to be important during brown tide blooms based on the
expression of purine transporters during growth on many nitrogen sources (Berg et al. 2008), and
the observed overexpression of a xanthine permease during periods of nitrogen limitation
(Wurch et al. 2014). As a proxy for nitrogen utilization, read mappings to xanthine transporters
as well as other nitrogen sources were used (Appendix S2, Fig. 3B). Reads mapped to xanthine,
ammonia, nitrate/nitrite, transporters all increased ~two orders of magnitude from the bloom
initiation to the peak bloom and all had around the same number of normalized reads mapped,
while reads mapped to formate/nitrite, nucleoside, and urea transporters only increased one order
of magnitude as the bloom progressed and had over an order of magnitude fewer reads mapped
to them (Fig. 3B). To provide more support for information gained from this analysis, we utilized
gene expression data from a transcriptomics dataset of a Chinese strain of A. anophagefferens
grown in various nitrogen conditions (Dong et al. 2014). As seen in the 2016 brown tide blooms
metatranscriptomics dataset, formate/nitrite, nucleoside, and urea transporters had ~1-2 order of
magnitudes less relative expression compared to the other transporters (Table S16 in the
Supporting Information). Xanthine transporter expression was similar to both the ammonia
transporters and the nitrate/nitrite transporters with the exception of nitrate/nitrite transporters in
cultures growing in replete nitrate (Table S16). Finally, it should be noted that xanthine
transporters had the highest expression in nitrogen limiting conditions.

Xanthine is converted to ammonia through multiple enzymatic reactions including the
final step of converting urea to ammonia (Fig. 3, B and C). To assess whether Aureococcus
anophagefferens has the genetic potential to convert xanthine to ammonia, KEGG K numbers for
each of the enzymatic reactions were searched within the genomes. Each enzyme in the pathway
was identified in at least one of the genomes, except for allantoicase (Table S17 in the
Supporting Information). Although there was not the KEGG K number for this enzyme,
eggNOG predicted multiple coding sequences within the allantoicase family to be present in the
genomes (Table S17), providing evidence that A. anophagefferens has the genetic potential to
convert xanthine to ammonia. Transcripts were detected for all genes encoding enzymes in this

pathway during the bloom, with transcripts for genes encoding the enzymes for the first step of
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converting xanthine to urate (xanthine dehydrogenase/oxidase), and the last step of converting
urea to ammonia (urease) being the most abundant (Fig. 3C).

Experimentally it has been shown Aureococcus anophagefferens can incorporate the
carbon from urea (Lomas et al. 2001): this can occur through either the fixation of respired
carbon (CO,) or potentially through the possible transformation of carbamate generated as an
intermediate in urea degradation (Krausfeldt et al. 2019). To examine the latter, we also looked
for expression patterns of carbamoyl phosphate synthetase (the enzyme that converts carbamate
into carbamoyl phosphate). Carbamoyl phosphate can then be utilized in the biosynthesis of
arginine (Fig. 3C). A similar number of normalized reads mapped to the carbamoyl phosphate
synthetases during the peak bloom and followed the same pattern as ureases and xanthine
dehydrogenases/oxidases (Fig. 3D). To provide evidence A. anophagefferens can grow on
xanthine as a sole nitrogen source, non-axenic cultures were acclimated to urea, xanthine, and
nitrate as sole nitrogen sources by multiple (>3) transfers. We used 4. anophagefferens
CCMP1984 to perform growth curves and calculate doubling times (Fig. S6 in the Supporting
Information). There were no significant differences (p value > 0.05) in doubling times for
cultures grown on xanthine (average: 1.025 days, SD = 0.033), urea (average = 1.065 days, SD =
0.016), or nitrate (average = 1.059 days, SD = 0.023; Fig. S6B).

DISCUSSION

Brown tides caused by Aureococcus anophagefferens cause millions of dollars in annual losses
in distinct coastal locations across the globe (Gobler and Sunda 2012). To date, studies of the
alga’s physiology (e.g., Berg et al. 2002), the reference A. anophagefferens CCMP1984 genome
(Gobler et al. 2011), and metatranscriptomes from natural blooms (Wurch et al. 2019) and
cultures (Dong et al. 2014, Frischkorn et al. 2014), have helped identify the ecological niche of
the causative agent of brown tide blooms. Although different strains have been used for
physiological studies of this alga, A. anophagefferens CCMP1984 has been the only source of
publicly available assembled genomic potential to date, despite [llumina sequencing of 4.
anophagefferens CCMP1794 existing. Here, we assembled genomes of three strains of A4.
anophagefferens that have never been assembled publicly and resequenced the type strain, 4.
anophagefferens CCMP1984, and compared their coding potential to determine whether the

genomes of other isolates might improve our understanding of A. anophagefferens physiology
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and the brown tides it generates. Assemblies generated from a combination of long and short
reads improved on the sequencing of the reference genome performed a decade ago as these new
assemblies were of similar sizes and completeness (as determined by BUSCO) but are composed
of fewer, larger contigs. Improvement on the assembly of genomes using a combination of long
and short reads for eukaryotic algae has been shown previously (Cecchin et al. 2019). We
believe that having the long reads generated by nanopore sequencing produced larger contigs as
these could help resolve repeat regions and similar regions found within the genome. The
reference 4. anophagefferens genome has a high GC content (Gobler et al. 2011) and contains
many repeat regions (Moniruzzaman et al. 2014) and many transposable elements surrounded by
inverted repeats (Huff et al. 2016), all of which could make assembling the genome with just
short reads challenging. Completeness of eukaryotic algal genomes, as determined by BUSCO,
range from < 25% to few being >90%, with over one third being >75% (Hanschen and
Starkenburg 2020). This range is also seen in sequenced Stramenopiles, ranging from 7 to >90%
(Hackl et al. 2020, Labarre et al. 2021, Tan et al. 2021). It has been hypothesized that poor
representation of specific organisms can account for lower than expected shared single-copy
orthologues which has been seen in multiple cultured Stramenopiles (Hackl et al. 2020).
Therefore, the completeness percentage of ~70 % is in line with other eukaryotic algal species in
general as well as within Stremenopiles. More sequencing will be required to determine the
genetic complement of this species.

All four Aureococcus anophagefferens strains used in this study were isolated in different
years, each came from the Northeast United States, and encoded many similar proteins. The
highly similar nature of the nuclear genomes was also seen in the organelles, as the chloroplast
and mitochondria genomes were nearly identical to one another. This high sequence similarity
has been reported for the mitochondria for multiple isolates of this species previously (Sibbald et
al. 2021). Most of the coding sequences from assemblies generated in this study best BLASTp
hit were to the reference A. anophagefferens CCMP1984 genome when compared to the non-
redundant database, and for the four strains generated in this study, < 10% of the coding
sequences were not found in another assembly. Lack of high BLAST hits to closely related
Eukarya is due to lack of reference genomes of other Pelagophyceae. Continued sequencing of
other algal organisms will improve databases for better definition (Tajima et al. 2016, Hamada et

al. 2020). Using distinct KEGG K numbers as a proxy for functional orthologues found within
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the genomes, the majority of these were shared (>80%), while < 6% were unique to one genome.
There was an enrichment in pathways and metabolisms that have been hypothesized to promote
bloom proliferation including nucleotide metabolism, carbohydrate metabolism, and metabolism
of cofactors and vitamins for K numbers found only in a subset of the genomes (Gobler et al.
2011). Also, K numbers unique to a single genome were found in similar pathways and
metabolisms including nucleotide and amino acid metabolism as well as the biosynthesis of
polyketides and macrolides. These pathways and functions found only in a subset of genomes
may be an example of niche partitioning for certain resources which has been shown to occur in
algae on both a phylum (Cheung et al. 2021) and strain-specific level (Majda et al. 2019).
Unique strategies of nutrient uptake have also been seen in Emiliania huxleyi. The sequencing of
multiple strains of E. huxleyi, which were isolated from distinct locations globally, demonstrated
genes for specific types of nutrient uptake and metabolism were variable in number in the
genomes (Read et al. 2013).

Despite both the reference and re-sequenced Aureococcus anophagefferens CCMP1984
assemblies being phylogenetically closest as determined from the concatenation of 12 single-
copy orthologues, differences did exist. It is difficult to address questions about synteny, or
genomic rearrangements, between the two reference strains for multiple reasons. Most
importantly, these genomes were sequenced and assembled using completely different methods,
as were the calling of the coding sequences. We believe this to be the driving reason for why,
when clustering based on KEGG K numbers, CCMP1984 clusters away from the three genomes
assembled in the same way. Some of the differences may also be due to biology and evolution of
the strain in culture, but there unfortunately is no way of resolving this. The specific reference A.
anophagefferens CCMP1984 strain from the study a decade ago wasn’t cryopreserved, and
therefore we cannot directly compare the current strain to the cryopreserved strain to disentangle
what differences are caused by transferring of cultures and what are caused by improvements in
informatic methods. Therefore, the re-sequencing should be regarded more as novel genomic
information instead of a traditional resequencing effort. This is unfortunately a common problem
for work with eukaryotic algae, where the strains may be in culture for decades, and for many
there are not methods for cryopreservation. Although the domestication of strains is a problem,
we’ve shown that at peak bloom the majority of metatranscriptome reads from 2016 map to these

strains, suggesting they still are environmentally relevant. It should be noted that all the strains
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sequenced in this study have been in culture collections for over twenty years and were isolated
from a similar geographical location, and therefore the similarities that are being seen might not
be reflective of the diversity of this organism in nature. Given that brown tides of 4.
anophagefferens occur annually and in distinct parts of the globe, a continued effort to isolate
and sequence new strains is required. This has occurred already in China and initial sequencing
work has already been performed (Dong et al. 2014). Assessing differences between strains from
the United States and other countries would likely allow for a more comprehensive
understanding of this species.

Having more sequencing information allows us to understand not only the genetic
potential of the strains sequenced but provides more information to understand the ecology of
Aureococcus anophagefferens using environmental sequencing datasets. Using
metatranscriptomes capturing the entirety of a three-month brown tide bloom event in Quantuck
Bay in 2016 revealed that clustering all coding sequences to generate a pan-genome database
increased the number of reads mapped (>10 million more reads) at peak bloom. Although the
genomes of these strains are very similar, there are coding sequences only found in one or two
genomes, so using a single genome would not capture all of the coding potential that would exist
in the species pan-genome database. Having more sequencing information will allow for a more
comprehensive view of the 4. anophagefferens dynamics and may provide new insights into
bloom dynamics. Increasing available genomic information can also prove relevant in
understanding ecosystem-wide nutrient cycling by way of both nutrient acquisition and
incorporation (Nelson et al. 2019) and nutrient biosynthesis (McRose et al. 2014).

The ability of Aureococcus anophagefferens to use purines or other organic nitrogen
compounds as a sole nitrogen source has been hypothesized to confer an advantage to A.
anophagefferens during the blooms. This trait has been observed in other blooming algal species
under stress (Shi et al. 2021). Physiological studies have shown purine transporters are expressed
during growth on many nitrogen sources in the laboratory, and that expression of the xanthine
permease is a physiological diagnostic of nitrogen limitation of this species (Berg et al. 2008,
Dong et al. 2014, Wurch et al. 2014). With the new genomic information presented here, we
have identified the genes encoding for all steps in the conversion of xanthine to ammonia. In the
laboratory, A. anophagefferens CCMP1984 can grow on xanthine as a sole nitrogen source,

suggesting purines can be utilized readily by this species, although there does appear to be an

This article is protected by copyright. All rights reserved



585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

increased lag time. Despite there not being a significant difference in doubling times, from this
experiment there was a larger distribution of doubling times for cultures grown on xanthine
compared to the other two nitrogen sources, and therefore we are currently unable to
conclusively state whether A. anophagefferens grows equally well with xanthine as the sole
nitrogen source compared to urea and nitrate. The increased length of lag time between cultures
suggest that xanthine may not be as accessible to the species as the other two nitrogen sources.
Future work will be needed to conclusively determine how well this species can grow on this
nitrogen source, but from this early data we can state 4. anophagefferens can grow on this
nitrogen source supporting the genomic information.

We used the new pan-genome database to gain insight into xanthine/purine utilization
during a brown tide. As a proxy for nitrogen utilization in the blooms, the relative number of
mapped reads to various inorganic and organic transporters were examined during the 2016
brown tide bloom event. The specific usage of metatranscriptomic reads for this purpose is
common in HAB studies, as often genomics alone do not define bloom dynamics (Ji et al. 2020,
Martin et al. 2020, Metegnier et al. 2020). Interestingly, reads mapped to transporters for
xanthine, were as numerous as those for inorganic nitrogen sources (ammonia and nitrate/nitrite),
and genes encoding the enzymes required for the multiple steps in this conversion had many
reads mapped to them during the bloom. These trends were also seen in a transcriptomics dataset
of a Chinese strain grown in different nitrogen conditions. These data highlight the potential
importance of purines in addition to other organic nitrogen sources, like urea, during blooms, as
xanthine is converted to ammonia in multiple steps, including the conversion of urea to
ammonia. Aureococcus anophagefferens encodes multiple ureases, and it has been shown 4.
anophagefferens can grow on urea. These ureases are also constitutively expressed when grown
on multiple nitrogen sources (Lomas et al. 2001, Fan et al. 2003). Although we cannot speculate
on the relative importance of xanthine versus other nitrogen transporters based on the abundance
of mapped reads during the bloom, the data are consistent with the importance of purines as a
nitrogen source. Further study could determine the abundance of nucleotides during blooms and
their relative importance as a source of nitrogen for A. anophagefferens. A. anophagefferens
cultures are able to incorporate carbon from organic nitrogen sources (Lomas et al. 2001,
Mulholland et al. 2002), which may supplement carbon requirements during peak bloom

conditions when irradiance levels are low due to the high cell densities (Gobler and Sunda 2012).
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The enzyme to convert carbamate to carbamoyl phosphate, carbamoyl-phosphate synthetase, was
expressed during the bloom, like other enzymes in the conversion of xanthine to ammonia. This
carbamoyl phosphate can then be incorporated into arginine, potentially allowing A.
anophagefferens to utilize the carbon from this pathway. This provides further evidence that the
metabolism of carbon from organic nitrogen sources is occurring in natural blooms.

In conclusion, this study generated new genomes for the harmful brown tide bloom
forming pelagophyte Aureococcus anophagefferens and provided novel insights into the
diversity of coding potential in several strains, as well as the utilization of purines in brown tide
blooms. Although sequenced strains were very similar, differences did exist, expanding our
knowledge of the genetic potential of this species and the utilization of nitrogen during brown
tides. The new pan-genome presented here will provide additional insight into the ecology of

brown tides in the future.
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Figure 1. Description of strains used in this study. A) Locations where the four Aureococcus
anophagefferens were isolated along with year of isolation. Strain isolation locations are denoted
as blue circles. Quantuck Bay is denoted as an orange square. B) Maximum likelihood tree of

shared concatenated single-copy orthologues. Node support (aLRT-SH statistic) > 50% is shown.

Figure 2. Comparison of distinct KEGG K numbers found within all genomes. A) Hierarchical
clustering of genomes based on the presence/absence of distinct KEGG K numbers using Bray—
Curtis similarity. B) Venn-diagram of shared distinct KEGG K numbers in all five genomes. C)

Description of distinct KEGG K numbers found in the assemblies.

Figure 3. Read mappings to Aureococcus anophagefferens genomes from a 2016 brown tide
bloom event in Quantuck Bay, NY. A) Library normalized reads mapped to coding sequences
from each 4. anophagefferens genome and all coding sequences clustered at a percent identity of
0.9. B) Library and coding sequence length normalized reads mapped to nitrogen transporters
from all coding sequences clustered at a percent identity of 0.9.Mean values are shown for all

points. Error bars are shown where multiple samples were taken. Error bars that did not extend
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past the data point were omitted. C) Metabolic pathway by which xanthine is converted to
ammonia based on KEGG pathway: map00230. D) Heatmap of library and coding sequence
normalized reads mapped to coding sequences involved in the metabolism of xanthine. Where
multiple samples were taken on the same day, the mean of those samples plotted. White squares

designate samples where no reads mapped to coding sequences.

Figure S1. Alignment of the reference Aureococcus anophagefferens CCMP1984 chloroplast
with all assembled chloroplasts from this study. Assembled chloroplasts were individually

aligned to the reference CCMP1984 chloroplast along a sliding window of 100 bp using mVista.

Figure S2. Alignment of whole reference Aureococcus anophagefferens CCMP1984
mitochondria with all assembled mitochondria from this study. Assembled mitochondria were
individually aligned to the reference CCMP1984 mitochondria along a sliding window of 100 bp

using mVista.

Figure S3. Comparison of protein completement within strains from all v. all BLASTp results.

Figure S4. Percentage of each COG (clusters of orthologous groups) category as determined by
eggNOG per strain.

Figure S5. Percentage of each KEGG pathway as determined by eggNOG per strain excluding
BRITE proteins. Only KEGG pathways >1% of the total are shown.

Figure S6. Growth of Aureococcus anophagefferens CCMP1984 on different nitrogen sources.
A) Cell concentrations of acclimated cells growth on equal molar equivalent xanthine, nitrate, or
urea as the sole nitrogen source. B) Doubling times calculated for growth on each nitrogen

source with p values being calculated by one-way ANOVAs.

Table S1. BUSCO orthologs concatenated for phylogenetic analysis.
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Table S2. Information of strains used in this study. CCMP1984, CCMP1850, and CCMP1707

were all sequenced in this study, where CCMP1794 was sequenced previously and uploaded to

the short reads archive (SRA; Huff et al. 2016).

Table S3. Chloroplast and Mitochondria Assembly Statistics.

Table S4. Domain of the top BLASTDp hit for each protein when queried against the nr database.

Table S5. All v. all BLASTp e values separated by query strain.

Table S6. Overview of eggNOG annotations for each strain.

Table S7. Number of COGs (clusters of orthologous groups) by categories by strain.

Table S8. Number of K numbers by categories by strain.

Table S9. Unique K numbers found in each genome separated by the number of genomes each K

number is found in.

Table S10. Analysis of Enrichment of Grouped KEGG pathways found in only a subset of the

genomes (non-core). A significant Fisher’s Exact Test p-value was required for the pathway to

be called enriched or depleted. KEGG pathways involved in BRITE hierarchy are not shown.

Table S11. Nitrogen metabolism genes found within the various strains.

Table S12. Transporters found within the various strains.

Table S13. Carbohydrate degrading enzymes found within the various

Table S14. Number of reads mapped to coding sequences from each genome and all coding

sequences clustered at a 0.9 percent identity from the 2016 Quantuck Bay dataset.
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Table S15. Pearson’s r values for comparing reads mapped to individual strains in the 2016

Quantuck Bay brown tide bloom metatranscriptome.

Table S16. Summed RPKM values from Dong et al. 2014 transcriptomic dataset of nitrogen
transporters within the reference CCMP1984 genome from Dataset S2.

Table S17. Xanthine metabolism coding sequences detected in the Aureococcus genomes.

Appendix S1. Coding sequences found within all coding sequences clustered at a percent identity

of 0.9.

Appendix S2. List of coding sequences of interest that were searched for in the transcriptomic

analyses.

Appendix S3. Top BLASTp hits for each encoded protein when queried against the nr database.

Appendix S4. List of coding sequences that are unique to that genome when compared to the

other genomes in the study. BLASTp e value cutoff < 1 x 10-1°,

Appendix S5. Description of all coding sequences annotated with eggNOG. The description of
the eggNOG output columns are the following: Genome: Genome coding sequence is from;
Query: coding sequence; Seed ortholog: best matching sequence to query; e-value: e-value;
score: bit score; best tax vl best taxonomic level, Preferred name: preferred gene name
annotation, GO terms: Gene Ontology terms, EC number: Enzyme Commission number, KEGG
KO: Kyto Encyclopedia of Genes and Genomes KEGG orthology, KEGG pathway: Kyto
Encyclopedia of Genes and Genomes pathway, KEGG module: Kyto Encyclopedia of Genes and
Genomes module, KEGG reaction: Kyto Encyclopedia of Genes and Genomes reaction, KEGG
rclass: Kyto Encyclopedia of Genes and Genomes Reaction Class, BRITE: Kyto Encyclopedia of
Genes and Genome hierarchical classification, KEGG TC: Kyto Encyclopedia of Genes and
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Genome Transporter Classification, CAZy: Carbohydrate-active enzyme classification, BiIGG
reaction: Biochemical, Genetic and Genomic knowledge base reaction, annot lvl: annotation
level; matching OGs: matching orthologues, Best OG: best orthologue, COG cat: clusters of

orthologous groups category, Description: annotation description.

Appendix S6. Presence absence of all unique KEGG KO numbers within each genome.

Appendix S7. Subset of all coding sequences annotated with eggNOG that are light harvesting
complex proteins. The description of the eggNOG output columns are the following: Genome:
Genome coding sequence is from; Query: coding sequence; Seed ortholog: best matching
sequence to query; e-value: e-value; score: bit score; best tax Ivl best taxonomic level,

Preferred name: preferred gene name annotation, GO terms: Gene Ontology terms, EC number:
Enzyme Commission number, KEGG KO: Kyto Encyclopedia of Genes and Genomes KEGG
orthology, KEGG pathway: Kyto Encyclopedia of Genes and Genomes pathway, KEGG
module: Kyto Encyclopedia of Genes and Genomes module, KEGG reaction: Kyto Encyclopedia
of Genes and Genomes reaction, KEGG rclass: Kyto Encyclopedia of Genes and Genomes
Reaction Class, BRITE: Kyto Encyclopedia of Genes and Genome hierarchical classification,
KEGG TC: Kyto Encyclopedia of Genes and Genome Transporter Classification, CAZy:
Carbohydrate-active enzyme classification, BiGG reaction: Biochemical, Genetic and Genomic
knowledge base reaction, annot lvl: annotation level; matching OGs: matching orthologues, Best
OG: best orthologue, COG cat: clusters of orthologous groups category, Description: annotation

description.

Appendix S8. Subset of all coding sequences annotated with eggNOG that are transporters. The
description of the eggNOG output columns are the following: Genome: Genome coding
sequence is from; Query: coding sequence; Seed ortholog: best matching sequence to query; e-
value: e-value; score: bit score; best tax 1vl best taxonomic level, Preferred name: preferred gene
name annotation, GO terms: Gene Ontology terms, EC number: Enzyme Commission number,
KEGG KO: Kyto Encyclopedia of Genes and Genomes KEGG orthology, KEGG pathway: Kyto
Encyclopedia of Genes and Genomes pathway, KEGG module: Kyto Encyclopedia of Genes and

Genomes module, KEGG reaction: Kyto Encyclopedia of Genes and Genomes reaction, KEGG
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rclass: Kyto Encyclopedia of Genes and Genomes Reaction Class, BRITE: Kyto Encyclopedia of
Genes and Genome hierarchical classification, KEGG TC: Kyto Encyclopedia of Genes and
Genome Transporter Classification, CAZy: Carbohydrate-active enzyme classification, BiIGG
reaction: Biochemical, Genetic and Genomic knowledge base reaction, annot lvl: annotation
level; matching OGs: matching orthologues, Best OG: best orthologue, COG cat: clusters of

orthologous groups category, Description: annotation description.

Appendix S9. Subset of all coding sequences annotated with eggNOG that are nitrogen
metabolism genes. The description of the eggNOG output columns are the following: Genome:
Genome coding sequence is from; Query: coding sequence; Seed ortholog: best matching
sequence to query; e-value: e-value; score: bit score; best tax Ivl best taxonomic level,

Preferred name: preferred gene name annotation, GO terms: Gene Ontology terms, EC number:
Enzyme Commission number, KEGG KO: Kyto Encyclopedia of Genes and Genomes KEGG
orthology, KEGG pathway: Kyto Encyclopedia of Genes and Genomes pathway, KEGG
module: Kyto Encyclopedia of Genes and Genomes module, KEGG reaction: Kyto Encyclopedia
of Genes and Genomes reaction, KEGG rclass: Kyto Encyclopedia of Genes and Genomes
Reaction Class, BRITE: Kyto Encyclopedia of Genes and Genome hierarchical classification,
KEGG TC: Kyto Encyclopedia of Genes and Genome Transporter Classification, CAZy:
Carbohydrate-active enzyme classification, BiGG reaction: Biochemical, Genetic and Genomic
knowledge base reaction, annot lvl: annotation level; matching OGs: matching orthologues, Best
OG: best orthologue, COG cat: clusters of orthologous groups category, Description: annotation

description.

Appendix S10. Subset of all coding sequences annotated with eggNOG that are carbon
metabolism genes. The description of the eggNOG output columns are the following: Genome:
Genome coding sequence is from; Query: coding sequence; Seed ortholog: best matching
sequence to query; e-value: e-value; score: bit score; best tax Ivl best taxonomic level,

Preferred name: preferred gene name annotation, GO terms: Gene Ontology terms, EC number:
Enzyme Commission number, KEGG KO: Kyto Encyclopedia of Genes and Genomes KEGG
orthology, KEGG pathway: Kyto Encyclopedia of Genes and Genomes pathway, KEGG

module: Kyto Encyclopedia of Genes and Genomes module, KEGG reaction: Kyto Encyclopedia
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of Genes and Genomes reaction, KEGG rclass: Kyto Encyclopedia of Genes and Genomes
Reaction Class, BRITE: Kyto Encyclopedia of Genes and Genome hierarchical classification,
KEGG TC: Kyto Encyclopedia of Genes and Genome Transporter Classification, CAZy:
Carbohydrate-active enzyme classification, BiGG reaction: Biochemical, Genetic and Genomic
knowledge base reaction, annot 1vl: annotation level; matching OGs: matching orthologues, Best
OG: best orthologue, COG cat: clusters of orthologous groups category, Description: annotation

description.
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Table 1. Nuclear Genome Assembly Statistics of all Aureococcus strains.

Reference
Strain CCMP1984  CCMP1794  CCMP1984 CCMP1850 CCMP1707
Sequencing 454 [llumina Nanopore + Nanopore + Nanopore +
Technology pyrosequencing [Mlumina [Mlumina [Mlumina
Assembler JAZZ SPAdes canu canu canu
Assembly Size 56.67 Mb 17.32 Mb 73.62 Mb 57.11 Mb 64.43 Mb
Contigs 5239 1815 215 212 149
N50 (Contigs) 33.74 Kb 9.86 Kb 522.78 Kb 483.16 Kb 844.79 Mb
L50 (Contigs) 2078 547 25 33 21
Largest Contig 277.37 Kb 66.74 Kb 8.12 Mb 3.50 Mb 4.50 Mb
%GC 69.44 71.79 70.39 69.80 70.18
Number of single- Total: 72 Total: 40 Total: 67 Total: 64 Total: 67
copy Stramenopile Complete: 66 Complete: 35 Complete: 52 Complete: 52 Complete: 52
orthologues defined Fragmented: 6 Fragmented:  Fragmented: Fragmented: Fragmented:
by BUSCO 5 15 12 15
Coding Sequences 11520 4993 17404 13191 15302
tRNAs 27 14 86 67 76
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